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The electronic structures and spectroscopic properties of the four tridentate cyclometalated Au(III) complexes
[Au(CNC)C=CPh] (1), [Au(NCC)C CPh] (2), [Au(NNC)C= CPh]Jr (3), and [Au(NCN)C=CPh]" (4) [HCNCH
= 2,6 -diphenylpyridine, NCHCH = 3-(2- pyridyl)biphenyl, NNCH = 6- phenyl-2,2’- bipyridine, NCHN =
1,3-di(2-pyridyl)benzene] were calculated to explore their spectroscopic nature. The geometry structures of
1—4 in the ground and excited states were optimized under the density functional theory (DFT) and the
single-excitation configuration interaction (CIS) level, respectively. The absorption and emission spectra in
CH,Cl, solution were calculated by the time-dependent density functional theory (TD-DFT) with the PCM
solvent model. As revealed from the calculations, with the variation of pyridyl in position and the number,
the electron-accepting ability of pyridyl in 1—4 are different. With increasing the electron-accepting ability
of pyridyl, the HOMO—LUMO energy gaps of 1—4 decrease, and the lowest-energy absorption bands and
emission bands are red-shifted in the order 1 < 2 < 4 < 3. All of the lowest-energy absorptions are assigned
as the LLCT character, and the solvent polarity has little impact on the absorption spectra. The 477 nm
emission of 1 arises from the ILCT transition, whereas the 517 and 634 nm emission of 2 and 3, respectively,
come from the *LLCT and *ILCT. In addition, the 577 nm emission of 4 is assigned as *LLCT/LMCT

character.

1. Introduction

During the past few decades, great attention has been paid
to the development of phosphorescent materials, because of their
potential application as highly efficient electroluminescent (EL)
emitters in organic light emitting devices (OLEDs).! In par-
ticular, late transition metal with the d® and d® electronic
configuration (such as platinum(II),? iridium(III),* osmium(II),*
ruthenium(II),’ and aurum(I)®) have been widely applied in the
exploration of OLEDs. These complexes usually display long-
lived emission and high luminescent efficiency. According to
the transition principle, only the transitions arising from spin-
allowed Sy — S, can result in luminescence, and spin-forbidden
So — T, transitions are inhibited in nature and consequently
nonluminescent. However, because of the strong spin—orbit
coupling effect of the heavy metal, which increases the rate of
S; — T, intersystem crossing, the phosphorescence originating
from the triplet excited states can be achieved.

In recent years, gold(I) complexes have been the subject of
some intense researches, such as in the weak metal—metal
interactions and the interesting photophysical and photochemical
properties;®” a lot of in-depth studies in experiments and
theoretical calculations have been done. In contrast to the gold(I)
system, most of the gold(IIl) complexes usually emit at low
temperature in the solid state or glasses, with very few examples
emitting at room temperature in solution. One probable reason
for the behavior in gold(IIT) complexes is the presence of low-
energy radiationless d-d states, which compete with the charge
transfer transition and result in weak luminescence or nonlu-
minescence at room temperature. As a consequence, very few
cases of luminescent gold(IIT) complexes were reported.®
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Recently, a series of luminescent alkynylgold(IIT) complexes,
[Au(CNC)(C=CR)] (HCNCH=2,6-diphenylpyridine), were syn-
thesized and structurally characterized by Yam and co-workers.’
The complexes represent isoelectronic and structural analogues
of alkynylplatinum(II) terpyridyl, [Pt(NNN)(C’CR)]* (NNN =
2,27,6’,2"-terpyridine),'*'" and cyclometalated complexes,
[Pt(NNC)(C=CR)] (NNCH=6-phenyl-2,2’-bipyridine)."! Unlike
most other gold(III) complexes, which are nonemissive at room
temperature or only show luminescence at low temperature, the
complexes display intense phosphorescence at 470—611 nm on
excitation at A = 360 nm at both room temperature and 77 k.
Furthermore, the novel class of luminescent alkynylgold(III)
complexes has been demonstrated possessing EL properties and
has been employed as electrophosphorescent emitters or dopants
of OLEDs with high brightness and efficiency.”® The similar
study of Ir complexes has been carried out by Scandola et al.*
and Williams et al.,d and the corresponding photophysical and
photochemical properties have been explored in details.

