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One-step synthesis and XPS investigations of chiral
NHC–Au(0)/Au(I) nanoparticles†
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Akiko Sato, d Annette Foelske, b Christopher J. Serpell, d Jia Min Chin *a,c

and Michael R. Reithofer *c

Although N-heterocyclic carbenes (NHCs) have been demonstrated as suitable ligands for the stabilisation

of gold nanoparticles (AuNPs) through a variety of methods, the manner in which such AuNPs form is yet

to be fully elucidated. We report a simple and fast one-step synthesis of uniform chiral (L/D)-histidin-2-

ylidene stabilised gold nanoparticles using the organometallic Au(I) complex as a well defined starting

material. The resulting nanoparticles have an average size of 2.35 ± 0.43 nm for the L analog whereas an

average size of 2.25 ± 0.39 nm was found for the D analog. X-ray photoelectron spectroscopy analyses

reveal the presence of Au(I) and Au(0) in all NHC stabilised AuNPs. In contrast, measured X-ray photo-

electron spectra of dodecanethiol protected gold nanoparticles showed only the presence of a Au(0)

species. This observation leads us to postulate that AuNPs synthesised from organometallic NHC–Au(I)

complexes exhibit a monolayer of Au(I) surrounding a Au(0) core. This work highlights the importance of

synthetic method choice for NHC-stabilized AuNPs, as this could determine Au oxidation states and

resulting AuNP properties such as catalytic activities and stabilities.

Introduction

Gold nanoparticles (AuNPs) have been exploited for centuries
for colouration of glass and pottery, due to the strong
interaction of light with electrons on the gold nanoparticle
surface, giving rise to surface plasmon resonance (SPR) absorption
bands which afford the nanoparticles intense visible colours.1

Recently, interest in such nanoparticles has expanded due to
their promise in biomedical applications, such as plasmonic
heating for controlled drug release or photothermal therapy.
Their large surface area to volume ratio also renders them
useful for catalytic applications. Another emerging direction of
AuNP research has been towards optoelectronic applications
and sensing, alongside the development of reliable methods to
tune the sizes, electronic structures, optical properties and
stabilities of such nanoparticles.1

As AuNP stability is crucial for the aforementioned appli-
cations, significant effort has gone into developing ligands
with strong Au-binding properties, which are expected to
enhance the stabilities of the corresponding AuNPs.
N-heterocyclic carbenes (NHCs) in particular, are an attractive
ligand class for AuNP stabilization, as the synthetic accessibil-
ity2 of NHC ligands allows fine-tuning of their steric and elec-
tronic properties according to need. Further, the strong σ-
donating and π-accepting properties of NHC ligands results in
stable metal–NHC complexes. NHCs have also attracted much
attention in the development of novel nanoparticles,3–9 par-
ticularly to serve as more strongly bound capping ligands in
place of thiols.10–13

It is estimated that the NHC–Au bond strength is about
double that of a corresponding Au–thiol bond.14 Recent reports
show that NHC-functionalized gold surfaces and NHC–Au
nanoparticles outperformed their thiol based counterparts
with regards to thermal and chemical stability.10,14,15 However,
it is important to note that this is not always the case, and the
stability of the resulting NHC-AuNPs depends upon the syn-
thetic procedure employed. For example, Man et al. reported
AuNPs stabilized by bidentate NHC ligands, whereby analo-
gous AuNPs were prepared by both bottom-up and top-down
methods.16 In the bottom-up approach, molecular NHC-AuBr
compounds were reduced with NaBH4 whereas for the top-
down approach an exchange reaction of dodecylsulfide ligands
with NHC ligands on AuNPs was performed. Although both
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methods yielded NHC-stabilized AuNPs (NHC-AuNPs), the NPs
synthesised via the top-down approach were found to have sig-
nificantly higher stability against ripening and exogenous
thiols. The authors attributed this difference to the smaller
size of the bottom-up NPs as well as lower surface coverage by
the ligands. MacLeod and Johnson also showed that NPs syn-
thesised from their corresponding NHC–Au(I) complexes
undergo ligand exchange reactions when exposed to thiols,
releasing an NHC–Au(I) complex and not the free NHC ligand.7

Given the importance of NP stability in AuNP applications,
more in-depth understanding of the factors determining AuNP
stability, and the differences in AuNPs synthesized via top-
down versus bottom-up methods is certainly required.

