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a b s t r a c t

New anthracene derived dinuclear Au(I)-diacetylide complex (1) has been synthesized in which two
Au(I) units are attached at 9,10- positions of ethynyl anthracene moiety. 1 exhibits rare non-covalent
intermolecular Au/HeC interactions, leading to the formation of a supramolecular 2D-network.
Further, to understand the effect of C^CAuPPh3 units at different position, complexes (2) and (3) were
synthesized, where C^CAuPPh3 units are attached to 2,6- and 1,8- positions of anthracene, respectively.
The absorption and emission spectra of 1e3 have been studied and surprisingly 1 was found to be highly
fluorescent with high quantum yield compared to 2 and 3, this may be due to more perturbation of Au(I)
on p system. Complexes 1e3 have been characterized by elemental analysis, NMR and Mass spectros-
copy and authenticated by their single-crystal X-ray structures.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Polyaromatic hydrocarbons (PAHs) with extended conjugation
have gained much attention in past decades due to their strong
visible p-p* absorption, intense luminescence and high charge
mobility in the solid state [1e3]. They have got applications in
advancedmaterials for organic light-emitting diodes (OLEDs), field-
effect transistors (FETs) and solar cells [4,5]. Connecting PAH to the
metal center through the alkyne unit as a spacer introduces addi-
tional features to be used as molecular wires, nonlinear optical
materials and molecular electronics [6e8]. It is well known that
metallation of PAH ring system has significant effect on its photo-
physical properties and structural dimensionalities [9e14].

Alkynyl gold complexes have drawn considerable interest in
recent years [15] because of their aurophilic properties, exciting
photophysical properties and their ability to build supramolecular
array [16,17]. Recent reports on PAH linked with platinum(II) and
gold(I) via the alkynyl spacer show interesting structural property,
photophysical properties and their structural reactivity [18e23].
The organo Au(I) system shows enhanced luminescent properties
for alkynylAu(I) phosphines complexes compared to other gold
complexes [24e33].
Non-covalent interactions are the primary driving force in
constructing supramolecular architectures as well as in deter-
mining the constitution and conformation of molecules. Although,
in gold chemistry extensive literature are available to understand
the aurophilic interaction (Au/Au) [34], however, the non-
covalent Au/HeC interactions are less explored [35e37]. The
Au/HeC interactions are mainly observed in Au(I) phosphine and
thione complexes where gold atoms are in almost linear geometry
and leaving behind coordination site for gold hydrogen in-
teractions. Usually, Au/HeC contacts in Au(I) complexes are
intramolecular in nature and in case of intermolecular Au/HeC
interactions they are restricted to supramolecular 1D-chain
[38e48].

Herein we report the synthesis, characterization and photo-
physical properties of a series of three newanthrylAu(I) diacetylide,
1e3 complexes in which the Au(I) acetylide units are attached at
9,10-, 2,6- and 1,8-positions of anthracene. 1 display more red shift
and stronger fluorescencewith high quantumyield probably due to
more perturbation of Au(I) on p system in 1 compared to 2 and 3.
Additionally, the single crystal studies of 1e3 reveal that 1 shows
rare noncovalent intermolecular Au/HeC interactions that leads
to the formation of a supramolecular 2D-network, whereas, in 3
intramolecular Au/HeC interactions have been observed.
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Scheme 1. Synthetic outline for 1.

Fig. 1. Perspective view of 1. (Solvent molecules are omitted for clarity). Selected bond
distances (Å) and bond angles (deg): Au(1)eP(1) 2.281(3), Au(1)eC(1) 2.004(5), P(1)
eAu(1)eC(1) 175.1(2), Au(1)eC(1)eC(2) 173.7(4).
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2. Results and discussion

1 was synthesized by reaction of 2 mol equivalent of PPh3AuCl
with ethynyl anthracene at 9,10-positions in presence of NaOEt in
ethanol (Scheme 1). Compound 1 was characterized by various
spectroscopic techniques. UV/Vis absorption and emission spectra
of 1 reveals high fluorescence property with excellent quantum
yield. Single crystal X-ray diffraction studies of 1, indicate the ex-
istence of intermolecular Au/HeC interactions creating a supra-
molecular 2D-network.

