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DOI: 10.1039/x0xx00000x Silver nanoparticles (AgNPs) functionalized with an organometallic bifunctional thiol

www.rsc.org/ containing Pt(II) centers, generated in situ from trans-trans-[thioacethyl-bistributylphosphine-
diethynylbiphenyl-diplatinum(II)] were synthetized with different sulphur/metal molar ratios
(i.e. AgNPs-1 and AgNPs-2) with the aim to obtain nanosystems of different mean size and
self-organization. AgNPs spontaneously self-assemble, giving rise to 2D networks, as
previously assessed. In this work a deeper insight into the chemico-physical properties of these
AgNPs is proposed by means of synchrotron radiation induced X-ray Photoelectron
Spectroscopy (SR-XPS) and X-ray Absorption Fine Structure spectroscopy (XAFS)
techniques. The results are discussed in order to probe the interaction at the interface between
noble metal and thiol ligand at atomic level and the aim of this study is to shed light on the
nanosystems chemical structure and self-organization details. The nature of the chemical
interaction between the dithiol ligand and the Ag atoms on the nanoparticle surface was
investigated combining SR-XPS (S2p, Ag3d core levels) and XAS (S and Ag K-edges)
analysis. UV-visible absorption and emission measurements were also carried out on all
samples and compared with TD-DFT calculations as to get a better understanding of their

optical behavior and establish the nature of the excitation and emission processes.

Introduction The frequency of coupled-particle Localized Surface Plasmon
Resonance (LSPR) is generally shifted from the single particle

In recent years, noble metal nanoparticles functionalized with  resonance depending on the strength of the inter-particle

molecular ligands emerged as potential materials for

applications in different areas ranging from electronics to
optics,
consequence, considerable effort has been devoted to the

catalysis, sensors and Dbiotechnology.[1] As a
synthesis and characterization of these materials. Among other
(MNPs),

(AgNPs) show peculiar optical and magnetic behavior as the

noble metal nanoparticles silver nanoparticles
dimension approaches the Fermi wavelength of electrons in
subnanometer regime; for example, they are found to exhibit
strong  size-dependent fluorescent emission [2] and
ferromagnetic behavior [3,4].

The characteristic plasmonic properties of MNPs are strongly
dependent on inter-particles interactions, since in the near-field

adjacent particles may couple together the plasmon oscillations.

This journal is © The Royal Society of Chemistry 2013

coupling that, in turn, is a function of inter-particle spacing.
Therefore, obtain conveniently spaced nanoparticles with sharp
interparticle distance distribution is mandatory for applicative
purposes [5].

Bi-functional ligands with intrinsic self assembling properties
are specially suited in this context [6], as they produce ordered
2D or 3D networks with reproducible interparticle spacing.
that
organometallic dithiols can be successfully used to stabilize

Recently, some of wus demonstrated organic and
gold or silver nanoparticles, leading to complex arrangements
in dyads [7, 8, 9]. It should be noted that the LSPR is
definitively affected by the nature of MNPs surface (i.e. sharp
interfaces or core-shell morphology) and by the chemical bonds

at the interface between the capping agents and the metal. Such
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understanding requires complementary state of the art
investigation techniques, such as Synchrotron Radiation
induced X-ray Photoelectron Spectroscopy (SR-XPS) and X-
ray Absorption Fine Structure (XAFS) spectroscopy. In fact,
SR-XPS is extensively used to investigate the sulfur-metal bond
of self-assembled monolayers of organometallic thiols on flat
surfaces [10,7] as well as MNPs [11,12]. In particular, the high
surface to volume ratio of metal nanoparticles makes them
ideally suited to SR-XPS measurements. Moreover, XAFS
investigations at Ag and S K-edges allow an accurate
[13].

Combining complementary information from XAFS and SR-

assessment of local atomic structure parameters
XPS offers the valuable possibility to deeply understand
particle size and morphology as recently demonstrated with
small thiols capped Ag nanoparticles [14].

Hereafter, a detailed SR-XPS and XAFS study of silver
colloids capped with organometallic Pt-based dithiols, in situ
generated from the complex trans- trans-[CH;CO-S-
Pt(PBu;),(C=C-C¢H4-CeH4-C=C)-Pt(PBus3),-S-COCH3;]
(complex (1)) to give the -SH derivative covalently bound to
Ag, is reported The chemical interaction arising between the Ag
metal atoms at NPs surface and bifunctional organometallic
ligand has been investigated. The choice of this complex is due
to the optical and sensing properties of Pt ethynylated
complexes and polymers [15, 16, 17] that could be coupled
with the optical and biochemical features of Ag nanostructures
[18];
organometallic

