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ARTICLE INFO ABSTRACT

The bifunctional hybrid thioester ligands containing square planar Pt(II) centers 2,7-bis[2-(trans-acetylthio-bis-

Dedicated to Maurizio Peruzzini, on the occa-
sion of his 65" birthday

Keywords:

Fluorene-bis-acetylide bimetallic complexes
Stilbene-bis-acetylide bimetallic complexes
Noble metal nanoparticles

Organometallic bifunctional thiols
Nanoparticle networks

(tributylphosphine)platinum')ethynyl]-9,9-didodecyl-9H-fluorene (1) and trans-4,4'-bis[2-(trans-acetylthio-bis-
(tributylphosphine)platinum™ethynyl]stilbene (2) have been prepared in a four-step procedure and used as
stabilizing and interconnecting ligands for gold and silver nanoparticles (MNPs), formed in-situ upon deacylation
of the MeCOS-Pt(Il)-terminal groups. The metallic surface is linked to the Pt(II) centers of the ligands via M-S-Pt
(I) bridges. The size of the AuNPs and AgNPs which aggregate into a bi-dimensional network through hybrid
metal-organic bridges was controlled by careful choice of synthetic parameters. The morpho-structural features
of the nanoparticles, investigated by scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and synchrotron radiation induced X-ray photoelectron spectroscopy (SR-XPS), highlighted the linkage

between the nanoparticles, featuring diameters below 10 nm.

1. Introduction

Noble metal nanoparticles (MNPs) and related organometallic pre-
cursors with narrow and controlled size distributions are at present one
of the most advanced nanomaterials, with potential applications in
various fields among which catalysis, biomedicine and drug delivery,
molecular electronics and plasmonics [1-10]. Chemical reactions per-
formed under suitable conditions from selected molecular entities allow
for the preparation of MNPs of desired composition, size, shape and
distribution, under atomic precision control [11-13]. Moreover, 2D or
3D networks showing collective physico-chemical properties can be
obtained by the easy manipulation of colloidal MNPs when allowed to
self-assemble into complex structures [14,15]. MNPs assemblies exhibit
bulk properties that are controllable through a bottom up approach and
have prompted systematic studies of electronic and solid-state
phenomena.

A fundamental role in properties and potential applications is played
by the stabilizing ligands, as in the case of hydrophilic organic or
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organometallic thiols and polymers in core-shell structures that can
make NPs based colloids easy to handle in either organic or aqueous
media [16]. In presence of bifunctional terminal groups at the end of the
ligand molecular chain, extended networks of interconnected NPs can be
obtained. Dimers, oligomers, and polymer-like gold nanoparticle chains
can be prepared by varying the ratio of alkane dithiols to metal pre-
cursors [17]. In this context, fluorene and stilbene units with terminal
thiol groups have been employed as organic bridges due to their
extended n-conjugated electronic system allowing for the synthesis of
covalently linked MNPs with tunable interparticle distances. Among
these, platinum-containing fluorenyl-polyynes and metallopolyynes
have been reported as promising materials for organic electronic devices
[18-23]. It is also known that Pt(II) centers in MNPs can induce a syn-
ergistic effect at the electronic level in the modulation of their physico-
chemical properties [24]. Within the class of bifunctional ligands, we
previously reported on synthesis and properties of biphenyl based NPs
linked by a Pt-containing organometallic dithiol bridge [25], and more
recently of silver and gold NPs stabilized by fluorene-based dithiol
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ligands in which the distance between the NPs varies as a function of the
interconnecting conjugated organic bridge (Chart 1) [26]. MNPs linked
by bifunctional thiols were tested in electrical measurements showing a
non-ohmic behavior, suitable, for example, in sensor applications
[27,28].

It is worth mentioning that transition metal complex (TMC)/AuNP
hybrids, i.e. gold NPs stabilized by organometallic linkers, represent a
continuously growing field of investigation due to the diversity of
properties and applications with respect to those of conventional
organic compounds/AuNP hybrids [29].

In the present work, we have extended the study on the properties of
Pt(ID) bifunctional thiol ligands and related MNPs by addressing the
synthesis of bimetallic complexes 1 and 2 and of the corresponding gold
and silver NPs. The trans-stilbene organic bridge allows for an extension
of the conjugated carbon chain with respect to its biphenyl analog, while
the alkyl chains in the 9-position of the fluorene system are expected to
bring improved solubility of both complex and MNPs in organic sol-
vents, thus extending the array of tunable properties of such systems.
These ligands are characterized by an extended =-system that can
enhance the plasmon resonance effect of the linked nanoparticles and
introduce specific absorption and emission optical features in the MNPs
[30-32]. Furthermore, their bifunctional structure allows the formation
of an interconnected system of nanoparticles with extensive delocal-
ization of the electrical charge. Both gold and silver NPs have been
obtained (i.e. AuNPs-1, AuNPs-2 and AgNPs-1, AgNPs-2) upon
deprotection of the thiol end groups.

The preparation methods of the MNPs focused on providing high-
quality uniform aggregates of network assemblies. The structural and
optical properties of the functionalized nanoparticles were determined
by FTIR, NMR and UV-Vis spectroscopies. Synchrotron radiation spec-
troscopy (SR-XPS) was used to obtain detailed information on MNPs
network assemblies at the nanoscopic scale. Moreover, Scanning Elec-
tron Microscopy has been employed to characterize the morphological
surface, while structural identification on the bulk has been gathered by
Transmission Electron Microscopy supported by selected area electron
diffraction (SAED) techniques. Image processing with statistical analysis
have been exploited to perform an accurate quantitative measurement
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of size, shape and location of the individual MNPs forming the bi-
dimensional network.

