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Crystal engineering of aurophilic supramolecular
architectures and coordination polymers based on
butterfly-like copper-dicyanoaurate complexes:
vapochromism, P-T behaviour and multi-metallic
cocrystal formationt
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Using the equilibrium properties of the Cu(l) cation in the presence of chelating ligands and the
characteristics of the dicyanoaurate anion, we were able to obtain a family of 5 bimetallic Cu-Au
compounds with supramolecular architectures based on aurophilic interactions. These compounds have
been tested for vapochromism at different temperatures and pressures. One of the obtained products
shows reversible vapochromism in the presence of ammonia and the process has been studied using IR
and UV-vis absorption spectroscopy. The behaviour at variable temperatures and pressures of these
crystalline materials has been investigated, showing the effect of these two variables. Moreover, an
isosymmetric phase transition at 1.2 GPa has been detected and studied with Raman and SC-XRD. Finally,
Cu-Au molecular building blocks have been used to construct cocrystals, opening the way for the crystal
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Introduction

During the last few decades, dicyanoaurate has proven to be a
good metalloligand and an interesting tecton for building
supramolecular networks based on strong coordinative bonds
and weak aurophilic interactions."™ The great stability of this
complex (1og(feorm) = 37 at 25 °C)*° (Brorm = KiKs, K, =
formation constant of ML,) makes it possible to manipulate
it in several chemical environments (for example, in the
presence of acids or competing ligands) and the low steric
hindrance favours the formation of Au(i)---Au(1) contacts
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engineering of new multimetallic compounds based on aurophilic interactions.

despite the anionic nature.” ' At the same time, the linearity

and ambidentate bridging coordination mode have been used
to build coordination networks that are often an expanded
version of cyanide-derived compounds (e.g expanded
Prussian blue analogues, Hoffman-like frameworks and
super-perovskites)."”"™* These materials can show interesting
properties such as: vapochromism, photoluminescence at
room temperature, high birefringence, and non-classical
responses to temperature and pressure."*’ However, a
systematic investigation of dicyanoaurate-based bimetallic
molecular complexes that aggregate only by means of
aurophilic interactions has not yet been performed, although
the study of molecular gold strings of other gold(1) complexes
is well developed.”® In a previous publication, we reported a
series of molecular complexes of Zn(u) with these
characteristics, and we demonstrated their preformation in
solution at concentrations where no aurophilic interactions
are present.”* The formation of {(L),Zn[Au(CN),]}* (L =
chelating ligand) is favoured with respect to [Zn(L);]" due to
the great difference between K, and K; formation constants
for Zn(u) complexes (see Fig. 1 for 2,2-bipyridine and 1,10-
phenanthroline).®® This is mainly due to the absence of
crystal field stabilisation and the small ionic radius of this
cation.**? In this paper we focus our attention on copper-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 LogKi;, logK, and logKs coordination constants for 2,2'-
bipyridine (a) and 1,10-phenanthroline (b) with the late 1st transition
metals in the +2 oxidation state.

dicyanoaurate bimetallic complexes in the presence of
chelating ligands. The Cu(u) ion is a good candidate for the
formation of bis-chelated species, as a consequence of the
Jahn-Teller effect (or pseudo Jahn-Teller for heteroleptic
complexes) which destabilises the tris-chelated form and
generates systems with K, > K; (see Fig. 1).*° From a
structural point of view, in complexes the Jahn-Teller effect
causes: (i) with 2,2"-bipyridine-like ligands, an out-of-plane
distortion of one chelating ligand and (ii) with the more rigid
phenanthroline, a shift of one of the ligands around the
metal centre (see Fig. S1 and S2 in the ESI{).***® Moreover,
the previously described copper-dicyanoaurate materials have
shown very promising vapochromism (modification of
electronic absorption or emission spectra in the presence of
specific chemical species in the atmosphere) and anomalous
pressure-temperature (P-T) behaviour.'””~3°

In this paper, we report the synthesis and characterization
of a family of 5 new bimetallic complexes (see Table 1)
obtained using four nitrogen donor chelating ligands (L1 =
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2,2"-bipyridine; L2 = 1,10-phenanthroline; L3 = 1-(2-pyridy)-3-(4-
trifluoromethylphenyl)imidazo[1,5-a]-pyridine and 14 = 2-(2'-
pyridyl)-1,8-naphthyridine, see Fig. 2). These ligands were
chosen for their differences in shape, steric hindrance, rigidity,
coordination ability and electronic properties. From a synthetic
point of view, in the literature it is reported that in the presence
of chelating nitrogen donor and cyanide ligands, both Cu(u)
and Cu(1) products can be obtained independently from the
starting oxidation state.’** The vapochromic behaviour was
checked for all the synthesized materials toward common
solvent vapours and ammonia. Crystals of compound 1 can be
considered prototypical for aurophilic-based supramolecular
bimetallic architectures and were studied at variable
temperatures and pressures. This crystallographic study
rationalizes the effect of non-environmental conditions on
these supramolecular networks. Finally, considering the
stability and permanence of these bimetallic complexes in
solution, we decided to use them as building blocks in more
complex architectures with other d'® metal centres, obtaining
cocrystals and heteroleptic complexes.