1 was crystallized in P21/n space group, with crystallographi-
cally imposed inversion center (Fig. 1 and Table S1). In 1, the
C^CAuPPh3 units are attached to the planar anthracene ring at the
9,10-positions. The AueP and AueC distances of 2.281(1) Å and
2.004(5) Å, respectively, are similar to that reported for aryl Au(I)
phosphine complexes (Table S2) [49,50]. The slight deviation from
linearity has been observed in PeAueC angle of 175.1(2)� in 1,
consequently the C^C (C1eC2) bond lies 4� out of the anthracene
plane.

It is interesting to note that the linear coordination geometry
around Au(I) in 1 makes it susceptible for additional non-covalent
interactions. The packing diagram of 1 reveals that the coordina-
tion environment of Au(I) is extended further by an intermolecular
Au/HeC interaction between the metal ion and one of the aro-
matic hydrogens of PPh3 of adjacent molecule Au(1)/H(11)eC(11)
2.87 (1) Å with the Au(1)/H(11)eC(11) bond angle of 171.00(1)�. It
has been observed that neighboring molecules link together
through these interactions along the b-axis, yielding one-
dimensional polymeric chain [51]. This 1D chain further extends
via the same Au/HeC interactions along the c-axis, forming
herringbone like 2D-network. Thus, both the gold atoms in 1 are
involved in Au/HeC supramolecular interactions (Fig. 2, S1 and
S2).

The considerably short Au/HeC bond distance and larger
Au/HeC bond angle develop regular directionality, which suggest
that these interactions are hydrogen bonding in nature [43e45]. To
the best of our knowledge, 1 represents the first example of su-
pramolecular 2D-network involving intermolecular Au/HeC non-
covalent interactions.

The above interesting features show the influence (if any) of the
binding of C^CAuPPh3 at the 9,10-positions of the anthracene
moiety towards the formation of 2D-network via Au/HeC in-
teractions. This prompted us to synthesized similar complexes by
varying the position of alkynyl group attached to anthracene such
as 2,6- and 1,8-positions. In this regard, we obtained compounds 2
and 3 with the linkage of C^CAuPPh3 at 2,6- and 1,8-positions
(Scheme 2).
Complexes 2 and 3 were synthesized by following the same
procedure as of 1 and along with usual spectroscopic techniques
analysed by UV/Vis absorption/fluorescence spectra and were
established to be fluorescent albeit less than 1. Both compounds
were further analysed by single crystal X-ray diffraction studies
ensuing the presence of p/p and CH/p interactions in 2 while
intramolecular Au/HeC interaction in 3.

2 and 3 were crystallized in P1 and P212121 space group,
respectively, (Figs. 3 and 4 and Table S1). 2 shows a planar
Fig. 2. Au/HeC bonded supramolecular 2D network of 1 through tilted a axis.



Scheme 2. Synthetic outlines for 2 and 3.

Fig. 3. Perspective view of 2. Selected bond distances (Å) and bond angles (deg): Au(1)
eP(1) 2.277(5), Au(1)eC(1) 2.03(3), P(1)eAu(1)eC(1) 176.8(6), Au(1)eC(1)eC(2)
172.4(17).
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anthracene ring onwhich C^CAuPPh3 units are attached to its 2,6-
position. Unlike 2, where substitutions were at trans positions, in 3,
the C^CAuPPh3 units are attached to its 1,8- position i.e. cis-posi-
tion to the planar anthracene ring. The distance between AueP and
AueC are 2.275(5) Å, 2.00(2) Å in 2, and 2.271(7) Å, 2.282(6) Å,
1.94(3) Å, in 3 respectively (Table S2). Which are similar to the
reported arylAu(I) phosphine complexes. The PeAueC and
Fig. 4. Perspective view of 3. distances (Å) and bond angles (deg): Au(1)eP(1) 2.271(7),
Au(2)eP(2) 2.282(6), Au(1)eC(1) 1.94(3), Au(2)eC(3) 1.94(3), C(1)eC(2) 1.21(3), C(3)
eC(4) 1.23(3); P(1)eAu(1)eC(1) 173.0(6), P(2)eAu(2)eC(3) 175.7(9), Au(1)eC(1)eC(2)
168.1(19), Au(2)eC(3)eC(4) 169(2).
AueCeC angles in 2 were found to be 176.9(4)� and 172.4(17)�

