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ABSTRACT 
Oligo(p-phenyleneethynylene)s (OPEs) end-capped with (alkynyl)bis(diphosphine)ruthenium and thiol/thiolate groups stabilize ca. 2 nm 
diameter gold nanoparticles (AuNPs). The morphology, elemental composition and stability of the resultant organometallic OPE/AuNP hybrid 
materials have been defined using a combination of molecular- and nano-material chacterization techniques. The hybrids display long-term 
stability in solution (more than a month), good solubility in organic solvents, reversible ruthenium-centered oxidation, and transparency 
beyond 800 nm, and possess very strong nonlinear absorption activity at the first biological window, and unprecedented two-photon 
absorption activity in the second biological window (σ2 up to 38,000 GM at 1050 nm). 
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1 Introduction 
Molecular and nano-materials that display nonlinear absorption 
(NLA) are attracting attention due to potential or demonstrated 
applications in optical data storage, imaging, optical limiting, 
telecommunications, medicine, and 3D-patterning [1-4]. 
Particular interest has been shown in tailoring materials with 
high transparency and efficient NLA activity in the 
near-infrared (NIR) spectral region, because NLA activity in this 
region will enable devices exploiting NLA to operate at 
technologically-important wavelengths such as the optical fiber 
windows (around 1300 and 1550 nm) and the second biological 
window (1000 – 1700 nm) [5]. A range of structural features of 
materials have been shown to advantageously impact on NLA 
performance [6-9]. For example, localized surface plasmon 
resonance (LSPR) at gold nanoparticles (AuNPs) can potentially 
afford strong NLA due to ultrafast field enhancement at the 
metal-dielectric interface [10]. Coating AuNPs with 
sulfur-containing species has afforded two-photon absorption 
(2PA) activity peaking in the visible and with weaker 2PA 
maxima extending into the NIR (to 800 nm) [11-14]. Despite 
these encouraging results, little is known of the 
wavelength-dependence of 2PA for AuNPs and their hybrids at 
longer wavelengths, the only report revealing modest 2PA for a 
captopril-AuNP hybrid (maximal cross-section σ2 = 1510 GM @ 
900 nm; 1 GM = 10-50 cm4 s photon-1; captopril = 
(2S)-1-[(2S)-2-methyl-3-sulfanylpropanoyl]pyrrolidine-2-carbo
xylic acid) [13]. 

Oligo(p-phenyleneethynylene)- (OPE-)based entities 
(rods, dendrimers, etc.) containing ruthenium alkynyl complex 
moieties exhibit strong 2PA and record multiphoton absorption 
(3PA and 4PA) cross-sections extending deep into the NIR [15, 
16]. trans-[Ru(dppe)2] (dppe = 
1,2-bis(diphenylphosphino)ethane) is a key component of such 
efficient NLA-phores, because the dπ-pπ orbital overlap with 
alkynyl ligands gives rise to intense metal-to-ligand 
charge-transfer (MLCT) in the visible region, while it 
simultaneously confers high thermal stability and good 
solubility, crucial requirements for processability. Most 
OPE-functionalized AuNPs have employed thiol-terminated 
OPEs to afford self-assembled monolayers at gold and 
gold-thiolate molecular junctions [17], but organometallic 
examples are rare [18-20]. We herein describe the first AuNPs 
stabilized by OPE rods end-functionalized by ruthenium alkynyl 
units, and report that the resultant hybrids display long-term 
stability, good solubility, high transparency, very strong NLA at 
the first biological window, and unprecedented NLA in the 
second biological window. 

