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Metal nanoparticles (NPs) are of great interest due to their physical 
and chemical properties different from those of the bulk counter
parts.1–3 Gold nanoparticles (Au NPs) are remarkable4,5 because 
of potential applications in catalysis,6,7 biomedicine,8–10 and 
optics.11,12 Colloidal Au NPs can be used in medicine, sensing, 
imaging, and therapy due to their biocompatibility and optical 
properties associated with localized surface plasmon resonances.13–17 
Various stabilizers, such as donor ligands, polymers, and surfactants, 
are used to control the growth of Au NPs and to prevent them from 
agglomeration. The surface modification of Au NPs and their 
stabilizing functional groups are of interest due to the possibility 
of controlling their colloidal and chemical behaviors. We studied 
the interaction of sp1 linear carbon chains (LCCs) with colloidal 
Au NPs† using X-ray photoelectron spectroscopy (XPS),‡ which 
gives direct information on local atomic and electronic properties 
of excited atoms.

Scanning transmission electron microscopy (STEM)§ was used 
for studying the sizes and agglomeration of NPs. Figure 1 shows 
STEM micrographs and size distribution histograms of Au NPs 
and Au@LCC hybrid nanostructures. The Au NPs exhibited a 
shape anisotropy due to aggregation phenomena with elongated 
structures from 10 to 80 nm in length. Polydispersed NPs were 
composed of spherical NP aggregates about 20 nm in diameter 
[Figure 1(b)]. The Au@LCCs were spherical with a narrow size 
distribution centered at about 8 nm. Note that average diameters 
slightly decreased from 20 to 8 nm when LCCs were prepared in 
the presence of Au NPs. This tendency can be simply explained in 
terms of size reduction induced by a second laser irradiation process. 
These observations indicate that Au NPs of controlled shape and 
size were prepared, hindering the formation of elongated aggregates 
by LCCs protection.

Figure 2 shows the survey XPS spectra, which exhibited C, O, 
Si, and Au signals, and only trace nitrogen and copper impurities 
were detected. The concentration of polyynes (–CºC–)n in the 
solution was estimated from these spectra (Table 1). The polyyne 
amount in water solution was calculated from UV-VIS spectral 
data using published molar extinction coefficients.20 Generally 
consistent amounts of amorphous carbon were also observed in the 
presence of LCCs after deposition and exposure to air (solid 
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The X-ray photoelectron spectra (XPS) of Au colloidal nano
particles (Au NPs) and Au–NPs/linear carbon chain (LCC) 
structures (Au@LCC) prepared by nanosecond pulsed laser 
ablation in liquid water were measured. The Au 4f XPS peaks 
of Au NPs coincided with those of metallic gold to confirm 
that a metallic state was retained in colloidal Au nanoparticles. 
On the other hand, the Au 4f XPS spectra of Au@LCC showed 
a low-energy broadening due to the formation of Au–C bonds 
between Au NPs and LCC. 
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†	 Surfactant-free Au NPs and Au/linear carbon chain LCC (core/shell) 
structures were prepared using nanosecond pulsed laser Nd : YAG 532 nm 
(operating at a repetition rate of 10 Hz with a pulse width of 5 ns) ablation 
(PLA) in liquid water. For the preparation of Au@LCCs, the same metal 
colloidal dispersion was used to ablate a polycrystalline graphite (99.99% 
purity) target.18 The LCCs were characterized by alternating single and 
triple bonds (general formula CnH2) : LLC with n = 6, 8 and identified 
from UV-VIS spectra ESI.18,19 Almost all gold nanoparticles are encapsulated 
to a shell as confirmed by the transmission electron microscopy analysis 
based on the absence of coagulation.18

‡	 XPS core-level and valence band (VB) measurements were performed 
using a PHI 5000 VersaProbe XPS spectrometer (ULVAC Physical 
Electronics, USA) based on a classic X-ray optic scheme with a hemi
spherical quartz monochromator and an energy analyzer working in a binding 
energy range of 0 to 1500 eV. This apparatus uses electrostatic focusing

and magnetic screening to achieve an energy resolution of DE £ 0.5 eV 
for AlKa radiation (1486.6  eV). The analytical chamber was pumped 
down using an ion pump to a pressure lower than 10–7 Pa. The XPS spectra 
were recorded using AlKa X-ray emission. The spot size was 200 mm, 
and the X-ray power load delivered to the sample was < 50 W. Typical 
signal-to-noise ratios were greater than 10000 : 3.
§	 The STEM analysis was carried out with a Zeiss-Gemini 2 electron 
microscope operating at 150 kV. 
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state analysis); in liquid, the main species adsorbed were LCCs, 
as confirmed by SERS measurements.18 The concentration of Au 
colloids in water was estimated at about 0.3 × 10–6 m. 

