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We report a combinational DFT and TD-DFT study of the electronic and optical properties of several tri-
dentate cyclometalated mononuclear [Pt(C*N”N)(C=CR)] (1-3), [Pt(C*N"N)(C=CRC=CH)] (4), and
dinuclear [Pt(C*"N”N)(C=CRC=C)Pt(C*"N"N)] (5 (C, symmetry) and 5' (Cs symmetry)) platinum(II) com-
plexes with c-acetylide ligand bearing fluorene substituents, where HC*N”N = 6-aryl-2,2’-bipyridine,
R = fluorene-2,7-diyl 1, 4, 5 and 5', R = 9,9-dimethylfluorene-2,7-diyl 2, R = 9,9-diethylfluorene-2,7-diyl
3. The structural and electronic properties of the ground- and lowest triplet state and the EA and IP values

gei';‘;ourif: of the complexes are discussed. It is found that all of the lowest-lying absorptions are categorized as the
Acetylide LLCT combined with the MLCT transitions. The oscillator strengths of the lowest energy absorptions get a
Fluorene remarkable enhancement for the dinuclear complexes 5 and 5'compared to 1-4 due to the increase of

Optical properties electronic delocalization on the more planar molecular geometry. In general, the phosphorescent emis-
DFT sions of these complexes in CH,Cl, are the reverse process of their lowest energy absorption transitions,
Electronic structures except that of 4 is assigned as 3[n*—7]/>MLCT transition because of the strengthened electronic localiza-
tion effect and the interaction with the solvent in the lowest triplet state. In addition, these complexes
hold promise as a new kind of nonlinear optical material owing to their large static first hyperpolarizabil-
ities (Bo). The o value has increased in the dinuclear complexes in contrast to those of the mononuclear

ones owing to their larger transition moment and smaller transition energy.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the mid-1980s, the study of transition-metal c-alkynyl
complexes has been an intense area of research, because they hold
a fascination for synthetic, structural, and material scientists alike
[1-11]. The linear geometry of the alkynyl unit and its w-unsatu-
rated character led to metal alkynyls becoming attractive building
blocks for molecular wires and polymeric organometallic materi-
als, which can possess interesting properties, such as optical non-
linearity, luminescence, liquid crystallinity, and electrical
conductivity [12-26]. Since the applications of organic light-emit-
ting diodes (OLEDs) were tremendously developed by Tang and
Van Slyke using the metal-organic Alqs (q = hydroxyquinoline) as
the fluorescent emitter, the design and synthesis of luminescent
transition-metal o-alkynyl complexes have received much atten-
tion [27-33].

Particularly, in recent years, there has been particular interest in
platinum(II) alkynyl complexes for molecular photochemical de-
vices manifolds due to their chemical and structural stability,
greater conduction bandwidth, as well as the directional nature
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of the charge transfer (CT) excited states which is ideal for elec-
tron-hole creation and separation in square-planar coordination
geometry [34,35]. From wide-ranging spectroscopic and magnetic
studies, the alkynyl ligand is shown to occupy “strong-field” posi-
tions in the spectrochemical series. Thus, alkynyl ligands can be
interpreted as good m donors and poor 1 acceptors. Two classes
of platinum(Il) o-alkynyl frameworks have been widely reported:
one includes Pt mono-alkynyl and the others consist of Pt dialkynyl
with trans- and cis-modes. Aiming at enhancing the device perfor-
mances and tuning the photophysical and electroluminescent
properties, a vast range of platinum-containing monomers and
polymers have been prepared [36-42]. Raithby and co-workers re-
ported a series of blue-luminescent [Pt(P"Bus),—C=C-X-C=C-]
(X = aromatic spacer) based polymers in the main chain in which
the aromatic rings bearing extensive m-conjugation is useful to
change the spectroscopic properties [43]. In contrast to hydrocar-
bon conjugated polymers, the triplet excited states of this kind of
polymers are accessible experimentally by various optical meth-
ods. The electron-rich fluorene derivatives were recently utilized
as the spacer groups, since they showed interesting and unique
chemical and physical properties because of the rigid planar biphe-
nyl unit. Furthermore, the facile substitution at the remote C-9 po-
sition in fluorene unit can improve the solubility and processability
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1 Ri=R.=H of polymers without significantly increasing the steric interactions
1=72 in the polymer backbone [44-47]. Wong and co-workers studied a
2 Ry=Me;Ry=H group of soluble platinum diyne and polyyne materials consisting

of fluorene linking units, and a systematic correlation was made
between the effective conjugation length (or conversely, band
4 R; = H; R; = ethynyl gap) and the intersystem crossing rate in these polyynes [44,48].
The emission of the aforementioned materials was assigned to
triplet intraligand (IL) charge transfer transition perturbed by some

3MLCT transition [15,48]. The low-lying m orbitals were strongly
localized or delocalized over the main chain. Many spectroscopic
and theoretical investigation revealed that many multidentate
5' (Cs) cyclometalaged ligands such as aromatic diimine also features
low-lying © orbitals [49-53]. Therefore, the luminescent cyclo-

metalated Pt(II) o-alkynyl species are another way to design and

synthesize promising materials in OLEDs as well as photoinduced

charge-separation systems. In 1994, Che and co-workers reported

the first diimine complexes [Pt(phen)(C=CPh),] (phen = 1, 10-phe-

3 R1=Et;R2=H
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Fig. 1. Optimized molecular structures in the ground state.

Table 1
Partial optimized geometric structural parameters of the complexes in the ground and excited states associated with the experimental values of 2 and the analogues complexes.

