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This review covers the compound class of one-dimensional gold strings. These compounds feature a for-
mally infinite repetition of gold complexes as monomers/repeating units that are held together by auro-
philic interactions, i.e. direct gold—gold contacts. Their molecular structures are primarily determined in
the solid state using single crystal X-ray diffraction. The chemical composition of the employed gold
complexes is diverse and furthermore plays a key role in terms of structure characteristics and the result-
ing properties. One of the most common features of gold strings is their photoluminescence upon UV
excitation. The emission energy is often dependent on the distance of adjacent gold ions and the electronic
structure of the whole string. In terms of gold strings, these parameters can be fine-tuned by external
stimuli such as solvent, pH value, pressure or mechanical stress. This leads to direct structure—property cor-
relations, not only with regard to the photophysical properties, but also electric conductivity for potential
application in nanoelectronics. Concerning these correlations, gold strings, consisting of self-assembled
individual complexes as building blocks, are the ideal compound class to look at, as perturbations by an
inhomogeneity in the ligand sphere (such as the end of a molecule) can be neglected. Therefore, the aim of
this review is to shed light on the past achievements and current developments in this area.

Introduction

A. General considerations for molecular one-dimensional gold
strings and their properties

In the age of nanotechnology, interest in materials with tailor-
made properties is steadily increasing. Since physical pro-
perties are often dependent on the molecular structure, there
is a general demand for precise and well-investigated

Engesserstr. 15, 76131 Karlsruhe, Germany. E-mail: roesky@kit.edu materials." One of the crucial factors is the molecular dimen-
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sionality of the material, which, in the case of properties and
applications, is impressively demonstrated by the carbon
modifications graphite, graphene, carbon nanotubes and full-
erenes as 3D, 2D, 1D and 0D materials, respectively.>”” The
major driving forces for research on one-dimensional sub-
stances are typically their conductive properties and potential
application in nanoelectronics as molecular wires.® Besides
the development of organic 1D conductors, organometallic
complexes that exhibit a chain-like structure are in the focus of
interest as well.”™* A defined linear arrangement of metal ions
is not only a potential molecular wire, yet highly interesting
from a fundamental and theoretical point of view. Examples
range from epitaxial crystal growth,'"> non-linear optical
behaviour'®'” and metal-containing liquid crystals (MLC)"® to
anisotropic electrical conductivity.'>® Synthetic approaches
towards such metal strings include ligand-enforced arrange-
ment of metal ions, as seen in the undecametallic
[Niy,(tentra),Cl,](PFs), (tentra = tetranaphthyridyltriamine)
complex®® or metallophilic interactions as design elements. In
the latter, especially d® and d'° configured ions are utilized for
the synthesis of one-dimensional metal strings.”” " In this
review, focus is put on formally infinite molecular gold strings
with homogeneous repeating units, because their specific pro-
perties can be assigned to defined structural features.*” In con-
trast, finite (oligomeric) gold strings in small molecules have
‘dead ends’ or an inhomogeneous saturation of the coordi-
nation sphere caused by the respective ligand system and thus,
deviations in structure-property relationships might be
induced.”’?**** While related metal strings or metal string
complexes of a series of elements have already been discussed
and reviewed,***™*® we think a critical update on the unique
chemistry of gold strings is valuable at this point.

B. Aurophilicity and metallophilicity

When X-ray diffraction became more and more popular for the
definite elucidation of molecular structures in the 1970s, some
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structural features of simple gold-containing compounds
could not be explained anymore by the standard concepts of
valence and chemical bonding. Namely, gold atoms (especially
in their +1 oxidation state) were observed to be in close proxi-
mity, even below the sum of their van der Waals radii, which
suggested a strong attractive interaction between these
cations.”®! This was indeed unusual, as Coulomb repulsion
should evoke the opposite effect. Furthermore, Au(1) exhibits a
closed-shell ([Xe]4f'*5d"°) electron configuration and an inter-
action of such systems was simply not expected. These early
observations gave rise to a hitherto unknown research field.
Not surprisingly, this curiosity soon became interesting from a
theoretical point of view as well.”> A major breakthrough was
achieved in the early 1990s, when P. Pyykko studied varying
Au-Au distances in the model complex [(AuCl(PH3)),] at the
Hartree-Fock (HF) and second order Moller-Plesset (MP2)
levels. While the HF curve showed a purely repulsive behav-
iour, attraction was observed at the MP2 level, which could be
attributed to the dispersive part of electron-correlation
effects.>® In addition, the interaction decreases with the Au-Au
separation (R) like R™°, hence following the rules of the
London dispersion force (LDF).”>* Thus, in a simple picture,
these Au-Au attractions are van der Waals interactions, but
unusually strong ones due to relativistic effects. To this date,
this interpretation has been supported by many studies and is
generally accepted,®®*® although discussions about the
concept are still on-going to this date.®*®* At first, those inter-
actions were believed to only emerge for gold; hence the term
‘aurophilic interactions’ or ‘aurophilicity’ was established by
H. Schmidbaur in 1989 to describe the phenomenon.®*® In
general, these terms are used commonly if the distance
between two gold atoms falls below the limit of 3.5 A, for
which bonding can still be considered, although the respective
van der Waals distance (3.32 A)°® is shorter.®”*® Hereby, the
Au-Au distance is correlated with the strength of these inter-
actions, which can reach values of up to 50 k] mol™, i.e. com-
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Fig. 1 Schematic drawings of different subtypes of aurophilic inter-
actions. L = neutral donor ligand; A = anionic ligand.®®

parable with hydrogen bonds. Based on findings by P.
Schwerdtfeger, the energy can be estimated according to

Eppnu = 1.27 x 10%¢ 334(Au-Aw)

(1)

where E is the energy in k] mol™" and d(Au-Au) is the gold-
gold distance in A.°*°” Depending on the type of ligand, the
interactions are further subdivided into fully-supported, semi-
supported and unsupported interactions. Any kind of inter-
molecular aurophilic interaction is described as ‘unsupported’.
In contrast, supported interactions include a molecular frame-
work, in which the aurophilic contact is promoted by entropic
contributions, structural rigidity or a preorganized ligand
scaffold (Fig. 1).°7°®

While it is assumed that fully supported interactions are
maintained in solution, the bonding situation of semi- and
unsupported interactions in solution cannot be generalized
and has to be evaluated in each case individually, because the
solvation energy can compensate the comparably weak energy
gain resulting from aurophilic interactions.®”**""3
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The upcoming of aurophilicity attracted interest in similar
interactions of other closed-shell ions as well. For example,
R. Hoffmann and M. Jansen observed very short intermetallic
distances for the lighter d'° configured homologues Cu(i)
and Ag(1) in 1978 and 1987, respectively.”*”> Today, numerous
elements, including open-shell ions like Au(ui), Pt(u), Pd(u),
Ir(1) or Ru(0), are known to interact with other heavy metal
ions, expanding the concept to ‘metallophilic interactions’, even
though pure aurophilic interactions are typically the strongest
among them and therefore still take a special place.?>®3%76783

C. Luminescence

Among the properties of molecular 1D gold(r) chains, particu-
lar interest lies in the investigation of their photophysical
84786 Heavy atoms like gold enhance spin-orbit
coupling of the respective system, which facilitates transitions
to the triplet manifold via intersystem crossing (ISC).
Therefore, effective phosphorescence is regularly observed,
manifested by large Stokes shifts and luminescence decay
87 Besides that, the
emission properties can be further perturbed in the presence

characteristics.

times in the lower microsecond range.

of aurophilic interactions. A prominent example addressing
this issue was reported by Yam et al,*® in which the lumine-
scence of gold(1) complexes is directly affected and enhanced in
the presence of an alkali metal crown ether complex, resulting
in the formation of short Au-Au contacts. The perturbation
induces a shift towards a lower emission energy. Therefore, it
was assumed that the aurophilic interaction alters the emissive
ligand to metal charge transfer (LMCT) state into a ligand to
metal-metal charge transfer (LMMCT) state that goes along
with a smaller HOMO-LUMO gap (Fig. 2). Additionally, besides
the common LMCT emissive states, MLCT (metal to ligand
charge transfer) processes for Au(i) complexes are known, which

-t po
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Fig. 2 Schematic representation of orbital splittings induced by to aur-
ophilic interactions in dinuclear gold()) thiolate complexes. Adapted with
permission.®8 Copyright 2004 American Chemical Society.
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is mainly due to the oxidizing as well as reducing capability of
Au(1) ions. Absorptions, which can be attributed to MLCT states,
are primarily observed in complexes with n-acceptor ligands like
cyanides, isocyanides and phosphines.®>*° However, these
usually feature high energy absorptions and therefore, typical
MLCT absorption bands are observed at comparably short wave-
lengths between 230 and 250 nm.”"

