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The effects of various packing styles, solvents, and substituents on the electronic structures of gold(I)
and mercury(II) acetylides are investigated by using the density functional theory (DFT) and the time-
dependent density functional theory (TDDFT). In comparison with the second-order Møeller-Plesset
(MP2) and coupled-cluster (CCSD(T)) results, most of the hybrid GGA and hybrid meta GGA (among
the studied 36 DFT functionals) can give reasonable predictions on binding energies in a dimer. A series
of packing aggregates extended along intermolecular Au · · · Au and π-π (between aryl ligands) contacting
directions are employed to illustrate the stacking dependence of the low-lying vertical excitation energies.
The lowest excitation energy undergoes little change from the Au · · · Au linked dimer to higher oligomers.
A polarized continuum model (PCM) study is carried out on a series of substituted gold and mercury
acetylide derivatives in several solutions. The lowest vertical excitation energies exhibit a blue shift as
the solvent polarity increases. The red shift in the lowest excitation energy is in accordance with the
increasing electron-accepting ability of the substituent. The electronic structures of gold acetylides are
found to be more sensitive to ligand substitution and solvent polarity than those of the corresponding
mercury acetylides.

1. Introduction

Gold(I) and mercury(II) acetylides have attracted growing
attention due to their potential applications in the fields of
nonlinear optics,1 liquid crystals,2 electrical conductors,3 and
luminescent materials.4 The linearity of the ethyne unit and the
preference of a linear dicoordination of the d10 metal make
alkynyl-gold and -mercury complexes potential precursors for
synthesis of organometallic oligomers and polymers.5 The
intermolecular noncovalent interactions, such as π-stacking
interactions between aryl ligands of neighboring molecules and
weak attractive Au · · · Au interactions (called aurophilicity), play
a crucial role in controlling crystal packing and self-assembly

of Au(I) compounds.6 Although such an aurophilic interaction
only has a strength comparable to hydrogen bonding,7 the
cohesive Au · · · Au interactions in the solid state do exert a
marked influence on the overall conformations of gold(I)
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acetylide aggregates, and hence on their optical properties.8 In
contrast, the evidence for Hg · · · Hg interactions is scarce.9 A
clear picture of the effects of metallophilic interaction, stacking
style, and solvation on the electronic structures of gold and
mercury acetylides has not yet been established.

With the rapid development of both theoretical methods
and computer technology, quantum chemical calculations
become useful tools to describe the electronic structures of
a hierarchy of oligomers with definite length. There are
already some theoretical works on simplified models of
monomeric alkynyl gold and mercury complexes, where the
PH3 group is commonly adopted to substitute the PPh3 ligands
for the sake of reducing computational costs.10a,b The
extended Hückel molecular orbital (EHMO) calculations on
PH3AuCCH10a predicted that the lowest excitation was the
mixed ππ* and/or σπ* modes. Density functional theory
(DFT) calculations with the B3LYP functional were per-
formed on a model system, H3PAuCtCRCtCAuPH3,10b at
the experimental geometry of Ph3PAuCtCRCtCAuPPh3.
Using the semiemperical EHMO calculations, Che et al.10d

studied the electronic structure of the [Au2(dppm)Ph2] dimer.
The conformational and optical properties of mercury di-
ethynylfluorene oligomers were also investigated by using
CIS and TD-DFT methods.10g However, few theoretical
investigations have been performed on higher aggregate
oligomers through intermolecular Au · · · Au or Hg · · · Hg
interactions.

In order to understand the relationship between intermolecular
interaction, substitution pattern, solvent media, and the absorp-
tion spectra of gold and mercury acetylides, we carried out a
systematic study on several models: (1) mononuclear monomers,
[(PPh3)Au(CtC-(C4H3S))] (Au-M1) and [(CH3)Hg(CtC-
(C4H3S))] (Hg-M1) and the corresponding dimers (Au-D1, Hg-
D1); (2) dinuclear species, monomers [RM (CtC-(C4H2S)-
CtC) MR] (Au-M2-Au-M5, M ) Au, R ) PPh3, PMe3, PH3,
and PF3; Hg-M2-Hg-M5, M ) Hg, R ) Ph, Me, H, and F)
and dimers [RM (CtC-(C4H2S)-CtC) MR]2 (Au-D2, M ) Au,
R ) PPh3; Hg-D2, M ) Hg, R ) Me); (3) the stacking
oligomers along Au · · · Au contacts (An) and π-π interactions
between triphenylphosphine rings (Bn), and the mixed (AB)
directions in the crystal structure, respectively; and (4) solvent
models for monomers and dimers in various solvents, as shown

in Figure 1. On the basis of these models, we apply various
theoretical methods to investigate the binding energy, the intra-
and intermolecular interactions, stacking, substituent, and solvent
effects on the low-lying vertical excitation energies. The results
may provide new insight into the nature of the intermolecular
interactions of gold(I) and mercury(II) acetylide complexes in
crystal and solutions.

