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Abstract

Dinuclear and mononuclear gold(l) complexes containing the xantphos ligand (xantphos =
9,9’-dimethyl-4,5-bis(diphenylphosphino)-xanthene), [Au,(xantphos),](X), with X = BF, (1),
PFe (2) and SbFs (3 and 4) and Au(xantphos)(SCN) (5), were characterized by X-ray
structural analysis. Two type of colourless crystals (3 and 4) crystallized together from the
same solution of [Aux(xantphos),](SbFs),. The [Auy(xantphos),]** cations have almost the
same molecular structure with two xantphos ligands coordinated to two gold(l) centres with
short aurophilic interaction of 2.803 (1), 2.825 (2), 2.817 (3) and 2.837 A (4), respectively.
The [Auz(xantphos);]** cation is in a somewhat distorted figure-eight conformation in 1-3,
whereas in 4, it has and ideal figure-eight conformation with a twofold axis passing through
the Au---Au bond. The molecular packing is primarily governed by C—H-:-F hydrogen
bonding interactions between the [Au,(xantphos),]** cations and fluorinated BF4 ", PFs and
SbFs anions. In 5, the gold(l) centre is in a trigonal-planar geometry, and it is coordinated to
two phosphorous atom of the xantphos ligand and one sulphur atom of the SCN™ anion.
Different anions cause some conformational changes and alter the molecular packing of these
crystalline structures. These variations in the solid state structures alter the luminescent
properties of the dinuclear and mononuclear gold(l) xantphos complexes. Dinuclear
complexes 1, 2 and 4 exhibit intense yellow luminescence, while compound 3 and
mononuclear 5 produces green emission when irradiated with a 365 nm UV lamp at room

temperature.
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Introduction

Gold(l) complexes are typically two-coordinate species that readily self-associate through
aurophilic Au---Au interactions to form discrete dimeric, trimeric, etc. structures or extended
polymeric chains [1-4]. Gold(I) monohalide dimers that have very short Au---Au distances
are probably the ultimate examples of relativistic effects on molecular structure [5, 6]. The
aurophilic interaction that stabilizes the Au,X; gold halides is especially strong with soft
ligands, causing increasing stabilization toward the iodides [5, 6]. Theoretical studies have
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shown that the aurophilic interaction is the result of correlation effects that are enhanced by
relativistic effects [7, 8]. The aurophilic interactions between the closed-shell Au(l) centres
are important in determining the solid state structures of many gold(l) compounds and
contribute to the chemical and physical properties of these complexes [1-4, 9-13]. The
distance between two interacting gold atoms in compounds showing aurophilic interactions is
less than 3.6 A. Many gold complexes display luminescent properties, and in some cases the
emission properties can be correlated with the presence of aurophilic interactions [11-13]. A
number of stimuli-responsive luminescent gold(l) complexes have been found to exhibit
emission colour change in response to external physical (thermal, mechanical, optical,
electrical, etc.) and/or chemical (solvents, guests, anions, etc.) stimuli [14—20]. The solid-state
luminescence, however, strongly depends on molecular structure and molecular packing
modes modulated by the interplay of non-covalent interactions such as aurophilic, hydrogen
bonding or ©-- -7 interactions that are sensitive to external stimuli [14]. In these systems, the
luminescence changes is usually associated with the alteration of non-covalent interactions or
originate from molecular conformation changes. Recently, we reported some cationic gold(l)-
diphosphine [Aux(diphos),]** complexes (diphos = diphosphine) with short intramolecular
aurophilic interaction that exhibit reversible stimuli-responsive luminescence behaviour [21-
23]. The stimuli-responsive dinuclear [Auy(xantphos),](NO3), complex (xantphos = 9,9’-
dimethyl-4,5-bis(diphenylphosphino)-xanthene) exhibits reversible switching between
crystalline and amorphous phases having distinctly different emission properties [21]. The
conformational flexibility of the cationic [Aux(xantphos),]** core allows different molecular
conformations and packing arrangements modulated mainly by intramolecular aurophilic
Au---Au and intermolecular m---m interactions that resulted in distinct solid state emission
colours. Interestingly, owing to the conformational flexibility of the [Aux(xantphos),]** cation
blue, bluish green and yellow luminescent crystalline forms of the [Au,(xantphos),](NOs).
complex have been obtained by slight modification of the crystallization conditions [21]. We
have elaborated a mechanochemical method that depending on the nature of the grinding
liquid provided crystalline and amorphous [Aux(xantphos),](X), complexes (X = CF3;SOs3,
SCN, BF, and PFg) that show anion- and phase-switchable luminescent properties [22]. We
also synthesized a large set of [Aua(nixantphos),](X), complexes (nixantphos = 4,6-
bis(diphenylphosphino)-phenoxazine; X = NO3z, CF;COO, CF3SO3, [Au(CN);] and BF,) that
also display anion-dependent luminescence colours ranging from yellow to orange and dark
red [23]. In these complexes, we combined the intramolecular aurophilic and intermolecular