Experimental
Materials and general methods

All reagents have been obtained from Sigma-Aldrich, except
for ligands L3 and L4 which were synthesised according to
literature procedures.”>™” No further purification was
performed on the commercial reagents. Regarding the metal
source, we report here the copper salt that achieved the best
yield and purity of the final compound, but it is worth
noticing that all reactions can be carried out with copper oxo
salts or copper chloride, similarly to that observed in the
preparation of Zn(u)-dicyanoaurate compounds.*’
Correspondence between the bulk and SC-XRD structures, as
well as sample purity, was verified for compounds 1-6
through elemental analysis (C, H, N and S) carried out using
a Thermo Flash EA 1112 CHNS-O analyser. When a mixture
of more than one compound has been obtained, elemental
analysis was not possible, but Raman and IR spectroscopic
characterization has been performed. For all the synthesised
compounds 1-6 the entire IR and Raman spectra can be
found in the ESLY

Synthesis

(1) {Cu(L1),[(1-CN)Au(CN)[}JAu(CN),]. 43.3 mg of
Cu(S0,4)-5H,0 and 54.0 mg of L1 were dissolved in 10 ml of
50:50 EtOH/H,0, and a separate solution in the same solvent

Table 1 Au-Cu bimetallic new products reported in this paper. For the structural formula of complexes 1-6 see Scheme S1 in the ESIf

Coordination

Dimensionality polyhedron of Cu sites

Compound Aurophilic interactions
(1) {Cu(L1),[(n-CN)Au(CN)]}{Au(CN),] Yes
(2) {Cu(LL)[(+-CN)AU(CN)](H,O)HAu(CN),] Yes
(3) K{[Cu(L2),]>[(n-CN),Au]}[Au(CN),],Cl, Yes
(4) {Cu(L3),[(1-CN)AuCN],}-DMSO No
(5) {Cu(L4)[(1-CN)Au(CN)]}.-CH3CN Yes

This journal is © The Royal Society of Chemistry 2022

1D supramolecular chain
1D supramolecular chain
1D supramolecular chain
Molecular entity
Coordination polymer

Trigonal bipyramid
Distorted octahedron
Trigonal bipyramid
Distorted octahedron
Tetrahedron
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Fig. 2 (a) Scheme of employed organic ligands and (b) example of the

structural formula of 1-6 complexes.

mixture was prepared using 100 mg of K[Au(CN),] (molar
ratio 1:2:2). The solutions were brought to boil with
vigorous stirring and mixed. At the establishment of
equilibrium (5 minutes) a green precipitate immediately
appeared, which was redissolved after 30 minutes of stirring,
forming a transparent light blue solution. After slow cooling
to room temperature, the compound began to crystallize into
dark navy-blue prisms. The crystals were separated by
filtration, washed with cold water and dried. They are stable
to air and humidity (yield: 96.8%, elemental analysis (%):
caled for C,,H,4Au,NgCu: C, 32.35%; H, 2.51%; N, 12.83%;
found: C, 32.65%; H, 2.41%; N, 12.86%. IR (ATR) cm :
3394(s), 3208(s), 2926(s), 2856(s), 2145(s), 1605(s), 1572(m),
1467(m), 1429(m), 1301(m), 1243(m), 1019(m), 766(m),
733(m), 647(w)).

(2) {Cu(L1),[(u-CN)Au(CN)](H,0)}{Au(CN),]. 21.6 mg of
Cu(S0,)-5H,0 and 27.0 mg of L1 were dissolved in 3 ml of
deuterated water, and a second solution in the same solvent
was prepared with 50.0 mg of K[Au(CN),] (overall molar ratio
1:2:2) at the boiling point with vigorous stirring. The
solutions were brought to boil with vigorous stirring and
slowly mixed. At the establishment of equilibrium (5 min) a
transparent pale green solution was finally obtained. After
slow cooling and complete evaporation, transparent pale blue
platelets were obtained, and crystals of compound 1 were
found as impurity. Pure samples of 2 were obtained by
dissolving 1 in aqueous ammonia. The crystals of 2 are stable
to air and humidity. The suitable crystal of 2 for the SCXRD
measurement was selected from the crystal mixture by colour
observation under a microscope (yield: 97.5%, elemental
analysis (%): caled for C,;H;3Au,NgOCu: C, 32.31%; H,
2.03%; N, 12.56%; found: C, 32.55%; H, 2.10%; N, 12.72%. IR
(ATR) em™: 3389(s), 2171(m), 2148(s), 1607(m), 1569(w),
1476(m), 1446(s), 1156(m), 1102(w), 766(s), 731(m)).

(3) K{[Cu(L2),L,[(n-CN),Au]}[Au(CN),,Cl,. 29.6 mg of
CuCl,-2H,0 and 62.6 mg of L3 were dissolved in 10 ml of
50:50 EtOH/H,0, and a different solution was prepared by
dissolving 100 mg of K[Au(CN),] (overall molar ratio 1:2:2)
in 10 ml of 50:50 EtOH/H,0. The solutions were brought to
boil with vigorous stirring and then slowly mixed. At the

2338 | CrystEngComm, 2022, 24, 2336-2348
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establishment of equilibrium (5 min) a light green powder
precipitated. Big dark green prismatic crystals were obtained
from a solution in dimethyl sulfoxide of the previous powder
kept at 277 K. Crystals have been separated by filtration,
washed with cold water and dried. They are stable to air and
humidity (yield: 94.5%, elemental analysis (%): calcd for K; 5-
Cl, 5Cs,H3,AusNgOCu,: C, 37.21%; H, 1.85%; N, 10.22%;
found: C, 37.33%; H, 1.89%; N, 10.35%. IR (ATR) cm :