2 Results and discussion 
2.1 Syntheses 

The new complexes 
trans-[Ru((C≡C-1,4-C6H4)nC≡C-1,4-C6H4SCH2CH2SiMe3)(C≡C-1,4
-C6H4X)(dppe)2] (n = 0, X = H (1a), NO2 (1b); n = 1, X = H (2a), 
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NO2 (2b); n = 2, X = H (3a), NO2 (3b)) that were employed to 
construct the hybrids were prepared by extending published 
syntheses of trans-bis(alkynyl)bis(diphosphine)ruthenium 
complexes (Scheme S1-S2 in the electronic supplementary 
material (ESM)) [21-24]. All complexes were characterized by 
1H, 13C and 31P NMR spectroscopies, IR spectroscopy, mass 
spectrometry, and elemental analysis. The 
trimethylsilyl-protected thiol groups were positioned at the 
termini of the rod-like structures remote from the 
trans-[Ru(dppe)2] fragment to minimize steric effects during 
AuNP stabilization. The organics 
1,4-XC6H4C≡C-1,4-C6H4SCH2CH2SiMe3 (X = H (4a), NO2 (4b)) 
were prepared similarly (Scheme S3 in the ESM), to permit 
benchmarking of the influence of the trans-[Ru(dppe)2] moiety 
on the physical and chemical properties of the hybrids and, 
ultimately, the NLA performance. The phenyl-terminated 
complexes 1a, 2a, and 3a are soluble in common organic 
solvents, in contrast to the nitro end-functionalized analogues 
(1b, 2b, and 3b) which become increasingly less soluble in 
conventional organic solvents upon OPE bridge-lengthening. 
The 31P NMR spectra of complexes 1a, 2a, and 3a contain 
singlets at ca. 53.7 ppm (Figs. S7, S13, S19 in the ESM), while the 
spectra of complexes 1b, 2b, and 3b display singlets in the range 
53.1-53.3 ppm (Figs. S10, S16, S22 in the ESM), the singlets 
confirming trans configurations at the ruthenium center. The 
FT-IR spectra of all complexes contain a stretching vibration 
characteristic of the alkynyl fragment (C≡C) ligated to 
ruthenium in the range 2045-2058 cm-1, consistent with the 
spectra of analogues [21, 24, 25]. A single-crystal X-ray 
diffraction study was undertaken on 1a, confirming its 
composition (Figs. S40-S41 and Table S1 in the ESM). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Compounds 1a-4b. 
 

The AuNP-hybrids were prepared by a modified 
Brust-Schiffrin method (Scheme 1) under strictly deoxygenated 
conditions [26, 27]. The thioether-containing organometallic 
and organic compounds were treated with 
tetra(n-butyl)ammonium fluoride to generate the thiolate 
species, which were then used without purification in the 
synthesis of the AuNP-hybrids. The resultant mixtures 
containing TMC/AuNP hybrids were poured into EtOH and 
placed in the refrigerator overnight to induce precipitation of 
the target materials and to remove the unreacted thiolate 
species. The TMC/AuNP hybrids were collected by filtration 

through a membrane and washed with EtOH and different 
fractions of petroleum spirits, affording dark purple solids in all 
cases (1a-AuNP, 2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP). 

Other potential hybrids 1b-AuNP and 4b-AuNP could not 
be isolated because black precipitates formed shortly after the 
addition of the reducing agent (see for example, the 1H and 31P 
NMR of the unsucccesful AuNP synthesis employing 1b (Figs. 
S38-S39)). It also proved impossible to obtain stable dispersions 
of 3b-AuNP because it precipitated from conventional organic 
solvents, presumably due to the lack of solubility of complex 3b. 
These three possible hybrids were therefore not pursued 
further.  

The desilylation step is an essential part of the synthetic 
protocol; attempts to stabilize AuNPs without first deprotecting 
the corresponding 2-(trimethylsilyl)ethyl-protected thiol only 
afforded black insoluble precipitates. A sample of the resultant 
black insoluble material was suspended in DMF and supported 
on a transmission electron microscopy (TEM) grid by drop 
casting, the TEM study indicating that the material consists of 
amorphous aggregated gold particulate (Fig. S42 in the ESM). 
Thus, stabilization of AuNPs with such linear OPE-based 
molecules necessitates thiol/thiolate groups. 

 
Scheme 1. Synthesis of hybrids 1a-AuNP, 2a-AuNP, 2b-AuNP, 3a-AuNP, 

and 4a-AuNP. TMS = trimethylsilyl, TBAF = tetra(n-butyl)ammonium 
fluoride, TOAB = tetra(n-octyl)ammonium bromide. 
 