studies  on
gold
interesting optical properties [11, 19].
Previous investigation [8] carried out combining high
resolution electron-transmission microscopy (HR-TEM),
selected area electron diffraction (SAED) and energy-dispersive
X-ray diffraction (EDXD) on a 1/1 silver/tiol molar ratio
material, have pointed out the AgNPs self-organization in 2D
networks. In this work, our aim is to probe the local atomic
(XAFS) and electronic (SR-XPS) structure of AgNPs in
particular focusing on the nature of the thiol/AgNP interface, in
order to understand the relationship between self-assembling
features and the chemical composition, structure and
morphology. Two different silver/thiol molar ratios were used
to prepare differently functionalized nanoparticles, i.e. 0.7/1
and 1/1, obtaining AgNPs-1 and AgNPs-2, respectively.
Furthermore, as to probe the unique optical properties of these

furthermore,  previous homologue

ligands on nanoparticles showed

materials, an UV-visible absorption and emission study was
carried out. It was observed, that by varying the excitation
wavelength in luminescence measurements, it is possible to
finely tune both emission maxima wavelengths and intensities.
Theoretical calculations were performed on two realistic
molecular models and allowed us to fully describe and interpret
the absorption and emission spectral features.

For many applications, the tunability of the optical properties is of
paramount importance, which is dictated among others, by the size,
shape, and assembly of nanoparticles. [9] Albeit the optical features
are mainly core-derived, surface linkers play also an important role
in shaping the electronic properties of the functionalized
nanoparticles. In this context, plasmonic applications of Ag
nanoparticles are of main interest ranging from the detection of
molecules to surface enhanced fluorescence [20,21]. Recent studies
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have demonstrated the possibility of address the optical properties of
2D or 3D assembled metal nanoparticles [22], giving rise for
example to coherent plasmonic effects [23,24], among others spacers
[25].

Results and discussion

The silver nanoparticles stabilized with the organometallic bis-thiol,
in situ obtained from complex (1), were prepared with Ag/S molar
ratio 0.7/1 and 1/1, by using a modified Brust’s two-phase procedure
[26,27,28] consisting in a chemical reduction of AgNO; in the
presence the thiol ligand, NaBH, as reducing agent and
tetraoctylammonium bromide (TOAB) as phase transfer agent. The
thioacetyl deprotection occurs and the bifunctional thiol is generated
during the synthesis. [29]

XAS data analysis results

The quantitative XAFS data analysis has been carried out along
the lines previously described [14]. The Ag K-edge extended x-
ray absorption fine structure (EXAFS) signals are reported in
the following Figure 1, together with the chemical structure of
AgNPs functionalized with the organometallic dithiol trans-
trans-[H-S-Pt(PBu3),(C=C-CsH4-CsH4-C=C)-Pt(PBu;),-S-H].
It can be observed that the main contribution to the structural
Ag K edge EXAFS signal arises from silver ions in the metallic
fcc phase (Agy); as shown in the figure, an additional
contribution, that can be assigned to an Ag-S phase, is required
by the analysis. In AgNPs-1 such a contribution is limited to the
first Ag-S shell, around 2.42 A. On the contrary this
contribution appears more intense and more ordered at medium
range in AgNPs-2: here two next neighbor Ag-Ag shells must
be included around 3.2 A and 3.6 A. This finding suggests
thicker shell phase in AgNPs-2. Noticeably these additional
Ag-Ag next neighbor distances are different from those of Ag,S
phase documented on [14] this suggest the Ag-S shell phase
different from Ag,S: Ag-Ag distances around 3.2 A are found
by High resolution TEM studying Ag rich metastable AggS
structure [30] formed during the early stages of Silver
sulfidation.
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Table 1. Main structural parameters obtained by Ag K-edge
XAFS data analysis: x is the fraction of Ag ions into the
metallic phase, the parameter p is used to calculate the Agyp
diameter Dyp=1.5 / p (see text), R; is the Ag-Ag nearest
neighbour bond lenght, the next neighbour distances are
contrained to R; by the fcc geometry, Rpg,s the Ag-S
interatomic distance.

sample X p(xlOz) R, IDNTY Rag-s
[A] [A] [A] [A]

AgNPs-1 0.77(5) 6.2(15) 2.846(8) 24(6) 2.42(2)

AgNPs-2 0.72(5) 3.5(8) 2.858(9) 43(10) | 2.38(3)

3 6 9 12 3 6 9 12
k[A™ k[A™

Figure 1. a) Chemical structure of AgNPs functionalized with
the organometallic dithiol trans- trans-[H-S-Pt(PBus),(C=C-
CeHy-CHy-C=C)-Pt(PBu;),-S-H]; in b), ¢) Ag K edge ky(k)
experimental (dots) and best fit (full line, red online) are
presented for AgNPs-1 and AgNPs-2 samples. The partial
contributions used in the analysis are shown for completeness,
vertically shifted for clarity. The Agy terms include single and
multiple scattering contributions from Ag fcc metallic phase
(see text). The residuals: k (x“P-x™) are also shown at the
bottom. Comparing the data in the two panels the AgNPs-2
sample presents larger Agy and weaker Ag-S contribution
intuitively suggesting larger particles in AgNPs-2 than AgNPs-
1.