2. Experimental section

General. UV-Vis absorption spectra were obtained on a Varian Cary
100 Scan UV-Vis spectrophotometer, using 1 cm quartz cells. The molar
extinction coefficients (g, M~! em™!) were measured in the concentra-
tion range of 5.0 x 107%-1.8 x 10™* M, and the values are given with a
+5% experimental error. Photoluminescence measurements were per-
formed on a Horiba Jobin Yvon Fluoromax-4 instrument. Both absorp-
tion and emission spectra were acquired on freshly prepared samples in
CH,Cl, solutions. Elemental Analyses were carried out on an EA 1110
CHNS-O instrument. FTIR and Far-IR (FIR) spectra were recorded on
cast deposited films from chloroform solutions using KRS-5 cells with a
Bruker Vertex 70 spectrophotometer, in the range 4000-400 cm ™ * and
600-200 cm ™, respectively. NMR spectra were recorded on a Bruker
Avancell 300 MHz instrument in CDCl3 solutions; chemical shifts are
reported in & values calibrated with solvent peaks at 7.26 ppm for *H
NMR and 77.1 ppm for '3C NMR, or vs H3POy, as external standard for
13p NMR. Mass spectra were acquired on a triple quadrupole mass
spectrometer API 365 (SCIEX) with ESI ion source, provided with a
second ion source APCI (atmospheric pressure chemical ionization)
suitable for substances less easily ionizable. Pure samples were prepared
in dilute solutions (2 mL, at least 1 mg/mL) in methanol solvent. Small
amounts of formic acid, acetic acid, or ammonia were added to favor the
ionization process and increase the sensitivity of the instrument. The
samples were filtered through microfiber glass with 0.2 um porosity
before injection.

Materials. All reagents and analytical grade solvents were purchased
from commercial sources and used as received unless otherwise stated.
Diisopropylamine and dichloromethane were distilled over CaH, under
nitrogen atmosphere. Reactions were performed under Argon using
standard Schlenk-line techniques. Column chromatography was carried
out on silica gel Merck (70-230 mesh), and thin-layer chromatography
(TLC) on aluminum sheets precoated with silica gel 60 F254 (Merck).
Platinum and palladium complexes cis-[Pt(PBug)2Cly] and trans-[Pd
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Chart 1. Previous examples of organic dithiol/MNPs from our group and proposed Pt-complexes/MNP hybrids.
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(PPh3)Cly] [33], and the ligand precursors ((9,9-didodecylfluorene-2,7-
diyl)-bis(ethyne-2,1-diyl))bis(trimethylsilane) (1a) [16] and trans-1,2-
bis((4-(trimethylsilyl)ethynyl)phenyl)ethene (1b) [34] were prepared
as previously described. Synthetic procedures and characterization of
compounds 1a-c and 2a-c are reported in the Supporting Information
(Fig. SI1).

2,7-Bis [2—(trans—acetylthio—bis—(tributylphosphine)platinumn)ethy—
nyl]-9,9-didodecyl-9H-fluorene . 2,7-Bis[2-(trans-bis-(tribu-
tylphosphine)chloride-platinum™ethynyl]-9,9-didodecyl-9H-fluorene
(1c) (0.500 g, 0.275 mmol) and potassium thioacetate (0.100 g, 0.875
mmol) were stirred in a mixture of ethanol (25 mL) and CH5Cl, (100 mL)
under Argon atmosphere at 50 °C for 3 days. Upon filtration through a
pad of Celite, the solution was treated with brine (2 x 50 mL) and the
organic phase dried over NaySO4 to give 1 as a yellow oil (0.496 g, 95%
yield). 'H NMR (CDCls, 300 MHz): § (ppm) = 7.52-7.41 (m, 2H, H-4, H-
5), 7.25-7.14 (m, 4 H, H-3, H-6, H-1, H-8), 2.35 (s, 6 H, COCHj3),
2.21-1.94 (m, PCHj, 24H), 1.94-1.78 (m, C(CH2-)2, 4 H), 1.75-1.51 (m,
PCH,CH>-, 24H), 1.51-1.37, (m, PCH,CH>CH>CH3s, 24H), 1.35-0.98 (m,
CH, on fluorene, 36H), 0.98-0.81 (m, CHs, 42H), 0.70-0.55 (m, 4 H,
CH,CHj on fluorene). *C NMR (CDCls, 75.5 MHz): 5 (ppm) = 3.8 (CHg),
14.0 (CH3), 22.6 (t, Jp.c = 17.3 Hz, PCH,CH,), 23.9 (CH,), 24.3 (t, Jp.c
= 6.7 Hz, PCH,CH3), 26.1, 26.2, 26.3, 29.3, 29.4, 29.5, 29.56, 29.58,
29.7 (CHy), 30.3 (COCH3), 31.9, 33.0, 40.6 (CH>), 54.5 (C-9), 96.6 (t, Jp.
¢ = 15.2 Hz, C=C-Ar), 106.7 (t, J = 2.0 Hz, Pt-C=C), 118.9, 124.9,
126.7, 129.3, 138.4, 150.4 (Ar), 204.3 (COCH3). 3lp NMR (CDCl3, 121
MHz): § (ppm) = 3.87 (Jp.p; = 2391.8 Hz). FT-IR (film from CH,Cly), v
(cmfl): 2957, 2927, 2871, 2857, 2112 (C=C), 1632 (C=0), 1462,
1416,1378,1343,1304, 1260, 1210,1148,1108, 1052, 1005, 944, 905,
819, 722, 648. FIR (film from CH,Cly), v~ (cm™1): 577 (Pt-C), 446 and
394 (Pt-P), 326 (Pt-S). UV-Vis (CHCl3), Amax (nm) (log €): 372 (5.1) nm.
Elemental analysis (%) calcd. for C93H;7002P4Pt2S, (1898.52): C 58.83,
H 9.03, S 3.38; found: C 58.56, H 9.18, S 3.22. HRMS (ESI, CH30H):
cluster centered at m/z 1897.70 (calcd. 1898.52 uma).