2. Computational Details and Models

DFT Functionals. All calculations were performed with Gauss-
ian 03 program.11 The performances of 36 fucntionals, belonging
to four categories of DFT functionals, were tested in calculations
of intermolecular binding energy of a simplified model of mono-
nuclear gold acetylide (Au-D1), with three phenyl groups substituted
by hydrogen atoms, respectively. The tested functionals include
(1) generalized gradient approximation (GGA), BLYP, BP86,
BPBE, BPW91, HCTH, G96LYP, MPWLYP, MPWPBE, MP-
WPW91, OLYP, and PBE; (2) hybrid GGA methods, B3LYP,
B3P86, B3PW91, B97-1, B97-2, B98, BHandHLYP, MPW1LYP,
MPW3LYP, O3LYP, PBE1PBE, and X3LYP; (3) meta GGA,
BB95, MPWB95, MPWKCIS, PBEKCIS, and VSXC; and (4)
hybrid meta GGA, B1B95, BB1K, MPW1B95, MPW1KCIS,
MPWB1K, MPWKCIS1K, and PBE1KCIS. The details of these
selected DFT functionals are summarized in Table S1 of the
Supporting Information. Since experimental binding energy of
alkynyl gold is not available, we also used the second-order
Møeller-Plesset method (MP2)12 and coupled-cluster (CCSD(T))13

calculations for comparison. As shown in Figure 2, the binding
energies, with the basis set superposition error (BSSE) corrections,
obtained by most of the hybrid GGA and hybrid meta GGA (where
“meta” means the functional depends on the Kohn-Sham orbitals
in the form of a kinetic energy density) are comparable to MP2
and CCSD(T) values. Furthermore, one of the hybrid GGA
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functionals, Becke’s three-parameter hybrid method14 using the
Perdew and Wang correlation functional (B3PW91),15 was em-
ployed in our calculations of electronic structures of monomers and
dimers under vacuum, X-ray structures, and various solvents. The
PW91 functional was also found to perform reasonably for gold
clusters in other works.16

Basis Sets. Two sets of effective core potentials (ECP) were
employed for Au (or Hg) atoms. The first one was Los Alamos

ECP, Lanl2dz, from Hay and Wadt.17 The second one employed
the ECP60MWB pseudopotential of the Stuttgart/Bonn group.18

For all other nonmetallic elements, standard Gaussian basis sets
3-21G*, 6-31G*, and 6-31+G* were adopted, respectively. There-
fore, in total four suites of basis sets were used in the present
calculations, denoted as BAS1 (LanL2DZ (8s6p3d)/[3s3p2d] for
Au and (3s3p3d)/[2s2p2d] for Hg; 3-21G* for nonmetal atoms),
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1988, 153, 503.

(13) Pople, J. A.; Head-Gordon, M.; Raghavachari, K. J. Chem. Phys.
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1372.
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(b) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
M. R.; Singh, D. J.; Fiolhais, C. Phys. ReV. B 1993, 48, 4978. (c) Perdew,
J. P.; Burke, K.; Wang, Y. Phys. ReV. B 1996, 54, 16533.
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J. Chem. Phys. 2002, 117, 4010. (b) Li, G. P.; Hamilton, I. P. Chem. Phys.
Lett. 2006, 420, 474.

