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ABSTRACT: The behavior in solution of the dicyanoaurate
anion in the presence of other metal centers has so far been
little explored, despite its importance in material science. The
design and synthesis of systems with controlled coordination
behavior, using chelating ligands and ZnII, has allowed us to
detect self-assembly and oligomerization in solution. This
phenomenon has been studied with 13C and 1H NMR,
absorption and emission UV−vis spectroscopy, ESI-MS, and
XAS at both the Au L3-edge and Zn K-edge: all of these
techniques confirm the presence of Au−Zn aggregation
products. These fragments, resembling structural units in
the solid state, reveal that coordination of dicyanoaurate to
free sites around metal centers can occur at a lower
concentration than those at which crystals start to form and at which aurophilic interactions are observed, forming the
connection between solution species and solid-state architectures.

■ INTRODUCTION

The formation of bimetallic and trimetallic complexes by
employing metalloligands is a common strategy in the
preparation of crystalline supramolecular architectures.1,2

These complexes are often the result of a “rational” use of
molecular tectons, but in some cases, they seem rather to
represent a serendipitous consequence of crystal packing in
complex mixtures. Most reported preparations consist of a
simple combination of solutions of reagents, left to stand for a
long time until crystalline products are formed. Character-
ization is commonly carried out by SC-XRD (or NMR) in the
solid state, while preorganization phenomena and assembly
mechanisms of the building units in solution are very rarely
addressed. Most often, reticular forces are envisaged as the
main agent driving the formation of products. However, in the
absence of any clue as to the reactivity in solution, it is difficult
to understand in which manner a crystal engineering approach
may control the passage from the solution to the crystalline
state. In particular, the role played by solution-phase
preorganization and the formation or the growth of nucleation
units could be crucial in the rational design and realization of
solid functional architectures and is currently one of the hottest
research topics in supramolecular and solid-state chemistry.3−8

The dicyanoaurate ion is a tecton which is widely employed
because of the versatility of the intermolecular interactions that

it can establish: hydrogen-bond and aurophilic contacts (see,
e.g., Figure 1). In addition, its linear shape favors the formation
of supramolecular 1D, 2D, and 3D networks that have
demonstrated interesting properties, such as phosphorescence,
vapochromism, and giant negative linear compressibility
(GNLC).9−14 The complexing power of the cyanide fragment
is commonly employed to synthesize heteronuclear complexes
in the solid state, but the behavior of [Au(CN)2]

− in solution
in the presence of other metal ions has seldom been
investigated. In this contribution, we aim to demonstrate the
existence of preorganization in solution, eventually driven by
solvent effects and preceding the nucleation step. The work is
focused on Zn−Au heteronuclear complexes, identified as
model systems of nucleation units yielding to supramolecular
networks. By applying a multitechnique approach, combining
optical spectroscopies with NMR, ESI-MS, and XAS, we
thoroughly characterized these systems, bridging their
solution-phase and solid-state chemistry.

■ RESULTS AND DISCUSSION

Synthesis. In our endeavor to establish connections
between the solution chemistry of metal complexes and a
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predictable engineering of the crystalline state, we investigated
the reac t ion o f the [Au(CN)2]

− t e c ton w i th
[ZnL2(H2O)(0−1)]

2+ systems, where L is a chelating aromatic
nitrogen donor ligand. The ZnII ion has been chosen for the
high solubility and stability of its chelated complexes in the
presence of dicyanoaurate in a number of solvents, making
possible the solution studies. The cationic fragment can only
be coordinated by one or two other monodentate ligands.
Indeed, the equilibrium characteristics of zinc-chelating ligand
systems usually hinder the formation of the tris-chelate
form.15−18 By employing five differently substituted ligands,
namely, L1 = 2,2′-bipyridine; L2 = 5,5′-dimethylbipyridine, L3
= 1-(2-pyridy)-3-(4-trifluoromethylphenyl)imidazo[1,5-a]-
pyridine, L4 = 2-(2′-pyridyl)-1,8-naphthyridine, and L5 =
2,2′;6′,2″-terpyridine (Figure 2), selected for their different

steric (from the small L1 to the very bulky L3) and electronic
properties (in L2, methyl donors make the ligand a stronger
Lewis basis than L1, while L3 and L4 are weaker bases) as well
as a number of possible coordination sites (two sites for L1,
L2, and L3 and three sites for L4 and L5), we obtained nine
mixed Zn−Au compounds: {Zn(L1)2[(μ-CN)Au(CN)]-
(H2O)}[Au(CN)2] (1), {[Zn(L2)2[(μ-CN)Au(CN)]-

(H2O)]}[Au(CN)2] (2), {[Zn(L2)2[(μ-CN)Au(CN)]2}-
(H2O) (3), {Zn(L3)2[Au(μ-CN)2]2}·DMSO (4), {Zn-
(L3)2[Au(μ-CN)2]}∞[Au(CN)2]·DMF (5), {Zn(L4)[Au(μ-
CN)2]2}∞·ACN (6), {[Zn(L4)2]2[Au(μ-CN)2]}[Au(CN)2]3
(7), {Zn(L4)[(μ-CN)Au(CN)]}[Au(CN)2]·3(H2O) (8),
and [Zn(L5)2][Au(CN)2]2 (9).
The syntheses (see the Supporting Information for details)

followed a common procedure: the zinc and the gold complex
fragments were formed or dissolved in distinct ethanolic
solutions and mixed after the establishment of the equilibrium
(complete after 5 min of stirring at boiling temperature) with
the stoichiometry:

2K Au(CN) Zn(NO ) 6H O 2L product(s)n2 3 2 2[ ] + · + →

Crystallization occurred after slow evaporation of the
resulting solutions or after redissolution in solvents with
different polarities. We thoroughly characterized the resulting
crystalline products using SC-XRD; Figure 1−3 report selected
structural snapshots, while the representations of asymmetric
units and used numerations for 1−9 can be found in the
Supporting Information.

