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Abstract
This paper describes the development of a novelmethod of producing nanocomposites consisting of
gold nanoclusters anchored on graphene oxide nanosheets in a cost-effective and reproducible
manner. The novelty of the technique hinges on the covalent functionalization of atomically precise
subnanometer gold clusters protected by glutathione (Au15SG13 andAu25SG18) on to graphene oxide
(GO)nanosheets according to the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
crosslinkingmethod, using the existing carboxylic groups present both at the surfaces of the
nanoclusters and theGOnanosheets. The atomic precision of glutathione-protected gold
nanoclusters was evidenced by electrospray ionizationmass spectrometry. The formed hybrid
nanocomposites were characterized by TEMmeasurements and exhibit nonlinear optical properties
characteristic ofGO, in particular a strong second harmonic scattering response as well as amulti-
photon excited fluorescence spectrum characterized by a broad band in the visible range between 350
and 700 nm.Atomically precise nanoclusters covalently linked toGOnanosheets are therefore
promising for new applications in the areas of optoelectronics and photovoltaics.

1. Introduction

The large surface areas of graphenicmaterials provide ideal platforms to capture activemolecules and clusters
[1]. In particular, graphene−nanoparticle composites can be synthesized in situ or ex situ by combining
graphene or its derivatives, with various types of nanoparticles including, but not limited to, quantumdots
(QDs) [2, 3], noblemetals [4–6], metal oxides [7, 8] or silica nanoparticles (SiNPs) [9, 10] depending on the
expected final functional properties. The oxidation of graphene into graphene oxide (GO) leads to the formation
of hydroxyl, epoxide and carboxylic groups [11] that serve as anchors for nanoparticles.

Ex situmethods (inwhich nanoparticles are synthesized separately and then deposited onto a graphene
surface), offer a number of advantages when compared to the in situ ones (inwhich nanoparticles are grown
directly on a graphene surface) such as significantly narrower size distribution aswell as better control over the
average size, shape or density of the nanoparticles that decorate the graphene sheets. In ex situmethods, the
nanoparticles are synthesized in advance and subsequently attached to the surface of the graphene sheets via
linking agents through either covalent or noncovalent interactions [12, 13].

While a plethora of ex situmethods have been reported for graphene-nanoparticles composites [13], only a
fewhave been devoted to the anchoring of nanoclusters ontoGO.Nanoclusters are an emerging class of noble
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metal basedmaterials with atomically precisemetallic cores protected by thiolated ligands showing in particular
well-defined features in their optical absorption and emission spectra [14–17]. Notably, due to subtle interaction
between the ligands and themetallic core upon photoexcitation, enhanced nonlinear optical properties have
been observed [18–20]. As a result, synthesis of newhybridmaterialsmade of nanoclusters andGOnanosheets
may lead to the properties of both nanoscalematerials.

Pradeep and co-workers have pioneered the field of nanoclusters anchored ontoGO [21]. They have
reported that atomically precise silver nanoclusters protected by glutathione can covalently functionalize
solution phase thiolated graphene using a ligand exchangemechanism. In addition, bovine serum albumin
protectedAu25 and histidine protected Au10 have been self-assembled to anchor ontoGO and form stable
nanocomposites stabilized through electrostatic interactions [22]. In parallel, the co-reduction strategy to
fabricate glutathione protected gold or silver nanoclusters on reduced graphene oxide in an aqueousmedium
has been reported by Song et al [23, 24].More recently, L-cysteine capped copper nanoclusters have been
attached to imidazole-functionalized partially reduced graphene oxide via electrostatic forces [25].

In this brief report, we propose a novelmethod to anchor atomically precise glutathione-protected Au25 and
Au15 nanoclusters onto graphene oxide via the use of EDC to activate the existing –COOHgroups at the surface
of the nanoclusters and theGOnanosheets. This allows covalent bonding reactions betweenGO carboxyl
groups and the reactive groups in glutathione-protected gold nanoclusters. The nonlinear optical response of
these hybrid nanoclusters anchored toGOnanosheets, namely the second harmonic scattering response aswell
as themulti-photon excited fluorescence, is reported.