3567(m), 3486(m), 2198(s), 2140(s), 1522(m), 1434(s),
1148(m), 1109(m), 851(s), 720(s), 619(w)).
(4)  {Cu(L3),[(n-CN)AuCN],}-DMSO.  13.0 mg of

Cu(NO3),-2.5H,0 and 35.0 mg of L3 were dissolved in 10 ml
of a 50:50 EtOH/H,0 solution, and a separate solution in the
same solvent mixture was prepared using 100 mg of
K[Au(CN),] (overall molar ratio 1:2:2). The solutions were
brought to boil with vigorous stirring and slowly mixed. At
the establishment of equilibrium (5 min) a pale olive-green
powder precipitated. Red prismatic crystals were obtained by
slow evaporation of a DMSO solution of the product. Crystals
were separated by filtration, washed with cold water and
dried. They are stable to air and humidity (yield: 96.5%,
elemental analysis (%): caled for C,H,eAu,N;,SOCuF;: C,
40.14%; H, 2.14%; N, 10.64%; found: C, 40.23%; H, 2.11%;
N, 10.96%. IR(ATR) cm: 3440(m), 3085(w), 2188(m), 2140(s),
1607(m), 1518(m), 1322(s), 1171(m), 1129(s), 1067(s), 851(m),
785(m), 700(w)).

(5) {Cu(L4)[(p-CN)Au(CN)]}..-CH;CN. 64.7 mg of
[Cu(NCCH3;)4](PF¢) and 36.0 mg of L4 (molar ratio 1:1:1)
were dissolved in 5 ml of acetonitrile, and a separate solution
in the same solvent was prepared using 50.0 mg of
K[Au(CN),. The solutions were brought to boil with vigorous
stirring and slowly mixed. At the establishment of
equilibrium (5 min) a transparent dark red solution was
obtained. After slow cooling to room temperature, the
compound started to crystallise in transparent red prisms.
The crystals were separated by filtration, washed with cold
water and dried. They are stable to air and humidity. The
employed synthetic procedure is similar to the one used by
Leznoff and coworkers*®*®*° and could be used with other
ligands (yield: 90.5%, elemental analysis (%): caled for Cs,-
H,,Au,N;;Cu,: C, 35.56%; H, 1.95%; N, 14.25%; found: C,
35.35%; H, 1.89%; N, 14.33%. IR (ATR) cm': 3073(w),
3002(w), 2152(s), 1604(m), 1515(w), 1449(w), 1254 (vs),
1170(s), 1037(s), 785(s), 771(m), 639(s), 519(W)).

(6) {Cu(L1),}{Au(CN),],-2Hg(CN),. Cocrystals of compound
1 with mercury cyanide were obtained by dissolving a small
amount of 1 in dimethylformamide (DMF) with a strong
excess of Hg(CN),. By slow evaporation, dark green platelets
began to grow on the surface of the concomitantly
crystallised mercury cyanide colourless prisms. The products
are stable to air and humidity. The crystals have been
isolated from the mercury cyanide crystals by washing with
cold water or by mechanical separation (IR (ATR) cm™ for 6:
3384(s), 3197(s), 2922(s), 2856(m), 2139(s), 1606(s), 1568(m),
1475(m), 1431(s), 1320(m), 1148(m), 1011(m), 703(m),
626(m)).

This journal is © The Royal Society of Chemistry 2022
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X-ray crystallography

Single-crystal data were collected with a Gemini R Ultra
diffractometer ~with  graphite-monochromatized Mo-Ka
radiation (2 = 0.71073 A) for 1-6 using the w-scan method.
Data collection, data reduction and multi-scan absorption
collection were performed in the CrysAlisPro software
[CrysAlis PRO 1.171.38.46 (Rigaku OD, 2015)]. Using the Olex”
program,®® all structures were solved with direct methods
with the SHELXS-14 solution program®' and refined with full-
matrix least-squares techniques on F?> with the SHELXL-14
(ref. 52) refinement program. All non-hydrogen atoms were
refined anisotropically. Hydrogen atom positions were
calculated and refined riding on the corresponding bonded
atoms. The graphics of the crystal structures were generated
using Mercury 3.9.>* CCDC codes 2078268 (1), 2078274 (2),
2078273 (3), 2078276 (4), 2078280 (5), and 2078267 (6)
contain the supplementary crystallographic data for 1 to 6.

For variable temperature measurements of compounds 1
and 6, the crystals were cooled through a nitrogen flux from
room temperature to 110 K for 1 and 150 K for 6, with steps of
30 K h™. At each step, complete data collection was performed,
keeping the temperature fixed, and the structures were solved
and refined with the same programs and methods of
environmental temperature measurements. CCDC codes
2078281-2078285 contain the supplementary crystallographic
data for 1 and 6 at the measured temperatures.