In order to reduce the number of free parameters in the fitting,
physical constraints were applied: the structural Agy, phase is
modeled using 4 contributions representing the first 4 Ag-Ag
coordination shells of fcc structure [14]: R; being the Ag-Ag
Ri2)", R = Ri(3)", Ry = 2R The
coordination number of the i-th shell is calculated as xN;*** (1-
PRY), N bulk being the bulk coordination number (Nlbuu‘:lZ,
NyR=6, N3P =24, N,"*=12), x the fraction of Ag atoms in
the fcc phase, the (1-pR;) term takes into account for the

bong length, Ry =

coordination number reduction due to the finite size of NPs
[14,31], assuming roughly spherical particles p~0.75/Rnp [31].
R;, x, and Ryp were refined together with o%. An additional
contribution has been added to take into account for Ag-S
phase, assuming (1-x) fraction of Ag in Ag,S-like phase. Two
shells are used for the AgNPS-1 sample: Ag-S at Rags ~ 2.5 A
with multiplicity number NAgsb”1k ~2 and Ag-Ag at Ryga, ~ 3.2
k5. Noticeable the
contributions from this Ag,S-like phase appear more intense

A with multiplicity number NAgAgb

and more structured in the Ag-NPS-2 sample suggesting a
thicker and more ordered phase. In this sample two next
neighbor Ag-Ag shells must be considered in the analysis at
about 3.2 A and 3.6 A (see supporting information).

This journal is © The Royal Society of Chemistry 2012

Quantitative analysis suggests the AgNPs-1 sample have
smaller Agy NPs with diameter D~2.4 nm, while AgNP-2 have
D~4.5 nm. The Ag-Ag and Ag-S distances are closely similar
(see Table 1) within the errors. In both samples the fraction of
Ag into the Agy phase is around 75%. The Ag-S distance
appears slightly shorter on AgNPs-2 sample.

The quantitative analysis of S-K edge provides more details
about Ag-thiol interface structure [14].
In these samples the Pt-M; edge is expected to occur around
2645 eV and must be taken into account during the extraction
of S-K edge EXAFS data because a fraction of Pt-Mj
fluorescence goes into the resolution windows of fluorescence
detector. In the ESTRA program [32] the contribution of Pt-Mj;
edge has been included as arc-tangent function centered at 2647
eV added to the bare atomic background. The ratio between the
edge discontinuity of Sulfur (Js) and Pt (Jp) is weak, being
around Jp/Js =0.035 (AgNP-2) and Jp/Js =0.039 (AgNP-1)
therefore the Pt-Mj; fine structure oscillations can be safely
neglected in the S EXAFS data analysis.
The analysis of the S-K edge EXAFS data has been carried out
mainly considering the S atoms bridging the organometallic
thiols to the Ag nanoparticles. Accordingly to [33] the structure
of S-tail of the organometallic thiols is presented in Scheme 1:
Rsp=2.3 A, Rpp = 2.3 A and Rp.c = 2.0 A.

Scheme 1. Structure of S-tail of the organometallic thiol.

In the analysis, the following contributions were used: S-Pt, S-P
and S-(Pt)-C, the last includes single and multiple scattering
terms which are enhanced by the collinear S-Pt-C configuration
(focusing effect). The coordination numbers were constrained
to yN; ™! N;™°! peing the coordination numbers of S in pure

J. Name., 2012, 00, 1-3 | 3
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thiol: Ns,ptThiOl:L NS,pThi()l:Z, NS,CThiOI:l.

Finally a S-Ag shell is included to take into account for thiol-
NP binding. Since we are unable to distinguish S in a Ag,S
phase from S bridging Ag to Pt at the NP surface, therefore a
single contribution is used: the S-Ag coordination number has

organometallic

been constrained assuming 4 Ag neighbors for S in Ag,S phase
and a single Ag bonded to bridging Sulfur, i.e. Ngag~=y + 4(1-
y), 1-y being the fraction of S in the Ag,S shell phase.

Table 2. the main structural parameters obtained by S K-edge
XAFS data analysis: y is the fraction of S ions into the Ag,S
phase.

sample y Rs g Rs.pi Rsp Rs.pic
[A] [A] [A] [A]

AgNPs-1 | 0.61(4) | 2.46(3) | 2.31(2) 3.20(2) 4.25(3)

AgNPs-2 | 0.51(3) | 2.48(2) | 2.33(2) 3.20(2) 4.38(5)

The S-Pt, S-P and S-C distances are consistent with the S-thiol
structure with minor differences between the two samples,
indicating that the molecular structure of the organometallic
dithiol is preserved during AgNPs grafting for most molecules,
i.e. the organometallic moiety is chemically stable. The main
difference is found at the S-Ag shell: here the fraction of S in
the Ag,S phase (1-y) is larger in AgNPs-2 suggesting that
larger nanoparticles present thicker interface shell.

a) . AgNPs—1
00 f
T
< S-Ag
~)
E( 02 r
S-Thiol
0.4

Residual

6
k[A™Y

Figure 2. S-K edge data analysis on AgNPs-1 and AgNPs-2
samples. Experimental (dots) and best fit (full line, red online)
ky (k) are shown. The partial contributions are shown vertically
shifted for clarity: the S-Thiol curves group together the S-Pt,
S-P and S-C single scattering contributions, and the S-Pt-C
multiple scattering terms. At the bottom the residual k(™ -x™)
are presented for completeness.