which suggest slightly distorted geometry around Au(I) from line-
arity. The C^C (C1eC2) bonds in 2 and 3were also slightly deviated
from the anthracene plane by 5� and 2�, respectively. Compound 3
found to be highly strained due to the presence of bulky PPh3

groups at cis position which results both the Au(I) centers to move
slightly outward and tilted from the anthracene plane (Table S2).

The packing diagram of 2 reveals the existence of CH/p and
p/p interactions. CH/p interactions involve H(13) of phenyl ring
of PPh3 unit and p electrons of acetylenic bond, forming awave like
1D polymeric chain (Fig. 5 and S3). The packing features of 3 es-
tablishes intramolecular Au/HeC interactions involving hydro-
gens of PPh3, where Au/HeC bond distances and bond angles are
Au(2)eH(48) 3.01(1) Å, Au(2)eH(54) 2.86 (1)Å, Au(1)eH(20) 3.00
(1) Å and Au(2)eH(54)eC(54) 123.00(1)�, Au(2)eH(48)eC(48)
118.31(1)�, Au(1)eH(20)eC(20) 111.66(1)� (Fig. 6).

Unlike 1 or 2, the observed intramolecular Au/HeC in-
teractions in 3, originate due the cis orientation of C^CAuPPh3
moieties. The steric repulsion between the two PPh3 groups in the
cis orientation facilitates the CeH of the phenyl ring to move closer
to the gold. The packing of 3 is further extended by CeH/p, in-
teractions C(4)eH(34)/p 3.359 Å, resulting in 1D polymeric chain
(Fig. 7, and S4). The synthesis of 3 found to be unique, as to the best
of our knowledge there are no reports of 1,8-anthracenyl complexes
with bulky PPh3 group substitution at Au(I) center. So far only few
reports of 1,8-anthracenyl substituted Pd(II)/Pt(II) complexes with
less bulkier triethyl phosphine group at Pd(II) center have been
reported [52e55].

The absorption and emission spectroscopic studies of complexes
1e3 and their respective ligands were recorded in CH2Cl2
(1.0 � 10�5 M) at room temperature (Figs. 8 and 9, S5eS6 and
Table 1, S3).1e3 complexes display two absorption bands (i) with a
broad intense vibronic band between 320 and 470 nm (A), and (ii)
very intense, band between 265 and 310 nm (B). Since the spectra
of anthracene and diethynyl anthracene display similar absorption
patterns, the absorption bands are assigned to p / p* transitions
primarily localized in the anthracene. The absorption bands of
anthracene are due to the LUMO ) HOMO (1B1u ) 1Ag),
LUMO ) HOMO � 1 (1B2u

þ ) 1Ag), LUMO þ 1 ) HOMO
(1B2u� ) 1Ag), The second and third transitions lead to the two
degenerate 1B2u excited states, which undergo strong configuration
interaction to give the high-energy “plus” state 1B2u

þ and the low-
energy “minus” state 1B2u� . The very intense band at around
250 nm corresponds to the (1B1u

þ ) 1Ag) transition. Whereas the
transition (1B1u� ) 1Ag) is slightly higher in energy than the



Fig. 5. Wave like 1D polymeric chain of 2 showing CH-p and p-p interactions.