Structural and Vibrational Characterization in the
Solid State. Crystals of 1 present a molecular complex with
an octahedral ZnII site surrounded by two cis-bonded L1
molecules, a water molecule and a dicyanometallate bonded
through the bridging nitrogen site. This disposition around
octahedral metal centers differs (as for all the product in this
work) from the ethylendiammine derivatives [Zn(en)2(M-
(CN)2)2] (M = Au, Ag)19−21 or analogous substituted
ligands,22,23 in which a trans disposition of chelating nitrogen
donors is observed likely due to a smaller lateral steric
hindrance for nonaromatic chelating ligands. The coordinated
water has a central role in the architecture of interactions for 1;
both hydrogens participate to strong charge assisted hydrogen
bonds with nitrogens of both the terminal cyanides, forming
the dimeric architecture that can be seen in Figure 1b. The
hydrogen interactions are directed toward fragments in the
proximal dicyanometallate chains, dictating a staggered
conformation in the aurophilic dimers formed by the cationic
{Zn(L1)2[(μ-CN)Au(CN)](H2O)}+ fragment and a free
dicyanoaurate (torsion angles between them is 72.51(5)°).
These torsion angles between fragments involved in metal-
lophilic interactions are similar to those founded in structurally
and chemically analogous compounds with general formula
{M(L)2[M′(CN)2](H2O)}[M′(CN)2] (M = Zn, Mn, Ni, Cd;
L = 1,10-phenantroline, 2,2′-bipyridine; M′ = Ag, Au).24−27 At
the same time, it is peculiar that this hydrogen bond seems to
be strong enough to force a nonlinearity in the coordination of
the cyanide to the Zn center, with a Zn-NC-Au angle of
158.68(7)°. The intrinsic proof of the strength of this
interaction in the molecular geometry of 1 is that the
anhydrous products reported in this work (3−8) do not
present this strong distortion from linearity of the bimetallic
Zn-CN-Au fragment (158.68(7)° for 1 with respect to
175.5(2)° for 3, 176.8(3)° for 4, 169.9(4)° for 5, 166.5(3)°
for 6, 176.5(4)° for 7, and 170.1(5)° for 8). Moreover, the
aurophilic interactions in 1 (d(Au1···Au2) = 3.267(2) Å, a
value in the average of the interactions found for dicyanoaurate
in CCDC) are supported not only by the Coulombic attraction
between the positive {Zn(L1)2[(μ-CN)Au(CN)](H2O)}

+ and
the negative [Au(CN)2]

− fragments but also from this network
of hydrogen bonds between a strong donor and acceptors
(Figure S1a). The synergy among such strong interactions can

Figure 1. Representation of the main structural patterns in crystal
structures of 1−8: (a) 1D chain of Zn−Au fragments. (b) Dimeric or
oligomeric basic unit of hydrogen and aurophilic bridged molecules
and (c) molecular complex in 3 (ORTEP plot 40%).

Figure 2. Structure of the employed organic ligands and their
molecular weights.
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be the reason why it is difficult to resolubilize the solid sample
after formation of the crystals also in strongly polar or
coordinating solvents.
Similar to the previous system, in 2, the asymmetric unit has

a cationic {Zn(L2)2[Au(CN)2](H2O)}+ and an anionic
[Au(CN)2]

− molecular fragment (Figure S3). The geometry
around the zinc center is similar to that of previous species and
does not seem influenced by the presence of two methyl
groups far from the metal center. Despite this similarity at a
molecular level, the methyl substitutions modify the arrange-
ment of the two units in the crystal packing. The chain of
Au(I)···Au(I) interactions becomes unfavorable probably
because of steric factors, and the network is dominated by
hydrogen bonding. In particular, the structure is connected by
O−H···NC charge-assisted hydrogen bonds between the
coordinated water donor and the dicyanometallate acceptor
(Figure 3a) forming chains of the previously reported cationic
and anionic fragments along b axes. Cyanometallates have been
known for a long time as good hydrogen bond acceptors and
have been used in crystal engineering for this peculiarity.28,29

However, examples in which the crystal packing is directed
only by this interaction are still rare: this can be due to the
open environment around metal centers and the low steric
hindrance of the cyanide ligand that make favorable the close
location and interaction of other heavy atoms due to the
similar strength of these two interactions.30 In the simulta-

neous presence of aurophilicity and a hydrogen bond, the
resulting architectures seem to confirm that these two
interactions can be cooperative in the case of dicyanoaurate
(and similar dicyanoargentate compounds).31−33 However, the
reported chain pattern is anomalous among the species that
display a similar composition, and also for the only other
complex of dicyanometallates presenting this ligand reported
so far, {Cd(L)2[Ag(CN)2]2} (L= 5,5′-dimetyl-2,2′-bipyri-
dine).34 The minor tendency of CdII to be bonded to water
in comparison with ZnII, leaving a free coordination site and
enabling the attachment of the bridging cyanide to the center
of the complex, generates neutral molecules, whose disposition
in the crystal packing is directed by the presence of a lattice
water.
A behavior similar to the previously cited cadmium complex

can be detected by changing the solvent from the polar protic
ethanol (or DMF) to the less polar aprotic acetonitrile: the
crystallization of 3 induces the water ligand to shift from the
inner to the outer coordination sphere, while both the
dicyanoaurates are linked to the octahedral zinc center of the
complex, generating a neutral molecular complex. All the “V
shaped” molecules are embraced (Figure 3b) to maximize the
weak intermolecular aurophilic contacts between gold centers
(d(Au1···Au2) = 3.400(3) Å), and these interactions are
further stabilized by hydrogen bonds derived from the
interstitial water molecule.

