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Abstract

Reaction of [Au(CgFs)(tht)] (tht = tetrahydrothiophene) with 1,3,5-triaza-7-
phosphaadamantane (PTA) and 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]-
nonane (DAPTA) leads to the formation of [Au(CeFs)(phosph)] (phosph = PTA, 1;
phosph = DAPTA, 2). The compounds are slightly soluble in water and aggregate at
higher concentrations giving rise to the formation of needle- and rod-like structures (1)

and well-organized spherical aggregates (2).

Compounds 1 and 2 were reacted with AgPFg giving rise to the formation in all cases of
luminescent water soluble 1:1 Au-Ag heterometallic complexes, as evidenced by X-ray
crystal structure determination. The use of different silver salts that differ on the

counterion induces changes on the resulting luminescence and aggregation morphology.

Keywords: gold, silver, aggregation, water, luminescence, X-ray
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Introduction

One of the main motivating factors that has provoked the rapid development of gold
chemistry in the last years has been the characteristic luminescence that many of the
gold derivatives show.! Relativistic efects have shown to be of enormous importance to
understand the chemical and physical properties of the heaviest 6s transition and post-
transition metallic elements, mainly gold.>? Probably, the most important structural
consequence of the relativistic effects in gold is the high tendency to form closed-shell
interactions between gold(l) centers (called aurophilic interactions) which are
commonly responsable of interesting optical properties.*® These interactions are
energetically similar to hydrogen bonds (5-10 kcal mol’). The formation of non-
covalent bonding between metals (metallophilic interactions) can also be observed with
other metals like silver’ and in heterometallic complexes like the formation of Au---Ag
interactions with similar strength than aurophilic contacts.?

Non-covalent interactions, as widely employed in supramolecular chemistry, are
increasingly under investigation as a design tool to organize different types of
molecules into unique architectures with precisely controlled structures and functions.
The resulting structures have recently attracted a significant research interest because
they can be used in diverse applications, e.g., in logic gates, molecular machines,
switches, and optical-sensors.® In the case of gold(l) complexes, because of the
similarity in energy and directionality between aurophilic interactions and hydrogen
bonds, aurophilicity plays a key role in the aggregation process in both the solid state
and in solution.*® These interactions are observed to be the responsible for the formation
of very large structures such as gels, fibers, vesicles with intrinsic luminescent

properties due to the presence of gold atom.™*?

In general, the resulting supramolecular aggregates based on low molecular weight
molecules contain, at least, one ligand with a typical moiety known to induce
intermolecular assemblies.®> Nevertheless, it was recently described by some of us the
formation of long and well-organized gold(l) supramolecular structures based on
“chemically simple” molecules containing Au(l)-alkynyl units.*****  The
intermolecular assemblies are based on aurophilic contacts together with hydrogen
bonds and n—r stacking.'® Aurophilic-induced aggregates are also found for RAU-CgFs
derivatives for [(CgFsAu)(p-1-(decyloxy)-4-isocyanophenyl)],”  [(CeFsAu)a(p-1,4-
diisocyanobenzene)],*® [(CsFsAu)(CNCgH4O(0O)CCsH,OC10H,1].*° But, to the best of
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our knowledge, there is no precedent in the literature about low molecular weight
gold(l) supramolecular aggregates in water based on Au-CgFs discrete molecules
without any common ligand expected to induce aggregation.?’

Water is the ideal solvent for synthetic processes from an economical and ecological
industrial point of view. However, the use of water as solvent requires the synthesis of
reagents stable and soluble in this medium. One of the most common strategies for
solubilising metallic derivatives in water involves the use of ligands with hydrophilic
properties. Regarding gold(l) complexes, phosphane ligands are commonly used due to
the stability of the Au-P bond. Among the many water-soluble phosphanes currently
available, the adamantane-like phosphane 1,3,5-triaza-7-phosphaadamantane (PTA) and
its derivatives have received special attention owing to its similar reactivity to other
alkylphosphanes and its higher air stability and resistance to oxidation than other water-

soluble phosphanes.?*

Taking all of this into consideration, in this work we have introduced water soluble
phosphanes (PTA and 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane,
DAPTA) as a second coordination position of a Au-CgFs moiety in order to obtain
organometallic perhalogenated gold(l) systems with increasing solubility in water. The
reaction of the gold(l) complexes with different silver salts has given rise to the
formation of heterometallic systems that display different supramolecular structures in
water and intrinsic luminescence that depends on the counterion. Moreover, the
resulting aggregates present a particular alignment that depends on the polarization
angle, comparable to the behavior presented by lyotropic chromonic liquid crystals
(LCLCs).
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Results and Discussion

Synthesis and Characterization

[Au(CgFs)(PTA)]?* (1) and [Au(CeFs)(DAPTA)] (2) were obtained by the reaction of
[Au(CgFs)(tht)] (tht = tetrahydrothiophene) with an equimolecular amount of the
corresponding phosphane in dichloromethane by direct displacement of the labile tht

ligand and coordination of the phosphorus atom to gold (Scheme 1).
N
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Scheme 1. Synthesis of complexes 1 and 2.

Both complexes were obtained as white solids stable to air and moisture. Their
elemental analyses and spectroscopic data are in accordance with the proposed
stoichiometries (see Experimental Section). Their mass spectra show peaks at m/z
522.04 and 594.07 corresponding to [Au(CsFs)(PTA)] + H" and [Au(CeFs)(DAPTA)] +
H*. Their IR spectra show signals corresponding to the fragment [Au(C¢Fs)] at ca.
1505, 960, and 760 cm™, together with the CH, vibrations of the phosphanes and the
C=0 strong band in the case of 2.