1 2 Exp? Exp 3 4 5 5’

State State State State State State

A 35 i\ EN A 37 A 37 A 3g i 3p7
Bond lengths (A)
Pt—N1 2.085 2.127 2.079 2.127 2.042 2.123° 2.080 2.126 2.085 2.128 2.085 2.083 2.085 2.087
Pt—N2 2.029 2.046 2.025 2.046 1.984 1.987° 2.025 2.045 2.029 2.047 2.028 2.026 2.027 2.022
Pt—C1 2.057 2.070 2.067 2.070 2.069 1.992° 2.068 2.071 2.057 2.070 2.056 2.071 2.056 2.068
Pt—C6 1.964 2.006 1.964 2.006 1.956 1.970° (2.014°) 1.965 2.006 1.964 2.009 1.964 1.939 1.963 1.940
c2-C3 1.468 1.478 1.469 1.478 1.472 1.469 1.471 1.468 1.478 1.469 1.472 1.468 1.472
C4-C5 1.485 1.498 1.487 1.498 1.474 1.486 1.499 1.485 1.499 1.485 1.459 1.484 1.461
C6=C7 1.228 1.220 1.228 1.220 1.210 1.185 (1.209°) 1.228 1.221 1.229 1.214 1.228 1.242 1.229 1.243
C7-C8 1.425 1.397 1.425 1.397 1.433 1.424¢ 1.425 1.398 1.424 1.410 1.425 1.397 1.424 1.396
c9-C10 1.467 1.418 1.467 1.418 1.472 1.472¢ 1.467 1.419 1.464 1.406 1.464 1.434 1.463 1.432
Bond angles (°)
N1-Pt—N2 77.1 81.5 78.1 81.5 80.9 78.4° 78.1 82.5 771 76.5 771 774 771 77.5
N2-Pt—C1 81.9 76.5 81.4 76.5 79.8 82.1° 81.5 76.5 81.9 81.5 81.9 81.5 81.9 81.7
C1-Pt—-C6 100.3 98.8 99.1 99.4 102.2 99.0 98.6 99.2 99.5 98.6 99.1 98.9 99.1
Dihedral angle (°)
0° 65.2 28.9 66.5 28.9 70.0 71.3 32.7 64.5 75.1 58.8 45.2 389 1.1

¢ Experimental values of 2 come from Ref. [63].

b From Pt(CAN~N)C=CPh in Refs. [33,66].

€ From trans-[-Pt(PBusz),C=CRC=C-], in Ref. [48].
9 From polyfluorene in Refs. [99,100].

¢ As shown in Fig 1.
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nanthroline), which exhibits intense emission with metal-to-li-
gand 3[Pt(5d) - T (phen)] charge transfer character in fluid solu-
tion [42]. Recently, they also developed tridentate cyclometalated
Pt(Il) lumophores with C*N”N ligand (HC*N”N = 6-aryl-2,2’-bipyr-
idine) [33,54-58]. Compared to N*N”N (or tpy, 2,2’,6',2"-terpyri-
dine) and C*N~C (HC"N”CH = 2,6-diphenylpyridine) congeners
[59-62], two advantages of the C*N”N ligand have emerged: the
strongly c-donating carbanion would increase the energy differ-
ence between the ligand field and the MLCT states with superior
emissive properties, and associating with the anionic alkynyl li-
gand affords neutrality to the cyclometalated Pt(II) o-alkynyl moi-
ety framework. Seneclauze and Ziessel have developed various
combinations of mono- or diethynyl-substituted fluorene building
blocks connected via a -bonded ethynyl linkage to ortho-metal-
lated Pt(C*N”N) segments [63]. By the general discussion, the
luminescent behaviors of this kind of complexes would be assigned
to triplet ligand to ligand charge transfer (LLCT) transition per-
turbed by some MLCT transition. In addition, such complexes are
also “push-pull” type molecules as the acceptor-(m-conjugate
bridge)-donor structure [64,65]. Therefore, the nonlinear optical
(NLO) response for this kind of materials is interesting and an
important topic, though the donor group is generally acted by tran-
sition-metal segments.

Nowadays, theoretical chemical calculations have been proved
to be useful for gaining insight into the optoelectronic properties
of transition-metallic complexes [66-71]. Hence, in this work,
we study the mechanism of charge transfer, the more particular

description of linear and nonlinear optical properties for several
mono- and dinuclear tridentate cyclometalated platinum(Il)
c-acetylide complexes bearing fluorene substituents (Chart 1),
[Pt(C*'NAN)(C=CR)] (1-3), [Pt(C’N”N)(C=CRC=CH)] (4),
[Pt(CAN~N)(C=CRC=C)Pt(C*N*N)] (5, C; symmetry, and 5, Cs
symmetry), where HC*"N”N = 6-aryl-2,2’-bipyridine, R = fluorene-
2,7-diyl 1, 4, 5 and 5, R=9,9-dimethylfluorene-2,7-diyl 2,
R = 9,9-diethylfluorene-2,7-diyl 3.

2. Computational details

Density functional theory (DFT) [72,73] was applied here for the
geometry optimization and electronic structure calculations of the
objected complexes. The geometry structures of the complexes
were optimized by employing the Becke’s 3-parameter hybrid
method and the Lee-Yang-Parr correlation functional (B3LYP)
[74-78] with the effective core potential (ECP) basis set of the
LanL2DZ [79-81] type with an additional f-polarization function
(f=0.18) for the Pt atom and 6-31G (d) [82] basis set for the other
atoms. This kind of theoretical approach and calculation level has
been proven to be reliable by previous works [83-87].

Using the respective optimized equilibrium geometry of the
complexes, time-dependent density functional theory (TD-DFT)
[88-92] at the B3LYP level was employed to predict their absorp-
tions and emissions, and also the electronic properties along with
static first hyperpolarizabilities [93] was calculated at the same
functional level. Considering the different behaviors of the absorp-
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Fig. 2. Energy level diagram (in eV) of frontier orbitals calculated in different surroundings for 2 in the ground state ('A) and in the oxidized state (*A) as well as in the lowest
triplet state (*A). y (fluorene) and v (fluorene): the two orbitals localized on the fluorene fragment with a and b symmetry, respectively. Correlations between orbitals of the

same type are evidenced.
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tion and emission of the complexes in the gas phase and solution,
the solvent effects in CH,Cl, and CH30H were taken into account
by means of the polarizable continuum model (PCM) [94,95]. The
18-VE (valence electron) quasi-relativistic pseudopotential and ba-
sis set of Andrae et al. [96] with an additional f-polarization func-
tion (f= 0.14) [97] for Pt atom and the 6-31G (3df,3pd) basis set for
all other atoms were used in the calculation of the ionization
potentials, electron affinities, TD-DFT and static first hyperpolariz-
ability calculations.
The static first hyperpolarizability is noted as

Bo = (B + B+ )2 @
where
ﬂiZB(Biii+ﬁiJj+ﬁikk)/5 Ljk=2xy,z

All of the calculations in this work were carried out using the causs-
1aN 03 program package [98].