The synthesis of 2a-AuNP was monitored by sampling 
the UV-Vis spectrum of the reaction mixture over a 24 h period, 
the results being used to inform the preparation of the other 
hybrids (1a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP). The 
UV-Vis studies suggested that complete passivation of the 
surface of the AuNPs was reached between 4 and 22 h of 
reaction, no further change in the UV-Vis spectrum being 
observed thereafter (Fig. 2a). The band at ca. 400 nm has a 
shoulder at 450 nm which is assumed to correspond to 
unreacted desilylated 2a, because it is present in excess and it 
disappears following purification (Experimental Section, Fig. 
S43 in the ESM). The 1H NMR spectra of the hybrids 1a-AuNP, 
2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP show the absence 
of resonances at ca. 3 and ca. 1 ppm, confirming removal of the 
Me3SiCH2CH2- protecting groups on attachment of the ligands to 
the AuNPs (Figures 2b, S29, S31, S33, S35, S37 in the ESM). The 
31P NMR spectra of all hybrids display the characteristic singlet 
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of the trans-[Ru(dppe)2] moiety at ca. 53 ppm, suggesting that 
the stabilizing organometallic units retain their integrity and do 
not decompose under the reaction conditions employed [11]. 
The stability of 2a-AuNP was assessed in CDCl3 solution by 1H 
(Fig. S44 in the ESM) and 31P (Fig. S45 in the ESM) NMR 
spectroscopies. The spectra of 2a-AuNP were screened for 33 
days and remained identical over this period. FT-IR studies in 
the far IR region contain broad absorption bands at ca. 250 cm-1 
assigned to the characteristic vibrational modes of the Au-S 
bond [28], providing further evidence that compounds 1a, 2a, 
2b, 3a, and 4a have been successfully grafted onto the AuNP 
surface (Figs. S46-S55 in the ESM). For example, the far-IR 
spectrum of 2a-AuNP contains a broad band at 258 cm-1 
(spanning from ca. 180 cm-1 to ca. 320 cm-1) while the same 
region of the spectrum of 2a is almost featureless (Fig. 2c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. a) Time-dependent UV-Vis studies of the synthesis of 2a-AuNP 
confirming reaction completion between 4 and 22 h; b) 1H NMR spectra of 
2a and 2a-AuNP in CDCl3 confirming removal of the Me3SiCH2CH2 group 
upon hybrid formation; and c) far IR spectra of 2a (red) and 2a-AuNP 
(black) confirming formation of Au-S linkages on hybrid formation. 
2.2 Morphological and elemental studies of the hybrids 

The morphology and composition of the hybrids 1a-AuNP, 
2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP were studied 
using TEM, dynamic light scattering (DLS), X-ray photoelectron 
spectroscopy (XPS), scanning electron microscopy-energy 
dispersive X-ray spectroscopy (SEM-EDX), and inductively 
coupled plasma-optical emission spectroscopy (ICP-OES), and 
the catalytic activity for reduction of 4-nitrophenol was assessed. 
The size of the cores and ligand shells of the new hybrids were 
estimated from TEM and DLS studies, the results being 
presented in Table 1. The TEM micrographs (Fig. 3, top) reveal 
that the hybrids have similar diameters (ca. 2 nm) and narrow 
size distributions (Fig. S56 in the ESM), and do not aggregate, 
due to the effective passivation of the AuNP surfaces by the 
stabilizing ligands in 1a-AuNP (Fig. 3a, top), 2a-AuNP (Fig. 3b, 
top), 2b-AuNP (Fig. 3c, top), 3a-AuNP (Fig. 3d, top), and 
4a-AuNP (Fig. 3e, top); in fact, self-assembly with 
homogeneous interparticle distances is suggested by the TEM 
images. The DLS results suggest that the AuNPs are stabilized 
by a monolayer of organometallic complexes (assuming lengths 
of the latter obtained from molecular modelling: Figs. S57-S59 in 
the ESM). All hybrids display low polydispersity indexes in THF, 
suggestive of high monodispersity of the colloids in solution 
(Table 1).  

The elemental compositions of the hybrids were 
confirmed by qualitative XPS (Fig. 3, bottom). The sulfur results 
reveal more than one binding mode of the thiol functionality to 
the AuNP surface [29, 30]. For each hybrid, the XPS spectrum 
displays an S 2p peak at 162 eV. corresponding to the sulfur 
atom of the thiolate species on the AuNP surface [29]. 
Deconvolution of these peaks reveal more than one binding 
mode, suggesting coexistence of chemi- and physi-sorbed 
species on the AuNP surface (Fig. 3, bottom). The spectra of 
2b-AuNP (Fig. 3c, bottom) and 3a-AuNP (Fig. 3d, bottom) 
contain peaks at ca. 168.5 eV and the spectrum of 4a-AuNP (Fig. 
3e, bottom) contains a peak at ca. 170.0 eV, all suggestive of the 
presence of oxidized sulfur species [31]. The high-resolution 
XPS spectra of Au, P, S, Ru, and C show binding energies for 
organoruthenium/AuNP hybrids consistent with literature data 
(Figs. S60-S64 in the ESM) [11]. The homogeneity of hybrids 
1a-AuNP, 2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP was 
confirmed by SEM-EDX in element mapping mode (Figs. 
S65-S69 in the ESM). ICP-OES of the ruthenium and gold 
content was employed to determine the number of 
organometallic OPE rods per AuNP, results being consistent 
with monolayer coverage [1a-AuNP: 52; 2a-AuNP: 92; 
2b-AuNP: 58; 3a-AuNP: 80; values ± 5 %], confirming results 
from DLS.  
 