Figure 3. Structural pattern in the crystal structure of 2 (a), 3 (b), 5 (c), 6 (d), 7 (e), and 8 (f) (ORTEP plot 40%; color code: yellow, gold; dark
gray, zinc; gray, carbon; cyan, nitrogen; red, oxygen; white, hydrogen; green, fluoride).
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The big steric hindrance and the presence of a DMSO lattice
solvent molecule prevent the formation of aurophilic
interactions in the molecular environment of the 0-D complex
4 (Figure S11) obtained from L3. The molecular structure is
identical to complex 3. The two noncoordinating substituted
phenyl rings in the coordinated aromatic ligands are coplanar
to the pyridine ring of the other coordinated molecule,
interacting with the previous one with an intramolecular π···π
stacking and lowering the internal steric hindrance, as observed
in other similar bischelated complexes of this family of
ligands.35 The crystal packing is dominated by coupling
between dipoles of organic fragments, with the disordered
DMSO molecules in a region between the envelope of the
aromatic rings of a molecule and the dicyanoaurate arms of the
other frontal molecules.
It is interesting to compare the thermal stability of this

purely molecular system to the hydrogen-bond-stabilized 2 and
the aurophilicity and hydrogen-bond-stabilized 1. TGA
analysis demonstrates a clear stabilization due to the two
directional interactions, with a degradation temperature of 180
°C for 4, 220 °C for 2, and 240 °C for 1 (see Figure S15). The
latter compound was demonstrated to be the most robust
notwithstanding the presence of a coordinated water.
Changing the crystallization solvent to DMF and maintain-

ing the previous composition, it is possible to observe a drastic
change of the crystal packing in product 5: also in this case,
both vacant sites of the zinc octahedron are occupied by
cyanides, but dicyanoaurate is involved in a 1D infinite wavy
cationic coordination polymer. The charge is neutralized by
the presence of a noncoordinating [Au(CN)2]

− anion that
strongly interacts with gold centers of the chain (d(Au1···Au2)
= 3.234(3) Å, see Figure 3c). Similar behavior has been
reported in the case of the CuII−AgI derivative of L1
{Cu(L1)2[Ag(CN)2]}∞[Ag(CN)2]·(H2O).

36

Compound 6, crystallized from acetonitrile as yellow-orange
prisms, has a different zinc environment compared to the other
members of this family, due to the complexation of only one
chelated ligand: this is a true 1D coordination polymer, as with
5, with three dicyanoaurate ligands bonded to trigonal
bipyramidal zinc centers and forming a wavy chain along the
[010] direction (Figure 3d). One of the three dicyanoaurates,
however, is not bridging and forms an ancillary arm of the
chain along [001] directions. This terminal ligand interacts
with lateral chains by means of strong aurophilic interactions
(d(Au1···Au2) = 3.207(3) Å) by forming 2D layers in the
(001) planes (Figure S12). The L4 ligand coordinates ZnII

centers as a monochelated ligand from the pyridine substituent
for the small bite of naphtyridinic nitrogens (the same behavior
has been observed in all other nonmetallophilic d10 centers).37

From the same acetonitrile solution, yellowish crystals of
compound 7 have been obtained. In the molecular complex,
the zinc centers are coordinated by two nonequivalent L4s and
a cyanide of a dicyanoaurate moiety, forming a regular trigonal
bipyramid coordination polyhedron. Four different fragments
can be detected: a cationic fragment where a dicyanoaurate
bridges between two zinc centers, two ordered uncoordinated
dicyanoaurates, and a disordered free dicyanoaurate. In the
packing, it is possible to observe rows of gold centers similar to
1, but the steric hindrance due to asymmetric naphtalenic rings
suspends the chain of metallophilic interactions and makes
possible the formation of a strong trimeric aurophilic
architecture (d(Au1···Au2) = 3.146 Å, see Figure 3e). In the
trimer, two lateral anionic [Au(CN)2]

− molecules are almost

perpendicular to the central tricationic structure (98.70(5)°
between the bridging cyanide and the lateral terminal ones)
and the terminal ligands weakly interact with the C−H of
nearby aromatic rings. The disordered dicyanoaurate molecule
lays in two positions around an inversion center in a region
surrounded by aromatic rings and does not participate in any
strong directional interactions.
Changing the solvent to polar protic ethanol and

maintaining the same 1:2 Zn/L4 ratio, an aurophilic chain of
cationic molecular {Zn(L4)2[(μ-CN)Au(CN)]}

+ and anionic
[Au(CN)2]

− fragments can be observed in compound 8. This
disposition is more similar to the case of 1 than to the other
crystal packing obtained in the case of L4 systems,
demonstrating the structural analogy of L4 with L1. It is
possible to observe a monocationic fragment {Zn(L4)2[(μ-
CN)Au(CN)]}+ presenting a trigonal bipyramidal zinc
coordination center and a noncoordinated dicyanoaurate
anion interacting with strong aurophilic contacts with the
first center (d(Au1···Au2) = 3.166(2) Å and d(Au2···Au3) =
3.189(2) Å). Despite the similarity with product 1, the absence
of a water molecule as a hydrogen bond tecton makes the
geometry of the cationic fragment more linear (angle Zn1−
CN−Au1 of 171°) and the disposition of anionic and cationic
fragments along the aurophilic interaction more perpendicular
with respect to 1 (torsion angle of cyanides with respect to the
Au−Au axis of 71.5(7)°) and more omogeneous, forming a
continuous chain of gold centers along b axes (Figure 3f).
The last complex (9) was prepared with the tridentate L5

molecule to confirm the necessity of bidentate chelating
ligands to obtain Zn−Au molecular aggregates. In 9, the zinc
distorted octahedral molecular centers are surrounded by
nitrogen from two L5 ligands, and anionic dicyanoaurates
cocrystallize separately to form aurophilic dimers surrounded
by aromatic rings (d(Au1···Au2)= 3.149(3) Å, see Figure S13).
For all the solid products, MIR, FIR, and Raman spectra

provided an important support in understanding the structure
on the basis of the cyanide moieties. The ν(CN) bands for 1−
9, K[Au(CN)2], and {Zn(phen)2[Au(CN)2]}[Au(CN)2]·
EtOH (phen = 1,10-phenantroline),24 considered due to its
similarity to 1, can be found in Table S26, while representative
FIR spectra are reported in Figure S14. All the characterized
compounds present a signal near 2140 cm−1 in MIR spectra
and at 2160 cm−1 in Raman spectra, similar to that of the
potassium dicyanoaurate salt and of dicyanoaurate in
solution,38 characteristic of terminal cyanide groups.39 The
blue-shifted bands (relative to free [Au(CN)2]

