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Abstract: Size-independent emission has been widely observed
for ultrasmall thiolated gold nanoparticles (AuNPs) but our
understanding of the photoluminescence mechanisms of noble
metals on the nanoscale has remained limited. Herein, we
report how the emission wavelength of a AuNP and the local
binding geometry of a thiolate ligand (glutathione) on the
AuNP are correlated, as these AuNPs emit at different
wavelengths in spite of their identical size (ca. 2.5 nm). By
using circular dichroism, X-ray absorption, and fluorescence
spectroscopy, we found that a high Au¢S coordination number
(CN) and a high surface coverage resulted in strong AuI–ligand
charge transfer, a chiral conformation, and 600 nm emission,
whereas a low Au¢S CN and a low surface coverage led to
weak charge transfer, an achiral conformation, and 810 nm
emission. These two size-independent emissions can be
integrated into one single 2.5 nm AuNP by fine-tuning of the
surface coverage; a ratiometric pH response was then observed
owing to strong energy transfer between two emission centers,
opening up new possibilities for the design of ultrasmall
ratiometric pH nanoindicators.

Whereas size-dependent emission as a characteristic phe-
nomenon of noble metals on the nanoscale has been well
understood in the past decade,[1] size-independent emission is
also widely observed for noble-metal nanoparticles (NPs)[2]

and has found broad applications in cancer detection,[3]

kidney functional imaging,[4] and chemical sensing.[5] For
instance, strong size-dependent luminescence has been
observed for Au nanoclusters (NCs) encapsulated by amine-
terminated dendrimers: following a free-electron model, their
emission maxima were shifted from the UV to the IR range
with a size increase from Au5 to Au31.

[1a] In contrast, AuNPs
with the same size (ca. 2–3 nm) but coated with the thiolate
ligand glutathione (GSH) can emit different colors with either
l = 600 nm[6] or 810 nm.[3a,7] Aside from these few-nanometer-

large GSH-coated AuNPs (GS-AuNPs), differently sized few-
atom GSH-protected AuNCs (Au29SG27, Au30SG28, Au36SG32,
Au39SG35, Au43SG37) can exhibit the same emission peak at
l = 610 nm.[8] Wang and co-workers reported a series of
thiolated AuNCs (Au11, Au38, Au140, Au201) with NIR lumi-
nescence from 800 to 1300 nm,[2a] similar to the NIR emission
found for approximately 1.8 nm AuNPs.[9] Moreover, these
phenomena are not limited to GS-AuNPs; AuNPs coated with
other thiolate ligands also emit different colors even when
their sizes are comparable. For example, 6-mercapto-1-
hexanol-capped AuNPs can fluoresce at different wave-
lengths from 510 to 600 nm while the particle size hardly
changes and remains to be within 2–3 nm.[10] These results
clearly indicate that particle size is not a critical factor in
determining the emission wavelengths of ultrasmall thiolated
AuNPs. However, the origin of size-independent emission
remains to be a mystery and limits our understanding of the
photoluminescence of noble-metal NPs.

Herein, we revisited the structure–emission relationships
of GS-AuNPs emitting at 600 and 810 nm with identical sizes
of 2.5 nm. By using circular dichroism (CD) spectroscopy and
elemental analysis, we found a significant difference between
these two types of GS-AuNPs: the high GSH surface coverage
on the 600 nm-emitting NPs resulted in an ordered and chiral
conformation, whereas the low GSH surface coverage on the
800 nm-emitting NPs led to little chirality. As further revealed
by X-ray absorption spectroscopy, the 600 nm-emitting GS-
AuNPs had a higher degree of Au¢S bonding than the
810 nm-emitting GS-AuNPs, indicating that the distinct Au
local bonding environments are responsible for 600 and
800 nm emission (Figure 1A). As the different emission
wavelengths were independent of the AuNP size but
depended on the surface coverage and local bonding environ-
ment, we were able to achieve 600 nm and 810 nm emission
with one single AuNP by simply tuning the GSH surface
coverage. Interestingly, the dual-emissive AuNPs exhibited
unique ratiometric pH-dependent emissions, which were
found to be due to strong energy transfer between two
emission centers on the same particle.