Although there have been some reports about the photophysi-
cal and photochemical properties of alkynylgold(II) complexes,*’
corresponding theoretical researches are sparse. Herein, a
detailed theoretical investigation on the electronic structures and
spectra of the Complexes [Au(CNC)C CPh] (1) [Au(NCC)
C=CPh] (2), [Au(NNC)C=CPh]" (3), and [Au(NCN)C=CPh]*
)] (HCNCH 2,6-diphenylpyridine, NCHCH 3-(2-pyridyl)bi-
phenyl, NNCH=6- -phenyl-2,2"-bipyridine, NCHN = 1,3-di(2-
pyridyl)benzene) was undertaken under the ab initio and the density
functional theory (DFT) level. We carried out the present work
with two goals: (1) to provide an in-depth theoretical understanding
of the electronic structures and spectroscopic properties of 1—4
and (2) to explore the relationship between the shift of the spectra
and the variation of pyridine ring. We hope that the exploration of
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Figure 1. Optimized ground-state structures for 1—4 by the DFT(B3LYP) calculations.
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TABLE 1: Partial Optimized Geometric Structural Parameters of 1—4 in the Ground and Excited States, Together with the
Experimental Values of 1

2
parameters A, 3A, exptl” 1A 3A7 A’ 3A7 1A, 3A,
Bond Lengths (A)
Au—NI1 2.244 2.241 2.239 2.235 2.089 2.071
Au—N2 2.047 2.018 1.999 2.054 2.041
Au—Cl 2.099 2.075 2.073
Au—C2 2.007 1.994 1.988 1.968
Au—C3 2.099 2.075 2.073 2.045 2.030 2.027 2.007
Au—C4 1.968 1.988 1.979 2.052 2.079 1.962 1.975 2.047 2.062
C4—C5 1.219 1.197 1.185 1.224 1.230 1.219 1.218 1.224 1.201
C5—C6 1.428 1.441 1.439 1.427 1.379 1.427 1.386 1.428 1.441
Bond Angles (deg)
1-Au-2 80.5 80.8 81.0 77.5 77.6 76.4 76.5 79.5 79.3
1-Au-3 161.0 161.6 162.0 158.0 158.1 158.6 158.8 159.1 158.6
2—Au-C4 180.0 180.0 178.5 177.7 178.2 179.9 179.5 180.0 180.0
Au—C4—C5 180.0 180.0 176.6 177.5 177.7 177.4 176.7 180.0 180.0
C4—-C5—-C6 180.0 180.0 177.6 179.2 179.2 179.9 179.6 180.0 180.0
¢ From ref 9.

these characteristic properties for the gold(IlI) metal complexes
will help us design good phosphorescent materials.

2. Computational Details and Theory

The density functional theory (DFT) at the Becke’s three
parameter functional and the Lee—Yang—Parr functional
(B3LYP)'? and single-excitation configuration interaction (CIS)
methods'? are employed to optimize the ground (S,) and excited
state (T,) structures for 1—4, respectively. The ground and
excited state calculations are symmetry-restricted to C,, for 1
and 4 and C; for 2 and 3, respectively. On the basis of the
optimized ground and excited states, the spectroscopic properties
related to the absorption and emission in solution are obtained
by the time-dependent density functional theory (TD-DFT)!
at the B3LYP functional associated with the polarized continuum
model (PCM)."

In the work, quasi-relativistic pseudopotentials of Au atoms
proposed by Hay and Wadt'® with 19 valence electrons were
employed, and the LANL2DZ basis sets associated with
the pseudopotential were adopted. The 6-31G(d) basis sets were
adopted for H, C, and N atoms. To precisely describe the
molecular properties, one additional f~type polarization function
was implemented for Au (o0 = 0.20).'7 It has been shown that
such a polarization function on a heavy atom is necessary to
obtain reasonable geometry structures and accurate spectroscopic
properties.'® The basis sets are taken as Au (8s6p3d1{/3s3p2d1f),
C (10s4pld/3s2pld), N (10s4pld/3s2pld), and H (4s/2s),
respectively. Thus, 425 basis functions and 192 electrons for
1—4 are included in the calculations. All of the calculations

were accomplished by using the Gaussian03 software package
on an Origin/3900 server."