trans-4,4’-Bis [2—(trans—thioacetyl—bis—(tributylphosphine)platinumH)
ethynyl]-stilbene (2). trans-4,4'-Bis[2-(trans-bis-(tributylphosphine)
chloride—platinumn)ethynyl]—stilbene (2¢) (0.623 g, 0.416 mmol), and
potassium thioacetate (0.153 g, 1.248 mmol) were stirred in a mixture of
ethanol (25 mL) and CH,Cly (100 mL) under an Argon atmosphere at
50 °C for 3 days. The solvents were removed by rotary evaporation and
the mixture was purified by column chromatography (alumina, petro-
leum ether/CH,Cly = 1/1) to give product 2 as a yellow oil (0.622 g,
yield 95%). '"H NMR (300 MHz, CDCls): & (ppm) = 7.40-7.10 (m, 8H
Ar), 6.45 (H-9, H-10), 2.31 (s, COMe), 2.01 (m, CHy), 1.35 (m, CHy),
0.98 (m, CH3). '3C NMR (75.5 MHz, CDCls): § (ppm) = 204.1 (CO),
134.2 (C-1, C-1), 130.4 (C-3, C-3, C-5, C-5'), 129.4 (C-9, C-10), 128.5
(C-2, C-6, C-2/, C-6/), 126.0 (C-4, C-4'), 105.6 (C-7, C-7'), 98.0 (C-8, C-
8'), 34.9 (COCH3), 26.2, 24.3, 22.3 (m, CH3), 13.8 (CH3). 31p NMR (121
MHz, CDCl3): § (ppm) = 4.12, Jpp; = 2398.3 Hz. FT-IR (film from
CH,Cly), v (cmfl): 2959, 2918, 2868 (CH aliphatic), 2111 (C=C), 1624
(C=0). FarlR (film from CH,Cly), v (cm’l): 548 (Pt-C), 450 and 395
(Pt-P), 325 (Pt-S). UV-Vis (CH3Cly), Amax (nm): 373. Fluorescence
(CHxCly), Aem (nm): 415, 441. HR-MS (ESI, CH30H): cluster centered at
m/z = 1573.73 (caled. 1574.73).

Self-assembled monolayers of 1 and 2 on gold. Gold coated silica wafers
prepared by growing Au film 4000 A thick onto Si(11 1) substrates were
cut into slices (ca 1 cm?) and washed repeatedly with acetone, ethanol
and chloroform, then blown dry under nitrogen. Compound 1 (0.035 g,

H,COCS —Pt—=—=—2

P(Bu);
H3C(H2C)10H2C
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0.019 mmol) dissolved in 20 mL of THF and aqueous NH4OH (30%, 260
uL, 6.5 mmol) were allowed to react for 2 h at 30 °C. The mixture was
filtered on Celite and freshly washed gold substrates were dipped into
the solution for 4 h. The obtained multilayers were rinsed with different
solvents (ethanol, THF and acetone) and then dried under vacuum in
order to achieve the formation of SAM films in the monolayer thickness
regime. An analogous procedure was followed using compound 2.
Synthesis of gold nanoparticles AuNPs-1 and AuNPs-2. An aqueous
solution of HAuCly-3H20 (0.0237 g, 0.0602 mmol) in deionized water
(5 mL) was mixed with a solution of tetraoctylammonium bromide
(TOAB) (0.040 g, 0.0734 mmol) in toluene (9.5 mL). The two-phase
mixture was vigorously stirred until all the tetrachloroauric acid was
transferred into the organic layer, then a solution of thioester 1 (0.114 g,
0.0602 mmol, Au/S molar ratio 1/1) in toluene (9.5 mL) was added. A
freshly prepared aqueous solution of sodium borohydride (0.0228 g,
0.6020 mmol) in deionized water (5 mL) was rapidly added under
vigorous stirring and the reaction mixture allowed to react for 3 h. At the
end, the organic phase was separated and washed with water. The
organic phase was reduced to 2 mL in a rotary evaporator, and 20 mL of
ethanol were added. The mixture was kept overnight at —18 °C and then
centrifuged at 5000 rpm for 15 min to remove excess of reagents, TOAB
and byproducts. The supernatant was rinsed out and the precipitate was
washed by centrifugation (5000 rpm for 5 min) with ethanol (x2) and
then with dichloromethane (x10). After removal of the supernatant, a
red ruby solution of AuNPs-1 nanoparticles was obtained by taking up
with 10 mL of toluene. Gold nanoparticles stabilized with ligand 1 were
also prepared using the starting materials in Au/S molar ratios: 1/2 and
1/1.43. Gold nanoparticles (AuNPs-2) stabilized with ligand 2 were
prepared according to an analogous procedure with Au/S molar ratios
1/1,1/2,2/1 and 3/1. AuNPs-1: (yield 30%, 0.007 g). UV-Vis (CH2Cly):
Amax = 570 nm. Fluorescence (CH2Cly): Aem, = 540 nm (Aexe = 520 nm).
FT-IR (film from CHxCly), v (em™1): 580 (Pt-C), 446 and 394 (Pt-P), 326
(Pt-S); 227 (Au-S). AuNP-2: (yield 21%, 0.0062 g). UV-Vis (CHxCly),
Amax = 515 nm. Fluorescence (CH5Cly): Aemy = 590 nm (Aeye = 500 nm).
Synthesis of silver nanoparticles AGNPs-1 and AgNPs-2. Silver nano-
particles (AgNPs-1) stabilized with ligand 1 were prepared by using the
Ag/S molar ratios 1/0.5, 1/1, 1/2, as herein described for the 1/1 case.
Silver nanoparticles (AgNPs-2) stabilized with ligand 2 were prepared
by an analogous procedure using the Ag/S molar ratios 1/1, 3/1 and 1/
2. The AgNO3 salt (0.0243 g, 0.143 mmol) was dissolved in deionized
water (5 mL) and mixed with a solution of tetraoctylammonium bromide
(TOAB) (0.0954 g, 0.1745 mmol) in toluene (10 mL). The two-phase
mixture was vigorously stirred until all the silver salt was transferred
into the organic layer and a solution of ligand 1 (0.1307 g, 0.143 mmol)
in toluene (10 mL) was then added. A freshly prepared aqueous solution
of sodium borohydride (0.0541 g, 1.43 mmol) in deionized water (5 mL)
was rapidly added under vigorous stirring. After further stirring for 4 h
the organic phase was separated, washed with water and the organic
solution was reduced to 2 mL in a rotary evaporator. Ethanol (40 mL)
was added and the nanoparticles allowed to precipitate when kept
overnight at —18 °C. The suspension was separated by centrifugation at
5000 rpm for 15 min, the supernatant was removed, and the precipitate
was carefully washed with ethanol (5000 rpm for 15 min, two times) and
with dichloromethane (5000 rpm for 5 min, ten times). AgNPs-1: (0.063
g, yield 26%). UV-Vis (CH2Cly), Amax = 460 nm. Fluorescence (CHCly):
Aem = 544 nm (Aexe = 400 nm). AgNPs-2: (0.0064 g, yield 15%). UV-Vis
(CH2Cl5): Apax = 400 nm. Fluorescence (CH3Cly): Aem = 460 nm (Aexe =