Figure 1. The studied models of (a) the mononuclear (monomer, Au-M1 and Hg-M1; dimer, Au-D1 and Hg-D1) and diunclear gold(I) and
mercury(II) acetylides (monomers, Au-M2-Au-M5 and Hg-M2-Hg-M5; dimer, Au-D2 and Hg-D2), and (b) two-dimensional crystal
stacking of triphenylphosphine gold acetylide with the X-ray structure taken from ref 8a. Each molecule is surrounded by its neighbors with
the contact of Au · · · Au (An), π-π (Bn), and their mixture (AB) of directions, respectively. (c) Solvent models of monomers and dimers
in various solvents.
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BAS2 (LanL2DZ for Au and Hg; 6-31G* for others), BAS3
(LanL2DZ for Au; 6-31+G* for others), and BAS4 (ECP60MWB
(8s7p6d)/[6s5p3d] basis sets for Au; 6-31+G* for others), respec-
tively. The geometry optimizations of monomers were performed
with the medium level of basis set, BAS2. The larger basis sets,
BAS3 and BAS4, were applied to calculations of binding energy
in a dimer, respectively (Figure 2). Limited by the computational
cost, the relatively lower basis set, BAS1, was applied to calculate
the absorption spectra of the studied oligomers.

Intermolecular Interactions. Natural bond orbital analysis
(NBO)19 was performed to provide a qualitative description of intra-
and intermolecular interactions, such as ligand-to-metal and
metal-metal interactions. Interaction energies between fragments
can be computed by using the NBO Fock matrix deletion
procedure.20Three kinds of density functionals, hybrid GGA (B97-
1), meta GGA (MPWB95), and hybrid meta GGA (BB1K), were
adopted in the NBO deletion procedure, respectively. Similar results
of intra- and intermolecular interactions are obtained by using these
different sets of DFT functionals (Figure 3).

Absorption Spectra. The vertical excitation energies were
calculated within the framework of time-dependent density func-
tional theory (TD-DFT),21 an effective way to calculate the low-
lying excitation energies of some organometallic complexes.22 The
basis set selected was LanL2DZ for Au (or Hg) and 3-21G* for
others. The spin-orbit interactions are not included in the present
work, as done in a previous study on diethynylfluorenyl gold
complexes.23 It was shown that the spin-orbit effects were
insignificant in some other Au(I) systems.24

Solvent Model. Solvent effects on TDDFT excitation energies
were also considered in the framework of the self-consistent reaction
field polarizable continuum model (SCRF-PCM)25 by using the
united atom topological model (UAHF) set of solvation radii to
build the cavity for the solute. The TDDFT/PCM was widely
applied to calculate the low-lying vertical excitation energies of

some organic and organometallic systems in nonpolar and weakly
polar solvents.26

3. Results and Discussion

3.1. Intermolecular vs Intramolecular Interactions.
Intramolecular Interaction. In order to understand the in-
tramolecular interactions in gold(I) and mercury(II) acetylides,
we have performed the NBO analysis of model systems Au-
M1 and Hg-M1, respectively. The relative magnitudes of
intramolecular interactions, obtained by using B97-1, BB1K,
and MPWB95 functionals, respectively, are depicted in Figure
3. These three kinds of DFT functionals give similar results.
The intramolecular interactions between the PPh3 fragment and
gold acetylene within Au-M1 (with the total interaction energy
of -267 kcal/mol at the level of BB1K/LanL2DZ for Au and
6-31G* for others) mainly have the characteristic of σ donation,
nPfσ*Au-c, from the lone pair orbital of the P atom, nP, to the
antibonding orbital of Au-C, σ*Au-c. The relatively weaker
back-donation from the d orbitals of the Au atom to vacant p
orbitals of the P atom and the antibonding σ orbital of P-C,
σ*P-C, respectively, also contributes to the intramolecular
interactions in Au-M1. In comparison with Au-M1, it is
apparent that Hg-M1 has stronger intramolecular σ donation
from the ligand fragment to the metal with a total interaction

energy of -374 kcal/mol at the BB1K level.

Intermolecular Interaction. The NBO results of intermo-
lecular interactions in the dimers Au-D1 and Hg-D1 are listed
in Table 1. The total intermolecular interaction in Au-D1 is
-33 kcal/mol, about one-tenth of that of intramolecular interac-
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Figure 2. Binding energies (kcal/mol) with BSSE corrections of
(PH3AuCtCH)2, obtained by using various theoretical methods,
with the geometry taken form the X-ray structure of Au-D1.
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tion in the constituent monomer (Au-M1). As depicted in Table
1, the major intermolecular interactions in Au-D1 consist of
metal-metal and metal-ligand interactions between neighbor-
ing molecules. The aurophilic Au · · · Au interaction (-23 kcal/
mol) is slightly larger than the electron delocalization from the
ligand to the metal (-9.9 kcal/mol) in another chain. Early
studies based on EHMO10d and SCF-XR-SW calculations10f