−) observed for
all the other reported compounds (unless complex 9) are
characteristic of bridging cyanide, with the shift relative to the
strength of the bond,40 or of hydrogen bonding acceptor
cyanides. In the FIR region, the strongest signal for all the
complexes is the ν(Au−C) mode that can be found near 442
cm−1 or blue-shifted with respect to free dicyanoaurate and the
two bending modes of this linear molecule near 176 and 123
cm−1. The ν(Zn−N) mode, however, is visible near 400 cm−1

in the cases of 1 and 2, as reported in the literature for
bipyridine complexes, while it is very weak in phenanthroline
and other complexes.41−44

Solution Studies. We will later decipher the general trends
yielding to the observed solid-state configurations, based on
the insight reported herein about the solution chemistry of
these systems. For all the synthesized compounds, the solution
behavior was analyzed before and after the addition of
dicyanoaurate with a number of techniques, to check the
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equilibrium effects and the presence of self-assembly. 13C and
1H NMR, absorption and emission UV−vis spectroscopy,
electro spray ionization-mass spectrometry (ESI-MS), and X-
ray absorption spectroscopy (XAS) at both the Au L3-edge and
Zn K-edge were applied to clarify the different aspects of
solution behavior and characterize both structurally and
spectroscopically the resulting complexes.
Solution Behavior of Zn/L Systems. When L1−L4 are

added to an ethanolic solution of a ZnII salt in a 2:1 L/Zn ratio,
the complexation equilibria occur. These phenomena can be
effectively monitored by absorption and emission UV−vis
spectroscopy, as well as ESI-MS. As detailed in the SI,
electronic absorption spectra of solutions obtained mixing ZnII

and Ln (n = 1, 2, and 4) ligands show a red shift of 20 nm in
comparison with the absorption maxima in solution of the free
ligands. A stronger ligand-dependent effect can be observed in
the emission spectra obtained from a 230 to 300 nm excitation
wavelength: L1 shows a strong bathochromic shift of 15 nm
with respect to the emission of the free ligand. L2 during the
complexation does not show a shift compared to the 336 nm
maximum of the free ligand, while L3 and L4 show a
hypsochromic shift of 20 nm. The same phenomenon can be
observed by comparing 13C and 1H NMR spectra of free L1
with those of the complexed ligand. To study in detail the
speciation in these solutions, ESI-MS spectra of 10−5 M
ethanolic solutions of ZnX2/L1 (X = NO3

−, Cl−) in a 1:3 ratio

were collected. The ESI-MS results are a good approximation
of the behavior of solution species and have often been used to
study the speciation of coordination compounds, although in
some cases, the possibility of some modifications occurring in
the passage from the condensed to gas phase cannot be ruled
out during the ESI process.45−47 The chemistry of the two
systems is similar, but the species show some differences due to
the different bonding strengths of nitrate and chloride. It is
important to observe that in solution both mono- and bis-
chelated species are present, with a lower presence of bare
[Zn(L)n]

2+ in the case of chloride. Moreover, the trischelated
[Zn(L)3]

2+ complex can be detected only in the nitrate
solution and is absent in the chloride solution, suggesting a
stronger anion complexation in the latter case.

Solution behavior of Zn/L/[Au(CN)2]
− Systems. The

addition of dicyanoaurate to these equilibria has been studied
to check the presence of aggregation between the AuI and the
ZnII fragments. Indirect proofs of this phenomenon have been
obtained from electronic and NMR spectra. UV−vis
absorption spectroscopy apparently suggests the absence of
any kind of interaction: the mixture of the two compounds, in
all cases, exhibits a spectrum corresponding to the sum of
those individually stemming from zinc complexes and
dicyanoaurate (see Table S30 in SI).48 However, two different
clues point to the presence of another weaker absorption at
380 nm; first, the solid state absorption spectra of all the solid

Figure 4. (a) Superimposition of 13C NMR spectra of K[Au(CN)2], L1 with Zn(NO3)2 (2:1 ratio), and 1 in saturated methanolic solutions and
(b) ESI-MS spectrum of ZnCl2/L1/K[Au(CN)2] (1:2:2 ratio) ternary mixture in ethanolic solution (10−4 M).

Figure 5. (a) Solution absorbance spectrum of [Zn(L2)n]
2+ with [Au(CN)2]

− in ethanolic solution (96%) at 10−4 M and solid state diffuse
reflectance of crystalline powder of 2 with silica 1:20. (b) Emission spectra of L2, [Zn(L2)n]

2+ (10−4 M) and [Zn(L2)n]
2+ with [Au(CN)2]

− (10−3

M) in ethanolic solution (96%).
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samples, although very similar to those in solution, show a
large band in the visible region (Figure 5a for the explicit case
of the solid spectrum of 2 compared to the solution of the
corresponding complex) that does not seem to be present in
solution. Moreover, TD-DFT calculations on the cationic
fragment {Zn(L)2[(μ-CN)Au(CN)](H2O)}