3. Results and Discussion

3.1. Geometry Structures of 1—4 in the Ground States.
The optimized S, structures of 1—4, along with the coordination
axis, are depicted in Figure 1, and the corresponding important
parameters together with the X-ray crystal diffraction data of
1° are listed in Table 1. As reported by Yam and co-workers,
the aryl ring and cyclometalated plane in the [Au(CNC)C=CPh]
molecule in the crystalline form tend to be perpendicular to each
other. However, in the gas phase calculation, by taking into
account the possible maximum 7t conjugation between the two
7 electron-rich planes, the total molecule should be coplanar
in the absence of lattice packing. Wong and co-workers also
adopt coplanar structures in their calculation.” Moreover, our
calculated results show that the energy differences between the
two forms for 1—4 are quite small and the lowest-energy
emission wavelength of 1 calculated from the coplanar ground-
state structure is more reasonable and consistent with the
experimental value. Therefore, in the latter calculation, only the
coplanar structures for 1—4 are taken into account.

As reported in Table 1, the optimized bond lengths and bond
angles for 1 in the ground state are in general agreement with
the corresponding experimental values.’ The calculated bond
distances of Au—N2 (2.047 A), Au—C1 (2.099 A), Au—C3
(2.099 A), and C4—C5 (1.219 A) are overestimated by about
0.03 A in comparison with the measured values, whereas the
bond distances of Au—C4 (1.968 A) and C5—C6 (1.428 A) are
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TABLE 2: Partial Molecular Orbital Compositions in the Ground States for 1, 2 in CH,Cl, Solution under TD-DFT (B3LYP)

Calculations
1
MO E (eV) Au ¢Ne C=CPh bond type
47a, —0.7973 27.2d¢_y + 4.3P 55.9 12.4 d(Au) + 7#(CNC) + 7#(C=C)
Ta, —1.6784 99.6 7#(CNC)
11b, —2.1582 6.1P + 1.1d,, 89.8 3.00 a*(CNC)
HOMO—-LUMO Energy Gap
10b, —5.7177 7.2d,, 2.90 88.7 d(Au) + 7(C=C) + n(Ph)
34b, —6.0641 6.3P + 7.8d,, 544 31.1 d(Au) + 2(CNC) + 7(C=0)
62, —6.1836 7.0d,, 92.9 d(Au) + 7(CNC)
5a, —6.6500 7.4d,, 92.5 d(Au) + 7(CNC)
4a, —6.7036 100 7(Ph)
9b,; —6.8214 98.3 (CNC)
2
MO E (eV) Au NCC C=CPh bond type
192" —1.0169 7.3P + 0.7d,, 82.7 9.30 a+(NCO)
18a” —1.4509 2.5p 96.3 1.00 a*(NCC)
17a” —2.0145 4.1P + 1.1d,, 93.3 1.50 a*(NCC)
HOMO—-LUMO Energy Gap
16a” —5.5250 6.8d,, + 1.4P 6.00 85.9 d(Au) + 7(C=C) + 7(Ph)
15a” —5.8997 3.6d,. 94.0 2.10 (NCC) L
80a’ —6.3066 6.0d.? + 4.6d,, 12.6 75.8 d(Au) + 7(C=C) + 7(NCC)
14a” —6.5496 3.4d,, 95.4 1.10 (NCC)
132" —6.6396 100 7(Ph) o
12a” —6.7136 6.8d,, + 3.6d,, 86.7 2.80 d(Au) + T(NCC)
TABLE 3: Partial Molecular Orbital Compositions in the Ground State for 3, 4 in CH,Cl, Solution under TD-DFT (B3LYP)
Calculations
3
MO E (eV) Au NNC C=CPh bond type
81a’ —3.4352 30.1d,, + 3.0P 53.0 13.9 d(Au) + n*(NNC) + 7*(C=C)
18a” —3.4681 1.9P 97.5 0.50 *(NNC)
17a” —4.1196 4.7p 93.9 1.40 *(NNC)
HOMO-LUMO Energy Gap
16a” —6.7917 6.4d,, 2.10 91.5 d(Au) + n(C=C) + m(Ph)
15a” —7.4410 100 7(Ph)
80a’ —7.9286 8.5d,, + 3.2de-y 10.9 77.5 d(Au) + 7(C=0)
14a” —8.0032 3.6d,, 96.4 a(NNC)
13a” —8.3529 7.6d,, 89.5 2.80 d(Au) + m(NNC)
12a” —8.8125 9.8d,, 9.30 80.8 d(Au) + m(C=C) + m(Ph)
4
MO E (eV) Au NEN C=CPh bond type
12b, —2.5318 98.2 7*(NCN)
8a, —2.8218 98.9 *(NCN)
Ta, —3.6015 99.0 *(NCN)
11b; —3.7658 8.9P 89.2 1.9 *(NCN)
47a, —3.8420 31.6d,, + 10.1S 55.6 2.7 a*(NCN) + d(Au)
HOMO—-LUMO Energy Gap
10b, —6.6048 5.5d,, 2.40 92.1 7(C=C) + 7(Ph)
6a, —7.3499 100.0 71(Ph)
34b, —17.7262 7.2d,, 10.9 81.9 7(C=C) + d(Au)
Sa, —8.1716 99.3 7(NCN)
9b, —8.2312 8.4d,, 82.9 8.7 7(NCN) + d(Au)