Their ° F-NMR spectra in deuterated acetone display the three non-equivalent fluorine
atoms at —116.7 (ortho), —160.8 (para), —164.1 (meta) and very similar signals for 2
(see SI), in accordance with the chemical shift of Au'-CgsFs complexes. Their *P-NMR
spectra show only one signal at ca. -46.8 and -18.3 ppm for 1 and 2, respectively,
shifted from those of the free ligands, confirming their coordination to the gold centers.
Finally, their "H-NMR spectra display the typical pattern of the PTA and DAPTA
phosphanes (see Sl).
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Once the gold(l) derivatives were obtained and characterized, AgPF¢ was added to
independent acetonitrile solutions of 1 and 2 in order to obtain the corresponding
heterometallic complexes (Scheme 2).

PR
Al 3 PR,
u
. F 1) CHsCN, R.T,, 1h Au----AgPFg
+ AgPFg F F
. 2) Evaporation
F to dryness F F
F F
PRs =PTA (1); DAPTA (2) PR3 =PTA (3): DAPTA(4)

Scheme 2. Synthesis of Au-Ag heterometallic complexes. The coordination mode of the
atoms of 1/2 with the silver cation in the resulting complex is not determined in this
scheme.

Attempts to obtain heterometallic complexes with different stoichiometries (Au:Ag 1:1,
1:2 and 1:3) were performed by the addition of 1, 2 and 3 equivalents of the silver salt
in the acetonitrile solution reaction. In the case of 1, *H-NMR titration data indicate a
progressive shift of the signals (intermediate complexes) with increasing amounts of the
silver salt (Figure 1), while similar experiments with complex 2 lead directly to the
formation of the same final product in all cases (Figure S9). The analysis of the data
seems to indicate that in both cases the addition of increasing amounts of Ag™ gives rise
to the formation of the analogous product, which does not depend on the stoichiometry
of the reaction (gold complex:silver salt). The chemical shifts’ changes indicate that the
formation of the DAPTA derivative is kinetically faster. On the other hand, PTA
protons display larger downfield shifts in the coordination with Ag® than DAPTA
signals. This is an indication of a different coordination mode of the silver cation in the
formation of the heterometallic complexes 3 and 4. The presence of acetonitrile
molecules are observed in all cases, being indicative of the coordination of this solvent

probably for the stabilization of the resulting structures (Figures 1 and S9 below).
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Figure 1. *H-NMR spectra of 1 with increasing amounts of AgPFg salt. Phosphane
region (left) and acetonitrile peak (overlapped with acetone-ds, right) in acetone-ds.

Their *F- and 3'P-NMR spectra follow the same trend (see Sl). The formation of the

heterometallic species was definitively confirmed by ESI-MS spectrometry, where the

presence of Au---Ag complexes are clearly detected in all cases (Figure 3 and S12),

being indicative of the stability of this metallophilic interaction in solution. The

presence of acetonitrile molecules within the heterometallic structure is also evidenced

in their ESI-MS spectra, as previously observed in their *H-NMR ones.
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Figure 3. ESI-MS spectrum of 1-AgPFs (3).
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X-ray Crystal Structural Determination

Single crystals of the monometallic complexes 1 and 2 suitable for X-ray diffraction
were grown from dichloromethane/hexane solutions. They crystallize in the C2/c and
P2;/c space groups of the monoclinic system, respectively, and complex 2 crystallizes
with half a molecule of water per molecule of compound. Selected bond lengths and
angles are summarized in Table S1 and details of data collection, and refinement in
Table S2.

Both crystal structures consist of linear [(aryl)Au(PR3)] molecules, which in the case of
complex 1 are associated in pairs via aurophilic interactions of 3.1173(4) A (Figure 4
and S13). The aurophilic interaction observed in 1 is shorter than those reported for
related gold(l) derivatives with PTA, %" which vary from 3.1388(11) A in [Au{C=C—
C(Me)(Et)OH}(PTA)]?” and 3.457(1) A in [Au(PTA)2][Au(CNy)],** or than in [Au{7-
(prop-2-ine-1-yloxy)-1-benzopyran-2-one}(DAPTA)]™ (3.1274(4 and 3.1316(4) A),
and it is only longer than in [Au({SPh(3,5-Cl,)}(PTA)],** which displays a Au-Au
distance of 3.0468(10) A. The Au-P distances and Au-C are similar to other reported
Au(l)-PTA?42 and Au(1)-CeFs2"*° complexes. Their C—Au-P angles of 169.3(1)° and
174.7(3)° for 1 and 2, respectively, indicate some deviation from the usual linear
geometry, as reported for analogous complexes.®>?* In the case of complex 1, this fact is

probably caused by the aurophilic interaction.

Figure 4. Molecular structure of 1 (left) and 2-0.5H,0 (right). Yellow: gold; orange:
phosphorus; grey: carbon; light blue: nitrogen; red: oxygen and green: fluorine.

Hydrogens are omitted for clarity.
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The two assembled molecules in 1 are twisted in an orthogonal fashion to avoid steric
hindrance with torsion angles 82.81° [C1-Aul-Au2-C2], and are extended in the 3D
crystal packing (Figure S14). These Au---Au interactions are not present in the
analogous complex containing a phenyl instead of pentafluorophenyl group.?® The
resulting packing in 1 presents a zig-zag orientation, as depicted in Figure 5, where
Au---Au contacts are maintained forming dimers that produce the resulting zig-zag
structure (Figure S15).

In the case of 2:0.5H,0, no aurophilic contacts are present, with Au---Au distances
longer than 6 A. Interestingly, an unusual C-H---Au hydrogen bond, with a gold atom as
acceptor, is observed (H---Au = 2.833(1) A, C---Au =3.657(14) A, C-H---Au = 144.4°).
A series of additional O-H---O, C-H---O and C-H--- hydrogen bonds gives rise to a 2D
network (see Table S3 and Figure S16).

Figure 5. Crystal packing representation of 2:0.5H,0 (right). Yellow: gold; orange:
phosphorus; grey: carbon; light blue: nitrogen; red: oxygen and green: fluorine.
Hydrogens are omitted for clarity.