+ extracted from
crystal structures predict an electronic transition in this region
linked to the mixed metal fragment (see Figure S38). This
transition seems to be a charge transfer in nature, with a
dicyanoaurate-localized HOMO and a zinc centered LUMO,
although the nature of this transition has to be analyzed in
more detail in future work. In addition, we found that the
ternary mixtures under deoxygenated conditions show an
intense emission at about 460−470 nm, by exciting at about
380 nm at a 1 mM concentration, as observable in Figure 5b
for the case of the L2 system in ethanolic solution. However,
for the observed transition a pure charge transfer localized on
dicyanoaurate can be unequivocally rejected because this kind
of transition is at a lower wavelength (see Table S28) and not
emissive at room temperature in the analogous range of
concentrations.48,49 This oxygen-dependent emission implies
the formation of an emissive adduct between [Zn(L)n]

2+ and
[Au(CN)2]

−. Similar results have also been obtained in the
cases of [Zn(L1)n]

2+, [Zn(L3)n]
2+, and [Zn(L4)n]

2+ in the
presence of dicyanoaurate under the same concentrations (see
Tables S29 and S30). It is important to remark that the
concentration employed to observe such emission is 100 times
lower than that previously reported for the formation of
luminescent aurophilic oligomers. Therefore, the concentration
range adopted in this study excludes the emission also from
these entities.49,50 Further evidence of the interaction between
[Zn(L)n]

2+ and [Au(CN)2]
− in solution can be deduced from

the analysis of the excitation spectra of the mixtures (see SI,
part 4). In general, the excitation spectra are superimposable to
the corresponding absorbance profile, if recorded at the
emission value of [Zn(L)n]

2+ species (230−300 nm); this
implies the presence of a single emitter in solution.
Nonetheless, the excitation spectra of the ternary degassed
solutions, collected at the emission value of the [Zn(L)n]

2+-
[Au(CN)2]

− adducts, show clearly an intense peak in the 320−
400 nm range. This observation is particularly significant for
L1 and L2 because the corresponding [Zn(L)n]

2+ complexes
do not show any absorption beyond 320 nm. Another
surprising observation concerns L3; in this particular case,
the emissions of the free ligand, the [Zn(L)n]

2+, and the
[Zn(L)n]

2+−[Au(CN)2]− species appear in the same range.
However, the excitation spectrum obtained from the ternary
mixture under deoxygenated conditions reveals the peculiar
peak of the dicyanoaurate anion at 240 nm, which means that
the emissive species include a dicyanoaurate moiety (see
Figure S32). The results have been confirmed by an NMR
study in solution of the ternary mixture of L1. The addition of
a stoichiometric amount of dicyanoaurate to the solution has a
limited but evident effect on both 1H and 13C signals of the
complexes (reported in SI Figures S16, S17). In particular, the
singlets at 149.5 (C6 of L1) and 152.4 (dicyanoaurate) ppm in
the 13C NMR spectrum of the mixture (Figure 4a) fall at lower
and higher frequencies, respectively, if compared to the spectra
of pure [Zn(L1)n]

2+ and dicyanoaurate. This behavior is
compatible with the coordination of the dicyanoaurate to the
zinc metal center, causing the shielding of the C6 of the L1
ligand and the concomitant deshielding of the carbon of the
cyanide ligand. An analogous effect can be observed in the 1H

NMR spectra in Figure S16, where the signal at 8.81 ppm of
the [Zn(L1)n]

2+ complexes shifts to higher frequencies after
the addiction of dicyanoaurate.
To obtain more detailed information on the speciation in

the ternary mixtures, ESI-MS has been applied to all the
families of ligands. When the ESI-MS of the three ternary
mixtures (1:2:2 ratio) ZnCl2/K[Au(CN)2]/Ln (n = 1, 3, and
4) are compared, some general considerations may be drawn.
First, the different systems display a very similar solution
chemistry, since a family of four ions ([ZnL2]

2+, [ZnLCl]+,
[ZnL2Cl]

+, and {ZnL2[Au(CN)2]}
+) is present in all the

mixtures and represents the larger number of signals in the
spectra. However, when the relative abundance of these ions is
compared with those of the other signals, it becomes evident
that they display the highest abundance in the L1 system
(representative case reported in Figure 4b), followed by the L3
and the L4 systems. This order may be related to the tendency
of the three different N-donor ligand families to coordinate
ZnII. Second, all the systems display the {ZnL2[(μ-CN)Au-
(CN)]}+ ion, which corresponds to the species detected in
almost all the solid products, except for the absence of a
coordinating water molecule. When subjected to MS/MS
experiments, these bimetallic ion species displayed very similar
fragmentation patterns: the main product is the {ZnL(CN)}+

ion, which is formed through both parallel and consecutive L
and AuCN losses in the L1 system and exclusively by a
simultaneous loss of the two neutral moieties in the other two
cases. Importantly, this fragmentation pattern confirms that the
Zn−Au species are not a weak interacting charge couple but a
coordination bonded complex through the cyanide as in the
solid state.
It is remarkable, however, that no water containing ion

complexes (similar to those found in 1 and 2 crystal structures)
were detected, apart from the products of MS/MS experi-
ments, where they are produced in low abundance (e.g., the
{Zn(L1)(H2O)[Au(CN)2]}

+ ion). This effect is curious,
because the water in the reported cases is strongly bonded
to ZnII in the solid state (dehydration temperature for 1 and 2
measured with TGA: 180 and 120 °C, see Table S27), and its
absence can be related to the passage to gas phase.
Dimeric cluster species are observed in the diluted solution

of ZnII (1.0 × 10−5 M)/L3/[Au(CN)2]
+ at a 1:2:1 molar ratio,

despite L3’s basicity and despite L3 being the bulkiest among
the considered ligands: the {Zn2L2[Au(CN)2]2}