N-H---X hydrogen bonding interactions to test their importance in determining the stimuli-
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responsive properties of these systems. We have found that the competition between these
noncovalent interactions lead to unique stimuli responsive reversible thermochromic,
mechanochromic and vapochromic luminescence changes [23].

Here we describe the solid state X-ray crystal structures and the luminescence behaviour of
some dinuclear [Aux(xantphos);](X). (X = BF4, PF¢ and SbFg) and mononuclear
Au(xantphos)(SCN) complexes. The unique description of the symmetry is given by
Magdolna Hargittai and Istvan Hargittai in the Symmetry through the Eyes of a Chemist:
“Fundamental phenomena and laws of nature are related to symmetry, and, accordingly,
symmetry is one of the science’s basic concepts. Perhaps it is so important in human creations
because it is omnipresent in the natural world. Symmetry is beautiful although alone it may be
irritating. Function, utility, and aesthetic appeal are the reasons for symmetry in technology
and the arts.” We will see that different weakly coordinating fluorinated BF, , PF¢ and SbFg
anions having different size and shape causes variations in the symmetry of molecular
packing of [Aux(xantphos),]** cations leading to the formation of various aesthetically elegant
and functional 3D architectures. In addition to these dinuclear [Auz(xantphos),](X). (X = BF4,
PFe¢ and SbFg) compounds, a mononuclear Au(xantphos)(SCN) complex has also been
crystallized in the presence of strongly coordinating SCN  anions. Weakly coordinating
anions allow the formation of Au---Au bonded dimers, while with strongly coordinating
thiocyanate anion a monomeric structure was obtained. Thus, the nature of the X anions lead
to significant changes in the molecular structure, dinuclear [Aux(xantphos);](X). versus
mononuclear Au(xantphos)(X), as well as, in the crystal packing of these supramolecular

gold(l) complexes.

Experimental section
Synthesis
The anion-exchanged gold(l) complexes have been prepared either by conventional solution-

based anion-exchange or solvent-drop assisted ball-milling technique as described earlier
[22].



Photophysical measurements

Steady state and time-resolved luminescence measurements were carried out on an Edinburgh
Instrument FLSP920 spectrofluorimeter. Spectral corrections were applied using excitation
and emission correction functions of the instrument. The solid-state room temperature
emission studies were conducted on finely ground powder samples placed on a Quartz
Suprasil plate in a front face sample holder. Longpass filters were used to exclude the

scattered excitation light.
X-ray crystallography

Crystals of 1-5 were mounted in Paratone-N oil within a conventional cryo-loop, and
intensity data were collected on a Rigaku R-AXIS RAPID image plate diffractometer (A(Ag-
K, radiation) = 0.56089 A (1); A(Mo-K, radiation) = 0.71070 A (2-5)), fitted with an X-
stream low temperature attachment. Crystal data, data collection and refinement details for
complexes 1-5 are listed in Table 1. Several scans in the ¢ and o direction were made to
increase the number of redundant reflections, which were averaged over the refinement
cycles. All calculations were carried out using the WinGX package of crystallographic
programs [25]. The structures were solved by direct method (SIR92) [26] and refined by full-
matrix least-squares (SHELXL-2014/7) [27]. All non-hydrogen atoms were refined
anisotropically in F? mode. Hydrogen atomic positions were generated from assumed
geometries. The riding model was applied for the hydrogen atoms. Features of WinGX [25],
PLATON [28] and Mercury [29] were used for data analysis. The structures were deposited at
the Cambridge Data Centre and allocated with CCDC 1404362-1404366 numbers.



