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Incorporating anisotropic surface charges on atomically precise
gold nanoclusters (Au NCs) led to a strong absorption in the near-
infrared and could generate the formation of self-assembled Au
NCs exhibiting an intense absorption band at ~1000 nm. This
surface modification showed a striking enhancement of the
photoluminescence in the Shortwave Infrared (SWIR) region with a
quantum yield as high as 6.1% in water.

Compared to the NIR | window (600-900 nm), the shortwave
infrared window (SWIR, 900-1700 nm) is a promising spectral
window for bioimaging due to the reduced autofluorescence
and scattering of tissuel. Recent imaging studies demonstrated
for instance a significant improvement in the spatial and
temporal resolution of mouse vasculature in the SWIR25,
However, few emitters are suitable for this spectral window.
Single-wall carbon nanotubes and organic dyes exhibit rather
weak photoluminescence (PL) above 1000 nmé& 7, and InAs- and
Ag2S-based quantum dots, which show relatively high quantum
yields (PL QYs)> & 9, raise concerns regarding their toxicity
hampering in vivo applications. In 2017, it was shown that Au
NCs stabilized by lipoic-acid-based sulfobetaine ligands reveal a
broad emission with a PL maximum at approximately 900 nm
and a surprisingly high PL QY of 3.8%, enabling detection above
1100 nm19, In the search for promising SWIR contrast agents
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with high PL QYs, we introduced a short dithiol pegylated
molecule onto atomically precise Au NCs and investigated how
the pairing affects the optical properties of the resulting
clusters.
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Figure 1. (a) Scheme of Au NC synthesis. (b) High-resolution TEM images of (i) AuMHA,
(i) AUMHA/HDT type A, (i) AUMHA/HDT type B, (iv) AuUMHA/HDT type C, and (v)
AuMHA/HDT type D.

From single NCs to self-assembly. A series of Au NCs were
synthesized by a bottom-up approach using HAuCl4.3H,0 and
different molar ratios of monodentate mercaptohexanoic acid
(MHA) and the bidentate ligand hexa(ethylene glycol) dithiol
(HDT) in alkaline solution (see Experimental section in Sl). We
prepared five types of Au NCs denoted as AuMHA and
AuMHA/HDT type A, B, C, and D for which the amount of HDT
was increased during synthesis (Figure 1a). High-resolution
transmission electron microscopy (HRTEM) (Figure 1b; Figs. S1-
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5) confirmed the ultrasmall size of the Au NCs, with gold cores
below 3 nm, that possessed a semicrystalline structure. As
shown in Figure 1b(v), the Au NCs obtained with the highest
HDT concentration (AuMHA/HDT type D) exhibited self-
assembly of the individual clusters into a dendritic network of
micrometer dimensions. The metal cores, as determined by
TEM, were similar in size ~1.6 nm for all Au NC series with good
monodispersity (see Table S1). The hydrodynamic diameter of
the Au NC types with the atomically precise characteristic
(AuMHA and AuMHA/HDT types A and B) was obtained by
diffusion-ordered spectroscopy (DOSY) (Fig. S6). The slight
growth in size from 1.54+0.04 nm from AuMHA to 2.46+£0.20 nm
for AUMHA/HDT type B was attributed to the increased
hydrophobicity and steric hindrance of HDT (Table S1).

The composition of the Au NCs was characterized by X-ray
photoelectron spectroscopy (XPS) and by electrospray mass
spectrometry (ESI-MS). The concentration of (C-O) originating
from HDT, as obtained from XPS measurements, was used to
determine the HDT/MHA ratio at the Au NC’s surface (Fig. S7).
The atomic ratio (C-0)/(C-C, C-H) was directly correlated to the
HDT/MHA ratio, and it increased consistently with the amount
of HDT used in the cluster synthesis, with AUMHA/HDT type C
having the highest concentration. The drop in HDT/MHA for the
Au NCs with the highest HDT concentration (AuMHA/HDT type
D) indicated a surface saturation leading to the self-assembly of
Au NCs via sharing of one or more dithiol ligands. The
AurMHALHDT, stoichiometry for Au NCs presenting atomic
precision was then evaluated utilizing the average mass
estimated from the deconvoluted ESI mass spectra (Fig. S8) and
the different atomic molar ratios derived from XPS
measurements (see S| methods and Fig. S7). These analyses
yielded a stoichiometry of AusMHA;s for AuMHA. We
proposed possible stoichiometries of AusMHA;sHDTs and
Auz3sMHA;;HDT, for the main populations of type A and type B
systems, respectively. A second minor population was observed
for types A and B and was ascribed to AusMHA19HDT;0. Similar
measurements with type C revealed a species with a higher
molecular weight, indicating the onset of HDT saturation per Au
NC.