3. Results and discussion

3.1. Geometric structures in the Ground state and the lowest triplet
states

The geometry optimization of mono- and di-nuclear Pt(II) com-
plexes with the electron-rich fluorene was performed by the B3LYP
functional in the ground state. The optimized geometry structures
of the complexes in ground state are depicted in Fig. 1. Complex 5

and 5’ are a pair of dinuclear geometrical isomers, which were re-
stricted to C; and C; symmetries, respectively.

From optimized molecular geometries, the Pt(C*"N”N)-acetylide
fragment is square-planar conformation whereas the fluorene
group is titled out of the plane. Except the difference of the dihe-
dral angle (0, as shown in Fig. 1), the structural parameters in 1-
3 are almost same. The partial optimized structural parameters
and related experimental values (X-ray crystallographic data
(CIF)) of 2, Pt(CAN~N)C=CPh (HC”N”N = 6-aryl-2,2’-bipyridine)
[33,66], trans-[-Pt(PBu3),C=CRC=C-], (R=9,9-dimethylfluo-
rene-2,7-diyl) [48], and polyfluorene [99,100], are listed in Table
1. The calculated Pt-N distances of 2.02-2.08 A are all slightly
longer than the observed values of 1.98-2.04 A in experiments.
Compared with the previous calculated bond lengths of
Pt(CAN~N)C=CPh [33,66], the N1 atom side of C*N”N ligand are
more closer to Pt atom center in 1-5. The calculated Pt-C6 is short-
er and the C6=C7 is longer for 1-5 than those for
Pt(CAN*N)C=CPh and trans-[-Pt(PBu3),C—=CRC=C-], (R=9,9-
dimethylfluorene-2,7-diyl). It is noted that the C9-C10 contacts
(1.467 A) are stronger in 1-5 than in polyflourene (1.472 A). The
character of bond lengths illustrates that, in 1-5, the metal-ligand
interactions are strengthened whereas the C=C bonds are weak-
ened. The coordination geometry of Pt(Il) exhibits a quasi-
square-planar conformation, where there is ca. 9-14° deviation
of the N1-Pt-N2 and N2-Pt-C1 bond angles from 90°, which agree
well with the experimental case. The fluorene fragment of 2 is
tilted out of the quasi-square-plane by 70.0° in experimental
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Fig. 3. Energy level diagram (in eV) of frontier orbitals calculated in different surroundings for 4 in the ground state ('A) and in the oxidized state (*A) as well as in the lowest
triplet state (*A). x (fluorene) and v (fluorene): the two orbitals localized on the fuorene fragment with a and b symmetry, respectively. C=Cy: the terminal alkynyl.
Correlations between orbitals of the same type are evidenced.
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measurement. In the calculations, the dihedral angles (0) of 1-3 are
65.2°, 66.5°, and 71.3°, respectively, while in 5 and 5/, the 0 is re-
duced to 59° and 39°, respectively.

Upon excitation, several notable conclusions can be drawn from
the results in Table 1. (1) The interaction between metal and
C”N”N ligand of 1-4 is weakened in the lowest triplet state (Pt-
N distances elongated by 0.2-0.5 A and Pt-C1 distances elongated
slightly comparing with that in ground state), whereas no remark-
able variation is found in 5 and 5. (2) Elongated Pt-C6 bond
lengths and shortened C6=—=C7 triplet bond distance in 1-4 are ob-
served, while the reverse results occur in 5 and 5'. (3) The dihedral
angles (0), except 4, have reduced trends, and the whole molecule
of 5' is even almost coplanar. Therefore, upon the excitation, the
characters of the CT transitions for mono- and dinuclear complexes
should be somewhat different.

3.2. Orbital analysis and electronic properties

Firstly, we depict the Kohn-Sham molecular orbitals (MO) and
discuss the electronic properties for the complexes. The energy
diagrams of frontier orbitals of 2, 4, 5, and 5’ in ground state, ion-
ized ground doublet state and excited state are given in Figs. 2-5,
and a correlation of the system in different solvents or between the
ground state and the lowest-energy triplet excited state is estab-
lished. As will be seen later, these MOs provide the information
of the excited state described by TD-DFT. To discuss conveniently,
some typical MOs are presented in Fig. 6, where the C*"N”N ligand

F.-Q. Bai et al./Journal of Organometallic Chemistry 694 (2009) 1848-1860

and [-C=C-fluorene] ligand ([-C=C-fluorene-C=C-] for 4, 5 and
5') are noted by L; and L,, respectively. Because bearing much sim-
ilarity in MOs with 2, those of 1 and 3 are not listed.

See Fig. 2, most of the higher occupied MOs of 2 exhibit the me-
tal d; and L; ligand character. The HOMO orbital of 2 is composed
of 16% Pt (dy,) and 77% L, (C=C: 27%) ligand, while the LUMO, ly-
ing above the HOMO by about 2.20 eV, is mainly localized upon the
bipyridine segment of C*N”N ligand (91%). The LUMO+2 of 2 has
almost the same components and antibonding (7t ) characters as
the LUMO, while LUMO+1 is delocalized on the C*N”N ligand.
We choose dichloromethane and methanol medium to investigate
the environmental effects. The Mulliken charges on each fragment
for the complexes are given in Table 2. The platinum and alkynyl
fragments retain prominent positive and negative charge, respec-
tively, and turn to be more negative with the increase of the sol-
vent polarity. In contrast, the charge of pyridyl moieties
positively rises. This fact means that as the increase of the solvent
polarity, the interaction between the system and solvent molecule
is enhanced [101]. Charge separation is also reflected by the in-
crease in dipole moment from 9.7 D in vacuo to 13.1 D (in dichlo-
romethane) and 13.7 D (in methanol) in polar solvents (see Table
3). The electrostatic solvation energy takes on a trend that the sol-
vated molecules are even more stabilized. According to above dis-
cussion, the MOs mainly composed by metal and L, are stabilized,
while the energy levels of LUMO to LUMO+2 with L, or N*N (bipyr-
idine) T components increase in the polarized solvents. Under the
same media with 1, the dipole moment, salvation energy, and
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Fig. 4. Energy level diagram (in eV) of frontier orbitals calculated in different surroundings for 5 in the ground state ('A) and in the oxidized state (*A) as well as in the lowest
triplet state (°B). x (fluorene) and v (fluorene): the two orbitals localized on the fluorene fragment with a and b symmetry, respectively. Correlations between orbitals of the
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Table 2

F.-Q. Bai et al./Journal of Organometallic Chemistry 694 (2009) 1848-1860

Mulliken charges for different fragments of the complexes calculated in different surroundings (vacuum and two solvent (CH,Cl,: & = 8.93; CH30H: ¢ = 32.63)).