It has been predicted that the alteration from LMCT
towards LMMCT states further enhances when three gold(i)
ions interact linearly, due to a 8 combination of three instead
of two d,._y. orbitals (Fig. 3). This interesting phenomenon is
particularly anticipated for ‘infinite’ 1D gold(i) chains.’?
Moreover, as unsupported aurophilic interactions are the main
assembly motif of 1D gold chains, a perturbation via different
environmental stimuli is readily achieved in many cases and
often goes along with a significant change of the structural
and photophysical properties.

From a photophysical point of view, this represents the most
important aspect of the herein presented 1D structures, as
diverse slight stimuli already have an impact on the rather weak
aurophilic interactions. Possible stimuli include solvent, pH
value, pressure, and mechanical stress as well as temperature.®
This makes them a promising compound class towards an appli-
cation as luminescent sensors and has already been remarkably
demonstrated in recent reports, in which 1D gold(1) chains were
found to show unique properties like solvatochromism,**
mechanochromism® and luminescence tribochromism.”® In
addition, this compound class is especially valuable to gain a
better understanding of metallophilic interactions in general.

D. Classification of molecular gold strings

In the crystalline state of many gold-containing complexes, a
clear tendency towards the development of aurophilic inter-

e
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Fig. 3 Molecular-orbital interactions for stacking of d'® AuP, units in
D,p, symmetry.®3
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actions is observed. However, from a synthetic point of view, it
is challenging to predict whether this manifests in the for-
mation of dimers, oligomers or ‘infinite’ (mostly one-dimen-
sional) self-assembled polymers.®” Most importantly, the com-
bination of steric and electronic demands of the respective
ligand sphere plays a decisive role.”®°? 1D gold chains are gen-
erated by an aurophilicity-induced self-assembly of molecular
complexes; therefore a general distinction between ionic and
neutral ‘chain links’ is reasonable, since the presence or
absence of Coulomb interactions is an additional key factor.
Hereby, ionic chains feature (mostly) homoleptic [A-Au-A]7,
[L-Au-L]" (A = anion; L = neutral donor) moieties or a combi-
nation of both anionic and cationic species. Due to the ionic
character, these compounds often show a good solubility in
polar solvents such as water. A neutral ‘chain link’ or complex,
if Au(i) is taken as an example, consists of a monoanionic ligand
paired with a neutral donor molecule coordinated to the central
gold atom. Notably, heteroleptic neutral compounds often show
a ligand exchange equilibrium in solution and an ionic homo-
leptic species is observed in the crystalline state. This is particu-
larly valid for small and monodentate ligands like thiophene,
pyridine, halogenides and pseudo-halogenides.'*®'*® Therefore,
the different synthetic approaches, as well as the resulting mole-
cular structures, are differentiated by the classification presented
in Fig. 4. Within the scope of this review, the different classes
are shortly introduced and selected publications, highlighting
extraordinary research results and major breakthroughs, are pre-
sented in detail.

Gold strings with ionic chains
Purely cationic chain links

The few examples of gold strings, in which the respective coun-
tercations or -anions are simple organic or weakly coordinating
molecules, are particularly interesting, since the aurophilic
attraction overcompensates the Coulomb repulsion, resulting
in a sequence of ‘infinite’ adjacent anions or cations."**%°

Already in 1974, the Balch group introduced a synthetic pro-
cedure for cationic bis(carbene) gold(r) complexes by addition
of isocyanides and primary amines to aqueous solutions of
[AuCl,]” salts. The reaction readily yields compounds of the
type [Au{C(NR,)(NR'H)},]"."*” Following this procedure, using
methylisocyanide and methylamine, a series of symmetrically
substituted bis(carbene) gold(i) complexes [Au{C(NHMe),},]"
with varying anions (PFs~ (1a), BF,~ (1b), AsFs, SbFs~) were
presented in 2002 and 2008 by the same group
(Scheme 1).108711°

As observed in the crystal structure, the PF¢~ salt 1a con-
sists of a linear coordinated gold(i) center with the ligands
being arranged coplanarly. The cations form a linear gold
chain along a crystallographic 4, axis comprising relatively
short Au-Au contacts (3.1882(1) A). Furthermore, the carbene
ligands are linked to the PF4 ion via hydrogen bonds from the
NH-moieties (Fig. 5, left). For 1b (anion = BF,”), the Au-Au
bond lengths are elongated (day_aq = 3.4615(2) A), while the

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of bis(carbene) gold complexes 1a and 1b.

angles are in a comparable range to 1a (anglec ay-¢ = 178.42
(12)°). In addition, the relative ligand orientation differs in a
way that the outer methyl groups face one another. The same
applies for the N-H groups, which allow the formation of
hydrogen bonds from one cation to two different fluorine

F4
P1

Fa4'

atoms of the BF, ion (Fig. 5, right). Both 1a and 1b are colour-
less solids and display photoluminescence behaviour.
Exemplarily, 1a shows green-blue (An.x = 460 nm) lumine-
scence upon UV irradiation at 300 K. Upon cooling to 77 K,
two emission bands are observed, whereby the maximum of
the more intense emission is significantly red shifted. When
dissolved in solvents like acetone, pyridine, dimethylsulfoxide
(DMSO), dimethylformamide (DMF) or acetonitrile, the result-
ing colourless solutions are not luminescent anymore.
However, upon freezing in liquid N,, the solutions become
intensely luminescent again and strikingly, the emission
colours differ in varying solvents (Fig. 6). This process is
entirely reversible as the thawed solutions lose their photo-

Fig. 5 Left: A portion of the structure of crystalline [Au{C(NHMe),},][PFgl-0.5acetone (1a). Solvent molecules (acetone) are omitted. Right: A portion

of the structure of crystalline [AU{C(NHMe),},][BF 4] (1b).1%®

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Left: Emission spectra obtained from 6 mM solutions of 1a,
frozen at 77 K. Top right: Emission spectra obtained from 0.06 mM solu-
tions of la frozen at 77 K and crystalline 1a at 77 K. Bottom right:
Photograph of the luminescence from 6 mM solutions of 1a at 77 K.
From left to right: MeCN, DMSO, DMF, pyridine, acetone. Reprinted
(adapted) with permission.2°® Copyright 2002 American Chemical
Society.

luminescence properties. Note that the luminescence of 1b is
affected in a similar fashion by dissolution in the aforemen-
tioned solvents and the freezing procedure.

The absence of luminescence in solutions of 1a is presum-
ably due to a breakdown of the polymeric structure into
smaller units or monomers. The fact that the emission spectra
of the frozen solutions strongly resemble the spectrum of poly-
crystalline 1a suggests similarities in the respective molecular
structures. In this regard, it is reasonable that oligomeric
forms of [Au{C(NHMe),},|[PF¢], generating species similar in
structure to the arrangement of crystalline 1a, do form upon
freezing the different solutions. The detailed molecular struc-
tures that are present in the frozen solutions could not be
resolved, but it is apparent that the luminescence behaviour is
affected by the number of gold ions, the Au-Au distance, the
orientation of the ligands, hydrogen bonding interactions, the
anion itself and the coordination of solvent molecules to the
"1 A detailed understanding of these aspects
might play a crucial role, e.g. in the development of sensors for
different chemical environments.

Other examples for purely cationic chain links paired with
weakly coordinating anions (WCA) were presented by the
Krossing group in 2016."'* A series of [Au(MeCN),][WCA] salts
was prepared by direct oxidation of elemental gold in aceto-
nitrile (MeCN) with nitrosyl salts of the type [NOJ'[WCA]~
([WCA]™ = [BF4]", [GaCL], [B(CFs)4]", [Al(OC(CF;);)s]” and [B
(CF3)3CN]7). The resulting complexes [Au(MeCN),|[BF,] (2a)
and [Au(MeCN),][GaCl,] (2b) contain gold strings only com-

metal centers.
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Scheme 2 Synthesis and molecular structures of compounds 2a and
2b in the solid state.!?

posed of [Au(MeCN),]" cations that are interconnected by auro-
philic interactions in the solid state, whereas the corres-
ponding [B(CF;),]” and [Al(OC(CF3)3),]” salts form dimers and
monomers, respectively (Scheme 2).