The nature and geometry of the heterometallic complexes could also be verified by X-
ray crystal diffraction. Single crystals suitable for X-ray diffraction were grown
successfully for 4 synthesized in Au:Ag 1:1 and 1:2 stoichiometry, both of them giving
rise to identical structures (1:1 complex, Tables S4-S5). Complex 4 crystallizes with an
acetonitrile, an acetone and half a water molecule per molecule of compound. The X-
ray crystal structure of 4-NCMe-Me,CO-0.5H,0 shows heterodinuclear units displaying

8
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strong Au---Ag contacts of 2.8160(12) A, and tetranuclear dications are further formed
thanks to the presence of O-bridging atoms of the phosphanes (Figure 6, S17 and Table
S4). The Au---Ag distances are similar to those previously reported for Au/Ag
heterometallic complexes containing the unit Au-CgFs ([Ag2AU{4-CsF4(4-
CeBrF4)}>(CF3CO,)a(p-L—L)]n, with L-L = dppm and dppb)** and shorter than in other
polymeric Au/Ag structures.’** The gold centers display their usual linear
environment, if the metal-metal contacts are not taken into account, with typical Au-P
and Au-C bond lengths. The silver atoms display a distorted tetrahedral geometry by
coordination to the gold center, to the nitrogen atom of an acetonitrile molecule, to the
oxygen of an acetone crystallization molecule and to a bridging oxygen atom of the
phosphane. Consequently, this last Ag-O bond distance (2.416(13) A) is longer than
other one (2.293(10) A). The presence of additional O-H---O, O-H---N and C-H---O

hydrogen bonds results in a one-dimensional polymer (Figure S17 and Table S6).

Figure 6. X-ray crystal representation of the dimeric units shown in
4-NCMe-Me,CO-0.5H,0. Yellow: gold; blue: silver; orange: phosphorus; grey: carbon;

light blue: nitrogen; red: oxygen and green: fluorine. Hydrogens are omitted for clarity.

Unfortunately, we were not able to grow single crystals of complex 3 suitable for X-ray
diffraction studies. Nevertheless, the larger downfield shifts in the phosphane protons in
the *H-NMR spectrum of complex 3 with respect to that of 4 (upon coordination with
silver cation), makes us expect a shorter metallophilic Au---Ag contact in this case,

what would get the silver centers closer to the phosphane in 3 than in 4.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Submitted to Inorganic Chemistry

Photophysical characterization

Absorption and emission spectra of all complexes were recorded in water at

concentration ca. 10* M, and the results are summarized in Table 1 and Figure 7.

Table 1. Absorption and emission data of compounds 1-4. Emission spectra were

recorded upon excitation at 375 nm.

Absorption Emission Emission
Compound s (M) solution (solid,
’ Amax (NM))
(e (M* cm™)) hmax (NM))
1 255 - 487
(5861)
2 253 - 474
(4850)
3 255 530 541
(9868)
4 253 530, 649 547
(5000)

T T T
200 300 400 500 600
Wavelength (nm)

Wavelength (nm)

T
500

600

Figure 7. Absorption spectra of complexes 1-4 in water at concentration 6.5-10° M (1
and 3) or 1.10™ M (2 and 4).

The absorption profiles display the typical m—n* intraligand transition of the

pentafluorphenyl unit around 250 nm, together with ¢ — a, transitions associated with

ACS Paragon Plus Environment
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coordinated phosphanes at higher wavelengths. Absorption spectra of the gold
complexes 1 and 2 display an additional tail at ca. 300 nm, which can be assigned to the
presence of aurophilic interactions (6*ay.au — m* transition) in solution.’®* In fact,
these bands at longer wavelength are better observed at higher concentrations,
indicating that the Au---Ag interactions are more favored with increasing

concentrations.

For the PTA derivatives, extinction coefficient of the heterometallic complex (Table 1)
is higher than the corresponding gold(l) precursor, what can be due to an increase of the
solubility when the charged heterometallic complex is formed. This fact was also
observed with other Au/Ag systems with similar aromatic rings and containing

phosphanes as the secondary ancillary ligand.*

Only the heterometallic complexes show luminescence in aqueous solution showing
emission peaks at ca. 530 and 650 nm that may have their origin on aggregates in
solution, according to the excitation spectra (Figure S18). By contrast, strong
luminescence is observed for all compounds in solid state upon excitation of the

samples at ca. 375 nm (Figure 8 and S19).

—1
—3

0.8

(a.u.)
Inorm (a.U.)

norm

0.0

T T T
400 500 600 700
Wavelength (nm)

Wavelength (nm)

Figure 8. Normalized emission spectra of compounds 1-4 upon excitation solids at 375

nm.

The same emission was observed when the synthesis was carried out with 1, 2 and 3
equivalents of AgPFs, which is an additional evidence of the same resulting

heterometallic 1:1 complexes (Figure S20).

It can be observed that the gold complexes 1 and 2 display a broad emission band at ca.
480 nm, which is approximately 70 nm red-shifted in the resulting heterometallic
structures 3 and 4. The energies of these bands are in the same range as those previously

11
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described for (terpy)AuCeFs complexes® and heterometallic Au-Ag structures,
containing Au---Ag interactions.*® The observed emission bands in complexes 1 and 2
may arise from *MLCT transitions (gold to perfluoroaryl ligand charge transfer),
although a n—= excimeric ®IL emission cannot be ruled out because of the possible n—n
stacking of the aromatic ligands in the solid state. In the case of 3 and 4, and taking into
consideration the observed red shift, the resulting emissions are likely to arise from
ligand to metal-metal (Au---Ag) to ligand charge transfer (MMLCT).*® The triplet

assignment of these bands is due to the large Stokes’ shift observed in all cases.

Aggregation in water

The presence of PTA and DAPTA phosphanes together with fluorine atoms (able to be
involved on hydrogen bonds) and gold/silver metal atoms (able to establish
metallophilic interactions) makes us to expect possible formation of supramolecular
aggregates, as previously observed with other organometallic PTA and DAPTA

organometallic gold(l) complexes.'*31>%

Absorption spectra variations recorded at different concentrations are not linear in all
cases, in agreement with aggregation effect® (Figure 9 and $21-5S23), and indicate very
low critical aggregation concentration (CAC) values: 5-10° M for gold(l) complexes
and slightly higher (1-10™* and 7-10° M) for 3 and 4, respectively.