ascribed such attractive interactions between two d10 closed-
shell configurations of Au(I) centers to the mixing of empty
metal s and p orbitals into the d shell. In our calculations,
significant intermolecular interactions between the σAu-C bond-
ing orbital (or 5d orbitals) of the Au atom and the antibonding
σ*Au-C orbital of an adjacent molecule are found in the stacking
dimer. Although similar intermolecular metallophilic interactions
(σHg-C or dHgfσ*Hg-C) are also observed in Hg-D1, the
magnitude of mercurophilic interactions (-0.26 kcal/mol) is
only about 1% of the aurophilic interactions (-23 kcal/mol) in
Au-D1. This may be partially rationalized by the much larger
energy gap (0.70 or 0.53 eV) between the electron-donating
(dHg or σHg-C) and accepting (σ*Hg-C) orbitals in mercury
acetylides than those (0.44, 0.30 eV) in corresponding gold

acetylides. It is also interesting to note that in Hg-D1 the
magnitude of intermolecular Hg · · · Hg interactions (-0.26 kcal/
mol) is much lower than that of the intermolecular Hg · · · ligand
interactions (-10.3 kcal/mol). Therefore, the assignment of such
a close Hg · · · Hg separation (about 3.93 Å) to mercurophilicity
is still open to debate; the distinct intermolecular interactions
between ligand-ligand moieties or Hg-ligand might be re-
sponsible for the close contact of the metal centers, as addressed
before.27

3.2. Excitation Energies. 3.2.1. Monomers in Gas-Phase
and Crystal Structures. In order to assess the extent to which
the optical properties are affected by intermolecular interactions
in the solid state, TDDFT calculations of gold(I) and mercury(II)
acetylides are performed at the level of B3PW91/BAS1
(LanL2DZ for Au and Hg; 3-21G* for others) on the basis of
gas-phase and crystal structures, respectively. The effects of
ligand modification and metal substitution are also considered
in this subsection.

Geometry. The gas-phase geometries of the studied gold(I)
acetylide (Au-M2-Au-M5) and mercury(II) acetylide deriva-
tives (Hg-M2-Hg-M5) are shown in Table S2. All these
molecules exhibit a rod-like geometry with the two-
coordinated Au(I) or Hg(II) center adopting a near-linear
geometry. The optimized geometries of all these systems vary
slightly upon modification of the ligand and metal center.
The changes in bond lengths from Au-M2 (Hg-M2) to Au-
M5 (Hg-M5) are no more than 0.04 Å, and the variations in
angles are within 3°.

Comparing with available experimental data, the geometries
of Hg-M3 optimized by B3PW91 are close to those from
electron diffraction experiments,28 while the optimized geom-
etries of Au-M2 differ from the experimental data in P-C bond
lengths of PPh3 segments and angles of the metal-ethynyl part.8a

In the gas phase, the phosphine centers predicted by B3PW91
have an approximate C3 symmetry with three nearly identical
P-C(phenyl) bond lengths of 1.8 Å. But in the case of crystal

(27) Schmidbaur, H.; Öller, H. J.; Wilkinson, D. L.; Huber, B.; Müller,
G. Chem. Ber. 1989, 122, 31.

(28) Wong, W. Y.; Choi, K. H.; Lu, G. L.; Lin, Z. Y. Organometallics
2002, 21, 4475.

Figure 3. Natural bond orbital (NBO) analysis of intramolecular
interactionsin[(PPh3)Au(CtC-(C4H3S))],Au-M1,and[(CH3)Hg(CtC-
(C4H3S))], Hg-M1, obtained by using B97-1, BB1K, and MPWB95
functionals, respectively, with LanL2DZ for Au or Hg and 6-31G*
for others. The isodensity value is 0.02 e · bohr-3 for the plotted
orbitals.

Table 1. Natural Bond Orbital (NBO) Analysis of Intermolecular
Metal-Metal (MTM′) and Metal-Ligand (MTL) Interactions in

[(PPh3)Au(CtC-(C4H3S))]2 (Au-D1) and [(CH3)Hg(CtC-(C4H3S))]2

(Hg-D1)a

a The results are obtained by using the BB1K functional with
LanL2DZ for Au and Hg and 6-31G* for others. The isodensity value is
0.02 e · bohr-3 for the plotted orbitals.
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packing, the corresponding PPh3 fragments possess C1 symmetry
with different P-C(phenyl) crystal bond lengths of 1.7, 1.8,
and 1.9 Å, respectively. Accordingly, the bond angles in the
metal-ethynyl part of the crystal structure prefer a deviation from
linearity of about 15° instead of the ideal planar structure in
the gas phase. In other words, the molecular backbone of alkynyl
gold phosphine is slightly distorted into an asymmetric form in
the solid state, resulting in shifts of the absorption spectra from
the gas-phase isolated monomer to the packing systems (as
demonstrated below).