For X-ray diffraction measurements under high-pressure
conditions of compound 1, two crystals were selected and
loaded in an ETH-type diamond anvil cell (DAC).>* A foil of
T301 steel of 250 um in thickness was used as a gasket to
hold the crystals; the gasket was pre-indented to a thickness
of approximately 100 pm before drilling a hole by spark-
erosion (@ 250 pm). The cell was loaded with an oil
equivalent to that previously used in the literature® as a
pressure-transmitting medium. The two different crystals
were used to accurately centre the main diffraction peak
positions to calculate the unit cell parameters and measure
the diffraction intensities to refine the structural details and
changes in HP. In the first case, we used a Siemens-Bruker
P4 diffractometer (graphite monochromatized Mo-Ka
radiation) equipped with a point detector. Along with the
crystal (0.07 x 0.06 x 0.05 mm?®), a single crystal of quartz was
loaded into the DAC, which allows the estimation of the
internal pressure (P) on the base of its unit cell volume.”®
The uncertainty on P was estimated on the base of the
standard deviation of the volume of the quartz unit cell. Data
collection to determine the HP structure was performed on
the same Gemini R Ultra diffractometer used for the ambient
condition measurement; in the DAC was loaded the crystal
(0.15 x 0.14 x 0.11 mm?) together with three spherical rubies
(@ 10 um), and the internal pressure was checked with a
LABRAM HRVIS (Horiba-Jobin micro-Raman spectrometer)
by measuring the shift of the ruby fluorescence line.”” The
single crystal X-ray data were collected at each pressure in
four w- and twelve ¢-scans, covering the whole accessible

This journal is © The Royal Society of Chemistry 2022
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reciprocal space (1785 frames, width 0.2°, exposure time = 60
s per frame, detector-sample distance 80 mm). The 171.35.21
version of CrysAlysPro (Rigaku Technologies) software has
been used for data collection and reduction. Prior to
integration, the diamond reflections were rejected. All high
pressure structures have been refined with the same
programs and methods of room temperature measurements.
CCDC codes 2078286-2078289 contain the supplementary
crystallographic data for 1 at the measured pressures. Details
about the crystal structures are reported in the ESL}

Vibrational spectroscopy

Infrared-attenuated total reflection (IR-ATR) spectra were
collected using a Bruker Vertex 70 spectrometer equipped
with a Harrick MVP2 ATR cell and using KBr optics and a
DLaTGS detector. The spectra were acquired at 4 cm™
resolution over 32 scans. FT-Raman spectra were obtained
with a Bruker Vertex 70 spectrometer, equipped with a RAMII
accessory, by exciting with a 1064 nm laser with a resolution
of 4 ecm™. Raman spectra of multiphase crystalline samples
were obtained with a Horiba Jobin Yvon HR800 instrument
equipped with an Olympus BX41 microscope. The samples
were excited with 633 nm laser radiation with a
magnification ratio of 50x. The results obtained for 3 in the
presence of NH; will be discussed in the experimental results
paragraph. In Table S1;i the diagnostic v(CN) stretching
frequencies of 1-6 are reported at atmospheric pressure.

Raman spectroscopy at high pressure

Raman spectra were acquired using a T64000 spectrometer
from Horiba-Jobin-Yvon with an objective lens from
Olympus (20x, focal distance f= 20.5 mm, numerical aperture
NA = 0.35) coupled to a liquid nitrogen cooling CCD. To
obtain high pressure conditions, a membrane diamond anvil
cell was used with stainless steel gaskets with holes of ~150
um as the chamber, indented to 80 pm. The chosen pressure
transmitting medium was Nujol oil. In the same chamber, a
small ruby chip was loaded to calibrate the pressure through
the standard R1/R2 luminescence lines. To excite the sample,
an argon laser emitting at 514.5 nm wavelength was used.

Vapochromism detection

Vapochromism has been detected by employing the
apparatus reported in the ESI{ (Fig. S16): test tubes
containing crystals of complexes 1-5 have been sealed in a
container under a vapour atmosphere. NH;, pyridine, water,
ethanol, methanol, tetrahydrofuran, dioxane,
dichloromethane, chloroform, and N,N-dimethylformamide
have been checked. For each complex, changes have been
observed within a week by means of UV-vis and vibrational
spectroscopy. The UV-vis measurements have been performed
on the powder sample with a Perkin Elmer Lambda 900
spectrophotometer in reflectance mode.

CrystEngComm, 2022, 24, 2336-2348 | 2339
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Results

Solid state characterisation of 1-6 under environmental
conditions

The reaction of ligand L1 with Cu- and Au-salts gives rise to
two crystalline products: (i) dark navy-blue crystals of
{Cu(L1),[(u-CN)Au(CN)J}Au(CN),] (1) were obtained from
ethanol, water or DMSO solutions, and (ii) pale blue crystals
of {Cu(L1),[(n-CN)Au(CN)](H,O)}Au(CN),] (2) were obtained
from deuterated water or ammonia solutions. Compound 1 is
characterised by {Cu(L1),[(u-CN)Au(CN)]}' cationic units
involved in aurophilic chains and free dicyanoaurate anionic
units (Fig. 3.1). These chains run along the a axis and are not
homogeneous: strongly bonded trimeric units, formed from
two cationic fragments and an anion with a + — + order, are
connected by long Au---Au interactions (inner Au(1)---Au(2)
distance = 3.293(1) A, outer Au(1)---Au(1) distance = 3.653(1)
A, see Fig. 3.1). This last Au---Au interaction is quite long and
can be due to the charge or steric repulsion between the

View Article Online
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bulkier fragments {Cu(L1),[(1-CN)Au(CN)]}", although the
steric repulsion is minimised by the inversion of the copper
position in relation to the gold chain. Cu(u) ions are
surrounded by two L1 chelating ligands and an N-bonded
cyanide, forming a distorted trigonal bipyramid of nitrogen
donors. The Cu-dicyanoaurate fragment is quite linear
(2£(Au(1)-N1-Cu(1)) = 164.02(10)°). A third non-equivalent
dicyanoaurate is inserted between the chains in a cradle
formed by pyridyl rings (d(Au(3)---Cu(1)) = 4.294(4) A, d(Au(3)
--C(15)) = 3.318(5) A and ~Z(Au(1)-Cu(1)-Au(3)) = 148.17(10)°)
and is not involved in strong directional interactions.