Table 1. Size distribution, hydrodynamic diameter, and polydispersity of 
1a-AuNP, 2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a-AuNP. 
Compound Size distribution 

(nm) 
Hydrodynamic 
diameter (nm) 

Polydispersity 
index 

1a-AuNP 2.5 ± 0.6 4.0 ± 0.7 0.02 
2a-AuNP 2.3 ± 0.7 4.8 ± 0.4 0.01 
2b-AuNP 1.8 ± 0.7 4.2 ± 0.6 0.02 
3a-AuNP 2.3 ± 0.6 8.4 ± 1.6 0.04 
4a-AuNP 2.2 ± 0.6 2.9 ± 0.4 0.02 
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Figure 3. TEM micrograph (top) and high-resolution S 2p XPS spectra (bottom) for a) 1a-AuNP, b) 2a-AuNP, c) 2b-AuNP, d) 3a-AuNP, and e) 4a-AuNP. 
 

Catalysis occurs at the gold surface of the AuNPs, so 
assessing catalytic activity of the NPs can afford complementary 
information about the ease of access to gold sites, and therefore 
the coverage by the stabilizing groups. The catalytic activity for 
reduction of p-nitrophenol was assessed from the 
p-hydroxyaniline yield after 2 h. The yield of the organic hybrid 
4a-AuNP (61 %) is similar to ndt-AuNP (57 %) (ndt = 
n-dodecanethiol), while OPE π-system lengthening in the 
organometallic hybrids leads to an increase in catalytic activity 
proceeding from one (1a-AuNP (41 %)) to three (3a-AuNP 
(71 %)) PE units, consistent with the bulky ligated ruthenium 
centers being increasingly removed from the AuNP surface, and 
the AuNP surface gold atoms becoming increasingly accessible. 
The introduction of nitro substituent leads to a small reduction 
in activity (2a-AuNP (63 %) cf 2b-AuNP (57 %)). It is tempting 
to ascribe this to a concomitant slight depletion of electron 
density at the AuNP surface, but the differences in activity are 
minor and, overall, the catalytic activity seems more closely 
correlated with steric considerations, as anticipated for a partial 
monolayer of a bulky stabilizing group. 
 
2.3 Electrochemical studies 

The cyclic voltammograms of the organometallic compounds 
exhibit one-electron quasi-reversible metal-centered oxidation 
events (Figs. S70-S75 in the ESM), in contrast to the reversible 
processes observed for analogous literature examples [32]. As 
expected, the phenyl-capped complexes 1a, 2a, and 3a are 
easier to oxidize than the nitro-capped complexes 1b, 2b, and 
3b (Table 2), and increasing the distance between the thiol and 
the metal center from one (1a E1/2 RuII/III = 0.47 V, 1b E1/2 RuII/III 
= 0.58 V) to two (2a E1/2 RuII/III = 0.51 V, 2b E1/2 Ru II/III = 0.63 V) 
and then three (3a E1/2 RuII/III = 0.54 V, 3b E1/2 RuII/III = 0.65 V) 
PE units shifts the oxidation event towards more positive 
potentials. This trend is consistent with a weakening of the 
electron-donating effect of the thiol on the trans-[Ru(dppe)2] 
center as the distance between these groups is increased. The 
metal-centered oxidation events for 1-3 are quasi-reversible, 
likely due to the sulfur atom destabilizing the HOMO, and 
resulting in an electron-transfer process involving structural 
reorganization of the complex. The hybrids display similar 
oxidation potentials to the free organometallic complexes (Figs. 
S76-S79 in the ESM), with the exception of complex 1a (E1/2 

RuII/III = 0.56 V) for which a significant shift in potential is 
observed (Fig. S76 in the ESM).