Figure 3 depicts the high-resolution Au 4f XPS spectra of Au 
NPs and Au@LCCs. Two peaks at 83.9 and 87.5 eV in the spectra 
of Au NPs correspond to Au 4f7/2 and 4f5/2 signals, respectively, 
in the gold metal.21 This confirms that Au NPs retain in the metallic 
state in colloid solutions. At the same time, the Au 4f XPS spectra 
of Au@LCCs show noticeable broadening in a lower energy 
region, while maintaining the energy position of the main lines 
coinciding with the position of metallic gold reference. This 
behavior could be caused by an additional 4f doublet at binding 
energies of ~82.9 and ~86.5 eV.

Similar low-energy shifts of Au 4f XPS peaks were observed 
previously in gold nanoparticles deposited on single-walled carbon 
nanotubes (Au@SWCNT) (see Figure 3) and attributed to Au–C 
bonding.22 Note that the low-energy contributions in the Au 4f 
XPS spectra of Au@LCCs cannot be due to the oxidation of Au 
nanoparticles because the Au 4f spectra of Au2O3 are shifted to 
an opposite side by 85.9 and 89.5 eV.23 Therefore, in compliance with 
published data,22 we concluded that the appearance of additional 
low-energy contributions of the Au 4f spectra in Au@LCC was 
due to the formation of Au–C bonds because of strong electrostatic 

and dispersive interactions between Au NPs and LCCs. This is 
consistent with XPS measurements of water-dispersible silver 
nanoparticles stabilized by metal–carbon bonds where the formation 
of Ag–C bonding was observed.24,25

For clarifying possible formation of Au–O bonds, the O 1s 
XPS spectra were measured [Figure 4(b)] and they were found 
very similar for Au and Au@LCC nanoparticles. The adsorption 
of water on the surfaces of Au NPs and Au@LCC can be 
responsible for the main peak (531.8  eV), which is in good 
agreement with O  1s of [OH]-related species.26 We did not 
observe the signals of gold oxide in the O 1s spectra and/or C–O 
(C=O) bonds in the C  1s spectra (Figure  4). Thus, we can 
conclude that there is no XPS evidence for the oxidation of Au 
NPs or Au@LCC and the formation of C–O and C=O bonds. 
Attention should be paid to a weak signal at Eb = 282.9 eV, which 
corresponds to the C 1s peak position of LCC.27

Furthermore, XPS VB spectra also could evidence the formation 
of Au–C bonds in Au@LCC NPs. We compared the XPS VB of 
Au@LCC NPs (Figure 5) and those of metallic Au28 and found 
that they are noticeably different in the intensity of a low-energy 
peak (~3 eV). This peak intensity most probably increased due to 
the formation of Au–C bonds. Note that the appearance of an 
additional C 2s subband was detected. The energy difference of 
these features (9.12 eV) is close to the difference between C 2p 
and C 2s orbital energies (DE = 8.5 eV) in free carbon atoms.29 
This fact is also consistent with our assumption on the formation 
of Au–C bonds in Au@LCC nanoparticles.
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Figure  1  STEM micrographs of (a) as-prepared Au and (c) Au@LCC 
nanostructures and (b, d) the size distribution histograms.

Table  1  Surface composition of Au and Au@LCC nanoparticles.

Sample C (at%) O (at%) Si (at%) Cu (at%) Au (at%) N (at%)

Au NP 54.1 24.6 19.9 0.3 0.1 1.0
Au@LCC 66.6 19.1 12.0 1.2 0.3 0.7
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Figure  2  XPS survey spectra of (1) Au and (2)Au@LCC nanoparticles.
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Figure  3  Au 4f XPS spectra of Au NPs and Au@LCC vs. that of Au@SWCNT 
from ref. 22.
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Figure  4  (a) C 1s and (b) O 1s XPS spectra of Au and Au@LCC nanoparticles.
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Thus, our XPS measurements showed that the Au 4f spectra 
of Au@LCCs were significantly modified in comparison with 
those of unreacted Au NPs due to the strong interaction of linear 
carbon chains with Au NPs and the formation of Au–C bonds. 
We demonstrated the possibility of protecting chemically unstable 
low-dimensional systems by forming composites with linear 
carbon chains, which increase the stability of Au NPs and prevent 
their agglomeration.

This study was supported by the Russian Science Foundation 
(project no. 19-72-00001). 
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Figure  5  XPS VB spectra of Au and Au@LCC nanoparticles.