The crystal structure of 2 is analogous to that of
{Zn(L1),[(n-CN)Au(CN)](H,0)}Au(CN),].>° This phase can be
obtained in deuterated water, which stabilises this crystal
phase through stronger internal hydrogen bonds due to
deuterium substitution.”® The same result can be obtained
by recrystallisation of 1 from ammonia solutions where a
slow loss of the monodentate ligand occurs. It is interesting
to consider that the Zn(u)-L1-dicyanoaurate system forms

Fig. 3 ORTEP plots of the trimeric aurophilic bonded structure of compound 1, of the aurophilic-hydrogen bonded aggregate in compound 2 and
of the aurophilic chains of compound 3 (50% probability) (color code: white, hydrogen; gray, carbon; blue, nitrogen; yellow, gold; orange, copper;

red, oxygen).

2340 | CrystEngComm, 2022, 24, 2336-2348
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the hydrated complex both in solution and in the solid state
(but not in the gas phase), while for Cu(u) the situation is
opposite. In almost all solvents the anhydrous 1 complex is
formed, probably for a softer character of the metal centre,
while the formation of hydrated complex 2 must be promoted
with some expedients (stronger hydrogen bond of deuterated
water or sacrificing one ammonia ligand).

In the crystal structure of 2, a cationic molecular complex
{Cu(L1),[(1-CN)Au(CN)](H,0)}" and an anionic [Au(CN),]-
complex are present, linked by aurophilic interactions and
hydrogen bonds (Fig. 3.2). A 2D supramolecular network similar
to the network {M(L),[(1-CN)M'(CN)](H,O)}|M'(CN),] (M = Zn,
Mn, Ni, Cd; L = 1,10-phenanthroline, 2,2"-bipyridine; M’ = Ag,
Au) was observed (see Fig. 3.2).>>°°"° The general structural
characteristics observed for {Zn(L1),[(u-CN)Au(CN)](H,O)}
[Au(CN),] are maintained, but the two compounds are not
perfectly isomorphic, although they crystallise in the same space
group type P2,/c. Moving from the zinc to the copper complex,
the a and ¢ axes contract by 0.107 A and 0.03 A, respectively,
while the b axis expands by 0.101 A and the 8 angle increases by
0.9°. These metric differences can probably explain the
impossibility of obtaining solid solutions between these
compounds. In fact, when compound 2 and the zinc analogue
are dissolved in DMF or ethanol, crystals of both the complexes
are obtained separately. These characteristics can be explained
by the elongated octahedral environment of the Cu(u) ion due
to the pseudo Jahn-Teller effect (d(Cu(1)-N(6)) = 2.022(5) A with
respect to d(Cu(1)-N(7)) = 2.291(4) A). This distortion is
propagated within the structure through the dicyanoaurate
fragment that is more parallel to the copper-cyanide axes with
respect to the zinc analogue [£(Cu(1)-N(1)-N(2)) = 151.55(8)°
and ~£(Zn(1)-N(3)-N(4)) = 155.42(10)°]. This arrangement
decreases from 3.2673(6) A to 3.2360(5) A for the Au(1)---Au(2)
distance and from 2.802(5) A and 2.769(5) A to 2.760(4) A and
2.726(4) A for the two hydrogen bonds connecting the water
ligand and the terminal cyanides (calculated on the oxygen-
nitrogen donor acceptor distance). Thus, the supramolecular
network in the Cu complex is more compact than that in the Zn
derivative.®® Besides, in all the octahedral complexes reported in
this work, the L ligands are in a cis configuration, unlike the
case of the ethylenediamine (or similar substituted ligands)
derivatives [M(en),[M'(CN),],} (M = Zn, Cu, M’ = Ag, Au), which
are invariantly in a trans configuration.®*””" This difference can
be attributed to steric factors.

By employing L2, green crystals of K{{Cu(L2),],[(1-CN),Au]}
[Au(CN),],Cl, (3) were obtained from DMSO solution. In this
case, the Cu(u) centre is penta-coordinated with two chelating
ligands and a dicyanoaurate, forming a nearly perfect
trigonal bipyramid. Two copper centres are bonded to the
same dicyanoaurate, forming a positively charged
{[Cu(L2),]o[(1-CN),Au]}** fragment (see Fig. 3.3). This
fragment interacts with two other dicyanoaurates through
short aurophilic interactions [d(Au(1)--Au(2)) = 3.216(2) A,
d(Au(1)---Au(1)) = 3.171(2) A] forming Au chains along the a
axis. In these chains there are one positive fragment and two
negative fragments, with an anti-coulombic 2+ - - 2+ order.

This journal is © The Royal Society of Chemistry 2022
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The two free dicyanoaurates are rotated with respect to each
other and with respect to the positively charged fragment
[torsional angle (N(2)-Au(2)-Au(1)-N(1)) = 39.93(8)° and
torsional angle (N(1)-Au(1)-Au(1)-N(1)) = 79.95(8)°, see
Fig. 3.3]. The aromatic rings of L2 bonded to the Cu(u)
centres form cradles, which define channels filled with a
residual disordered electron density. This electron density
was interpreted as disordered potassium and chloride ions.