 
Table 2. Linear optical absorption and cyclic voltammetry data for 1a, 1b, 2a, 2b, 3a, 3b, 4a, 4b, 1a-AuNP, 2a-AuNP, 2b-AuNP, 
3a-AuNP, and 4a-AuNP. 

 

Compound/Hybrid 
λmax (nm) 

[ε (104 M-1 cm-1)] 
E1/2 RuII/III 

(V vs 
Ag/AgCl) 

ip,c/ip,a ΔEp (V) 
 THF Toluene DMF 
1a 340 [4.3] 340 [3.9] 341 [3.9] 0.47 0.92 0.15 
1b 474 [3.2] 465 [2.4] 484 [2.4] 0.58 0.77 0.14 
2a 391 [5.8] 390 [4.5] 392 [5.0] 0.51 0.84 0.12 
2b 460 [3.2] 460 [2.7] 474 [2.9] 0.63 0.64 0.10 
3a 415 [5.4] 410 [4.2] 413 [4.1] 0.54 0.85 0.11 
3b 470 (sh) [3.6] 470 (sh) [3.2] 470 (sh) [3.0] 0.65 0.59 0.11 
4a 308 [4.3] 315 [3.1] 310 [1.9] N/A N/A N/A 
4b 358 [2.8] 360 [2.4] 360 [1.6] N/A N/A N/A 
1a-AuNP 523 [LSPR] 524 [LSPR] 517 [LSPR] 0.53 0.88 0.17 
2a-AuNP 526 [LSPR] 535 [LSPR] 532 [LSPR] 0.50 0.94 0.08 
2b-AuNP sh sh sh 0.63 0.79 0.10 
3a-AuNP sh sh sh 0.54 0.99 0.09 
4a-AuNP 520 [LSPR] 530 [LSPR] 520 [LSPR] N/A N/A  
[a] Deconvolution was undertaken using OriginLab 2018 in peak analyzer mode [33].   
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The proximity of the ruthenium center to the AuNP 

surface in 1a-AuNP has a strong electronic influence on its 
oxidation potential compared to its precursor 1a, suggesting 
that the AuNP core is behaving as an electron-donating unit. The 
cathodic and anodic peaks of the ruthenium complex oxidation 
process become sharper and the peak-to-peak separations (ΔEp) 
become smaller as the OPE bridge is lengthened and the 
distance between the thiol group and the metal center is 
increased [1a (ΔEp = 0.15 V), 2a (ΔEp = 0.12 V), 3a (ΔEp = 0.11 
V) and 1a-AuNP (ΔEp = 0.17 V), 2a-AuNP (ΔEp = 0.08 V), 
3a-AuNP (ΔEp = 0.09 V)] (Table 2, Figs. S77-S79 in the ESM). 
The quasi-reversible electrochemical behavior suggests this new 
class of hybrids have potential in linear optical and nonlinear 
optical (NLO) switching [34]. 
 