In both 2a and 2b, a weak interaction to the fluoride and
chloride atoms of the respective anions BF,” and GaCl,™ is
observed in a trans ‘coordination’, although the atomic dis-
tances are outside of their van der Waals distance. In 2a, the
contact lengths between adjacent gold atoms follow a repeat-
ing medium-short-short-medium-long-long pattern with the
shortest contact being 3.113 A. The respective Au-Au distances
in 2b are equidistant (3.540 A). Interestingly, Au-Au contact
lengths are correlated with the coordination strength of the
anions, which follows a [BF,]|” > [GaCl,]” > [B(CF3)4]” > [Al(OC
(CF5)3)4]” sequence.''*''* The cations thus appear in four
forms: (a) as a chain with strong contacts (2a), (b) as a chain
with weak contacts (2b), (c) as a dimer ([WCA]™ = [B(CF3)4]7)
and (d) as a monomer ([WCA]™ = [Al(OC(CF3)3)4]7). This leads
to the hypothesis that more electron-rich gold(i) centers
feature stronger aurophilic interactions.

The assumption that the respective anion plays a decisive
role regarding the molecular structure and resulting properties
of cationic gold strings is further supported by a series of
[(CeH11NC),AU|[XF,] salts (X = P (3a), As (3b), Sb (3¢)) pub-
lished by the Balch group."*>™''” The hexafluoropnictogenates
PFs, AsFs~ and SbFs, although being weakly coordinating
anions, alter the structure and thus the photophysical pro-
perties (including vapochromism and thermochromism) of
the cationic string consisting of the two-coordinate
[(C¢H11NC),Au]". The term ‘thermochromism’ is used to
describe a (typically reversible) temperature dependent change
in the photophysical properties (e.g. colour or emission wave-
length) of a sample. This phenomenon can be attributed to a
change in the molecular or crystal structure."'®'"® Both com-
pounds 3a and 3b crystallize either as colourless, blue-emitting
crystals or as yellow, green emitting crystals. Interestingly, the
colourless crystals of 3a and 3b are isostructural (Fig. 7, P24/c),
whereas the yellow crystals exhibit different solid state struc-
tures (Fig. 7, P2,2,2; and P1). The SbFs derivative 3c is
obtained as pale-yellow crystals as well, exhibiting a blue
luminescence, yet its molecular structure is entirely different
from that of 3a and 3b. Two different chains of cations are

This journal is © The Royal Society of Chemistry 2020
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shown. There are no solvate molecules in any of the crystal structures. Reprinted (adapted) with permission.’*> Copyright 2020 American Chemical

Society.

observed and both run parallel along the same crystallographic
axis (Fig. 7). The Au-Au separations of 3a-c are summarized in
Table 1.

Although being intensely luminescent in the solid state,
solutions of 3a-c¢ are not emissive, which is consistent with a
breakdown of the polymeric structure into monomers.
However, upon exposure of the yellow, green-emitting poly-
morphs of 3a and 3b to vapours of selected solvents (dichloro-
methane, acetone, methanol or acetonitrile), a conversion to
their respective colourless, blue-emitting polymorphs is
observed (Fig. 8). In contrast, no change in colour or lumine-
scence was observed in similar experiments with 3c.

Crystalline samples of 3a-c¢ can be melted upon rising the
temperature to a range of 113-126 °C. Independent of the poly-
morph type, the resulting melts of all samples are colourless
and exhibit a bluish-white emission. Upon cooling, the

Table 1 Au-Au separations of 3a—c >~/

Sample Colourless polymorph Yellow polymorph
3a 3.1822(3) A 2.9803(6) A
2.9790(6) A
2.9651(6) A
2.9643(6) A
3b 3.1983(8) A 3.0230(5) A
3.0097(6) A
3¢ Chain 1:
3.0252(7) A
3.0858(7) A
Chain 2:
3.0424(9) A
3.0782(9) A

This journal is © The Royal Society of Chemistry 2020

Fig. 8 Photographs of crystalline 3b: (A) at ambient light, (B) upon UV
irradiation, (C) after exposure to dichloromethane vapour upon UV
irradiation, and (D) after crushing the crystal upon UV irradiation.
Reprinted (adapted) with permission.!*®> Copyright 2020 American
Chemical Society.

respective yellow polymorphs of 3a and 3b are eventually
formed, indicating that these are the thermodynamically more
stable forms. Cooling the melt of 3c results in the reformation
of crystalline 3c. However, a peculiarity is observed regarding
the colourless polymorph of the AsFs~ derivative 3b, which,
upon rising the temperature to 100 °C, transforms into a

Nanoscale, 2020, 12, 20065-20088 | 20071
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yellow solid without melting. The emission spectrum of this
solid is nearly identical to that of the respective yellow poly-
morph. A similar yellow solid is formed by cooling the melt of
3b, but in this case, the emission spectrum of this amorphous
sample does not resemble the spectra of either the colourless
or the yellow polymorph, indicating the formation of a new
phase. The colourless polymorph of 3b is the only sample that
shows this thermochromic behaviour. In addition, the mixed-

anion salts [(C¢H;;NC),Au][PFso5[AsFslos, [(CeH11NC),Au]
[PF6]0‘S[SbF6]O.5) [(C6H11NC)2Au][ASF6]0.5[SbF6:|0.5)
[(CeH11NC),Au][PF¢]o.25[ASFs]o.75 and [(CeH11NC),Au]

[PF¢lo.75[ASFs]o.25 were prepared by co-crystallization. Similar to
3a and 3b, colourless, blue-emitting and yellow, green-emitting
polymorphs were found for all mixed-anion salts. Remarkably,
all of the colourless crystals formed from a mixture of two
anions show luminescence thermochromism below their
melting points, similar to the colourless polymorph of 3b. In
the interest of an overall view, we would like to dispense a
further detailed discussion about the mixed-anion salts, yet an
in-depth investigation of these compounds can be found in
the original work.'"> The thermochromic and melting point
ranges are summarized in Table 2. A picture of the thermo-
chromic behaviour is shown in Fig. 9.

Table 2 Thermochromic and melting point ranges™*®

Thermochromic Melting point
Compound range [°C] range [°C]
Colourless form
[(CeH;NC),Au][PF] None 115-120
(CeH,1NC),Au][AsF¢] 98-102 123-125
(CH1;NC),Au][PFs]o.5[SbF]o.5 87-95 114-116
(C6H11NC),Au|[AsFe]o.5[SbFs]o.5 88-92 113-114
(C¢H1;NC),Au][PFg]o.5[ASFe]o.5 104-108 118-119
(CeH,1NC),Au][PFq o 75[ASFelo0s ~ 105-111 118-121
[(CoH1;NC),Au][PFgJo05[ASFelo7s 100105 118-121
Yellow form
[(CeH,;NC),Au][PF] None 110-115
[(CeH11NC),Au][AsFs] None 123-126
[(CoH,;,NC),Au][SbF) None 113-115

the

Fig. 9 Photographs of luminescence from a crystal of
[(CsH11NC),AullPF¢lg 5s[AsFglps. Top: Blue luminescence at ambient
temperature. Bottom: Green luminescence after heating to 104-108 °C.
Reprinted (adapted) with permission.*”®> Copyright 2020 American
Chemical Society.
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These results show the significant impact of the respective
anion on the aurophilic interactions, even though being
weakly coordinating and well separated from the chains of
gold ions that form the 1D molecular structure. Most likely,
the differences in the volume of the anions are responsible for
the variations in the solid state structures and ultimately, in
the thermochromic and vapochromic responses.

Purely anionic chain links

In this part, the utilization of negatively charged aurates [A-Au-A]™
as building blocks for the synthesis of gold strings is pre-
sented. Among the whole compound class of gold strings,
including neutral and charged chains, an anion aggregation
resulting in aurophilicity-linked oligomers or polymers is only
observed ‘in very special cases’, as stated by H. Schmidbaur
and co-workers in 2002, referring to their own investi-
gations."*® Consequently, studies of gold strings consisting of
purely anionic chain links are rather scarce. Representative
cations can be simple organic molecules like paraquat (N,N'-
dimethyl-4,4"-bipyridinium or ‘Me,bipy’), as shown by the
Guloy group in 1998."*' They presented the crystal structure of
[Me,bipy][Aul,], (4), in which the diiodoaurate anions form a
single 1D chain that does not interact with the staggered coun-
tercations [Me,bipy]*" (Fig. 10). The respective Au-Au distances
(3.3767(3) A) are in the range of aurophilic interactions.