underestimated by about 0.02 A. As expected to the d®
configuration, the Au(IIl) coordination planes take on quasi-
square conformation, and the calculated bond angles are closed
to the experimental values. The discrepancy of the geometry
structural data between the calculated and the measured values
is reasonable and acceptable, since the environments of the
complexes are different in the two cases: in the latter complex,
the molecule is in a tight crystal lattice, while in the former
complex, the molecule is free.

By comparing the complexes, we can see that the bond length
of Au—N2 in 1 is shortened by about 0.197 A compared with

Au—NI1 of 2, the pyridine of which is located at the side of
aryl ring. When there are two pyridine rings, the lateral Au—N1
bond of 3 is shortened by about 0.005 A compared with Au—N1
in 2, whereas the intermediate Au—N2 of 3 is elongated by
about 0.007 A compared with Au—N2 of 1. When the two
pyridine rings are all located at the side of the aryl ring, the
bond length between the metal and the cyclometalated ligand
are shorter than any bond in the same position in 1-3.
Compared with the experimental values of 1, the calculated bond
lengths of C4—C5 in 1—4 are all overestimated by about 0.04
A, and the bond lengths of C5—C6 are underestimated by about
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Figure 2. Electronic density diagrams of partial MOs in the ground state for 1—4.
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Figure 3. Diagrams of energy levels of partial molecular orbitals and the transitions responsible for the absorptions of 1—4 in CH,Cl, solution

under TD-DFT calculations.

0.01 A. There are some contrary trends in the bond lengths: (1)
The Au—C3 bond in 1 is 0.026 A longer than the experimental
values, whereas the bond lengths of 2 and 3 are 0.028 A and
0.046 A shorter, respectively. (2) The Au—C4 bond lengths of
2 and 4 are about 0.07 A longer than the experimental values
of 1, but the bonds in 1 and 3 are 0.011 A and 0.017 A shorter,
respectively. In a simple Dewar, Chatt, and Duncanson model,?*?!
the bond interaction between the metal and the ligand can be
described as a donation from a ¢ molecular orbital of the ligand
toward an empty d orbital of the metal and a concurrent back-
donation from a filled (or partly filled) d orbital to a z*
antibonding orbital of the ligand. As we know, the electron-
donating ability of a C atom in phenyl is stronger than a N

atom in pyridyl for 1—4, so the bond located trans to a N atom
is shorter than that trans to a C atom. For the same reason, the
complexes 2 and 3 adopt C; point group rather than C,, point
group, which can be displayed in the variation of bond angles.