Synchrotron Radiation-induced X-ray Photoelectron
Spectroscopy results

AgNPs-1 and AgNPs-2 samples were characterized by means

of Synchrotron Radiation-induced X-ray Photoelectron

4 | J. Name., 2012, 00, 1-3

Spectroscopy (SR-XPS), with the aim of investigating the
chemical interaction arising between the silver NPs and the
thiol obtained from complex (1). Cls, Pt4f, P2p, S2p and Ag3d
signals were collected and analysed; the measured Binding
Energies (BE), full width half-maxima (FWHM) and atomic
ratios were similar for the two analysed samples (for complete
BE, FWHM and atomic ratio values see Table S3 in the
supporting information).

The main Cls peak is located at 285.00 eV, corresponding to
aliphatic C atoms; two more components were individuated at
higher BE values by following a peak fitting procedure: the
component at 286.76 eV is attributed to C atoms bonded to S;
the very small contribution at about 288.6 eV (nearly 1% of the
entire Cls signal) is associated to carboxylate ions, probably
arising by contamination species on the sample surface. P2p
and Pt4f BEs are respectively Pt4f;, BE = 73.00 eV, P2p;;
B.E. = 130.31 eV, as expected for binuclear compounds of Pt-
poly-ynes PtDEBPn [34], evidencing that the organometallic
molecules are all surface-associated and that Pt-S bond
cleavage is not occurring [7]. A small component at lower BE
values is also observed in Pt4f spectra (reported in Figure 3),
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 [35].

Ptaf

= Experimental Data
Best Fit

— Ptafzz Pt(ll)

— Ptafy,; Pt>
Ptafs, Pt(ll)
Pt4fs;, Pt>

Counts (a.u.)
TR T T N T TN N N Y N SN N T Y N S NN S S B A |

— e — TR '
72 74 76 78 80
Binding Energy (eV)

68 70

Figure 3. XPS Pt4f spectra collected on AgNPs-1 (bottom) and
AgNPs-2 (top); spin-orbit components associated to Pt(II)
atoms are in blue (4f;, component) and cyan (4fs;,); the signal
attributed to Pt atoms acting as electron-acceptors from etynyl-
biphenyl electron-rich moieties of adjacent molecules is in red
(Pt4f;,) and orange (Pt4fs),).

In fact, complex (1) molecules are well known to give rise to
the highly favorable
interchain interactions arising between metal centers and

self-assembling structures, due to

adjacent acetylene moieties and aromatic rings; some of us
already observed and reported this behavior in a study about the

This journal is © The Royal Society of Chemistry 2012
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self-assembling  organization of dinuclear
gold
organometallic polymetallayynes [37].

As also indicated by the S K-edge and Ag K-edge XAFS
the the

individuation of the local structure at AgNPs/thiols interface are

Pd(II)-based

complexes anchored on surfaces [36] and of

analysis results, most indicative signals for
S2p and Ag3d core levels. These spectra are reported in Figure
4a and b (AgNPs-1 at the bottom, AgNPs-2 in the top).

S2p spectra are reported in Figure 4a; for both samples a large
signal with a pronounced asymmetry is observed, suggesting
that sulfur atoms are in at least two different chemical states.
The peak fitting procedure allows for individuating two pair of
spin-orbit doublets: the spin-orbit pair at lower BEs, S2p;, BE
= 160.75 eV, is due to organometallic thiols chemically linked
to metals through a covalent S-metal bond [7,10]. The signal at
higher BE (about 163 eV) is associated to sulfur atoms of free
thiol terminal groups, as already observed for organometallic
thiols deposited onto metal surfaces [10]. It is noteworthy that
the S2p spectrum shows no evidence of oxidized sulfur, which
normally appears at 167 eV [38]. From a semiquantitative point
of view, the S-Ag atomic percent is 77.3% for AgNPs-1 and
75% for AgNPs-2, while the remaining 22.7% (AgNPs-1) and
25% (AgNPs-2) is of free thiol terminal groups. This finding
suggests that about 75% of dithiol molecules bond silver atoms
with both terminal groups, in a bridge-like configuration. In
fact, rod-like complex (1) molecules appear too rigid to
organize themselves in a clip-like structure which should lead
to link both terminal groups to the same NP. Furthermore, HR-
TEM images reported in [8] suggested the formation of AgNP-
dithiols-AgNP dyads, as well as the presence of free complex
(1) molecules and dithiols grafting nanoparticles surface with
only one end-group.