We have previously reported the synthesis of AuNPs stabil-
ized by histidine-derived NHCs, which showed chiroptical
activity.17 However, the AuNPs obtained were size disperse,
necessitating a centrifugal size selection process to afford
monodispersed nanoparticles. Here, we report that by repla-
cing tBuNH2·BH3 with a stronger reducing agent, NaBH4, and
shortening the reaction times, we can obtain smaller nano-
particles with a narrow size dispersion in a one-step manner
(Scheme 1). Circular dichroism spectroscopy showed that the
resulting AuNPs possess chiroptical activity. To study the
Au oxidation state and the NHC-binding in the AuNPs, X-ray
photo electron spectroscopy (XPS) was carried out. XPS was
also performed on dodecanethiol-stabilized AuNPs (DDTAuNP)
for comparison purposes. The findings indicate that for
NHC-AuNPs synthesised via the NHC–Au(I) complex, Au exists
in both Au(0) and Au(I) oxidation states, which might help to
explain the different stabilities of the NPs when they are
synthesised by different methods.

Results and discussion
Synthesis of AuNPs

NHC-AuNPs were synthesised starting from their molecular
NHC–Au(I) complex, chlorido(1,3-dimethyl-N-Boc-O-methyl-L/
D-histidin-2-ylidene)gold(I) [2(L/D)] by dissolving 2(L/D) in
DCM. Subsequently an aqueous solution of NaBH4 was added
and the resulting biphasic reaction was vigorously stirred for
4 h at room temperature. During the reaction, the organic
phase became brown/red, indicating the formation of AuNPs.
The NPs 3′-NP(L/D) could be isolated as black powder which
was re-dispersible in DCM and THF without any visible aggre-

gation, even after repeated drying. DDTAuNPs were also syn-
thesised according to a previously reported literature pro-
cedure, to provide a reference compound for comparative
studies.18

Characterisation of AuNPs

NMR analysis of NHC-AuNPs confirmed the presence of the
capping ligand on the AuNPs, whereas no free imidazolium
ligand was detectable in all NHC-AuNP samples, as indicated
by the absence of the acidic C2 proton peak at ∼9 ppm.
Furthermore, the 13C NMR spectra of samples 3′-NP(L) and
3′-NP(D) show that the carbene NHC peak has shifted from
171.5 ppm in the molecular species 2(L) to 184.5 ppm in the
AuNPs. The low field shift of the coordinating carbon demon-
strates a change in the chemical environment, suggesting the
successful formation of AuNPs. Similar changes in chemical
shifts between the molecular and the nanoparticulate species
have been recently reported by Johnson et al.7 Further, the
absence of a signal arising from the protonated C2 carbon at
∼137.0 ppm shows that no free imidazolium ligand is detect-
able in solution.7

TEM analysis of films obtained via drop casting a solution
of 3′-NP(L) and 3′-NP(D) (Fig. 1) in DCM after drying revealed
the presence of non-agglomerated, spherical AuNPs with an
average diameter (DTEM) of 2.35 ± 0.43 (18.3%) nm and 2.25 ±
0.39 (17.2%) nm respectively, in comparison, the hydrodyn-
amic diameter of 3′-NP(L) and 3′-NP(D) (DDLS) were found to
be 4.2 and 6.5 nm respectively (Fig. S11 and S12†). The
increased NP diameter as measured by DLS is attributed to the
ligand sphere as well as solvent cage, which is typically not
observed via TEM. This is further supported by the lack of a
plasmon band for the DLS-measured AuNP solutions. This
relatively low polydispersity with no additional size selection
step lends itself to a facile synthetic method for chiral NHC
stabilised AuNPs. The use of a stronger reducing agent and

Fig. 1 TEM images of the respective AuNPs synthesised in this report.

Scheme 1 Synthesis of complex 2(L/D) and its reduction with (a)
tBuNH3·BH3 in THF, and (b) NaBH4 in DCM/H2O.
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shorter reaction times (4 h) compared to the synthesis of
3-NP(L) and 3-NP(D) (using tBuNH2·BH3 and 24 hours reaction
times) led to smaller NPs, which is in keeping with the general
observations by others for AuNP synthesis.3,8,19 In contrast, the
previously reported 3-NP(L) and 3-NP(D) displayed larger poly-
dispersity,17 necessitating the use of a centrifugal size selec-
tion technique taken from Pileni et al. to isolate the ‘larger’
AuNPs.20 Furthermore, the size distribution of the reference
DDTAuNPs were found to be (DTEM) 1.98 ± 0.37 (18.7%) nm
and a hydrodynamic diameter of (DDLS) 3.1 nm (Fig. S13†).