3.2. Absorption Spectra. The absorption spectra in CH,Cl,
solution for 1—4 are explored using the PCM model. It is well-
known that the frontier molecular orbitals play a major role in
the electronic transition, so we first reveal the frontier molecular
orbitals for 1—4 (Tables 2 and 3). As seen in Tables 2 and 3,
four conclusions can be drawn: (1) The virtual orbitals almost
come from the cyclometalated ligands, except for the 47a,
(LUMO+2) of 1 (ca. 31.5% Au), 81a” (LUMO+2) of 3 (ca.
30% Au), and 47a; (LUMO) of 4 (ca. 42% Au). (2) The
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TABLE 4: Absorptions of 1—4 in CH,Cl, Solution According to TD-DFT Calculations, Together with the Experimental Values

of 1
transition excitation coeff E.m (eV) oscillator assignment exptl/nm (gpa/dm® mol~'ecm™")
1
X'A; — A'A, 10b; — 11b, 0.70 398 (3.11) 0.1518 LLCT 402 (4870)
X'A, — B'B, 6a, — 11b, 0.68 378 (3.28) 0.0294 ILCT 381 (5870)
X'A, — C'B, 10b; — 7a, 0.70 346 (3.58) 0.0027 LLCT/MLCT 364 (5050)
X'A, — D'B, Sa; — 11by 0.67 318 (3.90) 0.1097 ILCT 322 (19980)
X'A, — E'A, 9b; — 11b; 0.62 306 (4.06) 0.0471 ILCT 312 (19890)
X'A, — FlA, 6a, — Ta, 0.49 304 (4.08) 0.0676 ILCT/MLCT
2
X'A"— AN’ 16a” — 17a” 0.70 411 (3.02) 0.0727 LLCT
X'A” — B'A’ 15a” — 17a” 0.68 373 (3.32) 0.0084 ILCT
X'A"— C'A’ 16a” — 18a” 0.70 346 (3.59) 0.0259 LLCT/MLCT
X'A” — DA’ 15a” — 18a” 0.63 317 (3.91) 0.0850 ILCT
X'A” — EIA’ 14a” — 17a” 0.53 314 (3.95) 0.0517 ILCT
X'A"— F'A’ 16a” — 19a” 0.57 309 (4.01) 0.2564 LLCT
X'A" — G'A’ 12a” — 17a” 0.64 298 (4.17) 0.0108 ILCT
3
X'A"— AN’ 16a” — 17a” 0.70 550 (2.26) 0.0838 LLCT
X'A” — B'A’ 16a” — 18a” 0.70 428 (2.90) 0.0324 LLCT
XA — C'A’ 14a” — 17a” 0.67 381 (3.26) 0.0473 ILCT
X'A” — DIA’ 80a” — 8la’ 0.67 353 (3.51) 0.0282 LLCT/LMCT
X'A” — EIA’ 13a” — 17a” 0.68 336 (3.69) 0.0646 ILCT
X'A" — F'A’ 14a” — 18a” 0.56 302 (4.10) 0.1550 ILCT
4
X'A; — AlA, 10b; — 11b, 0.69 522 (2.38) 0.0891 LLCT
X'A, — B'B, 10b; — 7a, 0.70 485 (2.55) 0.0090 LLCT
X'A, — C'B, 34b, — 47a, 0.70 418 (2.97) 0.0048 LLCT/LMCT
X'A, — D'A, 10b; — 12b, 0.70 347 (3.58) 0.0354 LLCT
X'A, — E'B, Sa; — 11by 0.66 333 (3.72) 0.0431 ILCT
¢ From ref 9.
TABLE 6: Phosphorescent Emissions of 1—4 in CH,Cl,
084 1 Solution According to TD-DFT (B3LYP) Calculations,
o 2 Together with the Experimental Values of 1
< B ) . Eqm) exp’
= 0.6/ transition configuration coeff eV) assignment  (nm)
% 1 A, —'A, 6a,—11b, 0.71 477 (2.60) °ILCT 476
ﬁ 9b; — 7a, —0.19 SILCT
5 2 AT — A 16a” — 20a” 0.48 517 (2.40) SLLCTAILCT
© 16a” — 192" —0.43 SLLCTAILCT
S 16a” — 17a” —0.41 SILCT
8 o024 3 A=A 167 — 172" 070 634(1.96) SLLCT
16a” — 20a” 0.16 SLLCTPILCT
4 A — A, 10b; — 474, 0.70 577 (2.15) SLLCTALMCT
0.0 ¢ From ref 9.