2+ (m/z 653)
and the {Zn2L3[Au(CN)2]2}

2+ (m/z 822) ions. An important
contribution of the dimeric {Zn2L2[Au(CN)2]2}

2+ species has
been observed, similarly, in the L4 solution at a ZnII 1.0 × 10−5

M concentration. These fragments are not detected in the L1
system; however, given the similarity observed in the solid
state phase between the L1 (compound 1) and L4 (compound
8) systems, we also investigated the L1 system at higher
solution concentrations in the search for heavier clusters.
When the ZnCl2 (1 × 10−3 M)/L1/K[Au(CN)2] 1:2:1

mixture was studied, it was observed that the relative
abundance of the {Zn(L1)2[Au(CN)2]}

+ cluster further
increases, and new signals attributed to the following cluster
species appear: [Zn2(L1)2[Au(CN)2]2}

2+ (main peak at m/z
471), {Zn2(L1)3[Au(CN)2]2}

2+ (m/z = 549), {Zn3(L1)3(Au-
(CN)2)4}

2+ (m/z = 830), and {Zn4(L1)4[Au(CN)2]6}
2+ (m/z

= 1191) (Figure S35a). Since water is present in none of these
ions, hydrogen bonds between the H atoms of the water
molecule linked to one Zn center and one of the N atoms of
the dicyanoaurate group of another monomer can be safely
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ruled out, and formation of these species is likely due to
aurophilic Au−Au interactions and/or to dicyanoaurate anions
bridging two zinc centers, as can be detected in some solid
products. However, CID experiments performed on the
{Zn3(L1)3[Au(CN)2]4}

2+ (m/z 830), and {Zn4(L1)4[Au-
(CN)2]}6

2+ (m/z 1191) ions did not provide insights about
their connectivity. In fact, for the former ion, a simple loss of
one L1 molecule is observed, while, for the other ion,
consecutive losses of two L1 molecules occur, followed by the
addi t ion of two water molecules , y ie ld ing the
{Zn4(L1)2(H2O)2[Au(CN)2]6}

2+ ion.
Structural Characterization of Grow Unit in Solution

by XAS. Aiming at a direct determination of the solution-
phase structure of complex 1 ({Zn(L1)2[(μ-(CN)Au(CN)]-
(H2O)}[Au(CN)2]), we have collected XAS data at both the
Au L3-edge and Zn K-edge. Exploiting the element selectivity
of the technique and the possibility to operate under high-
dilution conditions with fluorescence-mode detection, we have
refined the local structure of Au and Zn centers in a 5 × 10−4

M ethanolic solution of 1. The selected working concentration
was low enough to safely prevent crystallization over the 6−8 h
period required to obtain quantitatively analyzable EXAFS
spectra. Figure 6 reports an overview of the collected XAS data,
providing a direct comparison of the XANES and EXAFS
spectra of 1 in solution and in the solid state. At each
absorption edge, the XANES spectra of the investigated
complex are further compared to the ones obtained for
relevant model compounds in the solid state, i.e., K[Au(CN)2]
and complex 9 ([Zn(L5)2][Au(CN)2]2, L5 = 2,2′;6′,2″-
terpyridine), chosen for the octahedral nitrogen environment
for ZnII in 9 and for aurophilic interaction between linear AuI
complexes in K[Au(CN)2], to guide the interpretation of the
observed spectroscopic features
For both metal centers, the XANES spectra in solution and

in the solid state are virtually indistinguishable and very similar
to the ones of the model compounds reported here and in
previous literature.51,52 Thus, an unaltered oxidation state (AuI,
ZnII) and a similar local coordination geometry is confirmed
both in solution and in the solid state. A qualitative
comparison of the correspondent FT-EXAFS also reveals
strong similarities, further corroborating the fact that the same
metal coordination environment as characterized in the solid
state is conserved in solution at least up to the second
coordination sphere of the cations.
Nonetheless, especially in the Au L3-edge, we note

differences in the EXAFS signal in the 2−3 Å region. In
particular, the intensity of the maximum peaking at ca. 2.5 Å in
the phase-uncorrected spectra significantly diminishes in the
solid-state spectrum with respect to the solution-phase one.
Driven by these qualitative insights, we have performed

EXAFS fitting of the solution-phase spectra of 1 reported in
Figure 6c,d. Capitalizing on the thorough structural character-
ization obtained in the solid state, as well as on the other
experimental evidence reported in this work, we have adopted
the XRD model of the {Zn(L1)2[Au(CN)2](H2O)}

+ unit as
an initial guess in EXAFS refinements at both the Au L3- and
Zn K-edge (see Figure 7a). On the basis of previous studies,
we do not expect aurophilic interaction in the solution phase in
the concentration range adopted in the EXAFS experiments, as
has been considered for emission behavior.49,50 Thus, in the
EXAFS analysis of 1 in ethanolic solution, we only considered
the presence of virtually isolated [Au(CN)2] and {Zn(L1)2[(μ-
CN)Au(CN)](H2O)}

+ units, in a 1:1 ratio. The fitting results

reported below, in combination with the EXAFS character-
ization of the model compounds K[Au(CN)2] and complex 9,
will then serve to validate our initial hypotheses.
Figure 7b−e reports an overview on the EXAFS fitting

results at both the investigated absorption edges. It is clear that
the adopted structural model ensures a good reproduction of
the experimental signal (R factor < 1.4% at both edges),
together with physically meaningful values of all the guessed
parameters (see Table S32). Hence, the fitting results support
the validity of the adopted structural model, while allowing the
assignment of the various contributions to the EXAFS signal.
As illustrated in Figure 7b,c, the Au L3-edge EXAFS of 1 in

ethanolic solution is dominated by two maxima peaking at ca.
1.5 and 2.8 Å in the phase-uncorrected spectrum. As expected,
the first maximum stems from SS paths involving the first-shell
C1AuL atoms of the two cyanide ligands (see Figure 6a for
atom labeling code). The origin of the second maximum is
more peculiar. Indeed, whereas we observe a minor
contribution from the SS involving the second-shell N2AuL
atoms, the main contribution to the EXAFS signal arises from a
series of unusually intense collinear MS paths involving the