GS-AuNPs with 600 nm or 810 nm emission were synthe-
sized by controlling the GSH/HAuCl4 ratio during reduction
of HAuCl4 in the presence of l-GSH at 95 88C (see the
Supporting Information).[3a,7a] Using a GSH/HAuCl4 ratio of
1.6:1, we synthesized luminescent AuNPs with a single
emission peak at l = 600 nm (quantum yield = 5.3%, using
Nile Blue A as the standard; Figure 1B). When the GSH/
HAuCl4 ratio was decreased to 0.8:1, the l = 600 nm emission
disappeared, and we obtained AuNPs with a single emission
peak at l = 810 nm (quantum yield = 1.1%, using Nile Blue A
as the standard; Figure 1C). The excitation spectrum also
changed: the excitation maximum of the 600 nm-emitting GS-
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AuNPs was located at l = 396 nm, whereas that of the
810 nm-emitting GS-AuNPs was located at l = 350 nm with
a shoulder peak at l = 550 nm (Figure 1B,C). Despite these
distinct excitation and emission spectra, the 600 nm- and
810 nm-emitting AuNPs had almost identical core sizes (2.6�
0.3 nm vs. 2.5� 0.3 nm; Figure 1 D, E). The absorption spectra
of these two AuNPs were also very similar and showed strong
absorption in the UV region, as well as a shoulder peak at
approximately l = 400 nm (Figure 1B, C). IR spectroscopy
confirmed that the two types of AuNPs had the same ligand,
GSH. Characteristic peaks of GSH were observed, including
the ns(COO¢) band at about l = 1390 cm¢1, the nas(COO¢)

band at approximately 1595 cm¢1, and amide II at 1523 cm¢1

while the S¢H stretching mode usually observed at about
2522 cm¢1 disappeared owing to the formation of Au¢S bonds
(see the Supporting Information, Figure S1).

The large Stokes shifts (> 200 nm; Figure 1 B,C) and
microsecond lifetimes[6a] recorded for these GS-AuNPs sug-
gested that the emission involves charge transfer between
a Au center and a surface ligand (AuI!S)[1c] rather than a Au–
N interaction.[1a] Therefore, we first studied the ligand
conformation by CD spectroscopy. The 600 nm-emitting
GS-AuNPs gave a negative band at 354 nm and a positive
band at 400 nm (Figure 2A), suggesting a highly ordered and
chiral conformation for GSH on the AuNPs, which is
consistent with previous reports on GSH-protected
AuNCs[11] and other thiolated AuNPs.[12] As l-GSH has
a weak CD response above 250 nm,[11a] the observation of
such CD signals in the range of 300–500 nm implies the chiral
arrangement of monomeric RS¢Au¢SR or dimeric RS¢Au¢
SR¢Au¢SR staple motifs.[12c,d, 13] Like free l-GSH, the
810 nm-emitting GS-AuNPs did not give a significant peak
at 300–500 nm, indicating the random arrangement of GSH
on the Au surface.

The two types of GS-AuNPs also have dramatically
different Au bonding environments, which was revealed by
extended X-ray absorption fine structure (EXAFS) spectros-
copy, a technique that has been intensively used to study Au
thiolate NCs.[14] For the 810 nm-emitting GS-AuNPs, the
average coordination number (CN) of Au¢S was determined
to be 1.4 (Figure 2B and Table S1). In the case of the 600 nm-
emitting GS-AuNPs, the Au¢S CN increased to 1.8 (Fig-
ure 2C and Table S1). Aside from the approximately 29%
increase in the Au¢S CN (1.4 vs. 1.8), the Au¢N CN decreased
by about 44% (0.9 vs. 0.5) once the emission had been shifted
from 800 nm to 600 nm, further suggesting two distinctly
different local bonding environments.

These differences in ligand conformation and local bond-
ing environment originate from the different GSH surface
coverage on the AuNPs. Consistent with the higher GSH/
HAuCl4 ratio used for making the 600 nm-emitting AuNPs,
the GSH surface coverage on the 600 nm-emitting AuNPs was
nearly two times higher than on the 810 nm-emitting AuNPs
(determined by elemental analysis, see the Supporting
Information). The high GSH surface coverage on the
600 nm-emitting NPs can also be correlated with the large

Figure 2. A) CD spectra of the 810 nm- and 600 nm-emitting GS-AuNPs. Data for free L-GSH shown for comparison. B,C) EXAFS spectra of the
810 nm-emitting (B) and 600 nm-emitting (C) GS-AuNPs at pH 7.0. CN = coordination number.