With strongly substituted L3, we obtained {Cu(L3),[(u-CN)
AuCN],}-DMSO (4) (Fig. 4.4). Both dicyanoaurate anions are
directly coordinated to the copper centre, forming a distorted
octahedral environment with the aromatic ligands. The
pseudo Jahn-Teller effect is quite strong, shortening the axial
distance Cu(1)-N(3) (2.012(5) A) compared to the equatorial
Cu(1)-N(4) and Cu(1)-N(1) (2.238(4) A and 2.158(5) A,
respectively). Also in this case, there is a strong similarity
with the zinc complex {Zn(L3),[(1-CN)Au(CN)],}-DMSO,>® not
considering the inherent distortion. However, with copper it
was not possible to obtain the homologous coordination
polymer from DMF.>® Imidazo[1,5a]pyridines may form
mono- and bis-coordinated complexes with copper,*>’>7*
but in this case no mono-chelated crystalline product was
detected. In the CSD the majority of the complexes present
Cu() as the metal centre (17 of 28 crystal structures reported).
Complex 4 has the peculiarity of being one of the stable
imidazo[1,5a]pyridine complexes formed by the Cu(n)
ion.”>"®" The stability of Cu(i) may be related to the presence
of dicyanoaurate in the first coordination sphere. Compound
Cu(L4)[(u1-CN)Au(CN)J}..-CH;CN 5 has Cu(i) cations with a
tetrahedral environment of L4.%* It forms a wavy 1D
coordination polymer with bridged dicyanoaurate. The
ribbons are arranged in parallel and interact in couples
through strong aurophilic interactions (d(Au(1)---Au(2)) =
3.134(1) A, see Fig. 4.5). Some other Cu(1)-dicyanoaurate
compounds have been reported, but no nitrogen chelating
ligand has been used until now.*®*®*° In this system
binuclear Cu(i) products have been reported using CuCN with
the same ligand,>®** but no similar products have been
obtained in this case.

Vapochromism solid state characterisation

Heterobimetallic coordination polymers based on the
dicyanoaurate unit have shown to be remarkable for sensing
application.'”"®*” The mechanisms have been studied and
can be explained either by selective complexation of the
host's vapour molecules with the metal (for example in
Cu[Au(CN),],)"” or by some weak interaction that changes the
electronic properties of the compound.** We verified the
response of our compounds to several different volatile
molecules and the most interesting behaviour has been
found with crystals of 3 in the presence of ammonia vapour.
The green crystals change their electronic properties and turn
blue, but completely lose their crystalline structure, according
to the PXRD measurement. This modification is completely
reversible, either by exposure to heat (330 K for 15 minutes)
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Fig. 4 ORTEP plots of the molecular structure of compound 4 and of the polymeric structure of compound 5 (50% probability) (color code:
white, hydrogen; gray, carbon; blue, nitrogen; yellow, gold; orange, copper; red, oxygen; light green, fluorine).

or by redissolving and recrystallizing the compound in DMSO
or THF. The compound is stable for several cycles, although
the mono-crystallinity is lost after the first ammonia passage.
The interaction with ammonia was studied with UV-vis and
micro-IR spectroscopy. In the UV-visible spectra of 3 there is
a clear shift in the n-n* inter-ligand ultraviolet band of L3
from 351 nm to 299 nm, while the visible region is less
indicative because it is too broad (Fig. 5b). More detailed
information has been obtained from vibrational data. The IR
spectrum of the blue product presents new signals related to
the presence of ammonia at 3300, 1630, 1275 and 760 cm™*
(Fig. 5a). These bands are attributable to the stretching,
deformation and rocking modes of NH3; molecules in copper
complexes.®** It has been suggested that hydrogen bonding
shifts signals at higher frequencies, and the most sensitive
shift is generally observed for the rocking mode,*® as
observed in our product. The presence of hydrogen bonds is
confirmed by the broadening of stretching mode signals.
Some water molecules may also be present and involved in
hydrogen bonding, but no sure assignment can be done due
to the proximity of the signals.®” In the spectrum of the blue
product, there are some bands attributable to the free L2 and
we observed a different multiplicity of cyanide signals. These
features suggest that L2 is partially substituted by ammonia
in the first coordination sphere of Cu(u), causing a large
modification in the crystal environment.®®

a) o s o B0 o o0 %0
Wavenumber (cm™)

Fig. 5

after ammonia removal (in pink).
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It can be supposed that the ammonia molecules penetrate
the crystal architecture through the disordered channels
between the L2 ligands, but further studies should be carried
out. Furthermore, the spectrum of the product after heating
(pink line in Fig. 5a) is analogous to that of 3, suggesting that
ammonia absorption is completely reversible.

Environmental condition solid state characterisation of
co-crystals with Hg(CN),

Starting from the assumption that {Cu(L),[Au(CN),]}", as we
demonstrated earlier, is quite stable in solution, we tried to
form co-crystals by dissolving the previously described solids
with other d'® metal complexes, such as mercury halides and
pseudohalides.