Optical properties of Au NCs with anisotropic surface charge.
HDT incorporation in AuMHA NCs drastically modified their
photophysical properties. Absorption measurements with
AuMHA (see Figure 2a) revealed a main absorption band at 670
nm and two shoulders at 440 and 770 nm. This spectral pattern
is typical for thiolated Auzs NCs!1. Adding a small amount of HDT
(AUMHA/HDT type A) led to the disappearance of the 440 nm
absorption band and a shift of the 670 nm band to 690 nm,
while the 770 nm peak became more pronounced. Additionally,
new bands at 610 nm and 983 nm appeared. Further HDT
additions enhanced the NIR bands at 776 nm and 988 nm by
factors of 2.3 and 6.6 and introduced a ~5 nm red shift (see
Figure 2b). Similar changes in absorption were also observed in
an earlier study?2 using the co-ligand 2,2°-
(ethylenedioxy)diethanethiol (EDT) and were ascribed to the
presence of two differently charged ligands (MHA — negative,
EDT — neutral) leading to a surface charge anisotropy, although
the exact mechanism was unclear. The key feature of EDT and
HDT is their bidentate nature, with both terminal thiol groups
being able to bind to the Au NC surface. This can cause a
structural distortion in thiolated Au NCs, which strongly affects
their photophysical properties. These absorption bands seem
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similar to Auzs NC species rather than Au,; NC'2 13, However,
considering the presence of both Au,3 NC and Aus NC in type A
and type B and with the increase of Au complexes in single Au
NCs confirmed by XPS, there is certainly a surface contribution
to the absorbance profile. We cannot exclude that the presence
of bidentate ligands may induce changes in the kernel motif
which may also affect the absorption spectra. The peak at
approximately 780 nm was previously attributed to a charge-
variation-induced structural distortion caused by HDT, which
explained the augmentation of the peak with increasing HDT
concentrations (see Figure 2a). The peak at approximately 980
nm can result from micro-distortions of the Au NCs surface
induced by surface charge anisotropy.
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Figure 2. (a) Absorption spectra of AuMHA and AUMHA/HDT types A-D in water between
400 and 1100 nm. (b) Absorption spectra of AUMHA/HDT type A and type B normalized
at 610 nm. Each color band corresponds to an optical window where the surface area
below each curve is compared.

In contrast to the previous study, we investigated the influence
of high HDT concentrations corresponding to the type C system,
which showed a broadened and bathochromic-shifted
absorption band at 800 nm. Such shift seems to be in agreement
with the presence of multimeric Au NC species such as dimers
and trimers?3.14, Surprisingly, for the highest HDT concentration
used in this study (type D), a large red shift to 1080 nm was
observed for the longest-wavelength absorption band. This
translation was accompanied by a strong increase in absorption
intensity by a factor of 35 over that of AuUMHA (see Figure 2a).
We excluded a plasmonic contribution arising from the size of
our metal core being below 3 nm5. To confirm that the
increased absorption intensities at 780 nm and 980 nm
originated from a surface charge anisotropy, we measured the
absorption spectra of these Au NCs at different pH values from
4.5 to 9.0 (Fig. S9), thereby tuning the ligand charge by
(de)protonating the MHA’s carboxylic acid group. For type A,
this modification affected the ratio of the 670 nm and 780 nm
absorption bands, with the latter being enhanced at lower pH
values, indicating a change in the structural distortion. For
higher HDT concentrations (type B and type C), however, no
protonation-induced change in the absorption was observed.
This could be attributed to a reduced charge effect with the
pegylated chain of HDT protecting Au NC surface to the
environment. The disappearance of the 980 nm band at pH 4.5
for both types of Au NCs confirmed our hypothesis that the
structural and optical effects were related to a surface charge
anisotropy. The case was different for type D, where saturation
of the Au NCs’ surface with HDT resulted in self-assembly
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structure confirmed by HRTEM (Fig. S5) and ESI-MS, where ESI-
MS spectra of AUMHA/HDT type D were drastically different
from those recorded for AUMHA/HDT type A and type B (see
Fig. S8). Here, we observed only a red shift in the 1080 nm
absorption for type D. Similarly, to their counterpart plasmonic
NPs, this shift might be attributed to a long-range dipole
coupling in the Au NC assembly6, Apparently, Au NC self-
assembly led to micro-distortions that could not be reversed by
protonation. Therefore, these effects cannot be solely
attributed to surface charge anisotropy. Multimeric Au NC
species have been also studied theoretically by Whetten’s
team?’ and by Maran’s lab!8. They showed that Au NCs could
switch between metallic and semi-conducting properties when
they start to self-assemble at long distances in one dimension.
Similar optical properties were obtained for Au NCs with smaller
dithiol pegylated ligands (Fig. S10), with the confirmation that
NIR absorption for self-assembled Au NC structure could be
obtained with cross-linkers of different length. However, HDT
provided the sharpest and most intense NIR absorption bands
and further investigations both from theoretical and
experimental sides are necessary to fully understand their
photonic properties.