Thermogravimetric analysis (TGA) was performed to esti-
mate the amount of capping ligand present on the surface of
the AuNPs, by heating the AuNPs under an N2 atmosphere up
to 700 °C. TGA showed that 3′-NP(L) and 3′-NP(D) possessed
49.7% and 49.8% organic component by weight respectively
(Fig. S12 and S13† respectively).

The optical properties of 3′-NP(L) and 3′-NP(D) were charac-
terized by UV-Vis as well as by circular dichroism (CD) spec-
troscopy. 3′-NP(L) and 3′-NP(D) exhibit a brown/red colour
when dispersed in DCM (Fig. S6 and S7† respectively) indicat-
ing the formation of small AuNPs which do not possess a
plasmon resonance band. This was confirmed by UV-Vis ana-
lysis where 3′-NP(L) and 3′-NP(D) did not display a surface
plasmon resonance (SPR) signal. The reference DDTAuNPs
form a brown/red solution in DCM, and UV-Vis spectroscopy
showed no SPR signal, as expected from TEM observations of
the small DDTAuNPs.

Optical activity of AuNPs

The optical activity of 3′-NP(L) and 3′-NP(D) was analysed by
circular dichroism (CD) spectroscopy using DCM as the
solvent (Fig. 2). The dichroic effects are visible in the ligand
region of the spectrum, which suggests a chiral supramolecu-
lar ordering of the histidine-derived ligands on the AuNP
surface. Since neither the free ligand (as imidazolinium salt)
nor the molecular NHC–Au complex displays a CD effect in the
measured region,17 the nanoparticle appears to play a crucial
role in ordering the ligand on the surface as the ligand-
binding substrate. We attribute the minor deviations from
perfect mirroring of spectra between L- and D-variants to

differences in NP size which influences the ordering of the
ligands on the AuNP surface.

Stability studies of AuNPs

The stability of 3′-NP(L) and 3′-NP(D) was tested by dispersing
the respective AuNPs in various solvents such as THF, DMF
and chloroform. The resulting solutions were either refluxed
or heated at 100 °C and stability was monitored through any
changes in the UV-Vis spectrum. When AuNPs were heated
either in chloroform or DMF, complete decomposition was
observed after 1 h by UV-Vis spectroscopy (Fig. S25–S28†). Only
samples heated in THF showed a slower degradation with a
strong plasmon band being visible after 1 h heating by UV-Vis
spectroscopy (Fig. S23 and S24† respectively). Based on these
results, THF was chosen to test the stability of 3′-NP(L) and
3′-NP(D) solutions over a 24 h time period at room tempera-
ture. The UV-Vis spectra revealed only minor changes in the
measured spectra over time. The minor change could be attrib-
uted to solvent evaporation or minor degradation of the AuNPs
(Fig. S21 and S22† respectively).

X-ray photoelectron spectroscopic analysis

XPS was utilized to study the NHC-AuNPs, as it has already
been proven to be a powerful tool in the characterization of
NHC-coated AuNPs whereby the C 1s and N 1s signals are used
to evidence the presence of the NHC ligand on
AuNPs.10,16,19–23 In addition to the C 1s and N 1s signals, we
also utilized information arising from the Au 4f peaks to inves-
tigate Au oxidation states.

XPS analysis was carried out on the NPs synthesized in this
report (3′-NP(L) and 3′-NP(D)). For comparison against well-
established thiol-stabilized AuNPs, we also performed XPS
analysis on the reference DDTAuNPs. In addition, XPS
measurements were carried out on the 2(D/L) complex to
detect possible changes in the NHC ligand structure.

Each signal was deconvoluted using the CASA XPS software
package employing Shirley backgrounds and Gaussian–
Lorentzian (GL(30)) peak shapes. The C 1s signals of 3′-NP
(D/L) (Fig. 3(a)) consist of three components indicative of the
histidine-derived NHC ligand. The peaks at (284.7 ± 0.2) eV
and (286.3 ± 0.2) eV can be attributed to C–C and C–O/C–N
bonds respectively, consistent with previous results.19,20 In
addition, an O–CvO contribution can be detected at (289.2 ±
0.2) eV, confirming the presence of ester and carbamate bonds
within the ligand. Similar components and component ratios
have been found on the 2(D/L) complex. Thus, the C 1s signals
indicate that the structural integrity of the ligands is main-
tained after reduction.