Fragment Ground state Oxidized form Reductive form Excited state
Vacuum CH,Cl, CH30H Vacuum CH,Cl, Vacuum CH,Cl, Vacuum CH,Cl,
1 Pt 0.736 0.636 0.615 0.862 0.814 0.648 0.483 0.723 0.603
Pyridyl (¢)? —-0.065 0.010 0.024 0.024 0.059 —0.345 -0.304 -0.160 -0.134
Pyridyl (p)° 0.119 0.175 0.184 0.185 0.217 -0.247 —-0.194 —-0.028 0.013
Phenyl —-0.267 -0.292 —-0.294 -0.207 —-0.254 —0.422 —0.405 -0.313 -0.334
C=C -0.514 —-0.525 —-0.530 —0.369 —0.369 —0.505 —-0.528 —0.385 —0.404
Fluorene —0.009 —0.004 0.001 0.505 0.533 -0.129 —-0.052 0.162 0.255
2 Pt 0.735 0.634 0.613 0.860 0.812 0.646 0.481 0.721 0.601
Pyridyl (c)? —0.065 0.010 0.024 0.024 0.059 —0.345 —-0.304 —0.160 -0.134
Pyridyl (p)° 0.119 0.175 0.184 0.185 0.217 —-0.247 -0.194 —-0.028 0.013
Phenyl —-0.267 —0.292 —0.294 —-0.207 —0.254 —0.422 —0.405 —-0.313 -0.333
c=C -0.514 -0.525 —0.528 -0.367 —0.367 —0.505 -0.528 -0.383 —0.403
Fluorene —0.008 —0.002 0.001 0.505 0.533 -0.127 —-0.050 0.162 0.255
3 Pt 0.734 0.635 0.615 0.861 0.814 0.645 0.481 0.721 0.601
Pyridyl (c)? —0.064 0.010 0.024 0.025 0.058 —0.345 —-0.304 —-0.160 -0.134
Pyridyl (p)° 0.121 0.175 0.182 0.186 0.217 —0.247 —-0.194 —-0.028 0.013
Phenyl -0.266 -0.291 -0.292 —-0.208 —0.254 —0.422 —0.405 -0.313 —-0.330
c=cC -0.514 -0.522 —-0.527 —0.368 —0.367 —0.502 —-0.527 —0.385 —0.404
Fluorene -0.011 —0.006 0.001 0.504 0.532 -0.127 —0.051 0.161 0.257
4 Pt 0.737 0.639 0.617 0.854 0.808 0.652 0.486 0.713 0.616
Pyridyl (c)? —-0.062 0.011 0.025 0.021 0.059 —-0.339 -0.302 -0.126 0.010
Pyridyl (p)° 0.121 0.176 0.185 0.182 0.216 -0.239 -0.191 0.010 0.166
Phenyl —0.266 —0.291 -0.293 —-0.210 —0.254 -0.418 —0.404 —0.293 —-0.280
Cc=cC -0.512 -0.522 -0.527 -0.376 -0.373 —0.501 -0.524 —0.408 —0.456
Fluorene 0.053 0.062 0.067 0.493 0.544 —0.047 0.018 0.158 0.031
C=C(t)° -0.071 —-0.075 -0.074 0.036 0.001 -0.107 —0.082 —0.054 —0.087
5 Pt 1.470 1.272 1.230 1.609 1.466 1.377 1.325 1.543 1.342
Pyridyl (c)? —-0.139 0.017 0.047 -0.011 0.079 -0.433 —0.390 —0.300 -0.217
Pyridyl (p)° 0.235 0.349 0.367 0318 0.396 —-0.145 -0.122 —0.052 0.044
Phenyl —0.540 —0.586 —0.589 —0.466 —0.544 —0.699 —0.700 -0.610 —-0.639
C=C -1.033 —1.052 —-1.061 —-0.854 -0.870 —-1.036 -1.033 -0.867 —-0.892
Fluorene 0.007 —0.001 0.006 0.405 0473 —0.064 —0.080 0.285 0.363
5 Pt 1.473 1.274 1.231 1.611 1474 1.379 1.326 1.547 1.513
Pyridyl (c)? -0.142 0.015 0.045 —0.009 0.081 -0.433 —-0.390 —-0.296 —-0.280
Pyridyl (p)° 0.226 0.345 0.364 0.311 0.391 —0.149 —-0.122 —0.039 -0.011
Phenyl —0.541 —0.587 —0.591 —0.463 —0.543 —0.700 —-0.702 —0.613 —-0.623
c=cC -1.036 —1.056 —-1.063 —0.855 -0.872 -1.039 —-1.036 —0.872 —-0.873
Fluorene 0.020 0.009 0.014 0.405 0.468 —0.058 -0.076 0.273 0.274

@ The central pyridyl.
b The peripheral pyridyl.
¢ The terminal alkynyl.

HOMO-LUMO energy gap of 4 increases 1 D, about 1 kcal/mol, and
0.02 eV, respectively, in comparison with 1. The terminal ethynyl
at fluorene is different from that one linked to the Pt atom, and

Table 3
Dipole moment g, electrostatic solvation energy E) and the HOMO-LUMO energy
gap AE calculated in different surroundings for each molecule.