Ultrasmall gold nanomaterials exhibit optical features of great
interest for imaging applications thanks to their PL up to or even
exceeding 1000 nm and to their long PL lifetime in the
microsecond range!? 20, The PL of these metal systems is
commonly ascribed to an energy transfer within the metal core
and from a metal surface partially influenced by surface ligands,
as demonstrated experimentally and theoretically21-24, Studies
of the PL properties of our series of Au NCs at different
excitation wavelengths (400 nm, 780 nm, and 980 nm) revealed
a weak PL of AuMHA at 900 nm and a broad shoulder that
originated from another PL band located at 1030 nm, as shown
in Figure 3a.
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Figure 3. (a-c) Photoluminescence spectra of AuUMHA (black), AUMHA/HDT type A
(red), and AuUMHA/HDT type B (blue) between 700 and 1400 nm at different
excitation wavelengths (400 nm, 780 nm, and 980 nm). (d) Normalized
excitation/emission spectra of AuMHA/HDT type B. Measurements were
performed in water.
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The PL profile of AuUMHA/HDT type A was similar but enhanced
by a factor of 6.8 compared to that of AuUMHA. The emission
band of AUMHA/HDT type B was strongly modified resulting in
distinct bands at 932 nm and 1075 nm with shoulders at 1125
nm and 1225 nm, respectively. An increase in the HDT content
of the Au NCs clearly affected their PL spectra. Deconvolution
of the PL spectra demonstrated that the largest contributions
arose from PL bands at 1125 nm and 1225 nm (Fig. S11). The
observation of similar PL bands indicated that the same
emissive species contributed to the overall PL with different
intensities. The PL intensity distribution was expected to
depend considerably on the orientation and arrangement of the
ligands relative to the Au NC surface, and thus, was also affected
by the surface charge anisotropy, similar to the previously
discussed absorption properties. Moreover, the PL spectra of
AuMHA and AuMHA/HDT type A were independent of the
excitation wavelength and showed matching excitation spectra
(Figures 3a-c; Fig. S12), while the PL of AUMHA/HDT type B
underwent a red shift accompanied by the appearance of a well-
defined excitation band at 1040 nm (Figure 3d; Fig. S12).
Observation of gel electrophoresis of type A and type B under
SWIR cameras showed PL from Au,s and Aus confirming that
the origin of the SWIR PL was rather originating from the surface
than from the core of the Au NCs. Therefore, we hypothesized
that SWIR emission was probably originating from ligand-to-
metal charge-transfer bands (LMCT) and ligand-to-metal-metal
charge transfer (LMMCT) via Au-S bonds. Types C and D
displayed PL profiles similar to that of type B but with a weaker
intensity at shorter SWIR wavelengths (Fig. S13). Apparently,
the self-assembled network of type D yielded no further
influence on the PL properties, in contrast to its considerable
effect on the absorption properties. Measurements of the PL
decay kinetics revealed an increase in the intensity-averaged
lifetime <t>int. (Aexc. 510 NM; Aem. 930+30 nm)—from 404 ns for
AuMHA to 618 ns for AUMHA/HDT type B (Fig. S14)—when
incorporating the co-ligand HDT. This increase in lifetime
suggested multiple energy transfer processes involving Au-
ligand electronic states. The PL QY measurements of our Au NCs
using IR125 as reference (see Sl) yielded PL QY values of 0.9%,
6.1%, and 4.7%, for AuMHA, AuMHA/HDT type A, and
AuMHA/HDT type B, respectively. This result demonstrated the
tunability and enhancement of PL (here, by a factor of up to 6.8)
via changing the surface charge of Au NCs.

We also measured the PL emission of the different Au NCs in
solution using a SWIR camera (Princeton 640ST) and an
excitation source at Aexc. 830nm with different long pass filters
(Fig. S15). Results confirmed the spectroscopic data with a
higher contribution of SWIR PL at longer wavelengths above
1250 nm for the self-assembled Au NC structure.

Conclusions

In summary, by simply incorporating a short bidentate dithiol
co-ligand on the Au NC surface, we could bathochromically shift
and boost the absorption and photoluminescence of water-
soluble Au NCs in the NIR-SWIR spectral window. This
modification strongly affects the energy transfer processes
involving surface electronic states and can lead to new discrete
energy levels. The resulting Au NCs are among the brightest
SWIR emitters reported so far with a largely red-shifted
emission exceeding 1000 nm, which is highly suitable for in vivo
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imaging. These findings will enable the rational design of the
next generation of even brighter Au NCs and will pave the road
to numerous new single and self-assembled metal nanoclusters
for sensing or bio-medical applications and as optically active
components in optoelectronic devices.
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