S. Cerra et al.

380 nm). During the centrifugation procedure the sample showed a
tendency to aggregate giving a dark solution.

TEM analysis. TEM images and Electron Diffraction Patterns (EDP)
were captured using a FEI-Titan operating at 80 keV, whereas low
voltage experiments were performed using a ZEISS EM10 TEM operating
at 60 keV. Measurements were carried out on cast deposited samples
obtained from CH3Cl, or DMF solutions on Cu grids coated with amor-
phous carbon [35]. XPS analysis was performed with a homemade in-
strument consisting of a preparation and analysis UHV chamber
(resolution of 1.0 eV as measured at the Ag 3ds,» core level). The used X-
ray radiation is a non-monochromatized Mg-Ka (1253.6 eV). The spectra
were energy referenced to the Cls signal of aliphatic C atoms having a
binding energy BE = 284.70 eV. Atomic ratios were calculated from
peak intensities by using Scofield’s cross section values and calculated A
factor [36]. Curve-fitting analysis of the Cls, Au4f, S2p, spectra was
performed using Voigt profiles as fitting functions, after subtraction of a
Shirley-type background [37]. For quantitative data, the BE values were
referred to NIST data. The spectra have been acquired on films cast or
spin deposited from CHCl3 and CHyCly solvents on TiO,/Si (111)
wafers.

SR-XPS characterization. SR-XPS experiments were carried out at the
PM4-LowDosePES beamline at Helmholtz-Zentrum Berlin (BessylI Syn-
chrotron Radiation facility). The PM4 bending magnet beamline is
equipped with a Plane Grating Monochromator operating in collimated
light (collimated PGM). The LowDose PES end-station is equipped with a
SES100 hemispherical analyzer, whose Energy Resolution was esti-
mated as 0.2 eV. XPS data were collected in fixed analyzer transmission
mode (pass energy = 30 eV), with the monochromator entrance and exit
slits fixed at 30 pm. Photon energy of 380 eV and 600 eV were used for
Cls, S2p, Pt4f, Au4f, Ag3d and Ols spectral regions with energy reso-
lution 0.22 eV. Calibration of the energy scale was made referencing the
spectra to the gold Fermi edge of an Au reference sample, and the Au4f;,
2 was always found at 83.96 eV. Curve-fitting analysis of the Cls, Ols,
S2p, Pt4f, Au4df and Ag3d spectra was performed using Gaussian curves
as fitting functions. S2p3/2,1/2 Au4f7/2,5/2, Ag3d5/2,3/2, P2p3/01,2 and
Pt4f;/5 5,2 doublets were fitted by using the same full width at half-
maximum (FWHM) for each pair of components of the same core
level, a spin-orbit splitting of, respectively, 1.2 eV, 6.0 eV and 3.3 eV
and branching ratios S2ps3,2/S2p1,2 = 2/1, Ag3ds/2 /Ag3ds,s = 3/2,
Au4f; o/Audfs 5 = 4/3and Ptaf;,o/Ptafs,» = 4/3. When several different
species were individuated in a spectrum, the same FWHM value was
used for all individual photoemission bands.

3. Results and discussion

Synthesis of organometallic bifunctional ligands. The objectives of this
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work were the preparation and characterization of Au or Ag nano-
particles stabilized with organometallic bifunctional thiol ligands, in
order to obtain MNPs with fine controlled structural and optical prop-
erties. Ligands 2,7-diethynyl-(9,9-didodecyl)-fluorene and trans-4,4’-
bis-(2-ethynyl)-stilbene were chosen as the conjugated n-systems and
coordinated to -Pt(II)(PBu3)2SCOCHj3; end groups by formation of
acetylide-platinum bonds. The overall synthetic pathway to form the Pt-
bimetallic complexes 1 and 2 consisted of a four-step procedure, which
is summarized in Scheme 1.

The trimethylsilyl protected diynes 1la or 2a, obtained by
Sonogashira-Hagihara coupling of the corresponding dibromide pre-
cursors, were allowed to react under basic conditions to afford the bis-
ethynyl derivatives 1b or 2b. In the third step, the organometallic
compounds 1c or 2¢ were obtained by means of a dehydrohalogenation
reaction involving the diynes 1b or 2b and the square planar platinum
(II) complex cis-[Pt(PBus)2Cl], according to a reported procedure [38].
An accurate control of the stoichiometry between the platinum complex
and 1b or 2b was necessary to avoid polymerization reactions and favor
the formation of the dinuclear complexes 1c or 2¢ (details in Supporting
Information). In the final step, the ligand exchange reaction of —Cl by
—SCOCH3 allowed the isolation of the bifunctional organometallic
compounds 1 and 2 featuring terminal thioacetate groups.