2.4 Linear optical properties 

The spectra of 1a-3b display low-energy absorption bands 
assigned to the characteristic MLCT transitions of 
trans-Ru(dppe)2 bis(alkynyl) complexes (Table 2) [21, 25, 35]. 
The MLCT bands of the examples with peripheral phenyl groups 
red-shift on moving from the complex with one PE group (1a, 
λmax = 340 nm) to that with two (2a, λmax = 391nm), and then 
three (3a, λmax = 415 nm) (Fig. 4a). In the spectra of the 
complexes with peripheral nitrophenyl units 1b, 2b, and 3b, the 
MLCT band is almost invariant at ca. 470 nm, shifting only 
slightly on π-bridge-lengthening (Fig. 4b) [25, 35]. These results 
indicate that the LUMOs of 1a-3a are most likely localized on 
the OPE ligand, whereas the LUMOs of 1b-3b are most likely 
localized at the 4-nitrophenylethynyl ligand, consistent with 
reports for analogues [21, 25, 35]. The UV-Vis spectra of the 
hybrids 1a-AuNP, 2a-AuNP and 4a-AuNP show the 
characteristic LSPR bands, whereas the LSPR bands in the 
spectra of 3a-AuNP and 3b-AuNP are obscured by the 
low-energy MLCT bands of the metal alkynyl unit (Fig. 4c). 
These low-energy bands for 3a-AuNP and 3b-AuNP exhibit tails 
that extend to ca. 800 nm, in contrast to those of the 
organometallic OPE rod precursors (3a and 3b), and consistent 
with underlying LSPR bands and thereby the presence of the 
AuNP cores. The LSPR bands of the hybrids red-shift when the 
OPE length is increased from one- (1a-AuNP) to two- (2a-AuNP) 
phenyleneethynylene units, with the largest difference in 
absorption maxima seen in DMF solvent (Δλmax = 15 nm). This 
red shift is consistent with that reported for the LSPR band in 
ndt-AuNP (5 nm diameter) following partial exchange of the 
ndt ligands by aryl thiols with an increasing number of benzene 
rings (thiophenol: λLSPR = 521 nm, 4-biphenylthiol: λLSPR = 528 
nm, 4-terphenylthiol: λLSPR = 535 nm) [36]. The optical 
properties of the compounds and hybrids were studied in THF, 
toluene and DMF solvent to investigate the solvatochromic 
behavior of the complexes and hybrids (Table 2, Figs. S80-S85 in 
the ESM). The MLCT bands of the complexes exhibit weak 
positive solvatochromism while the LSPR bands of 1a-AuNP, 
2a-AuNP, and 3b-AuNP do not exhibit any appreciably 
solvatochromic behaviour in the solvents studied, consistent 
with effective passivation of the AuNP surface. Deconvolution of 
the spectra of all hybrids was performed to estimate the 
absorption maxima of the LSPR band when it was obscured by 
the MLCT band of the complexes in the hybrids (Figs. S86-S90 

in the ESM), essential for hybrids 2b-AuNP and 3a-AuNP. We 
note that such deconvoluted maxima are suggested (in most 
cases) to be at higher energy than would be expected for LSPR 
bands. 

 
Figure 4. UV-Vis spectra of compounds 1a-4a (a), 1b-4b (b) and 1a-AuNP, 
2a-AuNP, 2b-AuNP, 3a-AuNP, 4a-AuNP (c). 
 
2.5 Nonlinear optical properties 

The third-order NLO properties of the organometallic and 
organic compounds and their AuNP hybrids were investigated 
using the Z-scan technique over the spectral range 540-1150 
nm and employing an ultrashort pulse (130 fs) low repetition 
rate (1 kHz) laser to minimize contributions from excited-state 
absorption (ESA). The nonlinear refraction and NLA properties 
of the compounds were measured simultaneously using a 
combination of closed-aperture and open-aperture Z-scan, the 
resultant data being displayed in Figures S91-S116 in the ESM, 
and key NLA parameters being collected in Table 3. The 
molecular compounds 1-4 exhibit low to moderate σ2,max in the 
UV-Vis-NIR region, with values increasing upon metallation, 
increasing the length of the OPE bridge, and introduction of 
nitro group, consistent with data reported elsewhere;[21, 35] 
the wavelengths of the 2PA maxima blue shift upon nitration. 
The AuNP hybrids display saturable absorption (SA) in the 
shortest wavelength range explored (575–600 nm) (Table 3). 
Strong NLA behavior is observed at the low-energy end of the 
visible region (625–800 nm), but this is accompanied by 
substantial linear absorption, so significant contributions from 
ESA are anticipated, and we therefore use the term “effective” 
2PA to account for the various contributions to NLA in this 
short wavelength region. With the exception of 1a-AuNP, which 
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is NLA-inactive at wavelengths longer than 875 nm, the AuNP 
hybrids display exceptional 2PA at wavelengths extending well 
into the NIR region (800 – 1150 nm), with maximal values 
centered at ca. 1050 nm. This is despite the hybrids being 
transparent in the NIR region at wavelengths longer than 800 
nm, and so consistent with minimal contributions from ESA and 
suggestive of a pure 2PA into the surface plasmon band. The σ2 

merit at 1050 nm increases markedly on organometallation 
(proceeding from 4a-AuNP to 2a-AuNP), and to a lesser extent 
on introduction of nitro group (proceeding from 2a-AuNP to 
2b-AuNP) or ligand π-system lengthening (proceeding from 
2a-AuNP to 3a-AuNP). The most efficient hybrid, 3a-AuNP, 
displays exceptional activity in the second biological window 
(σ2,1050 = 38,000 GM).