Figure 6. (a) Au L3-edge XANES of 1 in ethanolic solution and in the
solid state. The XANES of the K[Au(CN)2] reference compound,
measured in the solid state, is also reported, vertically translated for
the sake of clarity. (b) k2χ(k) EXAFS spectra of 1 in ethanolic
solution and in the solid state. The k range employed for the FT is
highlighted by a dotted gray box. (c, d) Phase-uncorrected (c)
modulus and (d) imaginary part of the FT-EXAFS spectra for 1 in
ethanolic solution and in the solid state. (e) As part a but reporting
Zn K-edge XANES data for 1, and the XANES spectrum of complex
9, measured in the solid state, vertically translated for the sake of
clarity. (f−h) As parts (b−d), respectively, but reporting EXAFS data
collected for 1 at the Zn K-edge.
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C1AuL and N2AuL of the cyanides. While collinear MS paths are
known to commonly exhibit a higher amplitude than other
kinds of MS, the present case represents an iconic example.53

In addition, EXAFS confirmed the absence of Au···Au
interactions in the solution phase at the employed concen-
tration of 5 × 10−4 M. On the basis of solid-state structural
analysis of 1, these result in Au···Au distances falling in the
3.2−3.6 Å range, which should perturb the EXAFS signal in the
second-shell region. The excellent fitting reached in the
absence of these additional scattering contributions indirectly
supports the lack of metallophilic interactions in the solution
phase under our experimental conditions.
We further explored this point by comparatively analyzing

the Au L3-edge EXAFS spectra of 1 and of K[Au(CN)2] in
both ethanolic solution and in the solid state (Figure S36).
The subtle differences observed in the 2−3 Å region between
solution phase and solid state can be safely connected with
additional Au···Au scattering paths in both the solid-state
samples (refined at ca. 3.14 and 3.48 ± 0.06 Å and at 3.16 and
3.52 ± 0.06 Å for 1 and K[Au(CN)2], respectively).
Importantly, we were able to locate the ZnAuL center, best-

fitted at 5.15 ± 0.06 Å from the Au center with a fixed
coordination number of 0.5 (accounting for 50% of Au sites
occurring as “isolated” [Au(CN)2]

− units). Not surprising, the
long-range Au−ZnAuL SS gives a rather weak contribution to
the overall signal (purple line in Figure 7b,c). Nonetheless, it is
still successfully refined in the fit, with an optimized DW of
σ2Zn = 0.005 ± 0.002 Å2, in line with the expectation values for
a high-Z scatterer at >5 Å from the absorber. In the same R-
space region, the contribution from MS paths arising from the
close-to-linear arrangement of the Au−C−N−Zn moiety is

also appreciable (pink line in Figure 7b,c), with an amplitude
comparable with the Au−ZnAuL SS path.
This is a first line of evidence supporting the presence of

preorganized {Zn(L1)2[(μ-CN)Au(CN)](H2O)}+ units in
diluted solutions of 1. Further support comes from fitting of
the Zn K-edge spectrum of 1 in EtOH (Figure 7d,e, main text).
Also in this case, the adopted structural model ensured a very
good reproduction of the experimental spectrum. The first-
shell region in the EXAFS is properly fitted by two subshells of
low-Z atomic neighbors, including a shorter O1ZnK contribu-
tion at 2.01 ± 0.02 Å (plausibly from a tightly coordinated
H2O ligand also identified in the solid state) and a longer
N1ZnK subshell, refined at <RN1> 2.16 ± 0.06 (Å). The latter
comprises four N atoms belonging to the L1 ligands as well as
the N atom of the dicyanide, which cannot be discriminated by
EXAFS. Importantly, EXAFS supports a 6-fold coordinated Zn
center also in the solution phase. In this respect, the test fits
performed excluding the O1ZnK contribution resulted in an
unphysically high S0

2 value of 1.4 ± 0.1,or in a poor fitting
quality once S0

2 is constrained to the ideal value of 1 (R factor
= 0.02432, more than doubled with respect to the value of
0.01175 obtained employing the 6-fold coordinated model in
Figure 7a).
The second-shell region in the Zn K-edge EXAFS is

particularly insightful, especially in the view of assessing the
presence of mixed-metal units in diluted solutions of 1. Indeed,
the {Zn(L1)2[(μ-CN)Au(CN)](H2O)}+ unit displays an
almost linear connectivity between the two metal centers
through the cyanide group, with a Zn−C−N angle of ca. 163°
(from XRD refinement in the solid state). Such a characteristic
bond geometry translates into the presence of high-amplitude
collinear MS paths also in the Zn K-edge EXAFS, finger-

Figure 7. (a) Structural model of the {Zn(L1)2[(μ-CN)Au(CN)](H2O)}
+ unit obtained from XRD refinement of 1 in the solid state. Atom color

code as follows: Au, yellow; Zn, violet, H, white; N, blue; C, gray; O, red. The atoms located in the first and in the second coordination shells of the
metal centers are shown in ball and stick mode, while the atomic neighbors located at higher distances are depicted in stick-only mode. Colored
circles and corresponding labels denote the different shells of scattering atoms employed for EXAFS fitting (full and dashed circles refer to the local
environment of Zn and Au, respectively). The atoms involved in the unusually intense collinear MS contributions observed for this system are also
highlighted by green arrows. (b, c) Comparison between experimental and best fit EXAFS spectra collected at the Au L3-edge (magnitude and
imaginary parts in panels b and c, respectively) for 1 in ethanolic solution. The principal contributions to the EXAFS signal are also reported, using
the same color code as in part a and vertically translated for the sake of clarity. (d, e) As parts b and c but for data collected at the Zn K-edge