Medium (D) E(s) (kcal/mol) AE (eV)
1 Vacuum 9.7 0 2.20
CH,Cl, 13.1 -18.0 2.78
CH3;0H 13.7 -21.9 2.88
2 Vacuum 9.7 0 2.20
CH,Cl, 131 -17.7 2.77
CH3;0H 13.8 -21.8 2.88
3 Vacuum 9.8 0 2.19
CH,Cl, 13.1 -174 2.76
CH3;0H 13.8 -21.7 2.87
4 Vacuum 10.8 0 2.22
CH,Cl, 143 -19.2 2.80
CH3;0H 149 -233 2.90
5 Vacuum 8.6 0 1.85
CH,Cl, 12.2 —32.2 2.52
CH30H 12.8 -39.2 2.64
5 Vacuum 12.8 0 1.83
CH,Cl, 18.2 —-32.3 2.51
CH3;0H 19.1 -39.3 2.63

can hardly lead to any significant change in property. Fig. 3 shows
that the HOMO-9 of 4 is mainly composed of the fluorene and ter-
minal ethynyl fragment. It can be seen that the HOMO and
HOMO-1 of dinuclear complexes 5 and 5’ are contributed by the
metal and L, fragment. The solvation energies of 5 and 5' are
remarkable augmented in comparison with 1-4, since the interac-
tion surface between the complex and the solvent molecule is ex-
tended. Moreover, the energy gaps of 5 and 5’ decrease 0.2-0.3 eV
relative to the mono-nuclear complexes.

Because photophysical experiments may involve the ground
doublet state as a result of the oxidization and reduction, the
ionization potentials (IP), electron affinities (EA) are taken into

Table 4
Ionization potentials (IP), electron affinities (EA), and the HOMO, LUMO energy levels
for each molecule calculated in the gas phase and CH,Cl, solution.

Py  EAg IPs)  EAgs) Enomog)  Ewumog)  Enomors)  Erumogs)
1 5.91 -1.11 5.08 —-2.27 —4.65 —2.45 —5.05 —-2.27
2 5.89 -1.12 5.06 —-2.27 —4.65 —2.46 -5.04 —-2.27
3 5.87 -1.12 5.07 —-2.28 —4.64 —2.45 -5.03 —-2.27
4 5.92 -1.17 5.10 —2.28 —4.72 —2.50 —5.08 —-2.28
5 5.23 -149 4.79 -0.98 —4.21 -2.36 —4.78 —-2.26
5 5.24 -1.51 4.79 -1.01 —4.24 —-2.41 —4.79 —-2.28

In eV.
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Fig. 8. Spin density distribution for the lowest triplet states of 2, 4, 5, and 5’ calculated in vacuo (top) and CH,Cl, (bottom).

account and the values are listed in Table 4, which were obtained
by the differences of the total self-consistent energies of the
ground doublet states of the oxidized form or the reductive form
and of the ground state. Figs. 2-5 reveal that the depopulated g LU-
MOs are spin orbitals composed by Pt and L, fragment. This ex-
presses that the oxidation has occurred on the metal ion and L,
ligand. The Mulliken analysis proofed this proposed oxidation
course, which shows over 85% positive charge of the cation is pop-
ulated on the metal and L, ligand. The positive charge on the Pt and
the fluorene increases when the ionization occurs in CH,Cl, solu-
tion. Due to the higher energy levels of HOMO in the dinuclear
complexe of 5 and 5', the corresponding IP decreased by 0.65 eV
in contrast to the mono-nuclear complexes. Compared with the
IP value of the polyfluorene material (5.37 eV) [99,100], the pres-
ent complexes are more stable in the gas phase. The EA values of
the mononuclear complexes are about 1.1 eV in vacuo and 2.3 eV
in CH,Cl,, while the EA values of 5 and 5’ are about 1.0 eV in solu-
tion, the change is because that the reducing charge is localized on
the N*N moiety in dinuclear complexes and is different from 1-4
which occur on the metal atom and tridentate C*N”N ligand. The
spin density contours are shown in Fig. 7.
An elegant way to describe the electronic redistribution upon
triplet formation is to examine the MO location of in the ground-
, excited-, and oxidized state. Compared the ground state and trip-
let state of 2, the lowest o-vacant © is stabilized and acts as an
electron acceptor, which is delocalized on the L; and L, ligands,
while the highest occupied g spin orbital (d, + L) rises in energy
and is depopulated in triplet state. Thus, the lowest triplet state
is generated mainly by the promotion of an electron from [d,
(Pt) + L,] to L; fragment. The identical triplet-state character was
calculated in vacuo, and its total energy is larger than that in solu-
tion by 13.4 kcal/mol. The resulting spin density distribution of the
3A excited state is shown in Fig. 8. The energy diagram also points
out that the occupied orbitals are stabilized in the 3A excited state
and the energies of the orbitals with fluorene character descend as
a consequence of the electron transfer. The composition of metal

and L, in the higher occupied orbitals greatly increase. The stabi-
lized effects are more evident in the oxidized state than in the trip-
let state, because of the more intense depopulation in the oxidized
2A state [102,103]. For 4 in polar solvent, a-type HOMO is mainly
localized on the extended L, ligand and 3A state can be character-
izedas3[n > m ]/3ML2CT state. This is different from the nature of
the 3A state in vacuo (°L,L,CT/>*ML;CT/3IL,CT) because of the polar
solvent increases the electronic localization. For dinuclear com-
plexes 5 and 5, triplet state exhibits a mixing of 3L,L,CT and
3ML,CT character, and the a-type HOMOs are a n orbital devel-
oped on the N*N moieties. From the Mulliken charge analysis,
the charge transfer from ground state to triplet state in 5 and 5’
(e.g. —0.001 to 0.363 at fluorene of 5 in CH,Cl,, 0.366 to —0.173
at bipyridyl of 5 in CH,Cl;) are much more than that in 1-4 (e.g.
—0.004 to 0.162 at fluorene of 1 in CH,Cl,, 0.185 to —0.121 at
bipyridyl of 1 in CH,Cl,). This is duo to the more intense electronic
delocalization effect imported by the second Pt moiety. For the iso-
mers, there is 0.07 and 0.24 charge transfer magnitude at Pt in 5
and 5/, respectively, since the molecular geometry of 5’ is more pla-
nar than 5.

3.3. Absorption and emission

The low-lying singlet excited states of these complexes based
on their ground-state geometry with vacuum or solvent surround-
ings were studied using time-dependent DFT (TD-DFT) method in
which the vertical excitation energies from the ground state were
calculated. For the absorptions of 1-5 in CH,Cl,, the corresponding
transitions with dominant electric dipole oscillator strength values
are reported in Table 5. Based on the excitation energies and oscil-
lator strength values, the absorptions of 1-5 are simulated by
Gaussian-type curves [71], the curves associated with the corre-
sponding experimentally measured absorption spectra in CH,Cl,
solution at room temperature are shown in Fig. 9. The solvent ef-
fects on the adsorptions in each complex are presented in Fig. 10.
To gain reasonable Stokes shifts, the TD-DFT and ASCF (self-consis-
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Table 5
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Absorptions of the complexes in CH,Cl, solution according to the TD-DFT calculations. f: oscillator strength.