In Figure 4b, Ag3d SR-XPS spectra are reported. The
measured spectra appear asymmetric, and by applying a peak
fitting procedure two spin-orbit pairs have been individuated.
The main spin-orbit pair is found at BE values expected for
metallic silver signal (Ag3d;, BE = 368.24 eV). The less
intense couple of components at higher BE (Ag3d;, BE =
368.96 eV) are attributed to positively charged Ag atoms
belonging to the NPs surface and chemically interacting with
sulfur, coherently with Ag K-edge XAS results and literature
data [14]. Similar results are observed at sulfur and silver core
levels for both AgNPs-1 and AgNPs-2, indicating that the two
samples have analogous electronic and chemical structures and
different mean size.

This journal is © The Royal Society of Chemistry 2012
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a) S2p b) Ag3d
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Figure 4. a) S2p spectra collected on AgNPs-1 (bottom) and
AgNPs-2 (top); both spectra show a less intense couple of spin-
orbit components at lower BE values (blue-cyan), due to S
atoms covalently bonded to Ag atoms on NPs surface, and a
more intense spin-orbit pair at higher BE values (red-orange),
due to free thiol terminal groups of unbonded or physisorbed
molecules. b) Ag3d spectra of AgNPs-1 (bottom) and AgNPs-2
(top); the main spin-orbit pair (red-orange) is due to metallic
silver atoms, the small couple of components at higher BE
values (blue-cyan) are indicative for Ag atoms covalently
bonded to the S atoms of thiol end groups.

UV-visible Absorpion and Emission measurements data analysis

The coupling between the peculiar emission behavior of Pt(Il)
dithiols and the optical features of Ag nanostructures, combined
with the organization in 2D networks, are expected to influence
and modulate the optical properties of the studied AgNPs,
dramatically differencing them from those shown by the
pristine complex (1) [39, 40]. With the aim to probe the unique
optical properties of these materials, an extensive UV-visible
absorption and emission study was carried out on both AgNPs-1
and AgNPs-2.

The characterization of AgNPs-1 and AgNPs-2 highlighted the
presence of a n- w* band centered at 350 nm, arising from the
organometallic ligand [41], and a shoulder at about 410 nm that
supported the formation of silver nanoparticles [42].

Emission measurements were carried out using different
excitation wavelengths, as to enhance in turn the luminescence
yield from the organometallic moiety or AgNP. Both emission
wavelengths and intensities were affected by the excitation
wavelength choice. As reported in Figure 5a and b, both
samples showed different emission maxima that were enhanced
by different excitations. In Figure Sc and d, the same trend is
reported in 3D correlating excitation, emission wavelengths and
emission intensities. It is noteworthy that the two nanosystems
show emission intensity maxima at different wavelengths of
290 nm
Aem.max. = 350 nm; Aexc.max. = 340 nm, Aem.max. = 430

excitation and emission (AgNPs-1: Aecc.max. =

nm; AgNPs-2: Aexc.max. = 290 nm Aem.max. = 380 nm;

J. Name., 2012, 00, 1-3 | 5
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Aexc.max. = 370 nm, Aem.max. = 460 nm); these wavelength
values are influenced by NPs mean size, as predicted by
literature [39].
a) AgNPs-1 b) AgNPs-2
] From Aexc =270 nm || From Aexc = 290 nm A excitation ] From Aexc = 290 nm From Aexc = 320 nm A excitation
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Figure 5. a), b) UV-visible emission spectra obtained with
different excitation wavelength for respectively AgNPs-1 and
AgNPs-2; c), d) emission spectra of samples AgNPs-1 and
AgNPs-2 reported in 3D correlating excitation, emission
wavelengths and emission intensities.

Calculations

Calculations have been performed on two model systems in the
gas phase. The models are composed by the organic linker -S-
(PH3),-C=C-C¢H4-C4Hy-C=C-Pt(PH;3),-S- connected either to
one (Ag-link-H) or two Ag atoms (Ag-link-Ag). The optimized
geometries are reported in Figure 6. In the compound Ag-link-
H, an H atom has been added on the other terminal sulphur in
order to provide a saturated molecule, though this atom is not
visible in Figure 6. The computations have been performed
using Gaussian09 [43]. We have used the B3LYP functional in
conjunction with a 6-31G(d) basis on the light atoms and the
LANL2DZ basis and ECP on the heavy metal. The TDDFT
excitation calculations have followed a full geometric
optimization. TDDDFT calculations provided the location of
the first 40 excited states for both models including 20 triplet
and singlet states. The TDDFT calculations have been perfrmed
by simulating the solvent presence via PCM with default
parameters for dichloromethane. The geometries that have been
found are in good agreement with the XAS data reported above:
the distances between the atoms are comparable and in
particular we find that the distances Rag.s, Rspi, Rs.p and Rg.pi.c
are 2.37, 2.44, 3.27 and 4.43 respectively. Give that we model
the Ag presence by means of a single terminal atom it is natural

6 | J. Name., 2012, 00, 1-3

that the Rugs and the Rgpe differs the most from the
experimental ones.