Another fascinating example for negatively charged chains
is a series of bis(thiocyanato)aurates [Au(SCN),]” with varying
countercations including Na' (5a), K (5b), Rb" (5¢), Cs" (5d),
NH," (5€), NMe," (5f), N(nBu)," (5g) and PPh,", introduced in
2004 and 2006 by the Elder group.’**'** The phosphonium salt
consists of isolated monomers, whereas the nearly isostructural
alkali salts, as well as the NH," salt, form infinite linear gold
strings with alternating long and short Au-Au distances along
the chain. The NMe," salt forms a kinked chain of trimers and
the N(nBu)," salt consists of isolated dimers (Fig. 11).

Polycrystalline samples of 5a-g show photoluminescence
upon UV excitation at cryogenic temperature (77 K) with emis-
sion maxima ranging from 506 to 710 nm (Table 3).

In the crystal structures of the gold string compounds
5b-5f, alternating short and long Au-Au distances can be
observed. Thus, their molecular structures can be described as

N1'

N1

Au1

Fig. 10 Representation of the crystal structure of 4.1

This journal is © The Royal Society of Chemistry 2020
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Table 3 Au-—Au distances, excitation and emission wavelengths and
corresponding energy of 5a—g 122123

Sample Au-Au [A] Exc [nm] Em [nm] E[em™]

5b 3.0064(5) 320 516 19379
3.0430(5)

5g 3.0700(8) 360 539 18552

5¢ 3.0821(4) 320 506 19762
3.1144(5)

5e 3.1409(3) Not stated 627 15949
3.1723(3)

5f 3.1794(2) 325 635 15748
3.2654(2)

5d 3.2128(11) 320 670 14 925
3.2399(11)

5a Unknown 320 710 14 084

a polymer of dimers (or trimers in the case of 5f).
Interestingly, when the emission energy (cm™) is plotted
against the reciprocal of the short Au-Au bond lengths (A™%), a
strong correlation can be observed (Fig. 12), which is in
accordance with theoretical predictions.'**

The overall length of the gold chains appears not to be a
crucial factor in this case, as the dimeric complex 5g and the
assembly of trimers in 5f fall in line with the data for the ‘infi-
nite’ chains. Instead, it is very likely that not only the supramo-
lecular string, but also single gold-gold pairs or ‘Aus’ trimers
with equidistant gold-gold contacts serve as the source of the
emission.

A different picture emerges in ionic liquids containing
[Au(SCN),]” moieties, when differently substituted imidazo-
lium cations instead of ‘inorganic’ cations are used, as pre-
sented by Aoyagi and co-workers in 2015."*° In this case, ionic
liquids of the type [C,mim][Au(SCN),] (mim = methyl-
imidazolium) are formed (Scheme 3).

The imidazolium salts 6b-d are ionic liquids at ambient
temperatures with very low glass transition temperatures
around 200 K. An exception is compound 6a, which forms a
solid at room temperature. Compound 6a consists of [Au
(SCN),],"~ gold strings with Au-Au distances of 3.1773(3) A, as
observed in the corresponding crystal structure (Fig. 13).
Interestingly, using photocrystallography, it was possible to

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Energy [cm™] versus 1/d [A™"] of the short Au—Au interaction of
[Au(SCN),1,,"~. Reprinted (adapted) with permission.*?> Copyright 2004
American Chemical Society.

o 2 KSCN

cl - ﬁ C.H
_® [AuCI(tht)] NNt
N_C H2 +1 >
N—z nten
s MeCN [AU(SCN),I°
-2 KCl
-THT

n=12,4,6 (6a-d)

Scheme 3 Synthesis of 6a and metal-containing ionic liquids (M-IL)
Gb_d'125

Fig. 13 Excerpt of the crystal structure of 6a.'?®

resolve the structural changes induced upon UV light
irradiation. Besides a change in the unit cell parameters, an
excimeric contraction of the (Au-Au)* distance is observed as
well. A list of changes regarding bond lengths is summarized
in Table 4.

Furthermore, for the M-ILs 6b-d, time-resolved laser fluo-
rescence spectroscopy (TRLFS) was performed. The spectra of

Nanoscale, 2020, 12, 20065-20088 | 20073


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr04748a

Open Access Article. Published on 01 October 2020. Downloaded on 2/13/2026 10:52:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 4 Changes of bond lengths in 6a upon UV light irradiation (1 =
340 nm) at 100 K'#

Bond Lamp off [A] Lamp on [A] Aoff-on [A]
Aul-S1 2.304(3) 2.319(5) —0.015(6)
Au2-S2 2.294(2) 2.300(5) —0.006(5)
S2-C2 1.680(10) 1.66(2) 0.02(2)
S1-C1 1.668(10) 1.65(2) 0.018(10)
Aul-Au2 3.1773(3) 3.1659(3) 0.0114(4)

Relative intensity / a.u.
Relative intensity / a.u.

e 644.2
L 500ps 572 . L 500 s 5744
r 548.3, ) 614.7 M
480 520 560 600 640 480 520 560 600 640

Wavelength / nm Wavelength / nm

Fig. 14 Time-resolved luminescence spectra of 6b (a), 6¢ (b) and their
deconvolution curves (green) at 77 K (lex = 355 nm). Reprinted (adapted)
with permission.*?® Copyright 2015 American Chemical Society.

the crude products are shown in Fig. 14. After a delay time of
100 ps to the excitation pulse, the peaks between 519 and
526 nm disappear, indicating fluorescence from the S; state,
and all envelopes of the spectra undergo a blue-shift. The data
indicate a colour change in a single luminescence decay event.
The existence of multiple different aggregates of [Au(SCN),],"”,
possessing individual spectral features and luminescence life-
times, is therefore suggested. For example, since the band gap
of the T; phosphorescent state to the S, state is reduced by the
number of metal ions involved, the peak in the deconvolution
curves (green) at around 548 nm (Fig. 14, inset (a)) is attribu-
ted to a small aggregate, presumably a dimer [Au(SCN),],>,
since the monomer (with no aurophilic interaction) shows no
luminescence behaviour.

The dicyanoaurate anion [Au(CN),]” is a highly stable ion
and is therefore used or observed in many different processes,
such as cyanide leaching,'*® gold electroplating'>” or in
protein crystallography as a phasing agent."”® A number of
crystallographically investigated compounds containing [Au
(CN),]™ are described in the literature. However, the aggrega-
tion of multiple [Au(CN),]” units seems disfavoured in terms
of Coulomb repulsion. On the other hand, the low steric
demand, the simple linear structure and not least the hydro-
gen bond acceptor ability of the cyanides facilitate a self-aggre-
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gation process.””>"*° In this context, the Attar and Balch
groups investigated the formation and luminescence of dicya-
noaurate strings comprising common ammonium counter
cations.”" Among the presented piperidinium [CsH;oNH,][Au
(CN),] (7a), pyrrolidinium [C,HgNH,][Au(CN),] (7b), 1,1-diphe-
nylhydrazinium [Ph,NNH;][Au(CN),] (7¢) and tetrapropyl-
ammonium [(C3H;),N][Au(CN),] (7d) salts, only the latter does
not form a polymeric string in the solid state, presumably due
to a lack of N-H groups suitable for hydrogen bonding to the
cyanide moieties of the anions. Exemplarily, the crystal struc-
ture of 7c is shown in Fig. 15.

In compound 7¢, the aurates form an infinite gold string
with equidistant Au-Au separations of 3.0866(4) A. It is note-
worthy that hydrogen bonds between the cyanides and the 1,1-
diphenylhydrazinium cations and additional water molecules
stabilize and support the formation of the string compound.
The crystal structures of the analogues 7a and 7b are compar-
able to that of 7¢, although hydrogen bonds are exclusively
formed between the cyanide and the ammonium moieties.

In general, the Au-Au distances of 7a-c are remarkably
short and lie in a narrow range of 3.0795(4)-3.0969(3) A,
whereas the shortest metal-metal distance in the tetrapropyl-
ammonium derivative [(C3H,),N]J[Au(CN),] (7d) is 7.526(1) A
and therefore far outside the aurophilic range. In conse-
quence, crystalline 7a—-¢ show intense blue luminescence, even
at ambient temperature. The small range of the emission
maxima (436 nm (7a), 451 nm (7b) and 400 nm (7c)) reflects
the fact that their molecular structures in the solid state and
their respective Au-Au separations are similar. In contrast, the
charge separated salt [(C3H;),N][Au(CN),] without aurophilic
contacts is non-luminescent at ambient and cryogenic (77 K)
temperatures.