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b00961
Inorg. Chem. 2020, 59, 203−213

210

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b00961/suppl_file/ic9b00961_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b00961


printing the presence of collinear Au···Zn units also in the
solution phase. These scattering contributions (coll. MS 3ÅZnK,
dark green line in Figure 7d,e, main text) are indispensable to
adequately fit the experimental spectrum. Being in partial
antiphase with the SS paths involving the C2ZnK atoms (gray
line in Figure 7d,e, main text), they reshape the spectrum in
the 2.8−4.0 Å region. These MS contributions allowed us to
account for the pronounced intensity decrease of the second-
shell peak in 1 with respect to what is observed in the EXAFS
of the solid-state complex 9, together with the slightly lower
coordination number (NC2 = 9 and 12 in complex 1 and in
complex 9, respectively (Figure S37).
Finally, as previously discussed for Au L3-edge EXAFS

analysis, also at the Zn K-edge, we were able to successfully
include, in the fitting model, the weak contribution from the
distant AuZnK scatterer (yellow lines in Figure 7d,e), refined at
5.05 ± 0.05 Å from the Zn center (compatible with the AuZn
distance obtained from the analysis of Au L3-edge data within
the respective fitting errors, see Table S32). Also in this case, a
series of rather intense MSs arises around 5 Å due to the quasi-
linear Zn−N−C−Au configuration. Nonetheless, also due to
antiphase effects among these paths, in this case, the global
contribution (dark yellow line in Figure 7d,e) is less evident
with respect to what was observed at the Au L3-edge.
Discussion: Bridging Solution and Solid-State in

Dicyanoaurate Structural Chemistry. By demonstrating
the supramolecular aggregation in solution, the formation of
the bimetallic growth unit, and the oligomerization at different
concentrations, it is possible to analyze the solid-state
structures of 1−9, recognizing the patterns that arise from
the association of these fundamental building units. For most
of the structures, the cationic growth unit is clearly maintained.
In the cases of 1, 2, 8, and 9 it interacts with the anionic free
dicyanoaurate fragment through aurophilicity (and hydrogen
bonding in the presence of the water ligand, see Figure 1b).
Conversely, for compounds 5 and 6, aggregation by
coordination bonds to form head-to-tail cationic chains occurs
(Figure 1a), and this is supported by the detection of
oligomeric species also at low concentrations by ESI-MS.
This behavior has usually been observed in the most polar
crystallization solvent. When lower polarity solvents were used,
the attachment of anionic [Au(CN)2]

− fragments to the ZnII

occurred, forming neutral molecular complexes (structures of 3
and 4, Figure 1c). Comparing the ESI-MS spectra of the three
ternary mixtures (analyzed at the same concentration), it turns
out that the L3 and L4 systems display the highest nuclearity
among the three systems. This is in agreement with the solid-
state crystallography results, where polymeric structures are
observed for L3 and L4 ligands. These findings allows us to
confidently establish a direct connection between solution and
solid state results, which also finds support in a previous study
by Chu et al.54 on a similar system concerning the
dicyanoaurate ion. In this report, a polymeric solid state
structure is obtained where nickel(II) units coordinated by
tris(2-aminoethyl)amine (tren) ligands are linked by Au-
(CN)2

− to form infinite zigzag chains. ESI-MS investigation of
the solute dissolved in a water/methanol mixture revealed the
formation of [Ni(tren)]n[Au(CN)2]2n−1

+ and [Ni(tren)]n[Au-
(CN)2]2n−2

2+ ions, whose structure was described by the
authors, on the basis of solid state XRD evidence, in terms of
an oligomeric cation associated with one or more dicyanoau-
rate units. The former ion family resembles the {Zn2L2[Au-
(CN)2]2}

2+ species observed by us in the L3 and L4 systems

(and for L1 at higher concentrations), which may be
considered the precursors for polymerization in the solid
phase. However, a direct connection between solution and
solid phases could not be established for the L1 system, since
the solution species do not contain coordinated water, and
hence formation of solution olygomers takes place in a
different way with respect to the solid phase, where hydrogen
bonds play an important role. Moreover, ESI-MS analysis
requires dissolution of samples in polar solvents, and hence we
could not investigate the effects of less polar solvents on
aggregation mechanisms, which were instead appreciated in
the solid phase, where different solvents lead to different
structures with the same ligand (compare compounds 4 and
5). Therefore, even if the ESI-MS results are encouraging in
the effort of filling the gap between solution and solid phase
chemistry, a note of caution should be assumed when results
are discussed, and further investigation by complementary
techniques is recommended.
Notably, modifications in the shape of the L ligand does not

significantly influence the resulting structural patterns.
However, an electronic effect is observed, determining the
presence of a water ligand in the coordination sphere. This
behavior appears to be intimately connected with the donor
character of each organic ligand. Hence, in the case of the L1
system, it prevents the formation of any other crystalline phase,
even from coordinating solvents.

■ CONCLUSIONS
The supramolecular aggregation in solution of dicyanoaurate
with a family of heterometallic ZnII complexes has been
demonstrated and characterized with a multitechnique
approach. The solution structure of these cationic Zn−Au
fragments is coherent with the crystal structures of the
compounds obtained from different solvents and a broad
platform of ligands, underpinning the general validity of the
obtained insights. These tectons seem to show a greater
tendency to oligomerize in the case of coordination polymer
solid products. Moreover, these phenomena have been
observed at low enough concentrations, down to 10−4 M, to
prevent aggregation due to aurophilic interactions. Taken
together, the reported lines of evidence demonstrate that the
formation of these bimetallic fragments occurs at the very
beginning of the nucleation processes in gold−heterometal
systems. Solution-phase preassembly and oligomerization of
Au−heterometal units should thus be considered in the crystal
engineering of functional Au-based materials, as well as in
impure leaching solutions during industrial mining processes.
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