Table 1 Crystal data and structure refinement parameters for complexes 1-5

Complex 1 2 3 4 5

Formula C78H64AuZO2P4, C78H64AUQ02P4, C78H64AUZ02P4, C73H64AUZ02P4, C39H32AUOP2,
2(BF,), 2(PFy), 2(SbFe) 2(SbFy), SCN, CH,Cl,
2.56(CH,Cl,) 2.07(CH,Cl,) 2.3(CH,Cl,)

Formula weight  1942.15 2017.2 2022.64 2266.30 918.57

Crystal size  0.33 x 0.40 x 0.28 x 0.33 x 0.10 x 0.15 x 0.30 x 0.42 x 0.30 x 0.42 x

[mm] 0.47 0.63 0.50 0.42 0.42

Colour colourless colourless colourless colourless colourless

Crystal system monoclinic monaclinic monaclinic monaclinic monoclinic

Space group P2,/c P2./c P2,/n C2lc P2,/c

Temp. (K) 143 103 103 105 98

a[A] 11.706(2) 11.8163(3) 17.4375(6) 28.948(4) 18.0962(3)

b [A] 25.452(5) 25.2961(7) 22.6716(10) 17.494(3) 21.1882(5)

c[A] 25.940(6) 27.1270(8) 18.4671(8) 21.740(3) 22.3032(4)

a[°] 90 90 90 90 90

BI° 98.755(9) 98.809(1) 98.499(1) 131.033(13) 121.152(1)

v [°] 90 90 90 90 90

V [A%] 7639(3) 8012.8(4) 7220.5(5) 8305(3) 7318.5(3)

Z 4 4 4 4 8

dearc [Mg/m°] 1.689 1.672 1.861 1.813 1.667

u[mm™] 2.266 3.990 4.958 4.490 4.345

No. of obsd. 8284 13229 11721 8461 16741

reflns. 1 > 2o(1)

No. of 875 956 905 514 887

parameters

GOOF 1.08 1.05 1.05 1.05 1.08

R1 (obsd. data)  0.0656 0.0406 0.0369 0.0441 0.0366

WR2 (all data) 0.1898 0.0989 0.0908 0.1136 0.0810




Computational procedures

In the present study density functional theory (DFT) calculations were performed by using the
Gaussian 09 program package at the M062X/6-31+G* level of theory [30]. The Los Alamos
National Laboratory double zeta type basis set (LANL2DZ) have been used for the Au(l)
atoms which is well suited to account for relativistic effects important in case of aurophilic
interactions. We focused on the effect of anions on the electronic structure of complexes,
therefore we used the M062X Minnesota functional which treats effectively the non-covalent
interactions and performs well in the transition-metal chemistry [31]. We have chosen the
DFT level of theory because it is less time-consuming than correlated methods, which permits
an analysis of these large models. The model systems, [Au,(xantphos),;](X), (X = CF3SOs,
SCN, BF; and PFg) and Au(xantphos)(SCN), used in the computational studies were taken

from the X-ray diffraction results.

Results and discussion

The dichloromethane-assisted mechanochemical anion-exchange reaction was carried out by
ball-milling [Au,(xantphos)2](NOs), with NaX (X = BF4, PFs, SbFs and SCN) salts in a 1:2
molar ratio [22]. The white powders obtained either by conventional solution-based method or
mechanochemical anion-exchange reaction were redissolved in a minimum volume of
dichloromethane and layered with diethylether to produce colourless solvated crystals of
[Auy(xantphos),](BF4)22.56 CH,Cl, (1) and [Auj(xantphos),](PFe)2-2.07 CH,Cl, (2).
Crystallization yields two type of colourless [Aux(xantphos),](SbFs), (3) and
[Auz(xantphos),](SbFe)2-2.30 CH,Cl, (4) crystals. Fig. S1 shows the photographs of these
crystals under 365 nm UV lamp irradiation. This photograph demonstrates that green-emitting
3 and yellow-emitting 4 forms crystallize concomitantly. Balch and coworkers reported some
dinuclear gold(l) complexes of bis-(diphenylphosphino)ethane (dppe) ligand, Au,(dppe)2Xs
(X = Br and 1), that can crystallize concomitantly and exhibit distinct luminescence colours
[32, 33]. Single crystals of a mononuclear Au(xantphos)(SCN) complex (5) were obtained

from dichloromethane/diethylether solution.