Purely anionic chains often include heterometallic com-
pounds in which the chains are cross-linked by additional
metal ions. By using dicyanoaurates [Au(CN),|” as anions,
similar to compounds 7a-c¢, but employing a metal complex as
a [cation]', (hetero)bimetallic coordination polymers are
obtained.”®* In this compound class, the bidentate character
of the cyanide ligand is the driving force for the formation of
supramolecular architectures. Representative compounds
consist of [M(L),],{/Au(CN),], (M = Cu, Mn, Zn, Ni, Co, Cd, Au;

o

i
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o
H15 @
“N1'gq
—Q >
2N2 N HL F
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Fig. 15 Excerpt of the crystal structure of 7c-H,0.**!

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 General connectivity of heterometallic compounds with [Au
(CN),]™ as chain links.
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tivity is illustrated in Scheme 4.

In many cases, the respective cationic [M(L),] block consists
of a divalent transition metal paired with a neutral multiden-
tate ligand like phenanthroline, bipyridine or TMEDA.
Additionally, +2 charged metal complex cations [M(L),]*",
which consist of metal ions in higher oxidation states and
negatively charged ligands, were employed for the construction
of bimetallic coordination polymers, which tend to grow in
two or three dimensions. The properties of the compounds,
e.g. magnetism'** or biological activity,"*! are mainly derived
from the cationic [M(L),]*" building block. As an example, the
first uranium-containing [Au(CN),]” coordination polymer
[UO,(bipy)(MeO)(MeOH)L{(1-Au(CN),)(Au(CN),)] (8) was pre-
sented by Leznoff and co-workers in 2017 (Fig. 16)."*

Compound 8 was synthesized by the reaction of [NBu,][Au
(CN),]-0.5H,0, UO,(NO3),-6H,0 and 2,2"-bipyridine in metha-
nol. The molecular structure in the solid state consists of a
one-dimensional gold chain structure of trinuclear [UO,(bipy)
(MeO)(MeOH)],[Au(CN),] units linked by aurophilic contacts
of 3.0528(5) A to adjacent, unbound [Au(CN),]” units. The

The general connec-

8 149

Fig. 16 Excerpt of the crystal structure of

This journal is © The Royal Society of Chemistry 2020
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dicyanoaurate anions are staggered, with a C-Au-Au-C torsion
angle of 75.1(6)°. The different stretching frequencies of the
cyanide ligands can be observed in the IR spectrum (Jon =
2169 and 2133 em™') as well as in the corresponding Raman
spectrum (Jcy = 2187 and 2148 cm ™). The blue-shifted bands
can be assigned to the uranyl-bound [Au(CN),]” units, whereas
the resonance at lower energy is assigned to the free [Au
(CN),]™ units.

Gold strings with overall neutral chains
Alternating cationic and anionic chain links

In this part, gold chains comprising gold double salts are pre-
sented. The term ‘double salt’ is used to describe ionic species
in which both cations and anions contain metal ions,
although initially, it was primarily used in solid-state chem-
istry to refer to (M)(M')(X), species such as KAI(SO,),-12H,0.*?
In case both ions are gold complexes, their aurophilic attrac-
tion is moreover supported by attractive Coulomb interactions.

In 2018, Lu, Chen and co-workers presented a library of 35
different combinations of [Au(NHC),][MX,] (NHC =
N-heterocyclic carbene; M = Au or Cu; X = halide, cyanide or
arylacetylide) complex salts (Fig. 17), outlining the large diver-
sity of the double-salt approach.'>'***" Although not every
compound was analysed by single crystal X-ray diffraction, it is
assumed that all double salts feature infinite metal strings in
the solid state. A representative crystal structure (C3-A8) is
shown in Fig. 17. The intermetallic distances of the double
salts, of which crystal structures were determined, are in the
range of 3.182-3.384 A (Au-Au) and 3.373-3.398 A (Au-Cu).
The prepared complex salts are emissive in the solid state
upon UV irradiation with emission maxima ranging from
448 nm (C1-A1) to 785 nm (C3-Al4), emission lifetimes
ranging from 0.1 ps (C3-A13) to 7.1 ps (C1-A2) and quantum
yields ranging from 10% (C3-A10) to 99% (C1-A5 and C2-A5).
A picture of selected double salts upon UV-irradiation and
representative emission spectra are shown in Fig. 18.

The following structure-property relationships can be
derived from in-depth analysis of the photophysical properties:
(1) Maintaining the anion, the emission energy of the resulting
double salt red-shifts with more electron withdrawing NHCs
on the cations. (2) Maintaining the cation, the emission
energy of the resulting double salt red-shifts with more elec-
tron donating ligands on the anion series of [AuX,]™, yet it
remains constant for the respective [CuX,|” salts. (3) The
double salts of the form [Au(NHC),][CuCl,] generate the
highest quantum yields.

Interestingly, the combinatorial pool of double salts allows
for multi-colour emission by combining two phosphors with
different emission colour. Therefore, co-crystallization of C2,
A1 and A4 (molar ratio 2:1:1) results in the formation of the
triple salt C2-A1/A4 (Fig. 19).

The triple salt C2-A1/A4 indeed shows dual emission at 586
and 652 nm. The latter is significantly red-shifted compared to
the corresponding parent complex salts C2-A1 (469 nm) and

Nanoscale, 2020, 12, 20065-20088 | 20075
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Fig. 18 (a) The images of the 35 complex salts dispersed in water or

acetonitrile observed under a 365 UV lamp; (b) normalized solid-state
emission spectra of selected complex salts showing the multi-colour
luminescence. Adapted with permission from John Wiley & Sons, copy-
right 2018.°

C2-A4 (570 nm), which can be explained by a simultaneous,
yet not equal raise in energy of the HOMO and LUMO. This is
due to a stronger c-donating and weaker n-accepting capability

20076 | Nanoscale, 2020, 12, 20065-20088

Fig. 19 Representation of the crystal structure of the triple salt C2—A1/
A4S

of the iodide ligand in comparison with that of cyanide. The
emission colour of C2-A1/A4 can further be fine-tuned by
varying the molar ratios of A1 and A4 upon co-crystallization
(Fig. 20). By screening the combinatorial pool, Lu, Chen and
co-workers impressively demonstrated that metallophilic inter-
actions, in the form of 1D chains, provide an easy access to
new phosphorescent materials with high quantum yields and
versatile colour tunability.

Besides the combination of the typical monovalent cationic
and anionic gold complexes'>>"'>? that were highlighted above,
this concept can be readily expanded to mixed-valence gold(i/ur)
complexes,">"'*> as shown e.g. by Heck and co-workers."®
A reaction of AuCl, AuCl; and cyclohexylcarbonitrile (NC-Cy)
yielded the complex [Au(NC-Cy),]|[AuCl,] (9).

The crystal structure consists of linear gold strings with
alternating [Au(NC-Cy),]" and [AuCl,]™ units (Fig. 21). The dis-

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 (a) A sketch for the co-crystallization process; (b) fluorescence

micrographs of C2—A1/A4 microcrystals prepared via co-crystallization;
(c) excitation and emission spectra of C2—A1/A4 microcrystals with a
variety of Al:A4 ratios. Adapted with permission from John Wiley &
Sons, copyright 2018.%°

9 156

Fig. 21 Representation of the crystal structure of

tances between the Au(i) and Au(m) centers are equidistant
(polymorph A: 3.2382(4) A; polymorph B: 3.2499(2) A) and fur-
thermore display the shortest unsupported Au(i)-Au(ui) inter-
actions that have been observed to date.

Neutral chain links

As shown in Fig. 4, gold strings with neutral chain links
consist of neutral complexes, which form polymeric gold
strings through unsupported aurophilic interactions.”””*"* As
an example, Ecken et al. studied the effect of anions on the
solid state structure of (o-xylyl isocyanide)gold(1) (Cl (10a), Br

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

(10b), 1
distances decrease in the order I > Br~ > Cl™

(10c), CN (10d))."”* Their study revealed that the Au-Au
. For CN™, which
is a soft base as well, the Au-Au distances are similar to those
of I". However, the trend differs from that of [AuX(PMe,Ph)],
dimers and theoretical predictions, for which Au-Au distances
decrease following a CI~ > Br™ > I" sequence.'”>™'”> For 10a,
the presence of C1™ anions results in the formation of dimers.
In contrast, 10b forms an asymmetric unit comprising two Au
atoms linked by aurophilic interactions and setting off the
third one aside, resulting in a slightly kinked chain (Fig. 22).
Individual molecules of 10c are aligned in chains through aur-
ophilic interactions. 10d also forms a structure similar to 10b,
but unlike 10c, all three Au atoms in the asymmetric unit are
involved in aurophilic interactions and thereby, a 2D structure
is obtained. The intra- and interaggregate Au-Au distances are
summarized in Table 5.