Absorption Spectra. The TDDFT vertical excitation ener-
gies of monomers, Au-M2 and Hg-M3, in both the gas-phase
and crystal structures are obtained at the B3PW91 level with
the LanL2DZ basis set for Au (or Hg) and 3-21G* for others.

The detailed results of the low-lying excitation energies (Eex)
and oscillator strengths (f) are given in Table S3 and Figure
S1a of the Supporting Information. Similar absorption spectra
are observed for Hg-M3 in the gas phase and crystal owning
to their nearly identical geometry (Figure S1). As expected,
the difference in the ground-state geometry of Au-M2 in the
gas phase and crystal brings about evident differences in the
band shape, peak positions, and relative intensity of absorp-
tion spectra, as plotted in Figure 4. For Au-M2 in the
optimized gas-phase structure, two main absorption bands
at 416 nm (I′) and 351 nm (II′) are predicted (dotted line).
But three relatively weaker bands at 415 nm (I), 377 nm (II),
and 323 nm (III) are observed for Au-M2 in the crystal
structure (solid line). The lowest energy absorption band (I′)

Figure 4. (a) UV-vis absorption spectra of dinuclear gold phosphine acetylide monomer (Au-M2) in the optimized gas-phase structure
(dotted line) and X-ray crystal structure (solid line). The absorption spectra were simulated by using a Lorentzian convolution with 20 nm
half-widths. (b) Frontier molecular orbitals and electronic transition of Au-M2 at the optimized gas-phase structure (left) and crystal structure
(right), respectively. H and L denote the highest occupied and lowest unoccupied molecular orbitals, respectively.
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of Au-M2 in the gas-phase structure is mainly ascribed to
the transition from the HOMO to LUMO. As shown in Figure
4b, the HOMO consists of a π-bonding orbital of the ligand,
mixing with 5d orbitals of the Au atom. The LUMO belongs
to a π*-antibonding orbital, which is delocalized over the
whole molecule. Thus, the band I′ can be assigned as the

ligand-to-ligand charge transfer (LLCT), πfπ*, mixing with
d(Au)fπ* metal-to-ligand charge transfer (MLCT). Chang-
ing from the gas-phase to solid-state structures, the lowest
energy πfπ* transition (I′) is split into two πfπ* transi-
tions, corresponding to bands I and II, respectively (Figure
4a). It can be also found that on going from the linear gas-

Table 2. Lowest Singlet Excitation Energies (nm) for Gold and Mercury Acetylide Monomers in the Gas Phase and Several Solvents with
B3PW91/BAS1-Optimized Structures

a The classification of adsorption bands is given in Figure4. b Absorption maximum measured in CH2Cl2 for mononuclear gold acetylide
[(PPh3)Au(CtC(C4H2S)(C4H3S))], obtained from ref 8a. c Taken from ref 28.

Scheme 1
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phase structure to a bending backbone in the crystal, two
pronounced band shoulders appear at 308 and 297 nm,
respectively, broadening the band III remarkably relative to
the ligand-centered band II′ in the gas phase.

Substitution Effects. The influences of the substitution on
the lowest excitation of gold acetylide and mercury acetylide
in the gas phase are listed in Table 2. It can be seen that the
lowest excitation energy of gold acetylide can be fine-tuned by
ligand and metal substitutions. The absorption spectra of the
gold complexes with different electron-withdrawing ligands, Au-

M2-Au-M5 (R ) PPh3, PMe3, PH3, and PF3), display ligand-
centered ππ* transitions (band II′) in the range 351-403 nm.
The red shift from Au-M2 (R ) PPh3) to Au-M5 (R ) PF3) is
in accordance with the increasing electron-accepting ability of
the substituent.