Fig. 6. Intramolecular Au/HC interactions in 3.
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(1B1u )
1Ag) transition (1B1u is lower than 1B2u

- by ~1500 cm�1) is
forbidden (ε z 10 M�1 cm�1) and hidden under the latter [10, 56].

Though the symmetries of the Au(I) complexes and anthracene
are quite different, still there exist a similarity between absorption
bands displayed by the complexes and the electronic transitions of
anthracene. Band A in the spectra of the complexes corresponds to
the LUMO ) HOMO (1B1u ) 1Ag) transition, which is also known
as an S0 / S1 transition. The intense band B correspond to the
transition to the “plus” state 1B2u

þ (1B2uþ ) 1Ag).
The transition is significantly intensified in the spectra of the

complexes, indicating that the electronic structure of the anthra-
cenyl ring is significantly perturbed by the Au(I) ions and the
ethynyl groups [10,57]. Further, absorption bands of complexes 1, 2
and 3 are found to be red shifted compared to respective ligands.
Fig. 7. 1D chain of 3 show
Absorption maxima of 1 shows red shifts of ~50 nm compare to 2
and 3, which indicates that substituents havemore perturbation on
the anthracenyl rings when they are at 9,10 position. In case of 2
and 3 the bands are observed almost in the same range. In addition
to this, complexes display intense absorption in near-UV region. 2
shows a intense absorption band at 310 nm whereas in 1 and 3
show around 274 and 267 nm, similar to that of previously reported
complexes [12].

Complexes 1e3 were found to be emissive in solution as their
respective ligands. On excitation of complexes 1, 2 and 3 at 434 nm,
389 nm and 398 nm, respectively, they display similar emission
pattern to their corresponding ligands (Fig. 9 and S6. Table S3). The
fluorescence of the complexes 1 and 3were found to be red shifted
from their respective ligands around 15e20 nm while marginal
blue shift (5 nm) is observed in complex 2. Emission spectra of 1
shows very strong fluorescence with quantum yield of 0.89
compared to 2 and 3 (quantum yield ¼ 0.02 for 2 and 0.04 for 3). 1
shows high fluorescence probably due to the substitution at 9,10
position which is in contrast with 2 and 3 [58,59]. Complex 1 also
shows emissive nature in solid-state (Fig. S7).

To get an insight into the nature of electronic transitions,
density-functional theory (DFT) and time dependent density-
functional theory (TDDFT) calculations were performed with the
Gaussian09 program package [60]. All the calculations were per-
formed at B3LYP [61,62] level of theory using the Stuttgart/Dresden
effective core potential (SDD) basis set [63] for the gold atoms and
6-31G** basis set [64] for remaining atoms. Geometries were
optimized without imposed symmetry or other restraints. On the
basis of the ground state optimized geometries, TD-DFT calcula-
tions were performed in presence of dichloromethane using the
conductive polarizable continuum model (CPCM) [65,66].

In all three cases, the calculated bond distances for the opti-
mized structures are in good agreement to those obtained in their
crystal structures (Figs. S8eS10). For all three complexes, the
highest-occupied molecular orbitals (HOMOs) are p-type MOs
ing CH-p interactions.



Fig. 8. Electronic absorption spectra of complexes (1e3) in CH2Cl2.

Fig. 9. Emission spectra of complexes (1e3) in CH2Cl2. Inset shows the expanded
emission spectra of 2 and 3.
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while the lowest-occupied molecular orbitals (LUMOs) are p*-type,
delocalized on the anthracene unit. The TD-DFT predicted spectra
are in good agreement with the experimental data and clearly
suggest that the band observed in the visible range is dominated by
HOMO to LUMO excitation (Fig. S11). Further, in comparison to 2,6-
and 1,8- derivative, there is red-shift in case of 9,10- anthracene
derivative, which is supported by calculations as the calculated
HOMO-LUMO gaps are 0.102 eV, 0.117 eV and 0.115 eV for 1, 2 and 3
respectively (Fig. 10 and S11). Since perturbation on anthracene
lower the symmetry of thep-systemwhich leads to a bathochromic
shift in HOMO to LUMO transition, the results suggest that sub-
stituents have more perturbation on the anthracenyl rings when
they are at 9,10 position.
Table 1
Absorption and emission spectroscopic details of 1, 2 and 3.