1e-05M
2e-05M

—— 4.4e-05M .
| — 6.6e-05M .
0.8\ —8.7e-05M 041 .

£

255 ni

0.2 ®

. .
0.0 4.0x10° 8.0x10° 1.2x10*
concentration / M

400 500 600
Wavelength (nm)
Figure 9. Absorption spectra of 1 at different concentrations in water. Inset:

Representation of absorption at 255 nm versus concentration.
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Emission spectra of the heterometallic complexes recorded at different concentrations
follow the same trend, with a deviation of the linearity of the emission maxima with

increasing concentrations (Figures S24-S25) at similar CAC value.

The formation of large and well-organized supramolecular aggregates was also
evidenced by microscopic techniques. Optical microscopy images of 1-4 under
polarized light are displayed in Figure 10 and show different type of morphologies:
from needle- and rod-like structures in compound 1, spherical aggregates in 2 and
dendritic and higher entangled agglomerates in the case of the heterometallic complexes
(evidenced by the spherulite profile seen under polarized light).***° That means that the
establishment of Au---Ag contacts favors the global contacts and gives rise to larger
structures. As previously observed for gold(l) water soluble complexes in water, the

size of the aggregates increases with time as shown in Figure S26.

Figure 10. Optical microscopy images of 2-days old dried samples of ca. 1-10*M

aqueous solutions of 1-4 under polarized light.

An unusual behavior was detected for the heterometallic complexes. The larger
aggregates are aligned in different planes, as observed by changing the polarization

angle (Figure 11 and S26). This long-range orientational order is analogous to that

13
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observed in lyotropic chromonic liquid crystals (LCLCs).** These species have shown
promising applications as polarizing films and security labels, templates for controlled
assembly of nanostructures, including peptide amphiphiles, fabrication of
microelectronic devices, electro-optic devices, etc. To the best of our knowledge, this
nice example of an on/off heterometallic supramolecular polarized organization in water

has no precedent in the literature.

Figure 11. Optical microscopy images of 1-10 M fresh sample of 3 without

polarization (left) and between cross-polarizers using an angle of 65° (middle) and 85°
(right). Regions I and Il change color with the polarization angle, from yellow to blue

and vice versa.

Fluorescence microscopy supports these data andgreen emissive aggregates can be
observed (Figure 12 left) in agreement with the previous emission spectra displayed in
solid state (largest aggregation state, Figure 8). Additionally, the higher resulting
entangled aggregates can be better observed under transmission electron microscopy.
Very large dendritic structures in the range of micrometers size are the result of the

intermolecular interactions in the heterometallic complexes (Figure 12 right).

14
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Figure 12. Fluorescence microscopy image with excitation band pass: 450-490 nm
(left); TEM image (right) of 1-10™ M dried aqueous solution of 3.

Tuning shapes and emission with counterions

1142 counterions can

As previously reported with other gold(l) supramolecular structures,
play a direct role on the resulting emissive properties of complexes. With this goal in
mind, compounds 1 and 2 were treated with different silver salts, as nitrate and triflate,
following the same experimental procedure previously described for the
hexafluorophosphate derivatives 3 and 4. The corresponding multinuclear NMR spectra
show the correct formation of all the complexes. Two different trends were observed for
the PTA and DAPTA derivatives. For the first group, the recorded downfield shift of
the phosphane protons depends on the counterion being larger effect with respect to the
gold(l) mononuclear complex 1, those complexes containing counterions, triflate and
hexafluorophophate, able to establish F---H bonds with the complex (see Figures 13).
This is a clear indication about the role of the counterion in the resulting package. It
seems that the anion with higher solubility in water and without any fluorine atom
(nitrate) can have a weaker interaction with the heterometallic complex, while triflate
and hexafluorophosphate try to avoid water (hydrophobic effect) and are closely
connected to the corresponding complex by the establishment of F---H bonds. On the
contrary, a significant interaction of the nitrate counterion is expected for DAPTA
derivatives, due to the larger recorded downfield shift. This could be due to the presence
of four possible positions in the nitrate to establish hydrogen bonds with the complex.

15
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Figure 13. 'H-NMR spectra of heterometallic complexes synthesized from 1 and AgPFs
(3), AgNO;3 (5) and AgOTT (6) in acetone-ds.

Moreover, their **F-NMR and *'P- NMR spectra follow the same trend (Figures S27-
S31). In particular, the fluorine atoms of the organometallic part of the complexes
follow the same trend detailed for protons, with the para fluorine atoms as the most

affected in the formation of the complex.

The emission spectra recorded for the solids are in agreement with previous facts. In the
case of the PTA derivatives, nitrate heterometallic complex displays the largest red-
shift. A plausible explanation based on all the recorded data is due to the smaller steric
hindrance of the anion that favors the proximity between gold atoms (or gold/silver
atoms), and thus, metallophilic contacts (Figure S32). In the case of the DAPTA
complexes, the presence of acetyl units as additional points to establish hydrogen bonds
with the anions, has a direct influence on the recorded emission spectra. In this way, the
presence of triflate and hexafluorophosphate (with higher number of atoms potentially
being involved on the establishment of weak interactions) results on a more significant

red-shift of the emission, in comparison with nitrate (Figure 14).

16
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Figure 14. Normalized emission spectra of 2 and heterometallic complexes with nitrate,
triflate and hexafluorophosphate silver salts (left); image of the solids observed under
UV light (right).