In accordance, Scheer and co-workers studied Au(i) com-
plexes containing phosphanyl and arsanyl borane ligands and
concluded that softer co-ligands coordinated to Au(1) tend to
form extended polymeric structures due to multiple Au-Au
interactions when compared to hard Lewis bases.'”® In fact,
gold in its +1 oxidation state is a very soft Lewis acid and there-
fore has a pronounced affinity towards soft bases such as
sulfur or selenium,'””*®® which is in accordance with
Pearson’s principle of hard and soft acids and bases

Fig. 22 Representation of the crystal structure of 10b.22

Table 5 Variation of Au—Au separations with respect to the anions’2

Intra Inter Solid-state
Sample Au-Au [A] Au-Au [A] structure
(0-xylyINC)AuCl (10a) 3.3570(11) 4.0225(12) Dimers
(o-xylyINC)AuBr (10b)  3.3480(5) 3.7071(10)  Slightly kinked
chain
(o-xylyINC)Aul (10c) 3.4602(3) 3.4602(3) Slightly kinked
chain
(o-xylyINC)AUCN (10d)  3.4220(6) 3.4615(6) 2D structure
3.1706(4)
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(HSAB)."®'""®* In this context, many gold string compounds
are supported by bidentate  dithiophosphate,'®> %
dithiocarboxylate,'*'°! diselenophosph(in)ate'**'** or related
ligand systems."”*"®° The Ch-X-Ch donor sites (Ch = chalco-
genide, X = C, P) exhibit a low steric demand, which allows for
the formation of gold strings comprising intermolecular con-
nected homoleptic digold complexes (Fig. 23).

In 2014, Katrusiak and co-workers studied the behaviour of
a dithiocarbamate-ligated one-dimensional gold string
towards the application of pressure.”*® The two known poly-
morphs of [Au(Et,DTC)], (11) (DTC = dithiocarbamate) differ
in their respective crystal structures as shown in Fig. 24. The
a-phase consists of repeating identical units of [Au(Et,DTC)],,
whereas the B-phase exhibits an interval two times longer. For
both, the intramolecular Au-Au bond lengths are about 2.78 A,
while the respective unsupported intermolecular Au-Au dis-
tance is about 0.2 A longer.

7 ; N\
ReX{ ! >/XRn
unsupported
Ch—(Ay—Ch interaction
fully supported |
interaction
Ch— —Ch
8
RnX\ ! >/XRn Ch=S, Se
ch—(@u)—ch X=C,P

Fig. 23 General connectivity of gold strings comprising Ch-X-Ch
ligand systems (Ch = chalcogenide, X = C, P).

B-phase

|

Fig. 24 Representation of the crystal structure of 11. The brackets indi-
cate the repeating unit of the two different polymorphs.2°°
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The selective formation of either the o- or the p-phase can
be controlled by varying the crystallization conditions or by
the application of pressure. It is observed that above 50 MPa,
the tetragonal crystals of the a-phase transform to an ortho-
rhombic p-phase. Interestingly, the Au-Au distances can be
further compressed by increasing the pressure. Thereby, the
intermolecular Au-Au bonds are shortened at an average rate
of —0.1006 A per applied GPa. The average compressibility of
the fully supported intramolecular Au-Au bonds, measured
between 0.1 MPa and 1.0 GPa, is —0.0435 A GPa™" (Fig. 25).
Thus, the fully supported bond is more than two times harder
(i.e. deforms twice less). At 0.1 GPa, the supported Au-Au
bonds are similar in length to that in metallic gold, whereas a
pressure of 1.0 GPa diminishes the contact length to 2.72 A,
which therefore is about 0.05 A shorter in comparison with
that for the metal.

Another example for dithiocarbamate ligated gold strings
involves the report of solvochromic luminescence regarding a
dinuclear gold(i)-(aza-[18]crown-6)dithiocarbamate (12), as pre-
sented by Chao and co-workers.>** The study investigates the
effect of different solvates on the Au-Au distance of 12 and its
resulting luminescence behaviour. Initially, the title com-
pound was synthesized in the presence of MeCN to obtain
12-2MeCN (Fig. 26).

Immersing the crystals of 12-2MeCN in a tert-butylbenzene
or m-xylene solution yielded 12-tert-butyl-benzene-H,O and
12-0.5m-xylene respectively through single-crystal-to-single-
crystal (SCSC) phase transformation. Hereby, 12 forms 1D
chains irrespective of the presence of the aforementioned sol-
vates. The Au-Au distances in 12, when crystallized with
different solvates and their corresponding emission wave-

| —— : r : ; : :
3.00 =0 (Au2:--Aut*), |
*
296¢. X 1
Lo I awz-Awm),
- L o ~ _
5 . e
o .
% ] (Aud---Aud*) o o
2
5 284+ R
<
=1 L
< = . (Aut-Au2), Au---Au metallic gold
276 4= (Aut--Au2), ]
-~ o
272 | (Au3--Aud) R 2

00 01 02 03 04 05 06 07 08 09 10

pressure (GPa)

Fig. 25 Compression of the Au—Au distances in phases o (open circles)
and B (full symbols) of 11. The pressure dependence of the Au—Au dis-
tance (hardly changing to 1.0 GPa) in metallic gold is shown as the
dashed line. Intramolecular and intermolecular bonds are shown.
Reprinted with permission.?°® Further permissions to this material
should be directed to the ACS.
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Fig. 26 Representation of the crystal structure of 12:2(MeCN). Solvent
molecules are omitted.?%*

Table 6 Variation of Au—Au separations and emission wavelength with
respect to different solvates?®*

Sample Intra Au-Au [A]  Inter Au-Au [A] Em [nm]

12-2MeCN 2.7186(3) 2.8355(3) 602
2.7249(3)

12-0.5m-xylene 2.755(2) 2.890(2)-2.902(2) 583
2.764(2)

12-‘Bu-benzene-H,0  2.7713(4) 2.9420(5) 546

12 (dry sample) Unknown Unknown 553

lengths, are summarized in Table 6. From the values, a direct
correlation between the Au-Au distance and the emission
wavelength is observed. The study was extended to other aro-
matic solvates with electron donating groups and it was
observed that the emission energies vary in the following
order: tert-butylbenzene (546 nm) > dry (553 nm) > benzene
(566 nm) > p-xylene (568 nm) > m-xylene (583 nm) > o-xylene,
anisole, toluene (595 nm) > MeCN (602 nm). It is suggested
that even though the electron-donating substituents in the sol-
vates do not interact with the complexes, they influence stack-
ing in the crystal lattice, affecting i.e. the Au-Au distance. As a
result, the complexes exhibit distinct emission wavelengths as
shown in Fig. 27. In a similar study, Ito and co-workers
presented the formation of crystals comprising gold iso-
cyanides as a versatile host system with guest-dependent
luminescence.**>

In 2016, Ito and co-workers reported the synthesis of
phenyl(phenylisocyanide)gold(i) (13a) and phenyl(3,5-di-
methylphenylisocyanide)gold(i) (13b), which exhibit mechano
triggered SCSC phase transformations and possess interesting
optical and electronic properties.”****°> Complexes 13a and
13b were obtained as blue- and green-emitting single crystals
respectively. However, a rapid phase transition was observed
when the crystals were mechanically triggered. The phase tran-
sition of 13a and 13b propagated to the entire crystal to yield

This journal is © The Royal Society of Chemistry 2020
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Fig. 27 Solvochromic luminescence (lexc = 380 nm) of (a) dry samples
of 12:2MeCN and upon grinding with (b) tert-butylbenzene, (c) benzene,
(d) p-xylene, (e) m-xylene, (f) o-xylene, (g) anisole, (h) toluene, and (i)
MeCN. Adapted with permission from John Wiley & Sons, copyright
201420

Table 7 Photoluminescence data of 13a, 13b and respective daughter
phases?®

Sample Em [nm] Doy, [%0] Tav [1S]

13a 460 4 108
490

13ascsc 566 16 5.33

13b 540 84 0.97

13bgesc 535 6 13.8

the daughter phases 13agcsc and 13bgcsc. The values deter-
mining the photoluminescence properties of the corres-
ponding crystals are summarized in Table 7 and their respect-
ive PL spectra are displayed in Fig. 28. The PL spectra indicate
that the phase transition induces a red- and blue-shift of the
emission bands of 13a and 13b, respectively.