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Linear Optical and Nonlinear Optical Absorption Cross-Section Maxima for 1-4, 1a-AuNP, 2a-AuNP, 2b-AuNP, 3a-AuNP, and 4a- AuNPa 

Compound or hybrid 
(FWt)b 

1PA λmax [ε] σ2 [λmax, ε] σ2/FWt [λmax]c Size distribution (nm) 

1a (1232) 335 [4.9] 60 ± 10 [640, 0] 0.05 ± 0.01 [640] - 

1b (1277) 474 [0.8] 190 ± 20 [875, 0] 0.15 ± 0.02 [875] - 

2a (1332) 389 [7.4] 250 ± 20 [800, 0] 0.19 ± 0.01 [800] - 

2b (1377) 568 [2.6] 760 ± 50 [760, 0] 0.55 ± 0.04 [760] - 

3a (1432) 413 [5.1] 520 ± 90 [780, 0] 0.36 ± 0.06 [780] - 

3b (1477) 460 [2.5] 1580 ± 140 [800, 0] 1.07 ± 0.10 [800] - 

4a (310) 308 [4.3] 20 ± 8 [560, 0] 0.06 ± 0.01 [560] - 

4b (355) 360 [1.6] 74 ± 10 [560, 0] 0.21 ± 0.03 [560] - 

1a-AuNP (159,000 ± 
38,000) 

517 [2.5] (LSPR) 104,000 ± 18,000 [625, 16.0] 
25,000 ± 4000 [800, 1.2] 

0.65 ± 0.19 [625] 
0.16 ± 0.05[800] 

2.5 ± 0.6 

2a-AuNP (205,000 ± 
62,000) 

526 [11.0] (LSPR) 172,000 ± 33,000 [650, 16.0] 
190,000 ± 12,000 [775, 1.1] 
38,000 ± 19,000 [875, 0] 
20,000 ± 10,000 [1050, 0] 

0.84 ± 0.30 [650] 
0.93 ± 0.28 [775] 
0.19 ± 0.11 [875] 
0.10 ± 0.06 [1050] 

2.3 ± 0.7 

2b-AuNP (111,000 ± 
43,000) 

sh 170,000 ± 33,000 [625, 15.0] 
123,000 ± 10,000 [775, 1.4] 
52,000 ± 4000 [925, 0] 
26,000 ± 4000 [1050, 0] 

1.53 ± 0.67 [625] 
1.11 ± 0.44 [775] 
0.47 ± 0.19 [925] 
0.23 ± 0.10 [1050] 

1.8 ± 0.7 

3a-AuNP (197,000 ± 
51,000) 

sh 232,000 ± 39,000 [600, 6.9] 
116,000 ± 7000 [775, 0.1] 
35,000 ± 5000 [925, 0] 
38,000 ± 13000 [1050, 0] 

1.18 ± 0.37 [600] 
0.59 ± 0.16 [775] 
0.18 ± 0.05 [925] 
0.19 ± 0.08 [1050] 

2.3 ± 0.6 

4a-AuNP (65,000 ± 
18000) 

526 [9.8] (LSPR) 46,000 ± 3000 [675, 0.6] 
26,000 ± 2000 [800, 0.4] 
5500 ± 1500 [950, 0] 
540 ± 130 [1050, 0] 

0.71 ± 0.20 [675] 
0.40 ± 0.11 [800] 
0.08 ± 0.03 [950] 
0.008 ± 0.003 [1050] 

2.2 ± 0.6 

[a] Measurements in THF solvent; λmax in nm, [ε] in 104 M-1 cm-1, σ2 values in GM (1 GM = 10-50 cm4 s); [b] FWt in grams per mole; the FWts of the 
hybrids 1a-AuNP, 2a-AuNP, 2b-AuNP and 3a-AuNP correspond to the sum of the average number of gold atoms per AuNP core (NAu) and the 
average number of complexes (Ncomplex) in the hybrid (FWt = NAu + Ncomplex). NAu was estimated according to the following equation NAu = 
30.8960D3,[21] where D is the average AuNP diameter obtained from TEM analysis and Ncomplex was estimated using NAu as reference and 
determination of the Au:Ru ratio by ICP-OES analysis. For 4a-AuNP, only NAu was used to calculate the FWt, and the FWt-scaled data therefore 
represent an upper bound. [c] The error associated with the FWt was included in σ2/FWt by using standard error propagation statistical analysis: 
SDσ2/FWt = σ2/FWt((CVσ2)2 + (CVFWt)2)-1/2, where SD is the standard deviation and CV is the coefficient of variation. LSPR: localized surface plasmon 
resonance absorption maximum. 
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Figure 5. Plot of σ2 overlaid on the UV-Vis spectrum (black), and including a 
plot of the UV-Vis as a function of twice (red) the wavelength for hybrids 
1a-AuNP (a), 2a-AuNP (b), 2b-AuNP (c), 3a-AuNP (d), and 4a-AuNP (e). 1 
GM = 10-50 cm4 s photon-1. 
 