Spectroscopic characterization of platinum complexes 1c, 1, 2c, 2. The
Far-IR spectrum of the fluorene complex 1c has shown the stretching
signals due to the Pt bonds: v(Pt-P) at 447 cm ! and 396 cm’l, v(Pt-C) at
577 cm~! and v(Pt-Cl) at 309 cm~! [39]. The formation of the trans-
isomer is evidenced by the 3'P NMR spectrum where the phosphorous
signal falls at 4.10 ppm with coupling constant J31p_195pt equal to 2391
Hz [40]. The Far-IR spectrum of 2¢ has shown the stretching modes of
the Pt bonds at v(Pt-P) = 450 cm ™' and 395 cm’l, V(Pt-C) at 548 cm !
and v(Pt-Cl) at 307 cm ™}, giving evidence of Pt-C bond formation. Upon
formation of the platinum complex, the stretching of the C=C triple
bond is shifted at a lower frequency (2c, 2111 cm’l) as expected for the
introduction of the metal center. In the 13C NMR spectrum the signals
associated to the triple bond were observed at 98.0 ppm (-C=C-Ar) and
105.6 ppm (Pt-C=C, tr). The 3'P NMR spectrum showed a signal at 7.02
ppm with Jp.pr = 2365 Hz, typical for the trans isomer. The formation of
the trans isomer is evidenced by the 31p NMR spectrum where the peak
associated to phosphorous is found at 4.10 ppm with coupling constant
J31p-195p¢ = 2391 Hz. The presence of the thiocarbonyl group is indicated
by the stretching band in the FT-IR spectrum at 1630 cm ™, by the
methyl signal at 2.44 ppm in the 'H NMR spectrum and 204.3 ppm in the
3¢ NMR spectrum. The FTIR spectrum of complex 2 showed the
stretching frequency of the carbonyl group at 1624 cm™, shifted from
the typical value due to the presence of the platinum centers. The
presence of the acetyl group has been confirmed by the 'H NMR with a

K,CO3
Me3SiE—O—}SiMe3 ———— > H— = H
Et,O/methanol
RT, 5h (1b, 2b)
] toluene/
cis-[Pt(PBu3)2CLy] | diisopropylamine
35°C, 20h
T(BU)3 IT(Bll)s
e Cl—Pt—=—(_)—=—Pt—Cl
dichloromethane/ethanol | |
50°C, 72h P(Bu)s P(Bu)s
(1c, 2¢)

Scheme 1. Synthetic routes to bimetallic complexes 1 (FL) and 2 (ST).



S. Cerra et al.

peak at 2.31 ppm, while the carbonyl and the methyl groups were found
at 204.3 and 35.0 ppm in the 13¢ NMR spectrum. Concerning the Far-IR
characterization, products 1 and 2 highlighted the stretching of the new
introduced Pt-SCOCHj3 bonds: v(Pt-S) at ca. 325 em™! [41,42]. The lp
NMR spectrum showed the signal associated with the phosphine groups
at 4.19 ppm with a coupling constant J = 2398 Hz. The FTIR and FIR
spectra of compounds 1 and 2 are reported in Fig. SI_2 whereas NMR
spectra are reported in Fig. SI_3 for compounds 1 and 2, respectively.

The compounds 1, 1a—c, 2, 2a—c were characterized by absorption
and fluorescence spectroscopy. The UV-Vis spectra of each series of
compounds highlighted a progressive red-shift of the absorption
maximum going from the dibromide precursors, FL or ST, to the dieth-
ynyl derivatives and then to the dichloride or dithioacetate Pt(II) com-
plexes, due to increased electron density within the conjugated system
(Fig. SI_4). Excitation of the platinum complexes at the wavelength of
their absorption maxima (373 nm) gave rise to the corresponding pho-
toluminescence spectra, characterized by vibronic structures with
emission peaks at 558 nm and 587 nm for the fluorene complex 1 and at
416 nm and 440 nm for the stilbene complex 2 (Fig. 1).

Functionalized Noble metal nanoparticles: synthesis and characterization
of AuNPs and AgNPs based networks. The Brust’s synthesis of thiol-
derivatized metal nanoparticles in a two-phase liquid-liquid system to
obtain colloidal MNPs is a commonly used procedure [43,44], which we
followed in this work starting from the Au>t or Ag" ion precursors
(tetrachloroauric acid or silver nitrate). The reduction of the metal ions
by sodium borohydride was carried out in wet conditions in presence of
the bis-thioacetate Pt" ligand 1 or 2 and of the phase transfer agent
tetraoctylammonium bromide (TOAB) (Scheme 2). During the synthesis,
the thioester is subjected to an in situ deacetylation that allows the for-
mation of the S-metal bond [45]; subsequently the addition of NaBH4
causes the reduction of the Au®>* or Ag™ ions to the corresponding
atomic metal clusters.

The introduction of thiols as stabilizing outer layers on the MNP
surface allows to control the size and morphology of the nanoparticles.
Different thiol/metal molar ratios have been used in the synthetic pro-
cedure for manufacturing nanoparticles with a reproducible and
controlled diameter. Therefore, appropriate stoichiometric ratio of re-
actants and the subsequent purification steps are crucial [46]. AuNPs
and AgNPs stabilized with the two novel bifunctional organometallic
thioesters, 1 and 2, were obtained. After purification, the nanoparticles
were characterized by both spectroscopic (FTIR, UV-Vis, SR-XPS) and
electron microscopy techniques (FESEM, TEM, and SAED) in order to
investigate their morpho-structural properties.

The UV-Vis characterization carried out on the metal nanoparticles
in dichloromethane solution revealed the presence of broad surface
plasmon resonance (SPR) bands. Fig. 2a and b shows typical UV-Vis
spectra in CH2Cl, of AuNPs and AgNPs functionalized with fluorene and
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stilbene platinum complexes.

As it can be observed, both AuNPs exhibit a broad peak with
maximum near 580 nm, which is red shifted with respect to the typical
resonance at about 520 nm found in spherical AuNPs [47]. Usually, the
red shift of the SPR band is correlated to increasing volume, size dis-
persity and aggregation of the NPs system [48]. The shift of the plas-
monic resonance is probably related to interparticle electro-magnetic
coupling effects [14,49]. In the case of AuNPs-1 and AuNPs-2, particles
with small diameter and with a good degree of monodispersity have
been observed by morphological studies. The SPR bands of the silver
nanoparticles AgNPs-1 and AgNPs-2 were found at about 470 and 400
nm (Apax), respectively. Fluorene based AgNPs-1 show a trend similar to
that observed in AuNPs.