L . — T T T 1
400 450 500 550 600 650

Wavelength (A/nm)

T T
250 300 350

Figure 4. Simulated absorption spectra of 1—4 in CH,Cl, solution.

TABLE 5: Natural Charge Analysis for 1—4 in the Ground
States, Together with the HOMO-LUMO Energy Gaps

1 2 3 4
Au 1.12231 1.06934 1.13323 1.24427
Pyridyl 0.05667 0.09687 0.62635 0.56850
Phenyl —0.72470  —0.54980 —0.25643  —0.24049
C=CPh —0.45428 —0.61189 —0.50314 —0.57229
H=L Gap (eV) 3.56 3.51 2.67 2.76

occupied orbitals are basically dominated by the ligands.
The HOMO-2, HOMO-3, and HOMO-5 of 1 all come from
the cyclometalated ligands. In addition, there are some orbitals
localized on the cyclometalated plane for 2—4, which are the
HOMO-1, HOMO-3, and HOMO-5 of 2, HOMO-3 and
HOMO-4 of 3, and HOMO-3 and HOMO-4 of 4, respectively.
(3) The HOMOs 10b; (1), 16a” (2), 16a” (3), and 10b, (4) have

a similar composition, which are composed of approximately
90% (C=CPh) and 7% (Au). There is an absolute 7z(Ph) orbital
for 1—4, which is the HOMO-4 of 1, 2 and HOMO-1 of 3, 4.
(4) The composition of Au atomic orbitals is less than 10% in
the high-energy occupied orbitals except for the HOMO-1
(14.1%) of 1. In addition, the largest Au composition in high-
energy occupied orbitals is 10.6% (HOMO-2) for 2, 11.7%
(HOMO-2) for 3, and 8.4% (HOMO-4) for 4. From this point,
we can see that the composition of Au in frontier molecular
orbital is very small, therefore the d-d excited state is unavailable
and does not lead to nonradiative decay. This may be the reason
that the alkynylgold(IlI) complexes could luminesce at both
room temperature and 77 k.

To help us understand the orbitals described above, the
electronic density diagrams of which are presented in Figure 2
and the orbital energy levels for 1—4 are illustrated in Figure
3. Table 4 gives the absorption data in terms of the transition
states, excitation energies, excitations with maximum CI coef-
ficients, oscillator strengths for 1—4 in CH,Cl, solution, and
the experimental values of 1. For clarity, we list in Table 4
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Figure 5. Single-electron transitions with ICI coefficientsl > 0.1 according to TD-DFT calculations for the 477, 517, 634, and 577 nm of 1—4,

respectively, simulated in CH,Cl, solution.

only the most leading excited states with the largest ICI
coefficientsl. Furthermore, we simulated the absorption spectra
of 1—4 with a Gaussian-type curve in Figure 4. As revealed in
Table 4, the lowest-lying dipole-allowed absorptions are at 398,
411, 550, and 522 nm for 1—4, respectively, in which the leading
excitation configuration of HOMO — LUMO is responsible for
the transitions except the HOMO — LUMO+1 transition of 4.
As mentioned above, the HOMOs 10b; (1), 16a” (2), 16a” (3),
and 10b; (4) are composed of approximately 90% (C=CPh),
whereas the LUMOs of 1—3 and LUMO+1 of 4 are mainly
localized on the cyclometalated ligands. Therefore, the lowest-
energy absorptions of 1—4 are attributed to LLCT. In Figure 4,
we can clearly find that the lowest-energy absorption bands of
1—4 are red-shifted in the order 1 < 2 < 4 < 3. The rest of the
calculated absorptions of 1—4 can be seen in Table 4 and Figure
3.