When 1 is dissolved in solution in the presence of a strong
excess of Hg(CN),, dark green crystals of 6 are formed, which
show a peculiar architecture. In this compound, the
dicyanoaurate is detached from the copper centre, leaving a
distorted tetrahedral [Cu(L),]** molecule (£(N(5)-Cu(1)-N(5))
=104.3(1)° for 6), and forms aurophilic attracted anion pairs
with a tilted conformation (d(Au(1)---Au(1)) = 3.232(3) A and
Z(C(1)-Au(1)---Au(1)-C(1)) = 59.90(10)° for 6, see Fig. 6.6b).
These pairs of dicyanoaurates interact with the mercury(n)
cyanide molecules through a long secondary interaction
(d(N(1)---Hg(1)) = 2.860(5) A for 6). This is not the only case

04
S5 without NH3

— 5 after exposition to NH3

Abs

T T T \
b) 240 270 300 330 360 390 420

Wavelength (cm')

(a) Infrared spectra and (b) UV-vis absorption spectra of (3) (in green) and of the products obtained after ammonia exposure (in blue) and
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Fig. 6 ORTEP plots of the polymeric structure of the supramolecular structure of compound 6 (6a), a fragment of the complex architecture (6b)
and a detail on the HgCN, disordered layer (6¢) (50% probability) (colour code: white, hydrogen; gray, carbon; blue, nitrogen; yellow, gold; orange,
copper; red, oxygen; light gray, mercury; light green, fluorine; green, chlorine).

of Hg"--NC contacts: Hg(CN), and its adducts present similar
interactions.® " In the crystal structure of 6 the disordered
mercury cyanide molecules form layers that separate the
ordered molecular part of the crystal packing (see Fig. 6.6a).
The disorder of the mercury cyanides in these layers can be
described with a network of randomly parallel and
perpendicular molecules of Hg(CN),, which can interact with
each other with long CN---Hg contacts (around 3 A, see
Fig. 6.6¢). Any attempt to find an ordered supercell at room
temperature failed due to the absence of any weak
superlattice diffraction reflections. In the next sections, the
attempt to force a low temperature ordering will be
discussed. The trimetallic architecture observed in 6 is an
example in which the cocrystal does not maintain the
original unit, so the dicyanoaurate anion interacts separately
from the other d'® metal centre. The results obtained with 6
open the way for further studies toward other molecular
fragments involving metal centres that can interact more
strongly with Au(i), obtaining multi-metallic aurophilic
supramolecular architectures.

High-pressure solid-state characterization of 1

High pressure measurements on gold complexes showing
aurophilic interactions have been performed in the past,
especially to modulate the luminescence emission or to study

This journal is © The Royal Society of Chemistry 2022

polymorphism.”>®” Further investigations have been done on
inorganic salts like AuX or M[Au(CN),], to study the solid state
compressibility of peculiar arrangements of gold atoms.’® !
By selecting 1 as a prototype of the supramolecular
architectures formed from the dicyanoaurate and metal-gold
complexes with a chelating ligand, high pressure and low
temperature measurements have been performed. To our
knowledge, no HP-VT study has been performed so far on this
type of bimetallic supramolecular material, other than on
coordination polymers based on iron-dicyanoargentate or
dicyanoaurate for spin transition studies.'*"%*

Raman spectra at variable pressures have been recorded
in the 50-1300 cm™" range. The assignment of vibrational
modes has been done by comparison with vibrational spectra
of  2,2-bipyridine,'"®*  L1-Cu(u)  complexes’®  and
K[Au(CN),]'°° and is reported in Table S21.}

In the 1300-600 cm ™ region there is mainly C-C and C-N
ring stretching, along with in-plane C-H and C-C-C bending.
The pressure effect on these modes, in the interval explored,
is mainly a moderate blue shift. By considering a linear
volume reduction as a consequence of the applied pressure,
from ambient pressure to 1.59 GPa the cell volume undergoes
a 23% contraction, and this probably does not significantly
affect the geometry of coordinated L1. A similar behaviour is
detected for the ring bending mode at 371 cm ™', which blue
shifts to 383 cm™ at 1.59 GPa. The vibrational stretching

CrystEngComm, 2022, 24, 2336-2348 | 2343
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involving Cu(n) can be attributed to the 268 cm™ band
(Vcu-n(L1y) that in addition to a broadening is not significantly
affected by the pressure variation. The modes attributable to
the [Au(CN),]” fragment show an interesting behaviour: from
ambient pressure to 0.8 GPa they undergo a decrease in
intensity and from 1.1 GPa they are no longer detectable
from the background (see the rectangle in the spectrum at
0.8 GPa in Fig. 7a). We may attribute the bands centred at
248 cm™" to the Au-CN bending, the strong band at 408 cm™
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to the Cu-N(C) stretching and the weak band at 470 cm™ to
the vaycuy stretching. Starting from 1.1 GPa, two bands
appeared at 401 and 419 cm™', and this suggests a phase
change in the crystal structure, mainly affecting the
[Au(CN),]| Consequently, high pressure Raman
measurements show modifications in the 0.8-1.2 GPa range
and in the 1.4-1.7 GPa range (see Fig. 7a and b), suggesting
two main events in a pressure range below 3.6 GPa. In
particular, Raman peaks increase their linewidths above 1.4

units.
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Fig. 7 High pressure Raman spectra in the 200-600 cm™ (a) and 600-1000 cm™ (b) spectral ranges of 1 from 0.6 to 3.6 GPa. (d), (e) and (f) are
the evolution of heavy atom distances within the crystal structure of 1 (c) between 0 and 1.5 GPa.
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GPa, suggesting an increase in the disorder or even the onset
of amorphization. The presence of a series of modifications
at relatively low pressure is typical for soft molecular
materials.'””'°® Inspired by these results, we performed SC-
XRD studies on 1 at high pressure. However, structural
studies of single crystals could be possible up to 1.5 GPa for
sample amorphization. At the same time, the low symmetry
and the complexity of the crystal structure of 1 made it
impossible to have a good parameter/data ratio. For this
reason, in the following discussion only cell parameters and
heavy atoms (the most important scatterer) will be presented.