Absorption and emission spectra of the new complexes recorded at different
concentrations present similar profile to those recorded for 3 and 4 (Figures S33-S40).
The analysis of the morphology of the resulting aggregates in water has been performed
looking at the samples under optical microscopy with polarized light (Figure S41). In
the case of the triflate derivatives, the corresponding pattern is similar to that previously
observed for the hexafluorphosphate one, with dendritic-like morphologies. Nitrate
complexes induce a change on the morphology with spherical structures. In general, the
size of the organized nitrate aggregates is smaller than for the other complexes. Thus,
the effect of the particular counterion on the resulting aggregates’s size and

morphology,as well as on their intrinsic luminescent properties, has been evidenced.
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Conclusions

The introduction of a water-soluble phosphane (PTA, DAPTA) as a second
coordination ligand of an organometallic Au-CgFs moiety gives rise to the formation of
water-soluble perhalogenated complexes 1 and 2. The use of absorption, emission and

microscopic techniques evidenced the formation of aggregates at high concentrations.

Additionally, the resulting aggregates’ size, shapes, and luminescent properties can be
modulated by the interaction with silver salts with expected Au---Ag metallophilic

contacts, as evidenced by their X-ray crystal structures.

The resulting heterometallic complexes are also soluble in water and give rise to
different aggregates morphologies depending on the counterion and the phosphane. That
IS, nitrate counterion gives rise to smaller and spherical aggregates, while the use of
fluorinated counterions such as hexafluorophosphate or triflate induces the formation of

larger and dendritric supramolecular structures.

Multinuclear NMR and luminescent studies indicate the degree of interaction between
the different counterions and compounds 1 and 2, with larger downfield chemical shifts

and more red-shifted emission bands for stronger interactions.

Finally, observation of the samples under optical microscopy with polarized light shows

that the aggregates’ organization depends on the polarization angle, as observed for

LCLCs.
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Experimental Section

General procedures

All manipulations have been performed under prepurified N, using standard Schlenk
techniques. All solvents have been distilled from appropriated drying agents.
Commercial reagents 1,3,5-triaza-7-phosphatricyclo[3.3.1.13.7]decane (PTA, Aldrich
97%), 3,7-diacetyl-1,3,7-triaza-5- phosphabicyclo[3.3.1]Jnonane (DAPTA, Aldrich
97%), AgCF3;SO3 (AgOTTf, Aldrich 98%), silver nitrate (Panreac, 97%) and silver
hexafluorophosphate (Aldrich, 98%) have been used as received. Literature methods
have been used to prepare [Au(tht)(CsFs)]* and [Au(CsFs)(PTA)]?

Physical measurements

Infrared spectra have been recorded on a FT-IR 520 Nicolet Spectrophotometer. *H-
NMR (8(TMS) = 0.0 ppm), *P{"H}-NMR (5(85% H3PO,) = 0.0 ppm) and “°*F{"H}
(6(CFCl3) = 0.0 ppm) spectra have been obtained on a Varian Mercury 400 and Bruker
400 (Universitat de Barcelona). Elemental analyses of C, H and N have been carried out
at the Centres Cientifics i Tecnologics de la Universitat de Barcelona (CCiTUB).
ElectroSpray-Mass spectra (+) has been recorded on a Fisons VG Quatro spectrometer
(Universitat de Barcelona). Absorption spectra have been recorded on a Varian Cary
100 Bio UV- spectrophotometer and emission spectra on a Horiba-Jobin-Ybon SPEX
Nanolog spectrofluorimeter (Universitat de Barcelona). Fluorescence microscopy have
been recorded on a Leica DMIRB fluorescence microscope (Universitat de Barcelona).
Scanning electron microscopy has been carried out a 5kV using a Neon40 Crossbeam
Station (Zeiss) equipped with a field emission gun (Universitat Politecnica de
Catalunya). Optical microscopy images have been acquired on a Leica ICC50 W
(Universitat de Barcelona). TEM images were recorded with a Tecnai G2 Spirit.

Crystallography

Crystals were mounted in inert oil on glass fibers and transferred to the cold gas stream
of a Noinus Kappa CCD (1) or a Bruker APEX-II CCD diffractometer (2-0.5H,0 and
4-NCMe-Me,CO-0.5H,0) equipped with an Oxford Instruments low-temperature
attachment. Data were collected using monochromated Mo Ka radiation (A = 0.71073
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A). Scan type o and ¢. Absorption effects were treated by semiempirical corrections
based on multiple scans. The structures were solved by direct methods and refined on F?
using the program SHELXL-97.[3] AIll non-hydrogen atoms were refined
anisotroplically, and hydrogen atoms were included using riding model. Selected bond
lengths and angles are collected in Tables 1, 2, S1-S4, and crystal structures of
complexes 1, 2:0.5H,0 and 4-NCMe-Me,CO-0.5H,0 are shown in Figures 4 and 6.
CCDC 1563994-1563996 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax: (+44) 1223-336-033; or e-
mail: deposit@ccdc.cam.ac.uk).

Synthesis and Characterization
Synthesis of [Au(CgFs)(PTA)] (1)

The compound was prepared following an analogous procedure to that reported in
literature (yield = 63%).%

SIpfIH}-NMR (acetone-ds, ppm): -47.2. *H-NMR (acetone-ds, ppm): 4.48 (s, 6H, N-
CH,-P), 4.52-4.72 (AB q, J = 13.0 Hz, 6H, N-CH,-N). **F-NMR (acetone-ds, ppm): -
164.1 (m, m-F), -160.8 (t, J = 19.7 Hz, p-F), -116.7 (m, o-F). IR (KBr, cm™): v(Au-
CeFs): 1504, 947, 743; v(CH,-P): 1459; v(C-N): 1237. ESI-MS (+) m/z: 522.04
([M+H]", calc: 522.04). Anal. Calc.: C 27.65 %, N 8.06 %, H 2.32; Found: C 27.74 %,
N 7.98 %, H 2.40 %.