To explore the nature of the shift order, we list the nature
bond orbital (NBO)?? analysis for 1—4 in Table 5 in terms of
Au(IIl), pyridyl, phenyl, and phenylacetylide ligands, respec-
tively. With respect to 1 and 2, the Au(III) atom becomes less
positively charged and the pyridyl becomes more positively
charged. Moreover, the HOMO—LUMO energy gap of 1 is 3.56
and 0.05 eV higher than that of 2 (3.51 eV). This indicates that
when the pyridyl is located at the side of aryl ring, the electron-
accepting ability of pyridyl is bigger and the HOMO—LUMO
energy gap of 2 (3.51 eV) is less than that of 1 (3.56 eV). The
lowest-energy absorption band of 2 is red-shifted relative to 1.
With regard to 3 and 4, there are two pyridyl. In complex 3,
the electronic charges residing on Au(Ill) and pyridyl are
1.13323 and 0.62635, and those in 4 are 1.24427 and 0.56850,
respectively. In addition, the HOMO—LUMO energy gap of 3
(2.67 eV) is less than that of 4 (2.76 eV). This shows that the
bipyridine-like unit in 3 is a good electron acceptor and thus
ensures a low-energy LUMO. By comparing the complexes,
we can get a conclusion that, with the variation in position and

the number of pyridyl, the electron-accepting ability of pyridyl
increases in the order 1 < 2 < 4 < 3 and the HOMO—LUMO
energy gaps lowered correspondingly, which also corresponds
to the order of the lowest-energy absorptions of 1—4 (1 < 2 <
4 <3).

3.2.1. Solvent Effects. 1t is worth noting that differences in
solvent polarity will dramatically influence the MO energies in
solutions, hence, change the transition energy. Therefore, to
compare the absorptions in media with different polarities, the
absorptions for 1—4 in CH;CN solution were also calculated,
and the results are listed in Supporting Information, Table S1.
Table S1 shows that, when the solvent is changed from CH,Cl,
to CH;CN, the characters of absorptions are completely
unchanged. But the lowest-energy absorptions in CH3;CN
solution for 1—4 have slight change in energy, which are
increased by 0.02, 0.02, 0.04, and 0.03 eV, respectively.

3.3. Excited-State Structures of 1—4. On the basis of the
optimized ground-state structures, the lowest-energy excited-
state structures of 1—4 are fully optimized out by the CIS
method. The main geometry parameters of 1—4 in the excited
state are presented in Table 1. As shown in Table 1, the bond
angles of 1—4 in the excited state are almost identical to those
in the ground-state, whereas the bond lengths have a minor
change. The bond lengths between Au and cyclometalated ligand
of 1—4 slightly shorten approximately 0.01—0.03 A compared
with those in the ground state, but the Au—C4 bond lengths of
1—4, which connect the metal and the alkyne, are elongated
approximately 0.01—0.03 A. The variation of bond lengths
indicates that the electrons are promoted from (—C=CPh) ligand
to cyclometalated ligand and the interaction between the Au
atom and (—C=CPh) ligand is weakened upon excitation. The
C=C bond of 1 and 3 are shortened by about 0.023 A and 0.002
A, respectively, while the triplet bond is elongated 0.006 A and
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0.002 A in 2 and 4, respectively. This indicates that the
characters of the CT transitions occurring in 1—4 must be
different.

3.4. Emission Spectra. In order to obtain the convincing
emission energy, based on the excited-state structures optimized
by the CIS method, the emission spectra of 1—4 in CH,Cl,
solution are calculated by the TD-DFT approach at the B3LYP
level. The corresponding emissions of 1—4 are listed in Table
6, associated with the emission energies, transition assignments,
and the experimental values of 1.° To conveniently discuss the
transition property of emission, we present the compositions
and the electronic density diagrams of partial molecular orbitals
related to the emissions in Supporting Information, Table S2
and Figure 5, respectively. In Table S2, we can see that the
compositions of HOMOs are similar to each other in 1—4, which
have approximately 90% (C=CPh), whereas the LUMOs are
mainly localized on the cyclometalated ligands except 4, which
has 41.5% Au.