Upon changing the gold(I) center with isoelectronic mercu-
ry(II) (Hg-M2-Hg-M5, R ) Ph, Me, H, and F), band II′ blue-
shifts to 314-330 nm. In comparison with corresponding gold
acetylides, the lowest excitation energies of mercury acetylide
derivatives are less sensitive to the ligand substitution, with

Figure 5. (a) UV-vis absorption spectra of gold phosphine acetylide monomers (Au-M2, Au-M2′) and dimer (Au-D2) in the crystal
structure. (b) Energy correlation diagram for the formation of dimer Au-D2 from the fragments Au-M2 and Au-M2′, as well as the frontier
molecular orbitals (taken at an isodensity value of 0.02 e · bohr-3) involved in the low-lying transitions (which are marked in red, black,
and blue arrowed lines, respectively). The coefficients of transitions are also given.
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deviations in the maximum absorption between Hg-M2 and
Hg-M5 less than 16 nm. This can be explained by the relative
compositions of frontier molecular orbitals (shown in Table
S4). The HOMOs and LUMOs of mercury acetylides have

little contribution (less than 5%) from the ligand, R, in
contrast to the large R components (up to 91.9%) in the
LUMOs of gold acetylides.

3.2.2. Aurophilic Dimers: Influence of Packing Styles. The
low-lying excitations of gold acetylides were suggested to
belong to MLCT, LMCT, LLCT, MC (metal-centered charge
transfer), LC (ligand-centered charge transfer), and MMLCT
(metal-metal to ligand charge transfer), depending on the choice
of ligand and style of crystal packing.8 To study the stacking
effects on spectra of dinuclear gold acetylide, Au-D2 is adopted
as the simplest model, which consists of two monomers (Au-
M2 and Au-M2′). For comparison, the mercury acetylide
counterpart (Hg-D2) is also considered.

Dimer in Crystal Geometry. In Figure 5, the absorption
spectrum of Au-D2, obtained by TDDFT calculations with the
B3PW91 functional, is compared with those of constituent
monomers Au-M2 and Au-M2′. More details are given in Table
S5. The low-lying dipole-allowed transition bands of Au-D2
are marked as 1, 2, and 3, respectively. Band 1 mainly
comes from the HOMO f LUMO transition. Within the
framework of semiemperical EHMO,10a,d DFT,10e or SCF-XR-
SW10f calculations, the Au · · · Au interaction was expected to
lower the energy of the HOMO f LUMO transition, where
the HOMO was assigned as the antibonding combination of
the Au 5d orbitals or ligand π orbital, and the LUMO as the
bonding combination of the Au 6s/6p orbitals or ligand π*

Figure 6. Lowest excitation energies and oscillation strengths (f)
for Au-D2 as a function of (a) intermolecular Au · · · Au distance,
d; (b) relative displacement, L/L′, the ratio of horizontal displace-
ments relative to one fixed monomer (e.g., L/L′ ) 0 corresponds
an eclipse stacking); and (c) rotation angle, θ, around the Au-Au′
axis, respectively.

Figure 7. UV-vis absorption spectra of packing oligomers: (a)
An (n ) 1, 2), along Au · · · Au stacking (A) direction; (b) Bn (n )
1, 2), along π-π stacking (B) direction as well as AB in a mixture
of direction. The evolution of the energy levels of HOMOs (H)
and LUMOs (L) with propagation in the crystal aggregates is also
shown.
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orbital.10 In Au-D2, due to the relative lower energy level of
vacant π*(PPh3), the lowest vertical excitation is mainly of
LLCT character, mixing with some MMLCT. The second
absorption band, 2, at 397 nm is broadened by a band tail at
388 nm, as is the transition band 3 (at 358 nm) of the dimer.

The influence of the intermolecular Au · · · Au interaction on
the low-lying absorption bands can be qualitatively understood
from the evolution of the frontier molecular orbitals from the
constituent monomers (Au-M2 and Au-M2′) to the dimer, as
shown in Figure 5b. The lowest energy absorption band,1, at
469 nm of dimer Au-D2 is red-shifted relative to those of
monomers (40 nm on average) due to the intermolecular
aurophilic interaction.

In mercury acetylide, the change in the lowest excitation
energy is to a much lesser extent from monomer Hg-M3 to
dimer Hg-D2 than the gold counterparts, as shown in Figure
S1b. Such a difference may come from the much stronger
intermolecular metal-ligand interactions than the Hg · · · Hg
interactions in mercury acetylide.