Structures of the dinuclear [Auy(xantphos),](X). (X = BF4, PFs and SbFs) complexes 1-4

According to Dunitz “... crystallization itself is an impressive display of supramolecular self-
assembly, involving specific molecular recognition at an amazing level of precision [34].”
Complexes 1-4 crystallized in monoclinic space groups, P2:/c (1 and 2), P2:/n (3) and C2/c
(4), respectively. Crystal data of these gold(l) complexes are given in Table 1. There are
disordered solvent molecules in the crystal structures of 1, 2 and 4. In 4, the SbF¢™ anions are
also disordered. Selected bond distances, angles and torsion angles are presented in Table 2.
As shown in Fig. 1, the cationic [Au,(xantphos),]** core is in a somewhat distorted figure-
eight conformation in 1-3. For these 1-3 complexes, the structure of a representative
[Au,(xantphos),]** cation is shown in Fig. 1. In 4, the [Au,(xantphos),]** cation has ideal
figure-eight conformation in which the twofold axis passes through the Au---Au bond (Fig.
2). It is particularly significant to note that the figure-eight motif is chiral since it could have a
left or right disposition of the intercrossing helices [35, 36]. As these dinuclear gold(l)
complexes crystallized in centrosymmetric space groups, left-handed and right-handed forms
of the [Au,(xantphos),]** cations were present in the crystal structures of 1-4. Figs. 1 and 2
illustrate different enantiomers of the same [Au,(xantphos),]** cation in figure eight
conformation. As shown in these Figures, the gold(l) ion is coordinated to two phosphorous
atoms from different bridging diphosphine ligand. The bridging xantphos ligands form nearly
linear P-Au—P angles (Table 2). At the molecular level, however, the major conformational
difference is reflected in the P-Au—P angle, which is about 6.4° smaller in 1 than in 3. The
two ligand strands are folded by ca. 78.3-85.4° angles (Table 2) with respect to the Au---Au
axis of the [Aux(xantphos),]** cation. The intramolecular Au---Au distance ranges from
2.803(1) to 2.837(1) A (Table 2). The [Auy(xantphos),]** cation in 1 assume a compressed
conformation with shorter intramolecular m---m interaction between the xanthene
chromophores than in other complexes (centroid-centroid distance = 4.97 A in 1, 5.31 A in 2
and 5.44 A in 3).



Fig. 1 Molecular structure of the [Aux(xantphos),]** cation in 1-3. Colour scheme: gold,
yellow; phosphorous, orange; carbon, grey; oxygen, red. The hydrogen atoms have been

omitted

Fig. 2 Molecular structure of the [Au,(xantphos),]** cation in 4. Colour scheme: gold, yellow;

phosphorous, orange; carbon, grey; oxygen, red. The hydrogen atoms have been omitted



Table 2 Selected bond lengths (A), angles (°) and torsion angles (°) for complexes 1-5,

respectively
1 2 3 4 5

Au(1)--Au(2) 2.803(1) 2.825(1) 2.817(1) Au(l)--Au(l) 2.837(1) Au(1)-P(1) 2.412(1)
Au(1)-P(1) 2.302(4) 2.317(2) 2.316(2) Au(1)-P(1) 2.328(2) Au(1)-P(2) 2.326(1)
Au(2)-P(2) 2.308(3) 2.311(2) 2.317(2) Au(1)-P(2) 2.327(2) Au(1)-S(1) 2.426(1)
Au(2)-P(3) 2311(3) 2.312(2) 2.312(2) Au(2)-P(3) 2.323(1)
Au(1)-P(4) 2.319(4) 2.326(2) 2.312(2) Au(2)-P(4) 2.411(1)

Au(2)-5(2) 2.426(1)
P(1)-Au(1)-P(4) 158.4(2) 161.1(1) 160.6(1) P(1)-Au(1)-P(2) 162.4(1) P(1)-Au(1)-P(2) 115.1(1)
P(2)-Au(2)-P(3) 162.9(2) 163.1(1) 164.8(1) P(3)-Au(2)-P(4) 113.7(1)