Various methods have been employed to facilitate the 
comparison of σ2 values of disparate materials, the σ2/FWt 
merit figure being the most widely accepted [37, 38], but 
estimating the formula weights needed for such comparisons 
presents difficulties with nanoparticles and hybrids. In the 

present case, we have proceeded by estimating the FWts of the 
hybrids 1a-AuNP, 2a-AuNP, 2b-AuNP, and 3a-AuNP from the 
average number of gold atoms per AuNP core (NAu) and the 
average number of complexes (Ncomplex) in the shell of the hybrid 
(FWt = NAu x AtWtAu + Ncomplex x FWtcomplex), and ignoring the 
presence of any other species passivating the AuNPs. We 
assume the AuNP cores are pseudo-spherical in shape, and so 
NAu = 30.8960D3 [39], where D is the average AuNP diameter 
obtained from TEM, while Ncomplex was estimated from the Au:Ru 
ratio determined by ICP-OES and using NAu as reference. The 
resultant estimated FWts of the hybrids are provided in Table 3. 
Statistical analysis was employed to account for propagation of 
errors associated with the standard deviations of σ2 and FWt 
(see footnote of Table 3), and thereby to avoid underestimation 
of these errors. Being mindful of the uncertainties that arise 
from this mathematical treatment, we then compared the 
weight-scaled NLA data for the hybrids (Table 3). Proceeding 
from the purely organic AuNP derivative 4a-AuNP to the 
organoruthenium AuNP hybrids results in an enhancement of 
more than an order of magnitude in σ2/FWt value at the same 
local NIR maximum, confirming the utility of an organometallic 
approach to AuNP passivation in the pursuit of NLA-efficient 
hybrids. 

We have also explored the merit figure σ2/Ncomplex, which 
has been suggested as a means of assessing if there is a 
nonlinear plasmonic enhancement in NLO properties upon 
loading chromophores onto AuNPs [40]. In contrast to the 
5-(difluorenyl)-1,10-phenanthroline-based ruthenium 
complexes of this earlier study, for which results revealed an 
additive effect indicating no enhancement [40], the results from 
scaling σ2 by Ncomplex in the present work showed an outstanding 
33-fold increase in the TPA performance of 1a-AuNP (2000 ± 
350 GM complex-1 @ 625 nm) compared to the free complex 1a 
(60 ± 10 GM complex-1 @ 640 nm), while similarly nonlinear 
three-fold (2b-AuNP, 3a-AuNP) and eight-fold (2a-AuNP) 
enhancement was observed for the other hybrids at 
wavelengths corresponding to the first biological window. We 
note that strong quenching of the emission quantum yield of the 
complexes is seen following attachment to the AuNPs (Figures 
S117-S123, Table S2 in the ESM), which we attribute to electron- 
or energy-transfer processes [41], and it is possible that this 
may contribute to increased local-field enhancement in the 
excited states of the organometallic-AuNP hybrids and thereby 
enhanced 2PA activity in the NIR. 

3 Conclusion 
We have described the first examples of AuNPs stabilized by 
OPE rods that are end-functionalized by alkynylruthenium units. 
These hybrids exhibit a range of useful properties (long-term 
stability, good solubility, high transparency, redox activity, and 
very strong NLA activity at the first biological window) and, 
where comparisons are possible, have been shown to display 
superior performance to purely organic OPE rod/AuNP hybrid 
analogues and a nonlinear plasmonic enhancement in NLA in 
the red/NIR region. The new organometallic AuNP hybrids from 
the present study have been shown to exhibit unprecedented 
NLA activity in the second biological window and are therefore 
of potential applications interest. These studies emphasize the 
advantage of an organometallation approach in the design of 
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efficient NLA materials. 
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