Figure 1. A) The two different local Au bonding environments of GS-
AuNPs that correspond to 600 and 810 nm emission. Two amide
bonds of glutathione are omitted for clarity. B, C) Absorption, excita-
tion, and emission spectra of the 600 nm-emitting (B) and 810 nm-
emitting (C) GS-AuNPs. D, E) TEM images and core-size distributions
of the 600 nm-emitting (D) and 810 nm-emitting (E) GS-AuNPs. Scale
bars: 5 nm.
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Au¢S CN of these NPs (1.8), where densely packed GSH
gives a chiral conformation. On the other hand, owing to the
relatively low GSH surface coverage on the 810 nm-emitting
AuNPs, there were not enough S atoms to stabilize the NPs;
therefore, N atoms start interacting with Au, leading to an
increase in the Au¢N CN; this interaction, however, is not
involved in the luminescence.[1a] As a result, the distinct
surface coverage of GSH results in two types of emission
centers: a higher degree of Au¢S bonding resulted in strong
Au!S charge transfer and served as the “600 nm emission
center”, whereas a lower degree of Au¢S bonding led to
relatively weak Au!S charge transfer and formed the
“810 nm emission center” (Figure 1 A).

Inspired by the finding that the size-independent emis-
sions from GS-AuNPs were governed by the surface coverage,
we controlled the surface coverage by tuning the GSH/
HAuCl4 ratio and were able to synthesize AuNPs with dual
emission at l = 600 and 810 nm (see the Supporting Informa-
tion). The dual-emissive AuNPs had a core size identical to
those of the single-emissive GS-AuNPs (2.5� 0.3 nm; Fig-
ure 3A). IR spectroscopy confirmed that the ligand was GSH
(Figure S2). The GSH surface coverage on the dual-emissive
NPs was 55% less than on the 600 nm-emitting GS-AuNPs
but 14% higher than on the 810 nm-emitting GS-AuNPs (see
the Supporting Information). The CD spectrum showed
a positive peak at 348 nm and two negative peaks at 290
and 408 nm (Figure 3 B), implying the presence of Au¢S
motifs with different conformation on the AuNPs.

The integration of the 600 nm and 810 nm emission
centers in one single NP resulted in a synergistic effect: the
dual-emissive GS-AuNPs can respond to pH changes in
a ratiometric way. As the pH value increased from 5.0 to 9.0,

the intensity of the 600 nm emission increased by a factor of
four while the 810 nm emission intensity decreased by a factor
of two, giving an isosbestic point at 730 nm (Figure 3C).
Neither of the two single-emissive GS-AuNPs, nor a mixture
of them, possesses this property. Single 810 nm emission was
insensitive to pH changes, whereas single 600 nm emission
only increased by a factor of 1.8 when the pH changed from
5.0 to 9.0 (Figures S3 and S4). The two single-emissive GS-
AuNPs independently responded to pH changes in a mixture,
generating a 2.4-fold intensity increase for emission at 600 nm
and a negligible intensity change at 810 nm (no isosbestic
point was detected; Figure S5). These differences confirm
that the dual emissions with ratiometric pH response indeed
originate from a single particle containing two coupled
emission centers. Furthermore, the pH value of the solution
can be determined by measuring the ratio of the intensities of
the 810 nm and 600 nm emissions (I810/I600). The I810/I600 value
increased by a factor of almost four within the physiological
pH range from 7.4 to 5.0. The pH threshold for the observed
pH-dependent emission was pH 6.65 (Figure 3D). The rever-
sible pH response suggested that the GS-AuNPs are very
stable over this pH range (Figure 3E). The emission spectra
of the dual-emissive GS-AuNPs were also independent of the
ionic strength of the solution (Figure S6).

The ratiometric response of the dual-emissive GS-AuNPs
was attributed to energy transfer between the 600 and 810 nm
emission centers in the same particle. We used time-resolved
fluorescence spectroscopy to study the luminescence lifetimes
of the different types of GS-AuNPs at pH 7.5 (at this pH, the
emissions of the dual-emissive NPs at 600 nm and 810 nm had
the same intensities). Under 410 nm excitation, both the
600 nm- and 810 nm-emitting GS-AuNPs showed average

luminescence lifetimes on the microsec-
ond timescale: 1.54 ms for 600 nm emission
and 1.93 ms for 810 nm emission (Fig-
ure 4A, B). However, in the case of the
dual-emissive GS-AuNPs, we detected
a nearly one-order decrease in the average
lifetime of the 600 nm emission (0.14 ms)
and a slight decrease in the average life-
time of the 810 nm emission to 1.20 ms.
These results unambiguously indicate
a strong energy transfer from a 600 nm
emission center to a 810 nm emission
center within the same dual-emissive
ultrasmall AuNP (Figure 4 C).