2. Experimental

2.1. Preparation of atomically precise glutathione-protected Au25 andAu15 nanoclusters –GO
nanocomposites
Graphene oxidewas synthesized using amodifiedHummer’smethod described in details in our previous work,
see [26]. GO (25 mg)was dispersed in 50 ml of water under sonication. Then, the solutionwas left to settle for
oneweek before carefully taking the supernatant.

Ethylenediaminewas coupled to the carboxylic group by a classical couplingmethodwith 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) to formGO-CO-NH-(CH2)2-NH2.More precisely, an excess of
EDC (50 mg) and ethylenediamine (100 μl in 5 ml of water, pH adjusted to 6withHCl)were added to theGO
suspension and sonicated during 3 h. The solutionwas left standing overnight before centrifugation (4000 rpm,
3washing cycles withwater) to remove excess EDC and ethylenediamine.

GO-CO-NH-(CH2)2-NH2was then dispersed inwater, and excess of gold nanoclusters (AuNCs) (30 mg of
Au15SG13 or Au25SG18)was added followed by EDC addition (10 mg). Au15SG13 andAu25SG18 were synthesized
as reported in [19, 27]. The solutionwas left to react at ambient temperature for 24 h to form covalently bonded
GO-AuNCswith the covalent linker -CO-NH-(CH2)2-NH-CO- (see figure 1 for reaction scheme). Then, the
GO-AuNCs containing solutionwas centrifuged (4000 rpm) to remove excess reactant before being dispersed in
water.

2.2. Instrumentations
2.2.1. TEM
Transmission electronmicroscopy (TEM)measurements of AuNCs-GOdrop-casted onto a siliconwafer were
performed using a JEOL 2010 FTEM instrument.

2.2.2. UV–visiblemeasurements
UV–vis spectra in solutionwere recorded using anAvaSpec-2048fiber optic spectrometer with anAvaLight-
DH-S deuterium-halogen light source.

2.2.3. Nonlinear optical measurements
The set-up for hyper Rayleigh scattering (HRS) andmulti-photon excited fluorescence (MPEF) has been
described in details in previous works [26, 28]. Briefly, the light sourcewas amode-locked femtosecondTi:
Sapphire laser delivering 140 fs pulses at a repetition rate of 80 MHz. After passing through a low-pass filter to
remove any unwanted harmonic light generated prior to the cell, the fundamental beam at a wavelength of
800 nmand an average power of 400 mWwas focused by a lownumerical aperturemicroscope objective into a
spectrophotometric cell containing the sample solution. TheHRS andMPEF light were collected at an angle of
90° from the incident directionwith a short focal length lens. TheHRS light was separated from the excitation
light by a high-passfilter and amonochromator set at the harmonic wavelength. TheHRS light was then
detectedwith a photomultiplier tube (modelH11890-210,Hamamatsu)working in the single photon counting
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regime. For theMPEF signal, thewavelength of the spectrometer (Jobin-Yvon,model iHR320)was scanned
between 350 nmand 750 nmwith the same detection unit used.

3. Results and discussion

Asmentioned in the introduction, a novelmethod is used to anchor atomically precise glutathione-protected
Au25 andAu15 onto graphene. The nanoclusters are immobilized ontoGOnanosheet’s using EDC to activate
and promote covalent bonding reactions between ethylenediamine, GO’s carboxyl groups and reactive groups
of glutathione-protected gold nanoclusters. Indeed, Au25SG18 nanoclusters possess 36 carboxylic groups that
can serve as linkers. The producedAuNCs–GOnanocomposites were characterized by electronmicroscopy.
TEMwas used to investigate shape and size distributions of subnanometer Au25SG18 nanoclusters covalently
anchored ontoGO. It is clear from the TEM images of theGO-AuNCs hybrid nanosystems that the nanoclusters
are of nearly spherical shape, highlymono-disperse in nature and no aggregation is present, see figure 2. The
average diameter is calculated from the particle size distribution plot and is found to be 1.49±0.36 nm, in good
agreementwith the sizemeasurements performed on glutathioneAuNCs [29]. Of note, the atomic precision
(e.g.mono-disperse nature) of Au25SG18 (and of Au15SG13)was controlled by ESI-TOFMS analysis, see figure 3.
The surface coverage of the AuNCs on theGO surface is rather low, e.g.∼1AuNCper 15 nm×15 nmGO
surface, and is limited to the presence of carboxylic functional groups covering the surface ofGO. In our
previouswork [26], quantitative x-ray photoelectron analysis was conducted onGOnanosheets, leading to∼6%
of carboxylic groupswith a total oxygen content of 25%. Thus the expected density of the COOHgroups is∼2
COOHper 2 nm×2 nm. Even if these numbers are crude estimations, clearly the yield of covalent coupling is
rather low, about oneAuNCevery 25 carboxylic groups. Nevertheless, a possible way out to increase the number
of carboxylic acid groups on the surface of graphene,may emerge by photo oxidation of the same in presence of
UV light. Also, oxidation of hydroxyl and epoxide groups on the surface of graphene, under basic conditions,
may be performed to increase the yield of carboxylic acid groups on the surface of graphene. Also, comparative
study highlighting the novelty of the current study vis-a-vis former studies has been given in the supplementary
material (table S1 is available online at stacks.iop.org/NANOX/1/030005/mmedia).