The N 1s signals of 3′-NP(D/L) can be deconvoluted into
two components at (400.9 ± 0.3) eV and (402.1 ± 0.3) eV
(Fig. 3(b)). Hereby the signal at 402.1 eV can be attributed to
the carbene type structure whereas the signal at 400.9 eV is
attributed to the nitrogen within the amide/carbamate.
Binding energy (BE) and relative intensity ratios of the com-
ponents are in good agreement with the N 1s signals observed
in other NHC-stabilized metal nanoparticles.19,24 N 1s signals

Fig. 2 CD spectra of synthesised compounds 3’-NP(L) and 3’-NP(D)
dispersed in DCM.
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of the 2(D/L) complex are not significantly different to those of
stabilized NPs, again indicating that the NHC ligand is not
affected by the reduction process.

XPS data of the Au 4f region of AuNPs have previously been
reported by Ling et al.20 as well as by Bridonneau et al.19 and in
most cases the authors observed a Au 4f signal composed of two
peaks at 84 eV (Au 4f7/2) and 88 eV (Au 4f5/2), consistent with
Au(0) (Fig. 4).19,20,25 However, the Au 4f spectra of all NHC-AuNP
samples measured in this study not only displayed signals at
(84.2 ± 0.3) eV and (87.9 ± 0.3) eV, but also showed significant
contributions at (86.2 ± 0.3) eV and (89.9 ± 0.3) eV. The differ-
ence in binding energy (ΔBE) between Au(0) and the second
component (ΔBE ∼2.0 eV) points to the oxidised Au being
mainly Au(I) (ΔBE ∼1.6 eV) and not Au(III) (ΔBE ∼3.3 eV).26

To evaluate if the Au(I) signals arose from unconverted
NHC–Au(I)Cl complexes, the Cl 2p signal was measured.
Whereas no contributions of Cl 2p were detected for 3′-NP(L),
small amounts of Cl were found for 3′-NP(D). Nevertheless, Cl
intensity does not scale with the amount of Au(I) detected on
those samples, therefore indicating that the detected Cl may
not originate from the NHC–Au(I) complex, but more likely
from the dichloromethane (DCM) used as solvent for spin
coating.

To further elucidate the nature of the Au(I) signal, XPS ana-
lysis of the NHC–Au(I) complexes were performed. Au 4f
spectra for 2D and 2L showed mainly Au(I) contributions at
(86.3 ± 0.2) eV and (90.0 ± 0.2) eV respectively (Fig. 4). These
values are shifted by 0.1 eV towards higher BE and therefore
are too close to the observed BE values for Au(I) in the
NHC-AuNP samples to conclusively rule out the presence of
NHC–Au(I)Cl species in the latter. However, 13C NMR analysis
of the nanoparticles samples independently indicates that
there is no NHC–Au(I)Cl complex present after reduction
(Fig. S5†). Therefore, the Au(I) detected in the Au 4f XP spectra
is likely present in the AuNPs themselves.

These results are comparable to findings by others,
whereby NHC-AuNPs synthesized via a molecular NHC–Au(I)
complex were found to possess a layer of Au(I) atoms on top of
an Au(0) core, although the exact nature of these Au(I) species
still remains unsolved.27 We believe that the presence of Au(I)
within our NHC-stabilized AuNPs arises from the synthetic
route utilizing reduction of molecular NHC–Au(I) complex to
NHC-stabilized AuNPs. Unfortunately, our attempts to prepare
analogous NHC-AuNPs from their haloaurate salts (Scheme 2)
were unsuccessful.19 Nevertheless, reports by others showed
that when NHC-AuNP compounds are synthesised from their
imidazolium haloaurate salts, no Au(I) species has been
detected by means of XPS.19,20 Furthermore, DDTAuNPs were
synthesized via reduction of Au(III) salt and ligand exchange
with dodecanethiol for comparison purposes. XPS analysis
showed that mainly one Au 4f signal was found (Fig. 4,
bottom). This signal can be attributed to Au(0), with indication
of only minor amounts of Au(I). Taken together, these results
further serve to support our hypothesis that NHC-AuNPs syn-
thesized via NHC–Au(I) complexes may retain Au(I) species in
the resulting nanoparticles.

As it is expected that an Au(I) versus an Au(0) surface layer
should have a significant influence on the reactivity and
stability of such NPs, further studies need to be conducted to
understand the reason for Au(I) presence and its nature in the
NHC-AuNPs, so as to elucidate design rules for AuNPs with
improved functionality. For example, Ye et al. demonstrated
that surface binding energies of Au atoms in AuNPs had a

Fig. 3 Normalised C 1s (a) and N 1s (b) XP spectra of 3’-NP(D/L)
NHC-AuNPs and the 2(D/L) complexes. Raw data are shown as coloured
scatter plots. Deconvolutions are shown in grey, resulting envelopes in
colour.