P()-Au()-Au2)-P(2)  —795(1) -783(1) -85.4(1) PM-AuD-Au()-PQ2)  834(1)  SM)-AuDP1)-PR) 0
P@)-Au(l)-Au(2)-P(3)  —82.8(1) -821(1) -81.3(1) P@-Au()-Au)-PQ)’ -86.6(1)  S(-AuQ@)-P3)»-P(4)  179.4(1)
P)-Au()-Au)-P@)  921(1) 93.9(1) 88.2(1) P)-Au()-Au(l)-P(1)  —106.6(1)

P(4)-Au(1)-Au(2)-P(2)  105.6(1) 105.6(1) 105.1(1)

Operator for generating equivalent atoms: i=—x+2,y,—z+ %

As was revealed by X-ray diffraction, the bulkiness of the xantphos ligand prevents the
formation of intermolecular aurophilic Au---Au interactions in all these crystal structures.
Hence the molecular packing is primarily governed by C—H:--‘F hydrogen bonding
interactions between the [Au,(xantphos),]** cations and fluorinated BF,, PFs and SbFg
anions. The crystal structure of 1 is very similar to that of 2, as these complexes crystallized in
a common monoclinic space group P2;/c. As shown in Figs. 3 and 4, the twisted-core
[Auy(xantphos),]** cations and their BF, or PFg anions are connected by C-H:-F
interactions (Tables 3 and 4) and form helices with a twofold screw axis in both crystal
structures. The helices interact with neighbouring helices through C—H:-'F interactions
(Tables 3 and 4). The similarity between these crystals structures is also reflected in the
magnitude of the helical pitch, which is ca. 25.4 (1) and 25.3 (2) A, respectively.
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Fig. 3 View illustrating the C—H--F hydrogen-bonding between [Aua(xantphos),]** cations
and BF, counter-anions in the crystal structure of 1

Table 3 Hydrogen bond geometry (A,°) for 1

D-H A D-H oA DA D-O A
C(23)-H(23)---F(3)'  0.95 2.55 3.36(2) 121
C(2C)-H(2C)---F(2)" 0.95 2.52 3.27(3) 136
C(6D)-H(6D)---F(4)" 0.95 2.45 3.32(2) 154
C(4)-H(4) - F(4)" 0.95 2.45 3.21(2) 137
C(2F)-H(2F)---F(8)'  0.95 2.44 3.32(2) 155
C(5E)-H(5E)---F(1)" 0.95 2.41 3.25(2) 148
C(4E)-H(4E)---F(4)" 0.95 2.51 3.23(2) 132
C(5B)-H(5B)---F(6)" 0.95 2.54 3.41(2) 154

Symmetry codes: (i) =X, Y, z; (i) =X, - Y% +y, % -z (iii))=1-X,- Y% +y, Ya—2z; (iv) = X,
Yo—y, Yotz V)=—1+x, Y-y, -tz
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Fig. 4 View illustrating the C—H---F hydrogen-bonding between [Aux(xantphos),]** cations
and PFg counter-anions in the crystal structure of 2

Table 4 Hydrogen bond geometry (A,°) for 2

D-H—A D-H H-A DA D-H--A
C(4H)-H(4H)---F(4)'  0.95 2.40 3.19(1) 141
C(2C)-H(2C)--'F(2)"  0.95 2.45 3.08(1) 124
C(6D)-H(6D)---F(5)" 0.95 2.48 3.23(1) 144
C(4)-H(4)---F(4)" 0.95 2.43 3.30(1) 152
C(3H)- 0.95 2.47 3.17(2) 132
H(3H) -F(10)"

C(5B)-H(5B)---F(10)" 0.95 2.53 3.38(1) 150
C(5B)-H(5B)---F(10)" 0.95 2.59 3.17(1) 120
C(5E)-H(5E)---F(4)'  0.95 2.45 3.25(1) 142
C(3A)-H(3A)---F(9)'  0.95 2.33 3.12(1) 140

Symmetry codes: (i) =—1+X,Y, z; (i) =—X,— Yt y, Yo—2z; (il)=1-X—Y%+y, %a—12 (iv)