SR-XPS studies. In order to probe the local chemistry occurring at the
head group/metal interface as well as the ligand molecular structure
stability and intermolecular interactions, High Resolution Synchrotron
Radiation-induced XPS measurements were carried out on AuNPs-1,
AuNPs-2, AgNPs-1 and AgNPs-2, as well as, for comparison, on the
ligands 1 and 2 deposited onto “flat” polycrystalline gold surfaces. These
studies have been carried out on the sample obtained using a metal to
sulfur molar ratio of 1/1. Data collected at S2p and Au4f and Ag3d core
levels, respectively, allowed the assessment of the local chemistry at the
metal/thiol interface, and Pt4f spectra were extremely useful to probe
metal-aromatic rings intermolecular interactions, as observed for anal-
ogous systems [50]. S2p, Pt4f, Au4df and Ag3d XPS data (BE, FWHM,
atomic ratio values and assignments) are summarized in Table S1 of the
Supporting Information. S2p spectra of AuNPs-1, AgNPs-1 and 1 are
reported in Fig. 3. It is noteworthy that in the spectrum of complex 1
(Fig. 3a-bottom), two pairs of spin-orbit components can be observed,
whereas in AuNPs-1 and AgNPs-1, S2p spectra show one spin-orbit pair
only. The S2p signal that can be observed in all three spectra has a S2p3/
2 main component BE of about 162 eV, as expected for sulfur atoms
covalently bonded to metals. This signal is usually observed in self
assembled monolayers (SAMs) of thiols anchored on metal surfaces as
well as on metal nanoparticles stabilized by thiols [51].

The organometallic thioester ligands 1 and 2 were deprotected by
hydrolysis under basic conditions in order to isolate the free thiol de-
rivative and to prepare SAMs on gold surfaces for HR-XPS studies. The
signal at higher BE values (S2ps,» BE = 164 eV) that appears in the
spectrum of 1 is attributed to free thiol or thiolate end groups. The two
sulfur signals are of the same intensity, suggesting that 1 molecules
anchor to the gold surface only with one terminal group, as expected for
rigid n-conjugated molecules showing an attitude to stack, attaining an
uprising position on the surface. For complex 2, the S2p spectrum, re-
ported at the bottom of Fig. 3b, is similar. On the other hand, in AuNPs-2
and AgNPs-2 S2p spectra, a single S2p signal is observed (similarly to
AuNPs-1 and AgNPs-1), coherently with the hypothesized formation of
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Fig. 1. Normalized UV-Vis absorption (red line) and emission spectra (blue line) of complex 1 (a) and of complex 2 (b) in dichloromethane. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Scheme 2. a) Schematic representation of two-phase synthesis of gold and silver nanoparticles. b) Structures of the obtained AuNPs and AgNPs.
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Fig. 2. UV-Vis spectra (CHxCl). a) AuNPs-1 and AuNPs-2 in Au/S 1/1 M ratio. b) AgNPs-1 and AgNPs-2 in Ag/S 1/0.5 M ratio samples.

networks with all thiol terminal groups involved in S-Metal bonds, as
driven by the deacylation reaction above described.

Au4f and Ag3d XPS spectra of AuNPs-1 and AgNPs-2 are reported in
Fig. SL5. Both spectral regions show two couples of spin-orbit pairs, as
expected for functionalized nanoparticles. The main signals, at lower BE
values (Au4f; /5 83.80 eV; Ag3ds,2 367.66 eV) are attributed to metallic
atoms of respectively gold and silver, in the nanoparticles core. The low
intensity signals at higher BE values (about 20% of total metal signal for
all four samples) are due to positively charged metal atoms on the
nanoparticles surface, chemically bonded to sulfur atoms of the thiol end
groups. The same behavior is observed for AuNPs-2 and AgNPs-1 Au4f
and Ag3d spectra, as summarized in Table SI_1.

Pt4f spectra of AuNPs-1, AgNPs-1 and ligand 1 are reported in Fig. 4
and are representative for the analogous AuNPs-2, AgNPs-2 and ligand
2 systems; the main Pt signal has Pt4f;,» BE = 73.00 eV for all samples,
as expected for binuclear compounds analogous to Pt-polyynes [38]. A
small component at lower BE values is also observed in all Pt4f spectra,
and attributed to Pt atoms electronically interacting with the ethynyl-

biphenyl groups of adjacent molecules, as expected for rod-like poly-
ynes giving rise to metal-to-ligand (MLCT) intra and inter-molecular
charge transfer [52]. In fact, binuclear n-conjugated molecules like li-
gands 1 and 2 are well known to give rise to self-assembling structures,
due to the highly favorable interchain interactions arising between
metal centers and adjacent acetylene moieties and aromatic rings. Some
of us already observed and reported this behavior in a study about the
self-assembling organization of dinuclear Pt(II) and Pd(II)-based com-
plexes anchored on silver nanoparticles, on gold surfaces and on
organometallic polymetallaynes [53].

Electron microscopy study. Detailed morpho-structural investigations
of the MNPs directly linked by organometallic bifunctional thiol ligands
1 or 2 have been performed. Electron microscopy images of the AuNPs
bridged by ligand 1 are shown in Fig. 5. The surface morphology of
AuNPs-1 sample obtained with molar ratio Au/S 1/1 evidence different
bright nanometric regions of aggregate nanoparticles. The brightest area
is related to the high density of NPs, forming a quasi-domo islands with
dimension of more than hundred nanometers (marked by white dot line)
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Fig. 3. XPS S2p spectra: a) S2p core level spectra of AuNPs-1 (top), AgNPs-1 (middle) and complex 1 (bottom); b) S2p core level spectra of AuNPs-2 (top), AgNPs-2