Table 3: Calculated absorption wevelengths and oscillator
strengths for the two molecular models.
Model State | nm Excitations Osc.
(dominant) Strength
Ag-link-H S1 490 131—133 0.01
HOMO=132
S2 425 130—133 0.29
132—133
S4 377 130—136 1.4
132—134
132—136
S6 370 mixed 0.25
S14 313 mixed 0.1
Ag-link-Ag S1 492 139—142 0.01
HOMO=141 140—143
S3 423 138—143 0.45
139—142
141—142
S7 377 mixed 0.17
S8 377 mixed 0.26
S9 375 141—144 0.97
139—142
140—143
S15 360 139—144 0.3

This journal is © The Royal Society of Chemistry 2012
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We present the result for the absorption process in Table 3
where we show the details of the transitions between the singlet
states. We limit the presentation only to those states that have
oscillator strengths larger than 0.1. As an exception we also
report the lowest lying singlet states. A Lorentzian convolution
over the “stick lines” provides the absorption spectra reported
in Figure 7. The Ag-link-H and Ag-link-Ag compounds
present two distinct absorption maxima around 425 and 375
respectively in agreement with the measured absorption
maxima around 410 and 350 where, it must be noted, both the
nature of the terminal metal and the aggregation state of the
compounds are different from our models.

Figure 6. Model compounds for the gas-phase calculations.
Geometry optimized at the b3lyp/6-31G(d)/LANL2DZ level.

The transitions are originated by a relative complex pattern of
single particle excitations between the Kohn and Sham orbitals.
The orbitals involved are reported in Figure S1 (Supporting
Information).

The HOMO in both model systems is quite straightforwardly
made by the two conjugated systems of the phenyl and of the
acetylene units and shows no contribution from the metal (see
Figure S1). The LUMO is instead substantially made only by a
sigma anti-bonding orbital along the S-Ag bonds. While the
former is delocalized over the entire molecule the latter remains
rather localized. The first intense absorption band that lies at
425 nm is due to a HOMO—=LUMO excitation process, which
corresponds to excitation to state S2 and S3 for Ag-link-H and
Ag-Link-Ag respectively. This transition “moves” the electron
from the 7 orbital to the empty o* orbital localized on the S-Ag
bond. This with
interpretation that this absorption is due to plasmon resonance.
The intense absorption lines at 375 nm are, instead, due to a
typical m-n* transition that involve (see Table 3) the LUMO+1
(Ag-link-H) or the LUMO+2 (Ag-link-Ag) orbitals on the
organometallic linker. The transitions promoting the HOMO

result is in agreement the common

electrons into these orbitals are those responsible for the most
intense absorption bands.

This journal is © The Royal Society of Chemistry 2012
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Figure 7. TDDFT predicted spectra: “stick” spectra are
reported as bars, while the convoluted ones have been
calculated by assuming a gaussian width of 50 nm.

Given the existence of a first strong absorbing excited state
around 425 and the presence of several equally optically active
states between 380 and 360 nm (see Figure 7), we can interpret
the measured emission profile as the result of emission coming
from these states. In the following we assume that the non
radiative decay processes in these systems, despite the presence
of the metal atoms, are so inefficient or at least so slow (less
than a ns) to allow fluorescence to occur. The irradiation at low
energies around 340 nm will primarily pump population into
the first, optically active excited state (S2 for Ag-link-H or S3
for Ag-link-Ag). The excitation is then probably followed by an
extremely rapid vibrational deactivation and then by the
emission at slightly longer wavelengths. When we irradiate the
system with higher photon energies up to 290 nm we populate
the highest excited states (for example we find S4 for Ag-link-
H and S9 for Ag-link-Ag). These states can then emit, after
vibrational decay, around 350-370 nm. In Figure 8 we draw a
cartoon of the absorption and emission processes using the
calculated excitation energies of the Ag-link-H model. We
show two typical scenarios depending upon the irradiation
frequency (left for a high wavelength and right for a lower one).
Assuming that internal conversion or intersystem crossing is
in the
experimental emission profiles is simply the consequence of the

inefficient, the double maxima structure noticed
exited state structure, density and spacing. In other words, when
the irradiation energy is low we mainly excite the plasmonic
absorption band at 425 nm. If our modelling is correct, we can
conclude that the ensuing emission at higher wavelengths (430-
500 nm in Figure 5) is arguably mainly coming from the Ag
nanoparticle. Increasing the excitation energy moves the
population to the higher excited states and produces the other
emission band at lower wavelength that, in the experiments, can
be seen around 350 nm. By using our molecular model as a
guide, we can say that this latter emission is mainly due to the
organometallic linker.
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Experimental

Materials

Silver nitrate (AgNO;, Aldrich, 99.5%), tetraoctylammonium
bromide (TOAB) (Aldrich 98%), potassium tetrachloroplatinate
(K,PtCly, Aldrich, 99.9+%), tributylphosphine (PBuj;, Aldrich,
98%), potassium thioacetate (CH;COSK, Aldrich, 98%),
sodium borohydride (NaBH,4, Aldrich, 99%) and organic
solvents (Aldrich reagent grade) were used as received.