Transition Yo—y (CI coefficient)? Eyer (nm (eV)) f Assignment®
1 X'A > A'A H-L 119a — 120a (0.69) 550.2 (2.25) 0.0567 L,L,CT/ML,CT
X'A - B'A H-1-1L 118a — 120a (0.57) 4413 (2.81) 0.1087 ML; CT/L,L;CT
H-2 L 117a - 120a (0.35) ML, CT/IL,CT
X'A > C'A H-1-L 118a — 121a (0.55) 358.2 (3.46) 0.2712 ML, CT/L,L,CT |
H-2 - L+1 117a - 121a (0.31) ML, CT/n(L;) > T (L1)
X'A - D'A H-5 L 114a — 120a (0.65) 339.6 (3.65) 0.1494 IL;CT/n(Ly) — 7 (L)
X'A > E'A H - L+3 119a — 123a (0.63) 327.7 (3.78) 1.0306 n(F) - 7 (F)/IL,CT
XA - FIA H-5 - L+1 114a - 121a (0.60) 286.6 (4.33) 0.1282 (L) - 7 (Ly)/IL;,CT
2 X'A > A'A H-L 127a — 128a (0.69) 551.7 (2.25) 0.0595 L,L;CT/ML,CT
X'A > B'A H-1-1L 126a — 128a (0.58) 441.8 (2.81) 0.1080 ML, CT/L,L;CT
H2-1L 125a — 128a (0.33) ML, CT/IL,CT
X'A > C'A H-1-51L 126a — 129a (0.53) 358.6 (3.46) 0.2737 ML;CT/L,L,CT |
H-2 - L+1 125a — 129a (0.33) ML, CT/n(Ly) - T (L1)
X'A > D'A H-5 L 122a — 128a (0.65) 340.0 (3.65) 0.1570 IL,CT/m(Ly) — 70 (L)
X'A - E'A H - L+3 127a — 131a (0.63) 330.4 (3.76) 0.9609 n(F) - 1 (F)/IL,CT
X'A > FIA H-5 - L+1 122a — 129a (0.60) 286.9 (4.32) 0.1234 n(Ly) - 1 (Lq)/IL,CT
3 X'A - A'A H-L 135a — 136a (0.69) 556.9 (2.23) 0.0398 L,L;CT/ML,CT
X'A > B'A H-1-1L 134a — 136a (0.63) 440.6 (2.81) 0.1372 ML, CT/L,L;CT
H-2 L 133a - 136a (0.23) ML, CT/IL,CT
X'A > C'A H-1 - L+1 134a — 137a (0.46) 358.3 (3.46) 0.3141 ML;CT/LL,CT
H-2 - L+1 133a — 137a (0.45) ML, CT/n(L;) - ¢ (Ly)
X'A > D'A H-5 > L 130a — 136a (0.66) 340.3 (3.64) 0.1677 1L, CT/m(Ly) — 7 (Lq)
X'A - E'A H - L+3 135a — 139a (0.64) 331.2 (3.74) 1.0147 7(F) > 1 (F)/IL,CT
X'A > FIA H-5 - L+1 130a — 137a (0.60) 286.8 (4.32) 0.1566 n(Ly) - 1 (Ly)/IL,CT
4 XA - A'A H-L 125a — 126a (0.69) 542.4 (2.29) 0.0701 L,L;CT/ML,CT
X'A - B'A H-2 > L 123a — 126a (0.59) 439.1 (2.82) 0.1468 ML, CT/L,L,CT
H-1-1L 124a — 126a (0.32) ML, CT/IL;CT
X'A - C'A H - L+2 125a — 128a (0.48) 362.4 (3.42) 0.9641 n(F) - 7 (F)/IL,CT
H-1 - L+1 124a - 127a (0.34) (L) > 1 (L)/ML,CT |
H-2 - L+1 123a — 127a (0.31) ML, CT/L,Ly CT/m(Ly) — 7t (L)
X'A > D'A H-1 - L+1 124a — 127a (0.39) 349.1 (3.55) 0.1606 m(Ly) > 1 (L1)/ML,CT
H - L+2 125a — 128a (0.33) 7(F) > 1 (F)/IL,CT
X'A > E'A H-5 > L 120a — 126a (0.66) 340.4 (3.64) 0.1767 IL,CT/m(Ly) — 7 (Ly)
X'A > FIA H-5 - L+1 120a — 127a (0.59) 286.6 (4.33) 0.1710 n(Ly) - 1 (Ly)/IL;CT
5 X'A - A'B H-L 98a — 97b (0.68) 590.6 (2.10) 0.1679 L,L;CT/ML,CT
X'A - B'B H-2 - L+1 95b — 99a (0.43) 444.6 (2.79) 0.3949 L,L;CT/ML,CT
H3 L 97a - 97b (0.37) ML, CT/L,L;CT
H-5 L 96a — 97b (0.26) ML, CT/IL,CT
X'A > C'B H-1 - L+1 96b — 99a (0.66) 428.7 (2.89) 0.0257 LoL; CT/ML,; CT
X'A - D'B H - L+6 98a — 100b (0.49) 366.3 (3.38) 0.8242 n(ly) > T (L)ILCT |
H-3 > L+2 97a — 98b (0.32) ML, CT/L,L;CT/n(L;) — 7 (L;)
H-2 - L+3 95b — 100a (0.30) L,L; CT/ML,CT
X'A - E'+B H-5 — L+2 96a — 98b (0.45) 364.3 (3.40) 0.1605 (Ly) > 7 (L1)/ML,CT
H-4 - L+3 94b — 100a (0.40) n(L1) - 1 (L1)/ML;CT
X'A - F'B H-8 - L 94a — 97b (0.48) 340.9 (3.64) 0.2504 n(Ly) > 7 (Ly)/IL,CT
H-9 - L+1 92b — 99a (0.43) n(Ly) - ® (Ly)/IL,CT
5’ XA - AlA” H-L 95a” — 100a’ (0.68) 587.6 (2.11) 0.3939 L,L,CT/ML;CT
XA’ - BIA” H - L+2 95a” — 101a’ (0.53) 447.7 (2.77) 0.3945 L,L,CT/ML,CT
H-4 > L 93a” - 100a’ (0.31) L,L;CT/ML,CT
H-5 - L+1 97a’ — 96a” (0.29) L,L;CT/ML,CT
XA - C'A” H-1 - L+1 99a’ - 96a” (0.67) 427.7 (2.90) 0.0349 LoLy CT/ML; CT
XA’ - DA H - L+6 95a” — 103a’ (0.44) 365.1 (3.40) 0.6655 () > 7w (La)
H-3 - L+3 98a’ — 97a” (0.35) ML;CT/m(Ly) - m (Ly)
H-2 - L+2 94a” — 101a’ (0.34) ML, CT/m(L;) — 7 (L;)
XA’ - E'A” H-4 - L+2 93a” - 101a’ (0.474) 362.7 (3.42) 0.1176 L,L;CT/ML,CT
H-5 — L+3 97a’ - 97a” (0.41) LoLi CT/ML,CT
XA’ - F'A/ H9-L 95a’ - 100a’ (0.48) 342.2 (3.62) 0.2810 IL,CT/m(Ly) - 7 (L4)
H-8 — L+1 91a” — 96a” (0.46) IL;CT/m(L;) > 7 (L)