=—1+x,Y%-y,-%+z; V)= X,%-y,%2+z
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The concomitantly obtained 3 and 4 crystallized in different space groups, P2;/n versus C2/c,
having different cell dimensions. These differences result in different molecular packing
arrangements and interactions between the [Au,(xantphos),]** cations and SbFs~ anions in
these two crystalline forms. This different molecular packing of [Au,(xantphos),]** cations
and SbFg anions in 3 and 4 is shown in Figs. 5 and 6, respectively. In 3, the
[Auz(xantphos),]** cations and SbFs anions are associated through C—H---F interactions
(Table 5) and form helices with a helical pitch of ca. 22.7 A. As in 1 and 2, there are
additional C—H---F interactions between the neighbouring helices (Table 5). As can be seen in
Fig. 6, the packing arrangement in 4 is more complicated, there are two [Au,(xantphos),]**
cations that are linked by SbFs™ anions through C—H:--F interactions (Table 6). The as-formed
dimers are arranged in a “brick-wall” packing pattern, and the SbFg anions interlink them
through C—H---F interactions (Table 6).

Fig. 5 View illustrating the C—H---F hydrogen-bonding between [Auz(xantphos),]** cations
and SbFg~ counter-anions in the crystal structure of 3
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Table 5 Hydrogen bond geometry (A,°) for 3

D-H A D-H TN DA D-H A
C(23)-H(23)---F(2)'  0.95 2.48 3.35(1) 151
C(30)-H(30A)---F(6)' 0.95 2.43 3.34(1) 153
C(5A)-H(5A)---F(6)'  0.95 2.54 3.23(2) 129
C(24)-H(24)---F(8)'  0.95 2.40 3.30(1) 159
C(3E)-HQE)---F(4)"  0.95 2.32 3.15(1) 145
C(9)-H(9) - F(8)" 0.95 2.55 3.42(1) 153
C(10)-H(10)---F(9)"  0.95 2.44 3.28(1) 148
C(5E)-H(5E)---F(11)" 0.95 2.38 3.05(1) 127
C(3C)-H(3C)---F(2)" 0.95 2.33 3.25(1) 163
C(3B)-H(3B)---F(8)" 0.95 2.52 3.47(2) 172
C(3G)-H(3G)---F(1)"  0.95 2.42 3.19(2) 138
C(3F)-H(3F)---F(8)"  0.95 2.51 3.35(1) 148
C(5E)-H(5E)---F(11)" 0.95 2.33 3.12(1) 141

Symmetry codes: (i) = x,y,z; (i) =1+X,y,z; (ili)=1-x,—
tz,(V)=%+x,Ya—y,Yatz;(VI)=32-x,Yaty,Yo—2

Y~z (V)= Yot x, Yoy, Vo

Fig. 6 View illustrating the C—H---F hydrogen-bonding between [Aux(xantphos),]** cations

and SbFg ™ counter-anions in the crystal structure of 4
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Table 6 Hydrogen bond geometry (A,°) for 4

D-H A D-H oA DA D-H A
C(5D)-H(5D)---F(1A)' 0.95 2.38 3.24(2) 151
C(3D)-H(3D)---F3A)" 0.95 2.52 3.43(2) 160
C(3D)-H(3D)---F(6)"  0.95 2.38 3.12(2) 134
C(3B)-H(3B)---F(6)"  0.95 2.54 3.28(2) 135
C(8)-H(8):"F(2A)"  0.95 2.55 3.14(2) 121
C(4C)-H(4C)---F(6)"  0.95 2.46 3.28(1) 144

Symmetry codes: (i) =X, y, z; (i) ==3/2-x, %o +y, Yo—z; (i) =%+ X, Yo+ y,z; (V) = 3/2 -
Xal/z_yl_Z; (V):l/2+X71/Z_Y51/2+Z

It is particularly significant to note that short intermolecular n---m and C—H---n contacts
between the [Aux(xantphos),]** cations are present in all these crystal structures. Moreover, in
all solvated crystal structures (1, 2 and 4), the dichloromethane molecules associate through
C-H:-'F interactions with fluorinated non-coordinating BF,, PFs and SbFs anions. The

dichloromethane molecules form C—H- S interactions with the coordinated SCN™ anion in 5.