S. No Absorption lmax nm 10�5/ 3max (cm�1, M�1) Em

1 462(1.01), 434(0.781), 410(0.387), 275(1.87), 230(2.07) 49
2 412(1.17), 389(1.36), 366(0.897), 310(8.77), 238(4.30) 44
3 422(0.976), 398(0.936), 376(0.583), 267(5.67), 228(4.69) 45
3. Conclusion

In summary, complex 1 with C^CAuPPh3 moieties attached to
the 9,10-positions of anthracene selectively yields the strong fluo-
rescent, rare 2D-network feature via intermolecular Au/HeC in-
teractions. However, the analogous compounds 2 and 3 with
C^CAuPPh3 moieties attached to the 2,6- and 1,8- positions of
anthracene result in weakly fluorescent 1D-polymeric chain via
CeH/p and p/p interactions and intramolecular Au/HeC in-
teractions, respectively. The present work thus highlights the
Au/HeC interactions as well as the impact of linkage of Au(I)
acetylide groups at the selective sites of the planar anthracene on
the photophysical properties.

4. Experimental

4.1. General methods

All manipulations were carried out at room temperature under a
nitrogen atmosphere. Solvents were predried, distilled and
degassed prior to use, except those for spectroscopic measure-
ments, which were of spectroscopic grade. The starting materials
9,10-dibromoanthracene, 1,8-diiodoanthracene and AuPPh3Cl were
commercially available. The starting material 2,6-diiodoanthracene
was prepared by the procedures described in the literature [67]
9,10-Bis((trimethylsilyl)ethynyl) anthracene [59,68e70], 2,6-
Bis((trimethylsilyl)ethynyl) anthracene [59,71], 1,8-
Bis((trimethylsilyl)ethynyl) anthracene [59,72,73], and their corre-
sponding acetylenes were synthesized by earlier reported method
[27].

4.2. Instruments

Elemental analyses were carried out with a Flash 2000
elemental analyzer. UV/Vis absorption and emission spectra were
recorded on a Cary-100 Bio UVeVis spectrophotometer and a
Horiba Jobin-Yvon Floromax 4P spectrophotometer respectively.
9,10-bis(phenylethynyl) anthracene was used as a standard in
measuring the quantum yields. 1H NMR and 31P NMR spectra were
recorded on Bruker Avance(III) 400 MHz spectrometer. HRMS was
recorded on a Brucker-Daltonics, micrOTOF-Q II mass spectrometer.
Single-crystal X-ray structural studies were performed on an Agi-
lent Technology Supernova CCD diffractometer equipped with a
low-temperature attachment.

4.3. X-ray crystallography

Data were collected at 150 K for 2 and at 293 K for 1 and 3 using
graphite-monochromated Mo Ka (la ¼ 0.71073 Å) and Cu Ka
(la ¼ 1.54814 Å). The strategy for data collection was evaluated
using the CrysAlisPro CCD software. The data were collected by the
standard 4�u scan techniques and scaled and reduced using Cry-
sAlisPro RED software. The structures were solved by direct
methods using SHELXS-97 and refined by full-matrix least squares
with SHELXL-97 on F2 [74]. The positions of all of the atoms were
obtained by direct methods. All non-H atoms were refined
ission lmax (nm) Emission life time (t)ns Quantum yield F

9 4.06 0.89
5 4.02 0.02
5 0.57 0.038



Fig. 10. HOMO and LUMO of complexes 1, 2 and 3 and their band gap.
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anisotropically. In 3 SQUEEZE was applied by using platon pro-
gramme to remove disorder chloroform solvent molecules. All
Hydrogen atoms were placed in geometrically constrained position
and refined with isotropic temperature factors, generally 1.2 X Ueq
of their parent atoms. Moreover, despite several attempts we could
not get better quality of crystals for 2 and 3. All the short contacts
and interactions, mean-plane analyses, and molecular drawings
were obtained using the Diamond program (version 3.1d) and
Mercury (v 3.5.1). The crystal and refinement data are summarized
in Table S1, and selected bond distances and angles are shown in
Table S2.