Different Packing Arrangements. We study the dimer Au-
D2 in various packing styles, such as a vertical move, horizontal
displacement, and rotation around the Au-Au′ axis. Figure 6
presents the evolution of the lowest excitation energy and
oscillation strength as a function of the intermolecular Au · · · Au
distance, d, the extent of cofacial stacking, L/L′, and the rotation
angle, θ, respectively. The intermolecular Au · · · Au distance
and horizontal slippage affect the lowest transition markedly.

It can be found that as the effective Au · · · Au interactions
increase (with short Au · · · Au distances and nearly cofacial
packing), there is a decrease in the absorption maxima of the
dimer. This can be rationalized from the variations in frontier
orbitals with different stacking styles, as exemplified by the
evolution of frontier molecular orbitals with Au · · · Au distances
ranging from 1.73 to 4.73 Å in Figure S2.

3.2.3. Packing Oligomers. As noted above, evident red shift
is observed in the lowest energy transition from the monomer
Au-M2 to dimer Au-D2. On going to higher oligomers in crystal
packing of gold phosphine acetylide, there are two kinds of
intermolecular interactions, aurophilic Au · · · Au and π · · · π
stackings, along the A and B directions, respectively, as
illustrated in Scheme 1. In this subsection, larger aggregates
are selected from the crystal structure along A, B, and mixed
AB packing directions, denoted as An, Bn, and AB, respectively,
as shown in Figure 1b and Figure 7.

Packing along Au · · · Au Contacts. TDDFT/B3PW91 cal-
culations indicate that the lowest dipole-allowed excitation
energy is nearly unchanged in the propagation of Au · · · Au
contacting from A1 to A2 along the A direction. In Figure 7a,
the lowest absorption peaks of A1 and A2 are both predicted at
469 nm, nearly identical to that of dimer Au-D2. It is interesting
to note that symmetric energy splitting of the HOMO levels is
found in An as a result of intermolecular Au · · · Au interaction
(Figure 7a). All the LUMOs of the studied oligomers are π*-
antibonding orbitals localized on the PPh3 ligand with identical

Figure 8. UV-vis absorption spectra for (a) monomer Au-M2 and (b) dimer Au-D2 obtained from TD-DFT/PCM calculations with the
crystal structure in the gas phase and various dielectric media. The changes of energy levels of the frontier orbitals upon increasing solvent
polarity are also illustrated.
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energy levels. This may partially explain the constant excitation
energy on going from dimer Au-D2 to tetramer A1 and hexamer
A2 along the direction A.

Packing along π-π Stacking. In the case of π-π stacking
along the B direction, a blue shift of 12 nm in the lowest
transition energy is noticed when the model is enlarged from
the dimer Au-D2 to tetramer B1. Upon further elongation to
the hexamer B2 and octamer AB, along the B and AB directions,
respectively, the lowest excitation energies increase slightly.
Similar to what is found in the dimer, the lowest excitations of
B2 and AB are dominated by πfπ* transitions. Although the
π-π interaction between the PPh3 moieties is predicted to be
10.5 kcal/mol at the MP2/6-31+G* level in the crystal structure,
little influence from the π-π stacking has been exerted on the
lowest dipole-allowed excitation energies.

3.2.4. Solvent Effects. The low-lying vertical excitations of
monomers and dimers in various solvents are evaluated by the

TD-DFT/PCM calculations (shown in Figure 8 and Figure S3).
The effects of ligand and metal substitutions on the absorption
spectra of gold and mercury acetylides in different solvents are
revealed in Table 2, with detailed illustrations of low-lying
excitations of Au-M2-Au-M5 and Hg-M2-Hg-M5 depicted
in Figures 9 and 10, respectively.

Monomers in Solutions. The UV-vis data for the constituent
monomer Au-M2 are not available, but there are experimental
data for some related species.8a The predicted lowest excitation
wavelengths of Au-M2 in CH2Cl2 (ε ) 8.9) with DFT and
crystal geometries (355 and 328 nm, respectively) are compa-
rable to the experimental maximum absorption of mononuclear
[(PPh3)Au(CtC(C4H2S) (C4H3S))] (354 nm) measured in
dichloromethane solution.8a

The lowest dipole-allowed transition of Au-M2 undergoes a
blue shift upon increasing the solvent polarity. It can be seen
from Figure 8a that the absorption maximum shifts from 415

Figure 9. UV-vis absorption spectra of gold acetylides Au-M2, Au-M3, Au-M4, and Au-M5 in (a) the gas phase; (b) CCl4; (c) CHCl3;
and (d) CH2Cl2, obtained from TD-DFT/PCM calculations.
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to 362 and finally to 328 nm as the solvent polarity increases
from gas phase to nonpolar CCl4 (ε ) 2.23) and C6H5CH3 (ε
) 2.4) and to weakly polar CHCl3 (ε ) 4.9), respectively. When
the solvent polarity further increases from CH2Cl2 (ε ) 8.9) to
polar CH2ClCH2Cl (ε ) 10.36) and to CH3CH2OH (ε ) 24.5),
the maximum absorption wavelength almost stays invariant at
328 nm.