The calculated emissions in CH,Cl, solution are 477, 517,
634, and 577 nm, respectively. As shown in Table 6, the
emission at 477 nm of 1 is mainly from the transitions of MO
6a, (HOMO-1) — MO 11b; (LUMO) and MO 9b, (HOMO-5)
— MO 7a, (LUMO+1) configurations with CI coefficients 0.71
and —0.19, respectively. As seen in Table S2, the HOMO-1
(6a,) and LUMO (11b,) are composed of 93.1% (CNC) and
89.5% n*(CNC), respectively. Thus, the transition of 6a, —
11b, with CI coefficient 0.71 is assigned as *ILCT. Similar to
that, the transition 9b; — 7a, is also attributed to *ILCT with
the molecular orbital located at the (CNC) plane. With respect
to 2, as seen in Table 6, the emission at 517 nm is from three
transitions with CI coefficients 0.48, —0.43, and —0.41,
respectively. In Figure 5, the electron density diagrams of the
frontier molecular orbitals of 2 intuitively illustrate that the 517
nm emission arises from the JILCT combined by *LLCT. For
3, the calculated lowest-energy emission occurs at 634 nm in
CH,Cl, solution with the nature of a >A” — 'A’ transition. In
the transition, the triplet excited-state configurations of 16a”
(HOMO) — 17a” (LUMO) and 16a” (HOMO) — 20a”
(LUMO++4) with the coefficients 0.70 and 0.16 contribute to
the transition. As seen in Table S2, the HOMO (16a”) is
composed of 92.2% [7(C=C) + m(Ph)], while the LUMO
(17a”) is mainly localized on the NNC plane, and the LUMO-+4
(20a”) is composed of about 32.2% 7*(NNC), 52.2% n*(Ph),
and 15.5% P(Au). So the emission at 634 nm for 3 is assigned
to the combined transitions of *LLCT and ’ILCT. For 4, as
mentioned above, the HOMO (10b;) is composed of 93.1%
[7(C=C) + n(Ph)], whereas the LUMO (47a,) has 41.5% Au
and 55.9% 7*(NCN). So the transition of 10b; — 47a, with CI
coefficient 0.70 is assigned as *LLCT/LMCT. To intuitively
understand the nature of the emissions, diagrams of the single-
electron transitions related to the phosphorescence of 1—4 are
shown in Figure 5.

4. Conclusions

Electronic structures and spectroscopic properties of 1—4
were investigated theoretically. We calculated their absorption
and emission spectra in CH,Cl, solution using the TD-DFT
method with the PCM solvent model. By taking into account
the effect of position and the number of pyridyl, the following
conclusions can be drawn: The optimized geometric param-
eters of 1—4 in the ground state are in agreement with the
experimental measured values. Upon excitation, the bond
lengths between Au and cyclometalated ligands are shortened,
whereas the bond lengths between Au and alkyne are
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elongated. This reflects that the electrons are promoted from
the (—C=CPh) ligand to the cyclometalated ligand. With the
variation in position and the number of pyridyl, the electron-
accepting ability of pyridyl increases in the order 1 <2 < 4
< 3, and the HOMO—LUMO energy gaps are lowered
correspondingly. The lowest-energy absorption and emission
bands of 1—4 are red-shifted in the order 1 < 2 < 4 < 3. The
calculations reveal that the lowest-lying absorptions for 1—4
are all derived from the LLCT. The lowest-energy emissions
for 2 and 3 come from the *LLCT transition perturbed by
some JILCT transition, whereas the emissions for 1 and 4
are attributed to the *ILCT and *LLCT/LMCT, respectively.
We hope these theoretical studies can provide some help in
designing highly efficient phosphorescent materials.
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