4.4. Synthesis of (Ph3PAu
I)2-9,10-anthracenyldiacetylide 1

To a suspension of Ph3PAuCl (100 mg, 0.20 mmol) in ethanol
(20 ml) NaOEt, freshly prepared from sodium (4.87 mg, 0.21 mmol)
in ethanol (5 ml) and 9,10-bis(ethynylanthracene) (22.6 mg,
0.10 mmol) were added. The solution was refluxed for 1 h, cooled
and concentrated after which a yellow precipitate formed. The
yellow colored solid was isolated by simple filtration method. The
precipitate was further washed with ethanol and dried at room
temperature to afford 1. X-ray quality crystals of 1 were obtained
from CHCl3/hexane at room temperature. Yield: 60% Anal Calcd for
1 (C54H38Au2P2) C 56.76, H 3.35. Found: C 56.81, H 3.05 1H NMR
(400 MHz, CDCl3) d ¼ 8.86 (dd, J ¼ 3.2, 4H ant), 7.49e7.65 (m, 34H
anth and PPh3), 13C NMR (100 MHz, CDCl3) d¼ 96.51, 125.73, 128.17,
129.14, 129.26, 131.58, 132.79, 134.36, 134.49, 31P NMR
(165.561 MHz, CDCl3) 42.38 ESI-MS: 1142[M].

4.5. Synthesis of (Ph3PAu
I)2-2,6-anthracenyldiacetylide 2

Complex 2 was synthesizes by following the same method as 1
using 2,6-bis(ethynylanthracene). Light yellow color crystals of 2
were grown in CH2Cl2/hexane at room temperature. Yield: 38%
Anal Calcd for 2 (C54H38Au2P2) C 56.76, H 3.35. Found: C 57.12, H
2.89 1H NMR (400 MHz, CDCl3) d ¼ 8.22 (s, 2H ant), 8.13(s, 2H ant),
7.85 (d, J ¼ 10.28, 2H ant), 7.45e7.60 (m, 32H ant and PPh3), 13C
NMR (100 MHz, CDCl3) d ¼ 91.92, 125.56, 127.71, 129.13, 129.24,
129.35, 130.72, 131.58, 131.93, 134.29, 134.43, 31P NMR
(165.561 MHz, CDCl3) 42.31 ESI-MS: 1142[M].

4.6. Synthesis of (Ph3PAu
I)2-1,8-anthracenyldiacetylide 3

Complex 3 was synthesizes by following the method described
above for 1 using 1,8-bis(ethynyl anthracene). Golden yellow color
crystals of 3 were grown in CHCl3/hexane at room temperature.
Yield: 48% Anal Calcd for 3 (C54H38Au2P2) C 56.76, H 3.209. Found: C
57.01, H 3.508 1H NMR (400MHz, CDCl3) d¼ 9.83(s 1H anthracene),
8.35 (s 1H anthracene) 7.86 (d, J ¼ 8.5, 2H ant), 7.80 (d, J ¼ 6.7, 2H
ant), 7.54e7.47 (m, 32H ant and PPh3), 13C NMR (100 MHz, CDCl3)
d ¼ 87.56, 124.96, 126.90, 127.22, 129.01, 129.12, 130.35, 131.34,
131.57, 132.07, 134.33, 134.46, 31P NMR (165.561 MHz, CDCl3)
42.19 ESI-MS: 1165[M þ 23].
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