trans-
[dichlorobis(tributylphosphine)platinum(II)] and 4,4'-
diethynylbiphenyl (H-C=C-C6H,4-C6H,—C=C-H, DEBP) were
prepared by reported methods [44,45]. Preparative thin-layer

Platinum complex

chromatography (TLC) separation was performed on 0.7 mm
silica plates (Merck Kieselgel 60 GF254) and chromatographic
separations were obtained with 70-230 mesh silica (Merck), by
using n-hexane/dichloromethane mixtures. Deionized water
(18.2 M), obtained from Zeener Power I Scholar UV
instrument was degassed for 30 minutes with Argon, before
use. Other solvents and materials were reagent grade (Aldrich).
The synthesis and characterization of trans, trans-[CH3;CO-S-
Pt(PBu;),(C=C-C¢H4-CHy-C=C)-Pt(PBus3),-S-COCH3;]
(complex (1)) has been reported in a recent paper [7] with a
ligand substitution reaction in the presence of potassium
thioacetate in equimolar amount with trans, trans-[CIPt(PBus),-
C=C-C¢H,4-CcH4-C=C-Pt(PBu;),Cl]
characterizations are herein reported: IR (film, cm™): 2117
(C=0C), 1622 (C=0), 1600 (phenyl), 1260 (S-C=0). UV- vis
(CH,ClLy): Apax = 347 nm.

and its main
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The AgNPs were prepared at room temperature in a two-phase
system, modifying the Brust-Schriffin procedure [8,20] and
using two different Ag/S molar ratios, i.e. 0.7:1 (AgNPs-1) and
1:1 (AgNPs-2). A toluene solution of complex (1) (230 mg,
1.48 x 10™* mmol, toluene 10 mL) is mixed with AgNO; (51.0
mg, 2.97x10* mmol, H,O 5 mL) in the 1:1 Ag/S molar ratio
and dissolved in de-ionized water together with a toluene
solution of TOAB, and then a NaBH, water solution is added.
Then 86.5 mg (0.158 mmol) of TOAB in 10 mL of toluene
were added and the solution turned yellow; after the further of
62.4 mg of NaBH, dissolved in 4 ml of de-ionized water, a
brown color appeared into the reaction mixture that was
allowed to react for 2 h at room temperature under magnetic
stirring. At the end, extraction with H,O followed and the
obtained brown solid was isolated by evaporation of the organic
The
deposited by centrifugation and purified with water 5 times by

layer. solid was re-suspended in absolute ethanol,
centrifugation at 5000 rpm and recovered with a total yield
32%. FTIR characterization: (film, cm™): 2111 (C=C), 1629
(C=0), 1602 (phenyl), 1487, 1462; UV- vis (CH,CL): Apax =
348 nm, 415 nm.

Characterizations

SR-XPS experiments were carried out at ELETTRA storage
ring using the experimental set-up of the BACH (Beamline for
The BACH beamline
exploits the intense radiation emitted from an undulator front-

Advanced DiCHroism) beam-line.

end. XPS measurements were performed in the fixed analyser
transmission mode with the pass energy set to 30 eV. X-ray
energies E;=380 eV and E,=500 eV have been used to probe
the Cls, P2p, Pt4f, S2p and Ag3d spectral regions; the photon
energy of each XPS spectrum was selected optimizing the
photoelectron yield of the corresponding core level. The
monochromator entrance and exit slits were fixed at 30 um. The
achieved resolving power was of 0.22 eV. Calibration of the
energy scale was made referencing all the spectra to the gold
Fermi edge of an Au reference sample. Curve-fitting analysis of
the Cls, P2p, Pt4f, S2p, Ag3d spectra was performed using
gaussian curves as fitting functions. S2ps.,12, Ag3dsp 3, and
Pt4f;,, 5/, 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 S2ps» / S2py, = 2/1,
Ag3ds, / Ag3ds, = 3/2 and Pt4f;, / Pt4fs,, = 4/3. When several
different species were individuated in a spectrum, the same
FWHM value was used for all individual photoemission bands.
X-ray absorption spectra were collected at the S K-edge
(Es=2472 eV) and Ag K-edge (Ex,=25514 eV). S K-edge XAS
experiments were carried out at the 11.1-XAFS beamline at the
ELETTRA synchrotron radiation storage ring (Trieste, Italy):
the 11.1-XAFS beamline is equipped with two independent Si
[111] crystals monochromator and harmonic rejection mirrors.
The S K-edge XAFS signal has been measured at room
temperature in fluoresce geometry using a single element Ketek
resolution allows to

solid-state detector whose energy

This journal is © The Royal Society of Chemistry 2012
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selectively collecting the S Ka fluorescence signal. The data
were normalized by the incident intensity measured using a
ionization chamber placed before the sample. Up to twenty
spectra were measured for each sample and averaged up to
achieve statistics suitable for reliable data analysis.