The effect of substitution on the lowest excitation of gold
acetylides is sensitive to the surrounding media. The deviation
in absorption maximum decreases as the solvent polarity
increases (Figure 9). However, from gas phase to polar
solvent, the lowest excitation energies of mercury acetylides
almost stay constant (Figure 10). The lowest transition
energies of mercury derivatives are also insensitive to the
ligand substitutions.

Dimers in CCl4, C6H5CH3, and CH2Cl2. The effects of
solvent polarity on the lowest dipole-allowed transitions of

dimers are similar to those of monomers. As shown in Figure
S3, the lowest excitation energy of Hg-D2 is invariant to the
solvent polarity, while the lowest transition of Au-D2 (Figure
8b) undergoes a significant blue shift of 62, 66, and 100 nm on
going from the gas phase to nonpolar CCl4 and C6H5CH3 and
to polar CH2Cl2, respectively.

On the basis of the analysis of molecular orbitals involved
in the transition (Table S4), the calculated lowest excitation
of dimer Au-D2 in CH2Cl2 (369 nm) mainly corresponds to
LLCT originated from the ligand-centered π-π* transition,
mixing with some metal-centered dfp transition. For d10

metal complexes with aurophilic interactions, such metal-
centered transitions are representative.5g,8c,e,g,10c-e Recently,
a DFT/B3LYP (SDD for Au; 6-31G* for all other atoms)
calculation was carried out on alkynyl gold aminodiphosphine
with an intramolecular Au · · · Au distance of 2.840 Å.10e The
lowest excitation energy was suggested to arise mainly from
π(ArCtC)fπ*(PNP) LLCT with some metal-centered
dσ*fpσ(Au) charge transfer character. The predicted maxi-
mum absorption wavelength of 369 nm for Au-D2 agrees
within 8 nm with the experimental maximum absorption of
alkynyl gold triphenylphosphines in CH2Cl2 solution.8a,10b

Similar ligand-centered πfπ* transitions in the near-UV
region (344-370 nm) were also reported for d10 alkynyl
mercury(II) phosphines10b and alkynyl gold(I) phosphines
with a fluorene linking unit.5i,10b

4. Conclusion

The packing, substitution, and solvent effects on the low-
lying excitation energies of gold and mercury acetylides have
been investigated by using TD-DFT and TD-DFT/PCM
methods. The low-lying excitation energies of gold acetylides
in the solid state are calculated on the basis of a series of
stacking aggregates, ranging from monomer to octamer. It
has been demonstrated that the lowest dipole-allowed vertical
excitation energy is red-shifted from the monomer to
Au · · · Au linked dimer and then stays invariant as the stacking
length extends along Au · · · Au (A) and π-π contacts (B),
as well as mixed AB directions. The solvent effects on the
low-lying excitations of gold and mercury acetylides have
been analyzed by calculations on the monomer, dimer, and
a series of ligand- and metal-substituted metalacetylide
derivatives in various solvents. The lowest excitation energies
of mercury acetylides are insensitive to solvent polarity and
ligand substitution due to the weak intermolecular Hg · · · Hg
interactions, while TD-DFT/PCM calculations exhibit a
remarkable blue shift in the lowest transition energy of gold
acetylides as the solvent polarity increases. The lowest ligand-
centered excitation of gold acetylides can be fine-tuned by
varying the ligand and metal center. The media polarity has
played a vital role in governing the lowest excitation energy,
even for weakly polar solvents. The understanding of the
relationship between intermolecular packing, solvent effect,
and optical property may facilitate the improvement of the
performance of gold and mercury acetylide-based materials.
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Figure 10. UV-vis absorption spectra of mercury acetylides Hg-
M2, Hg-M3, Hg-M4, and Hg-M5 in (a) the gas phase; (b) CCl4;
(c) CHCl3; and (d) CH2Cl2, obtained from TD-DFT/PCM calculations.
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