(middle) and complex 2 (bottom).
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Fig. 4. XPS Pt4f spectra collected on AuNPs-1 (top) and AgNPs-1 (middle) and
ligand 1 (bottom); spin-orbit components associated to Pt(II) atoms are in blue
(Pt 4f;,» component) and cyan (Pt 4fs,5); the signal attributed to Pt atoms
acting as electron-acceptors from fluorene electron-rich moieties of adjacent
molecules is in red (Pt4f;,5) and orange (Pt4fs,»). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

(Fig. 5a). A magnified region shows the presence of stacked poly-
dispersed NPs (Inset). The electron diffraction pattern (EDP) in Fig. 5b
exhibits diffraction rings produced by a randomly orientation of the
polycrystalline nanoparticles. Measuring the d-spacing of the diffraction
rings, we were able to establish the typical pattern of the face-centered-
cubic (fcc) Au crystallites of space group Fm-3 m (yellow dot arcs).
Furthermore, very few extra diffraction spots selected by red dot circles
can be noticed, and not evaluated because of the poor number and
crystalline organization. The corresponding Bright Field (BF) TEM
image clearly shows well separated AuNPs with approximately spherical
shape (Fig. 5¢). The morphometric analysis of the AuNPs identified an
average diameter of 4.42 + 0.31 nm. The estimated neighbor-distance
distribution is centered around 2.17 + 0.41 nm which could corre-
spond to the length of organometallic linker [14,54,55].

By increasing the Au/S molar ratio to 1/2 (AuNPs-1 1/2 mol/mol
sample), the surface roughness decreased (Fig. 5d, white arrowed) and
separated nanoaggregates of dozens nanometer are shown in the Inset.
EDP analysis still confirms the presence of a gold face-centered-cubic
(fce) (yellow dot arcs) with increasing of extra diffraction spots
(Fig. 5e, red dot circles). The polygonal white lines drawn on Fig. 5f
evidence well-separated nanoaggregates with some overlapping nano-
particles. Further, narrow dark lines connecting two Au-NPs can be
observed with possible relation to the organometallic linkers (blue ar-
rows). Indeed, the statistical imaging analysis of the neighbor-distances
exhibits a decreasing in polydispersity distribution with an estimated
distance of 2.31 + 0.33 nm and an average diameter of 4.21 + 0.42 nm
of the NPs.

By reaching an Au/S molar ratio of 1/1.43 (AuNPs-1 1/1.43 mol/
mol sample), the 2D-network shows a better uniformity in dimension
and distribution of the AuNPs in Fig. 5g, showing well-separated
nanoparticles in the Inset. EDP provided similar results of the previ-
ously crystalline gold samples (yellow dot arcs of Fig. 5h), whereas the
increasing extra diffraction signal allowed to determine its crystallo-
graphic composition at nanometric scale (indicated by red dot arcs).
Two different d-spacings of about 0.256 nm and 0.172 nm were esti-
mated in agreement with crystalline phase of gold sulfide (AusS), cor-
responding to the crystalline plane oriented on (002) and (022) of a
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Fig. 5. Morphological and structural study of self-assembled AuNPs of the AuNPs-1 1/1 mol/mol (a—c), AuNPs-1 1/2 mol/mol (d-f), and AuNPs-1 1/1.43 mol/mol
(g-i) samples. (a) SEM image illustrating quasi-dome islands. Inset: magnification of a single quasi-dome island. (b) EDP taken from Figure (c) belonging to face-
centered cubic (fcc) gold structure (yellow dot arcs) and extra diffraction spots marked by red dot circles. (c¢) BF-TEM image of gold nanoparticles 2D-network.
(d) SEM image illustrating smallest quasi-dome islands. Inset: magnification of void surrounded by AuNPs. (e) EDP taken from Figure (f) belonging to crystalline
gold structure (yellow dot arcs) and extra diffraction spots are marked by red circle dots. (f) BF-TEM image of gold nanoparticles 2D-network. (g) SEM image
illustrating the surface morphology. Inset: magnification of nano-islands with flat and smooth surface. (h) EDPs taken from Figure (i) belonging to crystalline gold
structure (yellow dot arcs) and to crystalline gold sulfide (Au,S) are marked by red dot arcs. (i) BF-TEM image of gold nanoparticles 2D-network. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cubic space group Pn3m, as reported by Ishikawa et al. [56].

A 2D-network of spatially separated AuNPs is shown in Fig. 5i.
Aligned quasi-spherical nanoparticles can be observed (white lines), and
dark lines NPs are still evident (blue arrowheads). The morphometric
analyses provide an average diameter of 4.05 + 0.53 nm of the NPs
separated by surface-to-surface nearest-neighbor distance at 2.43 +
0.24 nm similar to the length of the organometallic linker distance. By
increasing the thiol/gold molar ratio, the surface morphology of the 2D-
networks changes from quasi-dome islands of hundreds of nanometers
to a smooth surface. Also, bulk investigations show a slight decrease in
size of the nanoparticles followed by an increase in the ordered orga-
nization among the interparticle distances (Table SI_2). The behavior of
the spatial distribution, related to an increase of the sulfur amount,
shows a slight increase in distance followed by an improvement in the
mono-dispersity. Therefore, the dimensions of the AuNPs are inversely

proportional to the spatial distribution among the surface-to-surface
nearest-neighbor of the distances.