Structure of the mononuclear Au(xantphos)(SCN) complex 5

Complex 5 crystallized in a monoclinic space groups, P2;/c. As shown in Fig. 7, there are two
crystallographically independent mononuclear gold(l) complexes in the asymmetric unit of 5.
It is known that dinuclear gold(l)-diphosphine complexes can dissociate to their monomeric
counterparts, and this rearrangement involves the alteration of coordination modes (bridging
versus chelating) of the diphosphine ligand [37-39]. In both molecules of crystalline 5, the
gold(l) centre is in trigonal-planar geometry, and it is coordinated to two phosphorous atom of
the xantphos and one sulphur atom of the thiocyanate ligand (Fig. 7). The xantphos ligands
are chelated to the gold(I) centres with a P—Au—P bite angle of 115.1(1) and 113.7(1)°,
respectively. The mononuclear gold(I) complexes are associated through intermolecular ©- -7t

stacking interactions in the crystal structure of 5.
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Fig. 7 Molecular structure of two crystallographically independent Au(xantphos)(SCN)
molecules in the crystal structure of 5. Colour scheme: gold, yellow; phosphorous, orange;

carbon, grey; oxygen, red; nitrogen, blue. The hydrogen atoms have been omitted

Solid-state photoluminescence properties

Based on crystal structures of 1-5, we can conclude that these different BF, , PFs and SbFs
anions cause variations in the molecular packing patterns by altering the number and extent of
non-covalent interactions. The intermolecular non-covalent interactions, however, can have
dramatic impact on the solid-state luminescence properties of gold(l) complexes [14].

The colourless crystals of these dinuclear gold(l) complexes 1-4 display unique temperature
dependent photoluminescence behaviour (Fig. 8). At room temperature, complexes 1, 2 and 4
exhibit yellow luminescence, while complex 3 produces green emission when irradiated with
a 365 nm UV lamp. Upon freezing to 77 K, these crystals of 1-4 show intense blue emission
under 365 nm UV light. The thermochromic luminescence is expected to be the result of
molecular structure rigidification along with thermal contraction of the crystal lattice, which
also alters the extent of the noncovalent interactions [14, 23, 40]. The blue shift of the
emission spectrum with decreasing temperature, however, can be explained by the presence of
short aurophilic contacts, which cannot shorten more significantly upon cooling [23, 40].
Correspondence among the emission spectra of the blue emitting crystals of complexes 1-4
and glassy ethanol solution of the xantphos ligand [39] at 77 K indicates that luminescence
occurred mainly from single molecules. Moreover, on the basis of the long emission lifetimes
(t = 1.3-25 ms) of complexes 1-4, this luminescence can be attributed to the
phosphorescence from the intraligand type excited state induced by the heavy atom effect of
gold. At room temperature, the lifetimes and large separations between the excitation and

emission bands suggests that the emission of these dinuclear crystalline solids is
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phosphorescence attributed to the aurophilic interaction modified by the non-covalent

interactions existing in the crystals of 1-4.

Table 7 Luminescence data for complexes 1-4 in the solid state at 298 K and 77 K,

respectively

Complex 298 K 77K
Amax (NM) T (us) Amax (NM) T (us)
1 571 0.7 483 1340
2 592 1.4 469 1390
3 530 1.3 (11%) 13 (89%) 480 2500
500 (22%) 1180
4 585 1.1 (45%) 4.0 (55%) 470
(78%)
5 511 0.4 (66%) 4.8 (34%) 530 15

Bwr s X

Normalised intensity
Normalised intensity

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 8 Solid state emission spectra (Aex = 365 nm) of complexes 1-4 at room temperature (298
K) and in liquid nitrogen (77 K)

The mononuclear complex 5 exhibits intriguing thermochromic luminescence properties
(Table 7). The colourless crystals of 5 displays bluish-green emission at room temperature
(Fig. 9). At 77 K, the emission peak of complex 5 shifts to longer wavelengths by 19 nm (8.4
kJ mol™). Furthermore, the lifetime of emission at 77 K is substantially longer than that at
298 K. These observations suggest that luminescence from complex 5, in the solid-state at
room temperature, can be tentatively ascribed to thermally activated delayed fluorescence

(TADF) [41], which occurs when the S;—T; energy gap is small enough to achieve thermal
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equilibrium between the two states. TADF has frequently been observed from Cu(l)
complexes but rarely from Au(l) complexes [42].
Upon exposure to air or drying in vacuum, crystals of 1-4 lose their original emission and

acquire an orange-red luminescence.