Figure 1. (a)Reaction scheme involving the covalent AuNCs anchoring to graphene oxide. Ethylenediamine is coupled to the
carboxylic group of GOby a classical couplingmethodwith EDC to formGO-CO-NH-(CH2)2-NH2. Then, excess of AuNCs is added
followed by EDC to formGO-AuNCs covalent bond. For sake of simplicity, only one carboxylic group is shown on the surface ofGO.
(b) Schematic view of theGO-AuNC interface. TheAu15NCwas built according to the structure featuring a cyclic [Au(I)-SR]
pentamer interlockedwith one staple trimermotif protecting the tetrahedral Au4 nucleus, together with another trimermotif.
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The extinction spectrumofGO is presented infigure 4 and is characterized by a large scattering due to the
suspended nanosheets. This ismanifested by themonotonous signal increase as thewavelength decreases. In
addition, figure 4 shows the absorption spectrumof Au25SG18 synthesized by the proposedmethod. The
spectrum showswell-defined andwell-known features, in particular the broad band at 670 nm, due to the
molecular transitions of the nanocluster [30]. The optical spectrumof the Au25-GOcomposites is similar to that
of the neatGOnanosheets, without exhibiting the pronounced features of the nanoclusters. However, the
extinction spectrumof the Au25-GO composites presents aweaker increase as thewavelength decreases as
compared to the neat GOnanosheets corresponding to the possible signature of the nanoclusters. Clearly, the
lowAu25 nanoclusters surface coverage of theGOnanosheets can explain the absence of the broad band at
670 nm for theAu25-GOcomposites spectra.

Figure 5 presents themulti-photon excitedfluorescence (MPEF) spectrumofGOandAuNCs-GO samples
recorded for a laser excitation at 800 nm.A broadband in the visible range between 350 and 700 nmcentred at
about 500 nm is observed for both samples. Of note, the appearance of the fluorescence at wavelengths shorter
than 400 nm indicates that at least three photons are required in the excitation step. In addition, the
characteristicmonochromaticHRS line is clearly observed at 400 nm. TheMPEF spectra of GO andAuNCs-
GO samples are very similar, although a clear global decrease is observed for theMPEF spectrumof the AuNCs-
GO samples.MPEF spectrawere recorded inwater using the same initial concentration ofGOnanosheets for all
samples. Even if the final concentration of AuNCs-GO samplesmay be slightly overestimated (following the
centrifugation steps), a global quenching on nonlinear opticalMPEF andHRS signals upon covalent binding of
the AuNCs on theGOnanosheets is clearly observed.We do not observe any significant size effect between the
Au25 versus Au15 AuNCs on the global quenching. This steady state quenchingmay stem from an intra-
composite energy or electron transfer process. This transfer has already been observed and investigated by

Figure 2.TEM images of Au25 nanoclusters on the surface of aGOnanosheet. scale bar is 200 nm (top panel) and 20 nm (bottom
panel).
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time-resolved spectroscopic study of one-photon excited fluorescence on copper nanoclusters attachedwith
imidazole-functionalized partially reduced graphene oxide via electrostatic attraction [25]. A similar quenching
effect on the photoluminescence spectrawas also reported for the Ag25SG18 nanoclusters bound toGO
nanosheets [21].