The changes in the emission properties were rationalized
by the formation of different crystal structures (shown in
Fig. 29).>> The crystal structure of 13a comprises dimeric units
(formed by CH/xn interactions) which are further stacked into
1D columns through additional CH/x interactions. The short-
est Au-Au distance of 5.733 A indicates the absence of aurophi-
lic interactions. However, on mechanical stimulation, the
monomeric units are twisted and aurophilic contacts of
3.177 A are formed within the dimeric units of 13agcsc, which
is in accordance with the red-shift of the emission band of
13a. The crystal structure of 13b consists of hexamers held
together by aurophilic interactions, which are in the range of
3.274-3.112 A. The hexamers are stacked into 1D columns sup-
ported by m-m interactions. Mechanical stimulation of the
green-emitting species 13b leads to the formation of the
blue-emitting daughter phase 13bgcgc (the Au-Au distance
is 4.784 A) by disconnecting the aurophilic interactions.
Additionally, weak CH/r interactions are formed in the daugh-
ter phase.
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Fig. 28 Top: Mechano-triggered SCSC phase transition of 13a to

13ascsc and 13b to 13bscsc over time. Bottom: PL spectra of crystals 13a

and 13b in comparison with their daughter phases obtained upon slight

mechanical stimulation. Excitation wavelength: 365 nm. Adapted with

permission from John Wiley & Sons, copyright 2016.%%

Furthermore, intergrowth (IG) crystals comprising multiple
crystal domains of different polymorphs were prepared by
mechanical stimulation. Quantitatively, SEM images show the

a) 13a b) 13y,

-2790A ; é Au

L
)>o

3.177A

Au

CH/m interactions Aurophilic interactions

View Article Online
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difference between the IG crystals and their respective daugh-
ter phases in terms of charging ability which is demonstrated
in Fig. 30. Moreover, the conductive properties of the samples
were analysed quantitatively. The evaluation of conductive pro-
perties typically requires an electrode-sample contact, which is
not very effective for 13a and 13b, because such a contact
would trigger SCSC phase transition. For this reason, flash-
photolysis time-resolved microwave conductivity (FP-TRMC)
measurements were performed. Although this method only
gives insight into short-range (approx. 10 nm) conductivity, it
is contactless and therefore suitable to increase the knowledge
about the electronic properties of the polymorphs.

The maximum transient conductivity of species 13a was
determined to be pYu =1.3 x 107> em® V™' s7*, while the con-
ductivity of species 13agcsc was significantly higher at pYu =
1.3 x 107" em® V™' s7'. This increase of conductivity is most
likely attributed to the formation of aurophilic interactions, as
observed in the respective crystal structures (Fig. 29). For 13b
and 13bgcgc, maximum transient conductivities of 3.2 x 107>
and 2.8 x 107% em® V™' s7! were determined. The fact that the
conductivity of 13bgcgc is one order of magnitude lower than
that for 13b supports the assumption that the difference in
conductivity of the samples is directly attributable to the pres-
ence or absence of aurophilic interactions in each species.

Another example focussing on the correlation between a
change in the crystal structures and the photophysical pro-
perties due to external stimulation was presented by Eisenberg
and co-workers in their report on luminescence tribochro-
mism.>°® It describes the phenomenon that luminescence of
suitable solid samples can be turned on by gentle grinding.
Their work focussed on Au(i) thiouracilate complexes which
were synthesized by reacting [Au,Cl,(p-dppm)] and AgCO,CF;

c) 13b d) 13bgeqc

L:3.203A
L 3.2414
L 3.274 A
L 3.201A
L53112A

Aurophilic interactions

Au

CH/m interactions

Fig. 29 Crystal structures of (a) 13a (b) 13ascsc (c) 13b and (d) 13bscsc. Dotted lines and solid lines indicate CH/x interactions and aurophilic inter-

actions, respectively.?
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SEM image
of 13bg

With - Without
aurophilic bonds aurophilic bonds

Fig. 30 Photoluminescence microscopy images of (a) 13a,g and (c)
13b,g upon excitation at 365 nm and sputtering-free SEM images of (b)
13a,g and (d) 13b,g. Schematic representations of charging in (e) 13a,g
and (f) 13b,g, when observed by SEM. Adapted with permission from
John Wiley & Sons, copyright 2018.%%

with 2-thiouracil (TU) and 6-methyl-2-thiouracil (Me-TU) to
give [Au,(p-TU)(p-dppm)]CF;COO (14a) and [Au,(pu-Me-TU)(p-
dppm)]CF;COO (14b), respectively (Scheme 5).

The obtained complex 14a is a monocationic dinuclear
Au(i) complex, which forms a helical structure in the solid state.
A head to tail arrangement of the TU moieties is observed and
an intramolecular Au-Au distance of 2.8797(4) A and an inter-
molecular Au-Au distance of 3.3321(5) A were determined. The
structure of 14b is similar to that of 14a, except that the helix
is discontinuous for head to head arrangement with an inter
Au-Au distance of 4.344 A and for the head to tail arrange-
ment, the average Au-Au distance is 3.236-3.354 A. 14a and
14b are either weakly luminescent or non-emissive. However,
on gently grinding the solids, a bright cyan coloured lumine-

R e
R Z NH o
2 AgCO,CF3 r o
fNH PhoP”PPh, 07N 2\\3 o)J\CF3
+ ' —_—

| |
Au  Au Au  Au
o ” S a o CH,Clp
-2AgCl PhyP__PPh,
- CF3COOH
R=H, Me R = H (14a), Me (14b)

Scheme 5 Synthesis of 14a and 14b.2°¢
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scence was observed at room temperature. Recrystallization of
the emissive forms in the presence of CF;COOH again results
in the formation of 14a or 14b. However, the emissive forms
(15a and 15b) can be selectively prepared by stirring CH,Cl,/
MeOH solutions of 14a or 14b over Na,CO; followed by fil-
tration. The changes seen in the presence of the base/acid
might be due to the deprotonation/protonation of the pyrimi-
dine N-H moiety of thiouracil. The PL spectra of both emissive
(15b) and non-emissive (14b) forms are displayed in Fig. 31.

The emissive compound 15b has a similar structure to 14a
and 14b but different packing arrangements, and comprises
strong intermolecular aurophilic interactions between the
dimers with a distance of 2.9235(4) A (Fig. 32). Hence, it can
be concluded that the delicate balance between changes in the
Au-Au interactions and acidity of the sample results in this
fascinating luminescence tribochromism.

Among the compound class of neutral gold strings, cyclic
trinuclear gold complexes represent a special case as they
exhibit unique electronic properties.”®” Their properties are
majorly impacted by intermolecular interactions in the solid
state that involve aurophilic contacts between the trimers.>*®
Balch and co-workers have reported on the synthesis and
intermolecular  interactions in the polymorphs of
[Auz(MeN=COMe);] (16a), [Au;(n-PentN—COMe);] (16b) and
[Au;(i-PrN=COMe);] (16¢) in 2005 (Fig. 34).°° The trinuclear
gold complexes of the form [Auz(RN=COR');] stack in four
different arrangements, dependent on the bulkiness of the
ligand substituents (R, R’), which retard or enhance intertri-
mer interactions, as reported by Omary and co-workers
(Fig. 33). The stacking arrangements mainly differ regarding
the nature of relative disposition of trimers with respect to
each other.**

16a forms three polymorphs, namely hexagonal, monoclinic
and triclinic. The hexagonal polymorph forms the stack
arrangements I and II, while the triclinic and monoclinic poly-

/‘ N
, N\
J \‘\
:/" ‘ll‘\
f \'\\
E /
> \
3 ] X
l / =8 \
Al ——— -
e Gihinsnennnd
L] L] 1]
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Fig. 31 Emission spectra of 14b (black line) and ground crystals of 14b
(blue line), CH,Cl, solution of 14b (---) and crystals of 15b (---) (prepared
by reaction with Na,COs) at room temperature (at Aex = 375 nm).
Reprinted (adapted) with permission.?°® Copyright 2003 American
Chemical Society.
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Fig. 32 Top: (a) View of cationic 14a with phenyl rings omitted; (b)
helical arrangement of the gold ions in 14a with ligands omitted for
clarity. Bottom: Perspective view of 15b with phenyl rings omitted.2%¢
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Fig. 33 Different stacking arrangements of trimers, in which the
dashed lines and solid lines indicate inter and intramolecular Au—Au
interactions. I, Il, 1l and IV represent eclipsed, disorder staggered, chair
and staircase stacking arrangements.?*
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Fig. 34 Chemical structure of trinuclear Au() carbeniate complexes.?°®
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Table 8 Variation of Au—Au separations and emission wavelengths in
different polymorphs of 16a 2°°