Ag K-edge XAFS experiments were carried out at the BM0S§-
GILDA beamline at the European synchrotron radiation
facility, ESRF (Grenoble, France)[46]. The beamline is
equipped  with independent Si  [311]
monochromator, working in sagittal focusing geometry and

two crystals
harmonic rejection mirrors. The Ag K-edge XAFS signal has
been measured keeping the sample at the liquid nitrogen
temperature, in fluorescence geometry using a 13-elements high
purity Ge multidetector to selectively measure the Ag K,
fluorescence intensity. The data collected by each detector were
summed up and normalized to the incident intensity measured
using a ionization chamber placed before the sample. Up to five
spectra were measured for each sample and averaged as to
achieve statistics suitable for reliable quantitative XAFS data
analysis.

The structural XAFS signals ¥, were extracted from the raw
experimental data following the standards procedures for pre-
edge subtraction and post-edge bare atomic background
normalization [32] Quantitative XAFS data analysis has been
performed along the lines already described [14] fitting the raw
k-weighted XAFS spectra kx™ to the theoretical ky™ curve (k
is the photoelectron wavenumber, with m. the electron mass,
and E-Eo the photoelectron energy calculated as the difference
between the x-ray energy E, and absorption edge energy Eo).
The theoretical kyth model was calculated applying the
standard XAFS formula [32]. The
scattering phase and photoelectron mean free path functions

scattering amplitude,

were calculated using FEFF code [47] for atomic clusters
generated on the basis of crystallographic structures. Partial
contributions to the x™ (neighbor shells) were assumed
Gaussian shaped, the average neighbor distance (R;), the
multiplicity (coordination) number (N;) and the mean square
relative displacement (MSRD) (c%) parameters were obtained
via least square data refinement using the FitEXA program [32]

UV-visible absorption measurements were performed on a
Varian Cary 100 using quartz cells on solution in CH,Cl,
solvent.

UV-Visible emission measurements were performed on a
Cary Eclipse Spectrophotometer. A Xenon arc lamp was used
as excitation source. Both absorption and emission spectra were
acquired on freshly prepared samples in CH,Cl, solvent.

All measured optical properties and, in particular, the
plasmon absorption, were stable in time and reproducible. This
indicates that the capped nanoparticles are stable towards
aggregation, i.e. the optical characterization results were not
affected by aggregation.

Conclusions

The combined SR-XPS and XAS analysis carried out on
AgNPs/complex (1) assemblies of different composition lead to

This journal is © The Royal Society of Chemistry 2012
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investigate in detail the chemical structure and to correlate it
with self-assembling behavior already observed by HR-TEM
[8] and optical properties. Both XAFS and XPS data show that
complex (1) molecules are intact upon linking AgNPs; on the
other hand, complex (1) bonding to Ag atoms on NPs surface
through S-Ag strong chemical bonds is observed in both S2p,
Ag3d XPS and Ag, S -K-edge XAS data analysis, evidencing
both techniques
individuate unusual behaviors of square-planar Pt(II) moieties,

an Ag-rich AgS phase. Furthermore,
that can be explained by a rigid interaction between adjacent
complex (1) chains (S-Pt-C contribution with low disorder in
XAS; Pt4f electron acceptor in XPS). The obtained results,
compared with the already published HR-TEM images, lead to
figure out a complex structure of AgNPs/complex (1) hybrids,
in which couples of silver NPs are linked through bridges made
of assemblies of complex (1). The observed S2p signal
compatible with thiols physisorbed on metals or free thiols end
groups, will belong to free complex (1) molecules or, more
likely, to complex (1) molecules in the internal part of the self-
“bridge”; the more rigid Pt(II) square-planar
moieties, will also belong to complex (1) molecules trapped in

assembled

the middle of the self-assembled pattern, strongly interacting
with the first neighbors.

The unique optical properties of these materials were also
probed by UV-visible absorption and emission measurements
and calculations. It was observed that, by varying the excitation
wavelength in luminescence measurements, it is possible to
finely tune both emission wavelengths and intensities;
furthermore, excitation and emission wavelength corresponding
to maximum emission intensity depend on NPs size. TDDFT
calculations on a model system allowed to interpret the optical
behavior of these nanomaterials. The calculated absorption
profile is in excellent agreement with the experimental one. It
has been possible to assign the two main features that can be
seen: the band at low energy (425 nm) is due to the excitation
of electrons from the HOMO (x) to the LUMO (o*), and
involve a charge transfer from the organometallic system to Ag
center; the other band at higher energy (373 nm) is due to a -
nt* absorption on the organometallic linker. This is consistent
with the interpretation given above of the measured absorption
profile where the low energy shoulder is precisely due to the
metal nanoparticle. The emission profile can also be interpreted
through the TDDFT results and our model suggests that the low
energy emission band (430-500 nm) arises from the plasmon
resonance excited states whereas the high energy one (350 nm)
is due to organometallic linker. The tunability of the emission
feature upon the irradiation energy supports the interest raised
by these innovative materials for the exploitation of micro-nano
sized optical devices.
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