Synthesis of [Au(CsFs)(DAPTA)] (2)

In a typical procedure, solid DAPTA (144 mg, 0.243 mmol) was added to a solution of
[Au(CgFs)(tht)] (110 mg, 0.243 mmol) in CH,CI, (10 mL) and stirred for 2 h. The
solution was concentrated to 5 mL and then hexane was added to precipitate a white
solid in 65 % yield.

pfIH}-NMR (acetone-ds, ppm): -18.3. *H-NMR (acetone-ds, ppm): 2.09 (m, 6H,
COMe), 3.82 (M, 1H, N-CH,-P), 4.18 (s, 2H, N-CH,-P), 4.25 (d, J = 13.9 Hz, 1H, N-
CH2-N), 4.45 (m, 1H, N-CH,-P), 4.85 (m, 1H, N-CH,-P), 4.99-5.12 (m, 2H, N-CH,-N),
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5.59-5.68 (m, 1H, N-CH,-P), 5.75 (d, J = 14.1 Hz, 1H, N-CH-N). *F-NMR (acetone-
ds, ppm): -164.0 (m, m-F), -160.3 (t, J = 21.6 Hz, p-F), -116.6 (m, o-F). IR (KBr, cm'l):
v(C=0): 1645; v(Au-CgFs): 1507, 956, 790; v(CH,-P): 1458; v(C-N): 1225. ESI-MS (+)
m/z: 594.07 ([M+H]", calc: 594.06). Anal. Calc.: C 30.37, N 7.08 %, H 2.72; Found: C
30.57%, N 7.00%, H 2.85%

Synthesis of [AUAg(CsFs)(PTA)]PFs (3)

Solid AgPF (72.8 mg, 0.288 mmol) was added to a solution of 1 (50 mg, 0.096 mmol)
in CH3CN (15 mL). The solution was stirred during 1 h and then evaporated to dryness

under vacuum to yield an orange solid.

S1pLIHY-NMR (acetone-ds, ppm): -42.5 (PTA), -144.3 (m, PFs). *H-NMR (acetone-ds,
ppm): *H-NMR (acetone-dg, ppm): 2.07 (s, CH3sCN, overlapped with acetone-dg signal),
4.60 (s, 6H, N-CH,-P), 4.74-4.90 (AB q, J = 13.1 Hz, 6H, N-CH»-N). *F-NMR
(acetone-ds, ppm): -164.0 (m, m-F), -160.5 (t, J = 20.4 Hz, p-F), -116.7 (m, o-F), -72.4
(d, J = 530.6 Hz, PFg). IR (KBr, cm™): v(Au-CsFs): 1500, 978, 700; v(CH,-P): 1455;
v(C-N): 1241; v(PFg): 840, 551. ESI-MS (+) m/z: 1276.88 ([[Au2Ag2(CeFs)2(PTA)]F]",
calc.: 1276.88), 1402.85 ([[Au2Ag2(CsFs)2(PTA),]PFe]", calc.: 1402.84). Anal Cal. for
Ci12H12N3F11P2,AgAU-0.5CH3CN-H,0: C 19.22 %, N 6.03% H 1.92%; Found: C
19.16%, N 5.95%, H 2.04%.

Synthesis of [AUAQ(CsFs)(DAPTA)]PFs (4)

Solid AgPFs (21.3 mg, 0.084 mmol) was added to a solution of 2 (50 mg, 0.084 mmol)
in CH3CN (15 mL). The solution was stirred during 1 h and then evaporated to dryness

under vacuum to yield an orange solid.

3pH}-NMR (acetone-ds, ppm): -17.9 (m, DAPTA), -144.3 (m, PFg). 'H-NMR
(acetone-ds, ppm): 2.05 (CH3CN, overlapped with acetone-dg signal), 2.09 (m, 6H,
COMe), 3.82 (m, 1H, N-CHy-P), 4.19 (s, 2H, N-CH,-P), 4.25 (d, J = 14.0 Hz, 1H, N-
CH,-N), 4.45 (m, 1H, N-CH,-P), 4.86 (m, 1H, N-CH,-P), 4.99-5.13 (m, 2H, N-CH,-N),
5.65 (M, 1H, N-CH»-P), 5.75 (d, J = 14.0 Hz, 1H, N-CH,-N)."®F-NMR (acetone-ds,
ppm): -164.0 (m, m-F), -160.4 (t, J = 20.4 Hz, p-F), -116.6 (m, o-F), -73.1 (d, J = 530.6
Hz, PFg). IR (KBr, cm™): v(C=0): 1637; v(Au-CgFs): 1500, 952, 700; v(CH,-P): 1454;
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v(C-N) at 1232; v(PFe¢): 840, 560. ESI-MS (+) m/zz 1546.89
([[Au2Ag2(CsFs)2(DAPTA),]PFe] ", calc.: 1546.89). Anal. Calc. for
CisH16AgAUF11N30,P,-0.5CH3CN: C 27.65 %, N 8.06 %, H 2.32; Found: C 27.20%, N
8.10%, H 2.43%.

Synthesis of [AUAQ(CsFs)(PTA)INO3 (5)

Similar procedure was used in the synthesis of 5 with respect to 3 but using AgNO;

instead of AgPFgand in 1:1 ratio (gold precursor: silver salt). Yield: 47 %.

SIpLIHY-NMR (acetone-ds, ppm): -45.2. *H-NMR (acetone-ds, ppm): 4.55 (s, 6H, N-
CH,-P), 4.64-4.81 (AB @, J = 12.8 Hz, 6H, N-CH.-N). *F-NMR (acetone-ds, ppm): -
164.9 (m, m-F), -162.8 (t, J = 21.2 Hz, p-F), -115.3 (m, o-F). IR (KBr, cm™): v(Au-
CeFs): 1510, 947, 791; v(CH,-P): 1459; v(NO3): 1383; v(C-N): 1276. ESI-MS (+) m/z:
[M]* calculated for CiHioNsFsPAgAu, 627.940; found, 627.9402; 1276.88
([[Au2Ag2(CsFs)2(PTA),IF], calc.: 1276.88). Anal Cal. for
C12H12N4FsOsPAgAU-0.5CH3CN: C 21.94 %, N 8.86% H 1.91%; Found: C 22.10%, N
8.93%, H 1.93%.