Polymorph of 16a Intra Au-Au [A] Inter Au-Au [A] Em [nm]
Hexagonal I 3.308 3.346 450
Hexagonal II 3.280 3.384 520
Triclinic 11T 3.339 3.528 444
Monoclinic IV 3.323 3.653 431

morphs are present in the structural motifs III and IV, respect-
ively. The Au-Au distances of the different polymorphs are
summarized in Table 8. The hexagonal polymorphs of 16a, in
which extended, linear chains of gold ions are present, show
some remarkable photophysical properties. Upon irradiation
with near-UV light, a dual emission, consisting of a short-lived
(t # 1 ms) emission at 446 nm and a broad long-lived (triexpo-
nential, ¢ ~ 1.4, 4.4 and 31 s) emission at 552 nm, is observed.
The yellow emission at 552 nm is readily detected by the
human eye even seconds after the irradiation has stopped.
Interestingly, if a suitable solvent (chloroform, dichloro-
methane, toluene, methanol, hexane, water) is dropped onto
previously irradiated and still glowing crystals of 16a, a bright
burst of yellow light is observed. No overall chemical trans-
formation appears to be involved in this solvoluminescence
process. This phenomenon can be reproduced until the
sample is entirely dissolved. For comparison, the sterically
more demanding derivative [Auz(C¢HsCH,N=COMe)s;],
which consists of separated individual molecules in the solid
state, does not show long-lived luminescence behaviour.
Consequently, the extended supramolecular aggregation of 16a
is believed to be important for the energy storage within the
solid and may be involved in the solvoluminescence process.
In this context, the recombination of a charge or electron sep-
aration may be responsible for the emission that occurs by
exposure to the solvent.”

Moreover, the unique electronic characteristics of hexag-
onal 16a are further demonstrated by the successive oxidation
with  molecular bromine or iodine, yielding in
[AuzX,(MeN=COMe);] (X = Br, I), where n is 2, 4 or 6.>'° A
study of the electrochemical oxidation of this compound was
presented as well.>'" In a 0.1 M N(nBu),ClO, dichloromethane
solution as the supporting electrolyte, 16a was oxidized at
+650 mV, accompanied by the formation of fine, needle-like
crystals on the electrode. Not suitable for single crystal XRD
measurements, their composition was determined by bulk
electrolysis and quartz crystal microbalance techniques to be
[Au3(MeN=COMe);][ClO,]o.34, being the first partially oxidized
extended linear chain gold complex. It is assumed that the
molecular structure of [Auz(MeN=COMe);][ClO,],.34 resembles
the hexagonal polymorph of 16a. Chronoamperometric studies
confirmed this new phase to be conductive, which offers
further insight into the solvoluminescence, energy storage and
electron mobility along chains of gold complexes.

The n-pentyl substituted compound 16b crystallizes in an
orthorhombic (16b-1) and a triclinic polymorph (16b-2). 16b-1

This journal is © The Royal Society of Chemistry 2020
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exhibits a stair case arrangement, in which the intermolecular
Au-Au distance between the trimers is 3.618 A, whereas the
intramolecular Au-Au distances are 3.315(3), 3.260(2) and
3.332(2) A. 16b-2 comprises four independent trimers in the
asymmetric unit linked by aurophilic interactions (Au-Au:
3.4614(6), 3.3458(6), 3.6126(6) A). The shortest Au-Au distance
between the asymmetric units is 3.8125(6) A. Among both poly-
morphs only 16b-2 is luminescent at room temperature with
an emission band at 654 nm (excitation at 326 nm), resulting
in a large Stokes shift. This indicates the possible occurrence
of a metal-centered excimeric emission due to the contraction
of the ground-state aurophilic association.>* The structure of
16¢ comprises only one trinuclear unit in the asymmetric unit.
However, the shortest Au-Au distance in the trimers is 6.417 A,
which is far outside the aurophilic range. Moreover, 16c is not
luminescent at ambient temperature, most likely due to the
absence of aurophilic interactions. Furthermore, it is
suggested that steric effects of the side groups (R, R’) influence
the formation of Au-Au interactions and thereby the photo-
physical properties.

Omary and co-workers have also reported their research on
cyclotrimeric gold(1) carbeniates, [Au;(RN=COR');] (17a: R =
Me, R’ ="Bu; 17b: R = "Bu, R’ = Me; 17¢: R = R’ = "Bu and 17d:
R = cyclo-pentyl, R' = Me).>® The ecrystal structure of
[Auz(MeN=CO"Bu);] (17a) is exemplarily shown in Fig. 35.

Their study revealed that a substitution of R or R’ leads to
an alteration in solid-state stacking of the trinuclear units and
thereby affecting opto-electronic and electronic properties.
Bulky R and R’ groups tend to lie above or below the plane of
the trinuclear units, which makes stacking of trinuclear Au
units into 1D polymeric chains difficult. Molecular simu-
lations of [Au;(HN=COH);] reveal that infinitely extended
chains of eclipsed trinuclear units with head to tail arrange-
ment tend to have smaller Stokes shifts and lower band gaps
and reorganization energies (4), which are ideal characteristics

Fig. 35 Excerpt of the crystal structure of 17a with n-butyl groups
omitted for clarity.*

This journal is © The Royal Society of Chemistry 2020
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Table 9 Reorganization energies of different trinuclear complexes®*

Sample AleV]
[Auy(NH=COH);] 0.448
[Auz(MeN=COMe),] 0.664
[Auz(MeN=CO"Bu);] 0.696

required for the design of semiconducting materials for mole-
cular electronic devices.

Charge transport properties of organic semiconductors in
principle depend on the coupling between the geometric and
electronic structures of the respective molecules.>'* The degree
of chain orders in polymers and solid-state stacking in crystals
majorly impact the charge transport ability in the organic
molecules.”’**'* According to Marcus theory, the electron
transfer rate (k) can be expressed as

a1 2 ( 2 )
E xXp| ————
h Jamiks P\ akye

where T, kg, and h represent temperature, Boltzmann’s con-
2157217 The equation
is dependent on two important factors, the intermolecular
transfer integral (¢) and the intramolecular reorganization
energy (4). DFT studies predict that efficient solid-state
packing in the form of extended chains and short inter-
molecular distances (as seen in [Auz(MeN=COMe);]) facili-
tates strong electronic coupling and results in significant ¢
values.”’® The A value varies with the change in R and R’
groups as reported by Omary and co-workers (Table 9).

The molecular simulations predict that, if extended chains
of [Au3(RN=—COR');] with non-bulky groups can be syn-
thesized, they can probably act as ideal semiconductor
materials for fabricating molecular electronic devices.

ket (2)

stant, and Planck’s constant, respectively.

Conclusions and perspective

The compound class of molecular gold strings is presented in
this review. Their unique characteristic is their periodicity,
which makes them valuable from synthetic and fundamental
points of view. The physical properties of the strings are
derived from the distance between adjacent gold ions and the
electronic nature of the supporting ligands. The exposure to
different external stimuli such as temperature, solvent inter-
action or mechanical stress alters the Au-Au distance, which
goes along with a change in the physical properties. This is pri-
marily demonstrated in the respective photoluminescence
characteristics, as the emission energies typically decrease
with larger metallic distances. Furthermore, the overall length
of the gold strings is an important factor for the electronic
structure, as observed e.g. by TRLFS measurements. Studying
these structure-property correlations can help researchers to
understand the nature of the aurophilicity phenomenon and
to further develop potential applications. In this regard, the
most interesting features certainly are their luminescence
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behaviour and electronic properties. In the case of lumine-
scence, the development and application of smart sensor
materials, which e.g. are already known for lanthanide-based
compounds®'®?*® or molecular switches, which to date are
majorly based on organic compounds,**' are the next logical
steps. In addition, by controlling the Au-Au distance of mole-
cular gold strings and utilizing ligands with tailor-made elec-
tronic properties, emitters with predictable and tuneable emis-
sion wavelengths might be developed and used e.g. for OLED
materials,*** as it is already the case for copper and iridium
complexes.’**?*” Another interesting aspect of molecular gold
strings is their energy storage and conductive behaviour, as
shown by the Balch, Omary and Ito groups,®***'" making
them promising candidates for molecular wires. The synthetic
approaches towards molecular metal-containing wires and
comprehensively understanding their electric characteristics
have been in the focus of materials science for decades.”!>*®
As a consequence, addressing these research opportunities is
only possible by a multidisciplinary approach involving experi-
mental and theoretical scientists.
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