Fig. 4 Normalised Au 4f XPS narrow scan spectra of 3’-NP(D/L)
NHC-AuNPs and the 2(D/L) complex. Raw data are shown as coloured
scatter plots. Deconvolutions are shown in grey, resulting envelopes in
colour. Scheme 2 Attempted synthesis of AuNP from haloaurate derivative.
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noticeable impact on their catalytic activity for lactonization
of allene carboxylic acids.27 The importance of Au(I) atoms is
further supported as the same reaction has been shown to
proceed when a Au(I) NHC complex is exploited.28 With
respect to stability, Pileni et al. demonstrated superior oxygen
stability of NHC-AuNPs synthesised from NHC–Au(I) com-
plexes when compared to DDTAuNPs.29 Although the oxi-
dation states present in the NHC-AuNPs were not disclosed in
the paper, we presume that a mixture of Au(I)/Au(0) oxidation
states is likely present in the AuNPs due to the starting
materials employed. In contrast, Crudden et al. have shown
lower stability of NHC–Au(I) complex-derived AuNPs com-
pared to that of Au(0) derived AuNPs, and Johnson et al.
demonstrated release of NHC–Au(I) complexes when they
exposed their NHC-AuNPs to thiol ligands.7,16 Therefore, we
believe that the method or precursor exploited in the syn-
thesis of NHC-stabilised AuNPs and the nature of the Au oxi-
dation state is fundamentally tied to the overall stability of
the resulting AuNPs. As such, future work in our group will
focus on synthetic routes to both Au(I)/Au(0) AuNPs and the
respective Au(0) AuNP analogues for comparative XPS and
stability studies.

Conclusions

We have reported the synthesis of AuNPs stabilised by both
L and D enantiomers of histidine derived NHC ligands giving
rise to optical activity. This new method of synthesis in con-
junction with our previously reported procedure demonstrates
that the size of histidine derived NHC-AuNPs is tuneable by
simply changing the reducing agent. Bonding environments of
the resulting AuNPs were investigated through XPS analysis.
The XPS analysis of the NHC stabilised AuNPs shows a combi-
nation of Au(I) and Au(0) oxidation states. However, in com-
parison, a thiol stabilised AuNP only exhibited Au with Au(0)
oxidation state. We assume that the NHC derived AuNPs
possess a Au(I) monolayer surrounding a Au(0) core. From
examining previous reports of NHC-derived AuNPs, we postu-
late the method in which NHC AuNPs are synthesised deter-
mines whether Au(I)/Au(0) hybrids or Au(0) containing AuNPs
are obtained. This finding could be of particular interest when
considering the use of NHC-stabilised AuNPs in the fields of
catalysis and biological applications, due to the potential
difference in stability and activity between the two different
kinds of AuNPs.

Experimental
Synthesis

Synthesis of 3′-NP(L) from 2(L). 2(L) (3.5 mg, 6.6 × 10−3

mmol, 1 eq.) was dissolved in DCM (5 mL) and stirred vigor-
ously at room temperature. To this stirring solution aqueous
NaBH4 (5 mg, 0.13 mmol, 20 eq., 2 mL) was added quickly.
The solution was stirred for 4 hours. The resulting two phase

mixture was washed with water (3 × 10 mL). The organic phase
was collected, and the solvent removed under reduced
pressure, yielding a black solid. The black solid could be re-
dispersed in DCM and THF. The black solid was re-dispersed
in DCM and drop-cast on a TEM grid to reveal the presence of
small nanoparticles (2.35 ± 0.43 (18.3%) nm). UV/Vis (DCM):
no plasmon resonance band; 1H NMR (400 MHz, CDCl3) δ 6.99
(s, 1H, CηHvCγ), 5.81 (d, J = 8.0 Hz, 1H, NHCO), 4.54 (br,
CαHCOO), 3.78 (m, 9H, NCH3 and OCH3), 3.19–2.92 (m, 2H,
CβH2), 1.43 (s, 9H, (CH3)3).