Synthesis of [AUAg(CsFs)(PTA)]OTT (6)

Similar procedure was used in the synthesis of 6 with respect to 5 but using AgOTf
instead of AgPFs. Yield: 77 %.

3pfIH}-NMR (acetone-ds, ppm): -35.7. *H-NMR (acetone-ds, ppm): 2.07 (CHsCN,
overlapped with acetone-dg signal), 4.72 (s, 6H, N-CH,-P), 4.99-5.09 (AB g, J = 13.2
Hz, 6H, N-CH,-N). *°F (acetone-ds, ppm): -163.8 (m, m-F), -157.7 (t, J = 20.8 Hz, p-
F), -116.2 (m, o-F), -78.5 (s, CF3S03). IR (KBr, cm™): v(Au-CsFs): 1508, 947, 700;
v(CH,-P): 1450; v(CF3S03): 1259. ESI-MS (+) m/z: 627.940 (JAuAg(CsFs)(PTA)],
calc.: 627.940) 668.966 ([[AUAQ(CsFs)(PTA)]CHsCN]', calc.: 668.966), 1404.832
([[Au2Ag2(CsFs)2(PTA),]JOTH], calc.: 1406.833). Anal Cal. for
C13H12N4FgOsPSAgAU-0.5CH3CN-H,0: C 27.90%, N 8.76% H 2.79%; Found: C
27.84%, N 8.81%, H 2.80%.

Synthesis of [AUAQ(CsFs)(DAPTA)INO; (7)

Similar procedure was used in the synthesis of 7 with respect to 4 but using AgNO;
instead of AgPFs. Yield: 30 %.
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3pfIHI-NMR (acetone-ds, ppm): -17.7. *H-NMR (acetone-ds, ppm): 2.08 (m, 6H,
COMe), 3.81 (t, J = 16 Hz, 1H, N-CH,-P), 4.28-4.16 (m, 3H, N-CH.-P + N-CH.-N),
4.44 (m, 1H, N-CH,-P), 4.86 (d, J= 15.6, 1H, N-CH,-N), 4.97-5.12 (m, 2H, N-CH,-P +
N-CH.-N), 5.58-5.77 (m, 2H, N-CH,-P + N-CH,-N). *F-NMR (acetone-ds, ppm): -
163.9 (m, m-F), -160.1 (t, J = 20.4 Hz, p-F), -116.3 (m, 0-F). IR (KBr, cm™): v(C=0):
1645; v(Au-CgFs): 1503, 954, 800; v(CH,-P): 1450; v(NO3): 1384; v(C-N): 1261. ESI-
MS (+) mizz 699.961 ([AuAg(CeFs)(DAPTA)]", calc.: 699.961), 1461.911
([[Au2Ag2(CeFs)2(DAPTA),]JNO;], calc.: 1493.911). Anal. Calc. for
C1sH16AgAUFsN4OsP-0.5CH3CN: C 24.52 %, N 8.04 %, H 2.25; Found: C 24.61%, N
8.06%, H 2.27%.

Synthesis of [AUAQ(CsFs)(DAPTA)]OTT (8)

Similar procedure was used in the synthesis of 8 with respect to 4 but using AgOTf
instead of AgPFs. Yield: 20 %.

3pfIHI-NMR (acetone-ds, ppm): -17.8. *H-NMR (acetone-ds, ppm): 2.05 (CHsCN,
overlapped with acetone-ds signal), 2.08 (s, 3H, COMe), 2.09 (s, 3H, COMe), 3.80 (dt, J
= 15.6 Hz, 3.2 Hz, 1H, N-CH,-P), 4.17 (s, 2H, N-CH,-P), 4.24 (d, J = 14 Hz, 1H, N-
CH,-N), 4.44 (dt, J = 15.2 Hz, 4 Hz, 1H, N-CH,-P), 4.84 (d, J = 14 Hz, 1H, N-CH>-N),
4.99 (d, J = 10.4 Hz, 1H, N-CH,-P), 5.07 (d, J = 14 Hz, 1H, N-CH,-N), 5.62 (dd, J = 16
Hz, 8 Hz, 1H, N-CH,-P), 5.73 (d, J = 14 Hz, 1H, N-CH,-N). **F-NMR (acetone-ds,
ppm): -163.9 (m, m-F), -160.2 (t, J = 20.8 Hz, p-F), -116.5 (m, o-F), -78.6 (s, CF3SO03).
IR (KBr, cm™): v(C=0) at 1646; v(Au-CeFs) at 1504, 952, 796; v(CH-P) at 1450;
v(CF3S03) at 1259. ESI-MS (+) m/z: 699.961 ([AuAg(CeFs)(DAPTA)]Y, calc.:
699.961), 1548.875 ([[Au2Ag2(CeFs)2(DAPTA),]JOTf]", calc.: 1550.875. Anal. Calc. for
C16H16AgAUFgN4O5SP-0.5CH3CN-H,0: C 22.98 %, N 5.52 %, H 2.21; Found: C
23.12%, N 5.47%, H 2.23%.
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Supplementary Material