Fig. 6 displays the morpho-structural characterization of the silver
nanoparticles bridged by ligand 1, varying the M/S molar ratio. SEM
observations clearly show clusters of AgNPs-1 1/1 mol/mol with
irregular organizations and high polydispersed in dimension (Fig. 6a,
Inset). SAED measurements identified the pure crystalline characters of
silver nanoparticles with a face-centered cubic (fcc) structure, (silver dot
arcs of Fig. 6b). The corresponding BF-TEM image in Fig. 6¢ shows large
and small silver nanoparticles. High magnification image of a selected
region (blue dot square) was acquired (Inset of Fig. 6¢), showing silver
nanoparticles of irregular or polygonal shape with a dimension of about
10 nm. An improvement in uniformity of the morphological features has
been obtained by reaching an Ag/S molar ratio of 1/2 (AgNPs-1-1/2
sample). Fig. 6d evidences a smooth surface area with NPs uniformly
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Fig. 6. Morphological and structural study of silver nanoparticles self-assembled in a monolayer network of the AgNPs-1 1/1 mol/mol (a—c), AgNPs-1 1/2 mol/mol
(d—f), and AgNPs-1 1/0.5 mol/mol (g—i) samples. (a) SEM image illustrating the surface morphology. Inset: magnification of NPs high polydispersed in dimension
(blue rectangle). (b) EDP taken from Figure (c) showing distinct diffraction rings corresponding to polycrystalline face-centered cubic (fcc) silver structure (silver dot
arcs) and extra diffraction spots are marked by red dot circles. (c) BF-TEM image of silver nanoparticles network. (d) SEM image illustrating the smooth surface. Inset:
magnification of single nanoparticles uniformly distributed (blue rectangle). (e) EDP taken from Figure (f) belonging to the previously crystalline silver structure
(silver dot arcs) and extra diffraction spots are marked by red dot circles. (f) BF-TEM image of silver nanoparticles 2D-network. (g) SEM image illustrating large NPs
surrounded by smallest one. (h) EDP taken from Figure (i) belonging to the previously crystalline silver structure (silver dot arcs) and crystalline silver sulfide
monoclinic (Ag,S). (i) BF-TEM image of silver nanoparticles network. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

distributed (Inset). The electron diffraction pattern of Fig. 6e still ex-
hibits face-centered-cubic (fcc) structure of the silver nanocrystal (silver
dot arcs) with very few extra diffraction spots (red dot circles). The BF-
TEM image of Fig. 6f shows a self-assembled micro-aggregate with a
nano-mosaic shape. Since the NPs are well-separated, it was possible to
estimate the surface-to-surface nearest-neighbor distances (2.25 + 0.28
nm), with an average diameter of 7.33 + 0.62 nm (Inset). The latest
AgNPs-1-1/0.5 shows a surface with large nanoparticles surrounded by
small ones (Fig. 6g). The image in Fig. 6i still confirms the crystalline
silver features (silver dot arcs, Fig. 6h). EDP images show enough extra
diffraction spots to determine the presence of a monoclinic Ag,S crys-
talline phase with dgz2 = 0.267 nm and dg4; = 0.166 nm yy [57]. The
presence of silver sulfide phase is also evident in Fig. 6i characterized by
the bright halo surrounding the surface of the dark silver nanoparticles

with average diameter of about 20 nm. The sulfur amount grew ho-
mogeneously on the existing Ag nanocrystals, resulting in core-shell
Ag@S of shell thickness of about 5 nm. The silver nanoparticles are
also well-aligned like a chain and separated by a distance of about 2.2
nm less than the shell thickness. By comparing the length of 2.4 nm for
the ligand and the thickness of the shell (of about 5 nm), it is possible to
assume that the Ag@S surface is covered by a first shell of chemisorbed
thiol plus a second shell of physisorbed one in agreement with the SR-
XPS characterization. The amount of physisorbed/free thiol should be
very low respect to the chemisorbed thiol, indeed the S2p spectra show
only the spin-orbit component associated to the sulfur atom covalently
bonded to the AgNPs surface and not that one associated to the -SH
group. NPs are separated by surface-to-surface nearest-neighbor dis-
tance of 2.3 nm (Inset in Fig. 6i), similar to the length of the
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organometallic linker 1. Similarly, to the growth of the Au organome-
tallic nanoparticles, the increase of the Ag/S molar ratio promote a
decreasing size of the AgNPs.

AuNPs and AgNPs stabilized with ligand 2 have been investigated by
TEM observations for characterizing their morphology features (Fig. 7).
AuNPs-2-2/1 sample show well-separated and monodispersed gold
nanoparticles of 3.65 + 0.15 nm (Fig. 7a). Small chains of few nano-
particles can be noticed (white dots ellipse) separated by a distance of
2.65 + 0.21 nm forming at least dimers of NPs, (Fig. 7b). Different silver
nanoparticles show high polydispersity in dimension and in distribution
(Fig. 7c). The calculated diameters correspond to 7.35 + 0.32 nm. Some
AgNPs exhibited neighbor-distance distributions 3.05 + 0.41 with high
polydispersity of the distances (Fig. 7d).

4. Conclusions

Two novel bifunctional organometallic thioesters containing Pt(II)
centers have been prepared and used for the stabilization of gold and
silver nanoparticles in order to obtain interconnected MNPs systems.
The chemical physical properties of these materials have been investi-
gated by optical, structural and morphological techniques. The absorp-
tion spectra of the gold and silver nanoparticles have shown a broad
Plasmon Resonance absorption peak, suggesting the formation of
interconnected systems of AuNPs or AgNPs thanks to the bifunctional
ligands used. The structural studies carried out by means of the HR-XPS
technique have confirmed the presence of the nanoparticle networks; in
particular, the S2p spectra acquired for both gold and silver nano-
particles have only highlighted the sulfur component due to the S atoms
being bonded on the metal surface in absence of free thiol functionality.
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Also, the Au4f or Ag3d spectra have confirmed the functionalization of
the metal nanoparticles surface in presence of the Au-S or Ag-S covalent
bonds. The morphological evolution of the two different noble metal
nanoparticles with the organometallic linker 1, related to the variation
of the M/S molar ratio, shows different morphological evolution both in
shape and in spatial distribution. Gold samples clearly show not-
uniformly spaced but monodisperse quasi-spherical shaped nano-
particles, while the mainly polygonal shaped silver nanoparticles are
uniformly separated, also forming a nano-mosaic network. Using the
ligand 2 to connect the noble metal nanoparticles (gold and silver), we
can observe that the monodisperse nanoparticles have a uniform size
with a variation of less than 2.5% compared to the synthetized noble
metal nanoparticles covalently bridged by ligand 1. In conclusion, stable
and monodisperse AuNPs and AgNPs based networks have been ob-
tained. In this way, combining the optical properties of the metal
nanoparticles and of the organometallic linkers, new perspectives in
optoelectronic and sensing applications can be envisaged.
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