—A— 208K
—— 77K

Normalised intensity

e

0 500 600 700 800
Wavelength (nm)

Fig. 9 Solid state emission spectra (Aex = 365 nm) of complexes 5 at room temperature (298
K) and in liquid nitrogen (77 K)

Theoretical calculations

In order to gain a deeper insight into the influence of molecular packing on the intramolecular
aurophilic interactions, we have performed quantum chemical calculations. Single point
calculations were effectuated for crystalline structures of complex 1-5 fixed in their X-ray
geometry, obtained in low temperature experiments. The electron-density contour plots and
calculated energy levels of model systems are detailed in Fig. 10.

According to the DFT calculation results the highest occupied molecular orbital (HOMO) of
complexes 1-4 is dominated by the xantphos ligand, while the lowest unoccupied molecular
orbital (LUMO) of complexes 1-4 is located on the other xantphos ligand, gold and
phosphorous atoms. The significant contribution of the d orbitals of gold atoms to the LUMO
points to the origin of the low-energy emission transition as being due to the intramolecular
aurophilic interaction. The calculated energy gap order for 1 (2.63 eV) <3 (2.76 eV) <2 (2.96
eV) is in satisfying agreement with the trend of the measured emission maxima at 77 K (Table
7). Dinuclear complex 4 could not be included in this series, as it has different molecular

packing arrangement.
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Fig. 10 The calculated shapes and energy levels of HOMO and LUMO for complexes 1-5

In order to investigate the Au---Au bond in more detail we carried out Mayer’s bond order
analysis [43] for the dinuclear complex 1-4 as implemented in the Gaussian 09 suite. In Table
8, we present the calculated data. The results show that the change of the bond order indices is
very limited but an inverse proportionality has been found between the Au---Au distances and
the bond order indices (Fig. 11). In conclusion, the confinement of the figure-eight
[Au,(xantphos),]** cations in the different environment of the four crystal structures induces

very slight modulation of the inner Au---Au interaction.

Table 8 Au---Au bond lengths (A) and calculated Mayer’s bond order indices for complexes
14

Structure Au---Au Bond order
1 2.803 0.396
2 2.825 0.378
3 2.817 0.392
4 2.837 0.360
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0.384

0.37 4

Mayer's bond order index

0.364 ]

0.35 T T T 1
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Au---Au bond length (A)

Fig. 11 Calculated Mayer’s bond order index in function of Au---Au distance

In case of complex 5, the HOMO is mainly confined to gold centre and the thiocyanate
ligand, and the LUMO is located primarily on the xantphos ligand and to a smaller extent on
the gold centre. Thus this transition tentatively attributed to the ligand-to-ligand charge

transfer (LLCT) transition with metal-to-ligand character.
Conclusion

Dinuclear [Auy(xantphos);](X), with X = BFs; (1), PFs (2) and SbFs (3 and 4) and
mononuclear Au(xantphos)(SCN) (5) complexes containing the xantphos ligand (xantphos =
9,9’-dimethyl-4,5-bis(diphenylphosphino)-xanthene) were characterized by X-ray structural
analysis. Two type of colourless green- (3) and yellow-emitting (4) crystals were obtained
from the same dichloromethane/diethylether solution. The [Au(xantphos),]** cations have
almost the same molecular structure with two xantphos ligands coordinated to two gold(l)
centres with short aurophilic interaction of 2.803 (1), 2.825 (2), 2.817 (3) and 2.837 A (4),
respectively. The [Aux(xantphos),]** cation is in a somewhat distorted figure-eight
conformation in 1-3, whereas in 4, it has and ideal figure-eight conformation with a twofold
axis passing through the Au---Au bond. The molecular packing is primarily governed by
C—H---F hydrogen bonding interactions between the [Auy(xantphos),]** cations and
fluorinated BF,, PFs and SbFg anions. In 5, the gold(l) centre is in a trigonal-planar
geometry, and it is coordinated to two phosphorous atom of the xantphos ligand and one
sulphur atom of the SCN™ anion. Different anions cause some conformational changes and
alter the molecular packing of these crystalline 1-5 structures. These variations in the solid
state structures, also alter the luminescent properties of these dinuclear and mononuclear

gold(l)-xantphos complexes. Dinuclear complexes exhibit intense yellow (1, 2 and 4) or green
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(3) luminescence, whereas the mononuclear gold(l) complex (5) displays green emission

when irradiated with a 365 nm UV lamp at room temperature.
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