13C NMR (125 MHz, CDCl3) δ 184.7
(NCεN), 171.2 (COO), 155.2 (CONH), 129.4 (CγvCHη), 120.0
(CηHvCγ), 80.9 (C(CH3)3), 53.1 (OCH3), 52.4 (CαHCOO), 38.1
(NCH3), 35.3 (NCH3), 29.9 ((CH3)3), 28.3 (CβH2).

Given the average particle size (2.35 nm), the number of
gold atoms in the metal core is estimated to be ∼263 by the
method of Leff et al.30

Synthesis of 3′-NP(D) from 2(D). Synthesised following the
same procedure as used for 3′-NP(L). The black solid was re-
dispersed in DCM and drop-cast on a TEM grid to reveal the
presence of small nanoparticles 2.25 ± 0.39 (17.2%) nm. UV/
Vis (DCM): no plasmon resonance band; 1H NMR (400 MHz,
CDCl3) δ 7.08 (s, 1H, CηHvCγ), 5.90 (d, J = 7.6 Hz, 1H, NHCO),
4.54 (m, CαHCOO), 3.84 (s, 3H, NCH3), 3.82 (s, 3H, NCH3), 3.78
(s, 3H, OCH3), 3.23–2.87 (m, 2H, CβH2), 1.39 (s, 9H, (CH3)3).
13C NMR (125 MHz, CDCl3) δ 184.6 (NCεN), 171.4 (COO), 156.2
(CONH), 130.5 (CγvCHη), 121.3 (CηHvCγ), 79.1 (C(CH3)3),
53.1 (OCH3), 52.5 (CαHCOO), 38.3 (NCH3), 35.7 (NCH3), 29.8
((CH3)3), 28.4 (CβH2).

Given the average particle size (2.25 nm), the number of
gold atoms in the metal core is estimated to be ∼232 by the
method of Leff et al.30

Synthesis of DDTAuNPs. A 0.099 M tetraoctylammonium
bromide (TOAB) (1.1 mL) in toluene solution was stirred for
10 minutes, then HAuCl4·3H2O (20 mg, 0.068 mmol) was
stirred in purified water (10 mL) for 10 minutes. These two
solutions were then mixed together and stirred until the
organic phase turned an orange colour and the aqueous phase
becomes clear. The organic phase was separated and dodeca-
nethiol (10.7 mg, 0.053 mmol) in toluene (0.1145 M, 0.46 mL)
was added and stirred for 10 minutes. Separate to this solution
a fresh aqueous NaBH4 (24 mg, 0.63 mmol, 15 mL) solution
was prepared and added dropwise to the gold containing solu-
tion. The resulting solution was stirred at room temperature
for 12 hours. The organic phase separated, and ethanol was
added until the nanoparticles precipitate out of solution. The
precipitate was isolated via centrifugation (3500 rpm for
15 minutes). Precipitates were re-dispersed in toluene and
drop-cast on a TEM grid to reveal the presence of small nano-
particles 1.98 ± 0.37 (18.7%) nm.

Sample preparation for XPS measurements

Solutions of 2(D), 2(L), 3′-NP(D), 3′-NP(L) and DDTAuNP were
dissolved in minimal amount of DCM and spin coated at 2000
rpm onto cleaned Si wafers separately. Si wafers were washed
with toluene (twice) and acetone, then dried in an oven at
100 °C before spin coating any samples.
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XPS measurements

The measurement series was carried out on a SPECS XPS-
spectrometer equipped with a monochromatic Al-Kα X-ray
(1486.6 eV) source (μFocus 350) and a hemispherical WAL-150
analyser (acceptance angle: 60°). All samples were mounted
onto the sample holder using double-sided carbon tape.

Pass energies of 100 eV and 30 eV and energy resolutions of
1 eV and 100 meV were used for survey and detail spectra
respectively (beam energy and spot size: 70 W onto 400 μm;
source angle: 30° to sample surface normal; analyser angle:
51° to sample surface normal; base pressure: 8 × 10−10 mbar;
pressure during measurements: 3 × 10−9 mbar). Low energy
electrons from a broad spot flood gun (SPECS FG 22, 5 eV,
25 μA) were used to minimise charging effects during XPS
measurements.

Data analysis was performed using CASA XPS software,
employing transmission corrections (as per the instrument
vendor’s specifications), Shirley/Tougaard backgrounds31,32

and Scofield sensitivity factors.33 For charge correction the
SiO2 species occurring in the Si 2p spectra of the substrates
was used and set to 103.6 eV BE. Deconvolution of the spectra
was carried out using least-square fitting (Marquardt) with
Gaussian–Lorentzian (GL(30)) peak shapes.
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