¢ H denotes the HOMO and L denotes the LUMO.

b L, denotes 6-aryl-2,2’-bipyridine (C*N*N) ligand and L, denotes [-C=C-fluorene] or [-C=C-fluorene-C=C-] fragments, ILCT means the charge transfer between N*N
and phenyl at L; ligand or between fluorene and alkynyl at L, ligand. The © — m* charge transfer transition is localized on the fixed fragments in L; or L,.

tent field) [104-106] methods were employed to calculate the
wavelengths of phosphorescence, respectively, and the results
are summarized in Table 6.

From Fig. 9, one can see that the experimental spectra are well
reproduced by the present calculations but with some red shifts in
wavelength for the lowest energy absorption bands (ca. 0.2 eV).
The differences between calculations and experimental data for
1-5, especially the lowest excited states, not only come from

TDDFT limitations, but also include the minor deviation between
the optimized molecular geometry and the experimentally ob-
served results, because the TDDFT calculations are based on the
optimized ground state geometries. The red shifts are tolerable
for this method, especially for a spatially extended m-system
[107-110]. Associated with Table 5, we sum up the main
conclusions: For 1, the lowest excited state (E,er <2.5€V) is
essentially obtained from a HOMO-to-LUMO mono-excitation,
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Fig. 9. Simulated absorption spectra of the complexes in CH,Cl, solution compared
to the experimental spectra (inset). °The experimental data is from the dimethyl
derivatives of 4 and 5, respectively.

the corresponding transition is a combination of L, ligand and me-
tal Pt to L, ligand charge transfer, abbreviated as L,L;CT/ML;CT.
The states are dominated by electron transition from the metal
to the L; ligand (ML;CT) in the 350-460 nm region. The intense
high energy absorption bands greater than 3.5 eV, are attributed
to interligand charge transfer between phenyl and bipyridyl units
in L; or between alkynyl and fluorenyl unit in L, and m — © charge
transfer localized on the fixed fragments in L; and L,. There is ca.
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2-5 nm difference in the lowest energy absorptions in 1-3 and fol-
lowing the order of 3 >2 > 1. In 4, when the L, ligand is extended
by the disubstituted fluorene, a 0.04 eV blue shift of L,L,CT transi-
tion was noted. The IL,CT and © — T (on fluorene segment) tran-
sition energies decrease 0.35eV in contrast to 1. The transition
energies are affected by the electronic localization on the extended
L, ligand. For the dinuclear 5 and 5', the lowest energy L,L;CT
absorption bands are red shifted to around 590 nm, and the
L,L;CT type transition appears over the 400-600 nm region. The
ML;CT transitions are expanded to higher energy level. From
Fig. 9 and Table 5, it is noted that the oscillator strengths of 5
and 5 in lower energy absorption bands are sharply enhanced,
and specially, the oscillator strengths of the lowest energy absorp-
tion in 5’ is ca. 6-8 times more than the mono-nuclear analogues.
The obvious intensity of the lowest energy absorption of 5’ is not
reflected in experiment due to the small proportion in the dinucle-
ar compound. In the high energy region, the absorptions of 5 are
similar to 4, but the oscillator strength of 5 in this band is de-
creased slightly as there are more L,L;CT characters. The batho-
chromic shifts of 5 and 5’ in the lowest energy absorptions and
the broaden of L,L;CT and ML;CT absorption bands relative to
the mononuclear 1-4 are induced by the much significant elec-
tronic delocalization imported by another Pt center and the more
planar molecular structure. This result is consistent with the con-
clusions observed in torsional effects on nonplanar complexes
(diphenylthiophene and 1,1’;4',1”-terphenyl-4-thiol) [111,112].
Both the ML;CT and L,L;CT transitions for 1-5 are affected in dif-
ferent media. Along with the increase of solvent polarity, the
ML;CT and L,L;CT transition are blue shifted. The distinction in 5
and 5’ is obvious, which is also resulted from the variation of the
MO energy levels.
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Fig. 10. Simulated absorption spectra of 2, 4, 5, and 5’ in different surroundings.
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Table 6

Phosphorescent emissions and ASCF energies of the complexes in CH,Cl, solution with associated experimental values.

Transition® Yy — Yo (CI coefficient) Eyer,nm (eV) Assignment Zexptl (nm)® ASCF (nm/eV)

1 345 1A L>H 120a — 119a (0.55) 615 (2.01) L LoCT/L;MCT 559/2.22
L+2 > H 122a — 119a (0.45) 7 (L) - 7(Ly)/L;MCT

2 305 1A L-H 128a — 127a (0.55) 618 (2.01) L, L,CT/L;MCT 634 560/2.21
L+2 > H 130a — 119a (0.45) 7 (L) — m(Ly)/L;MCT

3 3A5 1A L>H 136a — 135a (0.58) 621 (2.00) LLoCT/L;MCT 566/2.19
+2 > H 138a — 135a (0.41) 7, (Lp) — T(Ly)/L;MCT

4 345 1A +2 > H 128a — 125a (0.72) 607 (2.04) 7 (L) — m(L,)/L,MCT 616 541/2.29

5 3B 1A L>H 97b — 98a (0.67) 671 (1.85) L;L,CT/L;MCT 651 683/1.81

5' 3A” 5 1A L->H 100a’ — 95a” (0.70) 962 (1.29) L,L,CT/L;MCT 1000/1.24

¢ H denotes HOMO and L denotes LUMO.