'H-NMR spectrum of 1 in acetone-dgx (Figure S1); **P-NMR spectrum of 1 in acetone-
ds (Figure S2): **F-NMR spectrum of 1 in acetone-dg (Figure S3); *H-NMR spectrum of
2 in acetone-dg (Figure S4); *'P-NMR spectrum of 2 in acetone-dg (Figure S5); *°F-
NMR spectrum of 2 in acetone-ds (Figure S6); °F-NMR spectra of 1 in the presence of
0, 1, 2 and 3 equivalents of AgPFs, together with the spectrum of AgPFs in acetone-dg
(Figure S7); *'P-NMR spectra of 1 in the presence of 0, 1, 2 and 3 equivalents of AgPFe
in acetone-dg (Figure S8); *H-NMR spectra of 2 with increasing amounts of AgPFs salt
(0, 1, 2 and 3 equivalents). Phosphane region (top) and acetonitrile region (bottom) in
acetone-ds (Figure S9); °F-NMR spectra of 2 in the presence of 0, 1, 2 and 3
equivalents of AgPFs, together with the spectrum of AgPFs in acetone-ds (Figure S10);
3IP_NMR spectra of 2 in the presence of 0, 1, 2 and 3 equivalents of AgPFs in acetone-
ds (Figure S11); ESI-MS(+) spectrum of 2-AgPF¢ (Figure S12); ORTEP representation
of X-ray structure of 1 (left) and 2 (right) (Figure S13); Representation of the packing of
1 showing the dimeric alignment (Figure S14); Zig-zag packing of 1. Thermal ellipsoids
are drawn at the 50 % probability (Figure S15); 1D polymeric network of
4-NCMe-Me,C0O-0.5H,0 formed via hydrogen bonds. Yellow: gold; blue: silver;
orange: phosphorus; grey: carbon; light blue: nitrogen; red: oxygen and green: fluorine
(Figure S17); Excitation and emission spectra of 3 and 4 at 1-10* M aqueous solution.
(Figure S18); Normalized excitation spectra of complexes 1, 3 (left) and 2, 4 (right) in
solid state (Figure S19); Normalized emission spectra of 1, Aexc = 375 nm, and 1 in the
presence of 1, 2 and 3 equivalents of AgPFg, Aexc = 420 nm, (left); Normalized emission
spectra of 2, Aexe = 375 nm, and 2, in the presence of 1, 2 and 3 equivalents of AgPFs,
hexc = 420 nm, (right) (Figure S20); Absorption spectra of 2 at different concentrations
in water. Inset: Representation of absorption at 255 nm versus concentration (Figure
S21); Absorption spectra of 3 at different concentrations in water. Inset: Representation
of absorption at 255 nm versus concentration (Figure S22); Absorption spectra of 4 at
different concentrations in water. Inset: Representation of absorption at 255 nm versus
concentration (Figure S23); Emission spectra of 3 at different concentrations in water.
Inset: Representation of emission at 455 nm versus concentration (Aexe = 380 nm)
(Figure S24); Emission spectra of 4 at different concentrations in water. Inset:
Representation of emission at 662 nm versus concentration. Aex = 470 nm (Figure S25);

Optical microscopy images between cross-polarizers of freshly prepared samples of 4
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(A); 2 days (B) and 8 days in solution (C), at different polarization angles: 0° (1), 70°
(2), 75° (3), 85° (4) (Figure S26); 'H-NMR spectra of heterometallic complexes
synthesized from 2 and AgPFs (4), AgNOs (7) and AgOTT (8) in acetone-ds (Figure
S27); F-NMR spectra (perhalogenated aromatic part) of heterometallic complexes
synthesized from 1 and AgPFs (3), AgNO;3; (5) and AgOTf (6) in acetone-ds (Figure
S28); *'P-NMR spectra of heterometallic complexes (phosphane region) synthesized
from 1 and AgPFs (3), AgNO3 (5) and AgOTT (6) in acetone-ds (Figure S29); $Ip_.NMR
spectra of heterometallic complexes (phosphane region) synthesized from 2 and AgPFs
(4), AgNO; (7) and AgOTf (8) in acetone-ds (Figure S30); *F-NMR spectra of
heterometallic complexes synthesized from 2 and AgPFs (4), AgNO3 (7) and AgOTT (8)
in acetone-ds (Figure S31); Normalized emission spectra of 1 and heterometallic
complexes with nitrate, triflate and hexafluorophosphate silver salts in solid state. Aex =
375 nm (Figure S32); Absorption spectra of 1-AgNO3 at different concentrations in
water. Inset: Representation of absorption at 254 nm versus concentration (Figure S33);
Emission spectra of 1-AgNO3 at different concentrations in water. Inset: Representation
of emission at 475 nm versus concentration. Aex. = 350 nm (Figure S34); Absorption
spectra of 1-AgOTf at different concentrations in water. Inset: Representation of
absorption at 254 nm versus concentration (Figure S35); Emission spectra of 1-AgOTf
at different concentrations in water. Inset: Representation of emission at 475 nm versus
concentration. Aexc = 325 nm (Figure S36); Absorption spectra of 2:AgNO3 at different
concentrations in water. Inset: Representation of absorption at 254 nm versus
concentration (Figure S37); Emission spectra of 2: AgNOjs at different concentrations in
water. Inset: Representation of emission at 398 nm versus concentration (Figure S38);
Absorption spectra of 2:-AgOTf at different concentrations in water. Inset:
Representation of absorption at 255 nm versus concentration (Figure S39); Emission
spectra of 2-AgOTf at different concentrations in water. Inset: Representation of
emission at 550 nm versus concentration (Figure S40); Optical microscopy image of the
dried samples of aqueous solutions of 5-8 at 1.10™ M concentration (Figure S41);
Selected Bond Lengths (A) and Angles (deg) for 1 and 2:0.5H,0 (Table S1); Crystal
data and structure refinement for 1 and 2-0.5H,0O (Table S2); Hydrogen bonds for
complex 2-0.5H,0 [A and °] (Table S3); Selected Bond Lengths (A) and Angles (deg) for
4-NCMe-Me,CO-0.5H,0 (Table S4); Crystal data and structure refinement for
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(Table  Sb); Hydrogen

4-NCMe-Me,C0O-0.5H,0 [A and °] (Table S6).
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5 Synopsis

30 Different Au---Ag heterometallic complexes containing CgFs perhalogenated ligand and
32 water soluble phosphanes (PTA and DAPTA) have been synthesized and their
aggregation in water has been explored. The resulting supramolecular morphologies and
35 their luminescence are observed to depend directly on the counterion of the silver salt.
37 The use of PTA or DAPTA has also a key role on the establishment of weak

39 intermolecular contacts.
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