The energy transfer between these two
emission centers is due to the overlap of
the emission spectrum of the 600 nm
emission center (donor) and the broad
excitation spectrum of the 810 nm emis-
sion center (acceptor; Figure 1B,C).
Interestingly, the energy transfer was sen-
sitive to the pH value. As shown in Fig-
ure 3C, the donor emission (600 nm)
dominated at pH 9, whereas the acceptor
emission (810 nm) reached the highest
value at pH 5. Not only the intensities
but also the lifetimes of the dual emissions

Figure 3. A) TEM image and core-size distribution of the dual-emissive GS-AuNPs. Scale bar:
5 nm. B) CD spectrum of the dual-emissive GS-AuNPs. C) Luminescence spectra of the dual-
emissive GS-AuNPs in PBS buffer at different pH values. D) Ratiometric plot of the
luminescence intensities at 600 nm and 810 nm over different pH values. E) Reversibility of
the pH-dependent ratiometric emissions between pH 5.0 and pH 9.0.
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were pH-dependent. Lowering the pH from 9 to 5 resulted in
a decrease in the average lifetime of the 600 nm emission
from 0.17 ms to 0.064 ms and an increase in the average
lifetime of the 800 nm emission from 1.17 ms to 1.67 ms
(Table S2). These results clearly indicate a significant en-
hancement of the energy transfer efficiency when the
pH value is decreased from 9 to 5. As the energy-transfer
efficiency is known to depend on the distance between the
emission centers,[15] the observed increase in energy-transfer
efficiency suggests the formation of more 600 nm emission
centers on the particle surface, which was confirmed by
EXAFS studies on the Au¢S CNs of dual-emissive AuNPs. As
shown in Table S3, the Au¢S CN of dual-emissive NPs
increased from 1.3 to 1.6 and 2.3 when the pH was decreased
from 9 to 7 and 5. On the other hand, the CNs of the single-
emissive AuNPs hardly responded to pH changes (Tables S4
and S5). Therefore, these changes in the Au¢S and Au¢N CNs
of the dual-emissive AuNPs are likely due to the protonation
of the amine group in acidic environments. At pH 5, the high
degree of Au¢S bonding suggests the formation of more
600 nm emission centers (donor), which might make energy
transfer between the 600 nm and 800 nm emission centers
more efficient. Thus, even though the 810 nm emission is pH-
insensitive in single-emissive GS-AuNPs,[5b] it became highly
pH-sensitive owing to stronger coupling with more 600 nm
emission centers on the same NP.

In summary, with the assistance of CD, X-ray absorption,
and optical spectroscopy, we unraveled the origin of the size-
independent emission from ultrasmall GS-AuNPs with sim-
ilar sizes but distinct emissions. The emission wavelengths
strongly depended on the surface coverage and local binding

structure of GSH on the AuNPs. A high
surface coverage resulted in a high degree of
Au¢S bonding and strong AuI!S charge
transfer as well as 600 nm emission whereas
a low surface coverage led to a low degree of
Au¢S bonding, relatively weak AuI!ligand
charge transfer, and 810 nm emission. The
different CD responses of 600 nm- and
810 nm-emitting GS-AuNPs with the same
size suggest that the CD signal strongly
depends on the surface ligand coverage.
Whereas the size-independent emissions sug-
gest that surface coverage and local bonding
environments play important roles in the
emission from thiolated AuNPs, it should be
noted that the gold core is important to
stabilize the surface gold atoms and ligands.
Moreover, based on previous studies on the
long-lived NIR luminescence of Au25, the
d band of Au13 cores in Au25 is involved in
the relaxation of excited electrons from Au¢S
charge transfer states to the ground states.[2b,16]

Thus the d band of the Au cores of these
luminescent AuNPs might also be involved in
electron relaxation rather than excitation;
however, more detailed ultrafast spectroscopy
studies on these luminescent AuNPs are
needed to fully understand their photolumi-

nescence mechanism. Nevertheless, because the differently
colored emissions were independent of the particle size but
depended on the surface coverage, two differently colored
emissions can be integrated into one single AuNP by tuning
the ligand surface coverage. These dual-emissive AuNPs
emitted in a unique pH-dependent ratiometric fashion owing
to energy transfer between the two emission centers. This
synergy not only offers an opportunity to modulate the
photoluminescence of AuNPs but also provides a new
approach to use luminescent AuNPs as ratiometric indicators
for quantitative bioimaging.
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