When looking at the SC-XRD data, the b axis is the most
influenced by pressure, decreasing by more than 0.9 A (Fig.
S11bt), compared to a lengthening of 0.1 A of the ¢ axis (Fig.
S11bt) and a decrease of 0.3 A of the a axis (Fig. S11bt). This
suggests greater compressibility in the direction parallel to the
dicyanoaurates and greater rigidity due to steric hindrance in
the other two perpendicular directions. In the pressure range
of 0-1.5 GPa, some general variation in the distances between
metal atoms can be observed. The geometry of the
{Cu(11);[Au(CN),]}* fragment, evaluated through the Cu(1)-
Au(1) distance, remains unaltered up to 1.3 GPa. After this
pressure, we observe a shortening of 0.4 A of this distance (see
Fig. 7f), suggesting a strong distortion, probably a closure of
the Cu-CN-Au angle. In the same pressure range, the two
aurophilic contacts have different behaviours. The shorter
Au(1)--Au(2) distance has an intense compression of 0.27 A
(see Fig. 7e), while the longer Au(1)---Au(1) distance, after
lighter compression before 1.0 GPa, exhibits a decisive
lengthening (see Fig. 7d). This anomalous behaviour can also
be probably attributed to the distortion of the cationic complex
and to the shift of the molecular fragments in the direction of
maximal compression. It is also interesting to note that the
Au(3)---Cu(1) distance, involving the dicyanoaurate unit
inserted in the cradle of the pyridine rings, has an intense
shortening of 0.3 A before 1.3 GPa and a lengthening after this
pressure (see Fig. S19df and 7c). This behaviour may suggest
the presence of an attractive force between the pyridyl groups
of L1 and the dicyanoaurate complex with a minimum in the
energy surface at about 3.95 A, the distance after which the
interaction becomes repulsive. The existence of this attraction
is also suggested by the high probability that the linear
dicyanoaurate shows this arrangement in crystals presenting
aromatic ligands.'® All these data, with the analysis of the
evolution of the cell parameters (see the ESIf for details),
suggest the presence of a distortive isosymmetric phase
transition between 1.3 and 1.5 GPa.

Variable temperature SC-XRD characterization of 1 and 6

Variable temperature studies on 1 and 6 have been
performed for three reasons: 1) to study the possibility of a
phase transition analogous to that found under high pressure
conditions for 1; 2) to study the temperature dependence of
weak interaction distances and structural parameters; 3) to
search for an ordered supercell for 6. Analogous studies on

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

dicyanoaurate salts, coordination polymers or gold complexes
to study the thermal expansion and luminescence have been
reported in the literature,'®>2>93110-112

1 and 6 have been studied with SC-XRD from 150 K to 343 K
for 1 (200 K to 343 K for 6). No distortive isosymmetric phase
transition has been found, but a continuous temperature
dependence of the cell parameters. Unlike pressure,
temperature has a small effect on the reticular parameters and
distances in 1, probably due to the high steric hindrance of the
molecular fragments. A specific graph for each main structural
and cell parameter can be found in the ESIt (Fig. S14 and S15).
A more visible effect can be observed on the motion
component of the atoms, especially the oscillation of the C(3)
N(3) cyanide of the free dicyanoaurate around the centre of
Au(3) (see Fig. S16+ for the main motion components of N3).

In 6, although no ordered supercell has been found, more
pronounced effects on the overall architecture have been
observed between 200 K and 343 K. In this range, the Au(1)--
Au(1) aurophilic interaction has a lengthening of 0.04 A (see
Fig. S19af) and the arrangement of the couple of
dicyanoaurate has a slightly more tilted conformation (Fig.
$19ct). The molecular fragment [Cu(L1),]*" becomes slightly
more tetrahedral as the temperature rises (Fig. S19bt). This
is probably due to the increase in the interplanar distance
between mercury cyanide layers (from 11.019(7) A at 200 K to
11.044(8) A at 343 K) and the lengthening of the CN---Hg(1)
distance of 0.04 A that connects the layers (see Fig. S18d+).

Conclusions

In this article, we demonstrate the possibility of
systematically obtaining a family of supramolecular
architectures constructed by aurophilic interactions based on
copper—dicyanoaurate molecular fragments in the presence
of chelating ligands. These results have been possible due
the tendency of Cu(u) to be coordinated by two chelating
ligands, leaving one or two free sites to the attachment of
dicyanoaurate. The stability of these bis-chelated Cu(u)-Au(i)
fragments allows obtaining co-crystals with other d'° metals,
even in the absence of aurophilic interactions, opening the
way for aurophilic-based crystal engineering between
bimetallic complexes. The new bimetallic materials were
investigated for vapochromism, and one of them shows a
reversible response to the presence of ammonia, measurable
by UV-vis and IR vibrational spectroscopy. Finally, the first
high pressure-variable temperature study on a bimetallic
supramolecular aurophilic architecture was performed. A
series of isosymmetric distortive phase transitions due to
high pressure have been detected by Raman spectroscopy,
but the effect of these two parameters on the crystal structure
is, in general, not very strong, probably due to the high steric
hindrance. In particular, aurophilic interactions are not
necessarily involved in the main movements in the crystal
structure, while some distortion around copper centres can
be preferred. However, more studies must be done to unravel
the possible transformations of these materials with high
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pressure

and variable temperature and, possibly, to

systematically achieve abnormal phenomena such as giant
negative linear compressibility.
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