> From Ref. [63], the experimental values of 4 and 5 are from the dimethyl derivatives of 4 and 5, respectively.

Table 7

Calculated polarizabilities (o) and second-order polarizabilities (o) (or the static first hyperpolarizabilities).

o (in the gas phase) o (in CH,Cly)

Bo (in the gas phase) Bo (in CH,Cly)

1 459 592

5733 4519

(6.8 x 1023 esu)

(8.8 x 1023 esu)

2 480 598

(7.1 x 10723 esu) (8.9 x 10723 esu)
3 497 605

(7.4 x 1023 esu) (9.0 x 1023 esu)
4 506 647

(7.5 x 10-23 esu) (9.6 x 1023 esu)
5 843 913

(1.3 x 10723 esu) (13.5 x 10723 esu)
5 881 950

(1.3 x 10~ esu)

(14.1 x 10~ esu)

(50 x 103% esu)
5959

(52 x 103% esu)
3334

(29 x 103% esu)
4025

(35 x 103% esu)
8546

(74 x 103% esu)
16655

(144 x 10-3% esu)

(39 x 103% esu)
4980

(43 x 103%esu)
2972

(26 x 103% esu)
4270

(37 x 1073% esu)
8806

(76 x 10~3% esu)
17599

152 x 10~3% esu
(

The energies of phosphorescence from TD-DFT for 1-5 agree
with the experimental data. However, there are some differences
in the emission energies between the calculated from the ASCF
method and the measured from experiments [113-117]. Based
on our calculations, the emission wavelength of 5’ is out of the vis-
ible region. The emission characters are consistent between from
TD-DFT method and the optimized triplet states. Except for 4, the
emissions of the complexes are just the reverse process of the low-
est absorption, and the emissions can be attributed from the
3L LLCTALMCT excited state. For 1-3, the triplet excited state is
combined a little of 3[t - 7] character localized on the L, ligand.
The emission transition of 4 is from LUMO+2 to HOMO and as-
signed as 3[n (L,) » m (Ly)]/*L,MCT. The absence of the 3L;L,CT
character in 4 is duo to its larger dihedral angle (0) in triplet excited
state than that in the ground state, the stronger electronic localiza-
tion on the extended L, ligand, and the solvation effect.

3.4. NLO properties

Our calculations reveal the studied models possess acceptor—
donor (A-D) and acceptor-donor-acceptor (A-D-A) configura-
tions, and they should have distinct intramolecular charge transfer
character under the external electronic field. We anticipate that
these complexes offer some new interesting opportunities to non-
linear optical (NLO) materials [64,65]. The calculated polarizabili-
ties (o) and the static first hyperpolarizabilities (f,) of 1-5 are
listed in Table 7.

With respect to 5 and 5/, which have two electronic acceptor
groups, their polarizabilities are about two times higher than 1-4.
The B is termed the zero-frequency hyperpolarizability and is an
estimate of the intrinsic molecular hyperpolarizability in the ab-
sence of any resonance effect. The B, values of these complexes
are comparable to that of the most typical transition-metal
compounds with extensive m-electron conjugation such ferrocenyl-
terminated phenylethenyl oligomers, cyclopentadienyl (alkylphos-

phine) metal c-acetylide complexes (M=Ru, Ni) (about 50-
100 x 1073%esu) [118-121]. From the “sum-over-states” (SOS)
expression, Oudar and Chemla established a simple link between
Bo and a low-lying charge transfer transition by the two-level model
[122,123]. For the static case (zero frequency), the S, is estimated
from the formula o = (3/2)e? Auge(rge/Ege). The Ege, ge and Afige
are, respectively, the transition energy, the transition moment
and the dipole moment variation, between the ground (g) and the
involved excited (e) state. The oscillator strength is proportional
to the transition energy and transition moment
f = (8m?me/3€?h)Egr2,, thus, o o fAUge(Ege) ™ [122-124]. The fq
of 3 is about half of the analogues 1 and 2, and the reason is that
the f of 3 is decreased to 1/2 of that in 1 under similar transition en-
ergy and dipole moment variation. For 4, the electronic donor re-
duces the electron-donating ability due to the enhancement of 7-
conjugation at the L, ligand, thus the o of 4 is smaller than that
of 1. The static first hyperpolarizabilities of 5 are 5/, especially 5,
are enhanced compared to 1-4 since the considerably large f and
smaller transition energy.

According to the above analysis, we can propose that, this kind
of Pt acetylide complexes should be good candidate as the opto-
electronic materials with large NLO response by altering the do-
nors and/or acceptors and/or geometry of molecules, e.g.,
introducing electron-withdrawing substituent into the L; ligand,
or decreasing the torsional angle between the donor and the accep-
tor planes.

4. Conclusion

We have performed a comprehensive study on the properties of
the neutral substituted fluorene-based cyclometalated plati-
num(Il)-acetylide complexes in the ground and excited states.
The geometries of the complexes all show a nonplanar structure.
The lowest energy absorption transitions exhibit LLCT/MLCT char-
acter since the electron-rich fluorene moieties possess the stronger
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electron donating ability. The transition energies, EA and IP values
are not impacted obviously by the dihedral angle between 60° and
75° in mononuclear complexes in 1-3, but the oscillator strength of
LLCT transition takes on a lower trend when the dihedral angle
turn large. The oscillator strength is enhanced when the electrons
are much delocalized for the dinuclear complex. The emission is
assigned as the intraligand charge transfer when the electrons
locali;fe on the fluorene moieties in 4. For the same reason, the
m — 1 (on the L, ligand) charge transfer transitions in the higher
energy region decrease in energy when the fluorene is disubsti-
tuted by two ethynyls in 4, 5, and 5. These complexes can poten-
tially act as the excellent NLO materials, owing to their large Bo
values and high transparencies. Lower transition energy with lar-
ger transition moment is the effective designing artifice on the
new NLO material fields. Further studies on this aspect are in
progress.
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