Figure 3.ESI-TOFMS analysis of Au15SG13 andAu25SG18 in negativemode. ESI-MSwas performed on a commercial quadrupole
time-of-flight (micro-qTOF, Bruker-Daltonics, Bremen, Germany,mass resolution 10,000). The samples were prepared to afinal
concentration of approximately 50 μMinmethanol.

Figure 4.Absorbance spectrumof freshly prepared Au25SG18 in aqueous phase, extinction spectra of neatGOnanosheets and of
Au25SG18 covalently functionalized toGOnanosheets.
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In order to better address the structure-property relationship in such nanocomposites, further theoretical
investigations were explored. Investigating the entire GOnanosheet with covalently linked nanoclusters is out of
the scope of this brief report. However, as afirst step, we investigated (i) a graphene sheet oxidizedwith one
epoxy and two hydroxyl groups and (ii)Glutathione (SG) covalently bound to pure graphene sheet fragment via
the ethylenediamine linker. Semi-empirical-quantummechanical (SEQM)PM7method [31], as implemented
inGaussian [32], was employed to predict geometries and optical properties of thesemodel systems. PM7was
chosen since recent studies [33–36]have demonstrated a fair accuracy compared to the hybrid B3LYP/6-31 G
(d)DFTmethod for simple organic compounds, allowing for a good compromise between accuracy and
calculation power. Geometries and optical spectra, e.g. one-photon absorption spectra (OPA), are shown in
figure 6, alongwithmolecular orbitals involved in the S1 excitation formodels (i) and (ii). Clearly, while
excitations are locatedwithin the graphenemotifs inmodel (i), charge transfer (CT)-like excitations between the
graphenemotif and the SG ligand aremaking 85%of the S1 excitation. One can expect that in glutathione
protected gold nanoclusters, the centralmetal coremay act as reservoir of delocalized electrons leading to
additional CT-like excitations.

4. Conclusions

In summary, through the presence of –COOHgroups on the surface of both glutathione protected gold
nanoclusters andGOnanosheets, we have explored a novel synthesismethod to anchor atomically precise Au25
andAu15NCs onto graphene via the use of EDC chemistry to activate and promote covalent bonding reaction
with ethylenediamine. Interestingly, carboxylic groups are also present inmany thiolated templates protecting

Figure 5.MPEF spectrumofGO andAuNCs-GO samples in aqueous solutionwith excitation at 800 nm. The peak at 400 nm
corresponds to theHRS line and is highlighted in inset.

Figure 6. SEQMPM7OPA spectra together with structures obtained (upper part) andmolecular orbitals involved in the S1 excitation
ofmodel graphene oxide (C54H24O3) and glutathione (SG) covalently bound to the pure graphene sheet (lower part). Broadening of
the spectral lines is simulatedwith a Lorentzian profile with a half-width of 15 nm (blue lines). (S-magenta, C-green,O-red,N-blue,
andH-white.)
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gold nanoclusters, e.g. proteins [37, 38], glutathione [39], cysteine [19], captopril [40], mercaptobenzoic acid
[41], mercaptoprionic acid [42] or thioglycolic acid [43]. Therefore, thismethod can be generalized for the
covalent anchoring of atomically precise protected gold nanoclusters. The drawback however is currently the
low surface coverage of AuNCs onGOnanosheets, as reported here. This low surface coverage ismainly due to
themoderate number of –COOHgroups resulting fromoxidation inGOnanosheets (only 6%). ButGO
powders with increased oxidation levels can be prepared through variations of theHummersmethod [44, 45].
Our results provide a general route for further experimental and theoretical exploration on the electronic and
optical properties of these newnanocomposites. The nonlinear optical response (both SHG andMPEF)
reported heremay be of potential interest for biological bio-imaging and other bio-applications. Also, the
quenching effect that reduces the nonlinear optical signals of the AuNCs–GOnanocomposites as compared to
neatGOnanosheetsmay indeed find interest in the areas of optoelectronics and photovoltaics.
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