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Abstract

Size-independent emissions have been widely observed from ultrasmall thiolated gold
nanoparticles (AuNPs) but remain a mystery in fundamental understanding of photoluminescence
mechanisms of noble metals on the nanoscale. Herein, we report a correlation between emission
wavelengths and local binding geometries of a thiolate ligand (glutathione) on AuNPs with
identical size (~2.5 nm) but two distinct emission wavelengths. Using circular dichroism, X-ray
absorption and fluorescence spectroscopies, we found that high Au-S coordination number (CN)/
high surface coverage resulted in strong Au(l)-ligand charge transfer, chiral conformation and 600
nm emission while low Au-S CN/low surface coverage led to weak charge transfer, achiral
conformation and 810 nm emission. By fine tuning of surface coverage, these two size-
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independent emissions can be integrated into one single 2.5 nm AuNP, where a ratiometric pH
response was observed due to strong energy transfer between two emission centers, opening up a
new path to design ultrasmall ratiomteric pH nanoindicators.
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Size-independent emissions of 2.5 nm thiolated gold nanoparticles at 600 nm and 810 nm were
found to originate from different surface coverages and local bonding enviroment of ligand on
particle surface.
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While size-dependent emission as a characteristic phenomenon of noble metals on the
nanoscale has been well understood in the past decade,[!] size-independent emission is also
widely observed from noble metal nanoparticles (NPs)[2] and found broad applications in
cancer detection, 3] kidney functional imaging[4! and chemical sensing.[®] For instance,
strong size-dependent luminescence has been observed from Au nanoclusters (NCs)
encapsulated by amine-terminated dendrimers: following a free-electron model, their
emission maxima were shifted from UV to IR with a size increase from Aus to Ausy.[28] In
contrast, coated with a thiolate ligand glutathione (GSH), the same sized AuNPs (2~3 nm)
can exhibit different colored emissions at either 600 nm!8] or 810 nm[32. 71, In addition to
these few-nm GSH-coated AuNPs (GS-AuNPs), different sized few-atom GSH-protected
AUNCSs (AupgSGy7, AuzgSGog, AuzgSGay, AuzgSGas, AuyaSGay) can exhibit the same
emission peak at 610 nm.[8] Wang and co-workers reported a series of thiolated AUNCs
(Auq1, Augg, Aui4g, Auygr) with NIR luminescence spectra ranging from 800 to 1300
nm,[2a] similar to the NIR emission found in ~1.8 nm AuNPs[®l. Moreover, not limited to
GS-AuNPs, AuNPs coated by other thiolate ligands also exhibit different colored emissions
even though their sizes are comparable. For example, 6-mercapto-1-hexanol-capped AuNPs
can fluoresce at different wavelengths from 510 to 600 nm while particle size changes little
within 2~3 nm.[1%] These results clearly indicate that particle size might not be a critical
factor in determining the emission wavelengths of the ultrasmall thiolated AuNPs. However,
the origin of size-independent emission remains a long-term mystery in the fundamental
understanding of photoluminescence of noble metal NPs.

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

GS-AuNPs with 600 nm or 810 nm emission were synthesized by controlling GSH-to-
HAuCI, ratios during reduction of HAuCIy in the presence of L-GSH at 95 °C (Supporting
Information).[32 78l Using a GSH-to-HAUCI, ratio of 1.6:1, we synthesized luminescent
AuUNPs with a single emission peak at 600 nm (quantum yield = 9.3%, by using Nile blue A
as standard, Figure 1B). Once the GSH-to-HAuUCI, ratio decreased to 0.8:1, the 600 nm
emission disappeared and we obtained AuNPs with a single emission peak at 810 nm
(quantum yield = 1.8%, by using Nile blue A as standard, Figure 1C). The excitation
spectrum also changed: the excitation maximum of the 600 nm-emitting GS-AuNPs was
located at 396 nm, while that of the 810 nm-emitting GS-AuNPs was located at 350 nm with
a shoulder peak at 550 nm (Figure 1B&1C). Despite these distinct excitation and emission
spectra, the 600 nm-emitting and 810 nm-emitting AuNPs were almost identical in core size
(2.6 £ 0.3 nmvs. 2.5 £ 0.3 nm) (Figure 1D&1E). 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 ~400 nm (Figure 1B&1C). Infrared spectroscopy confirmed the two types
of AuNPs had the same ligand, GSH. Characteristic peaks of GSH were observed, including
v{(CO0") at ~1390 cm™?, v,(COO") at ~1595 cm™1, and amide Il at 1523 cm™, while the
S-H stretching mode observed at ~2522 cm~ for GSH disappeared due to the formation of
Au-S bonds (Figure S1).

The large Stokes shifts (>200 nm, Figure 1B&1C) and microsecond lifetimes(®al observed
from these GS-AuNPs suggested the emission is involved with the charge transfer between
the Au and surface ligand (Au (1)—S)[2¢] rather than Au-N interaction.[*al Therefore, we
first studied the ligand conformation using CD spectroscopy. As shown in the CD spectra
(Figure 2A), the 600 nm-emitting GS-AuNPs exhibited a negative band at 354 nm and a
positive band at 400 nm, suggesting a highly ordered and chiral conformation of GSH on the
AuNPs, consistent with the previous reports on GSH-protected AuNCs[t1] and other
thiolated AuNPs.[12] Since L-GSH has weak CD response above 250 nm,[11a] the
observation of such CD signals in the range of 300-500 nm implies a chiral arrangement of
monomeric SR-Au-SR or dimeric SR-Au-SR—-Au-SR staple motifs.[12¢: 131 jke free L-
GSH, the 810 nm-emitting GS-AuNPs did not show a significant peak within 300-500 nm,
indicating a random arrangement of GSH on the Au surface.

The two types of GS-AuNPs were also dramatically different in the local Au bonding
environment as revealed by extended X-ray absorption fine structure (EXAFS) spectroscopy,
a technique that has been intensively used to study the Authiolate NCs.[24] For 810 nm-
emitting GS-AuNPs, the average coordination number (CN) of Au-S was measured to be 1.4
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(Figure 2B and Table S1). In the case of 600 nm-emitting GS-AuNPs, the Au-S CN
increased to 1.8 (Figure 2C and Table S1). In contrast to the ~29% increase in Au-S CN (1.4
vs. 1.8), the Au-N CN decreased ~44% (0.9 vs. 0.5) once the emission was shifted from 800
nm to 600 nm, further suggesting two distinctly different types of local bonding
environments.

These differences in ligand conformation and local bonding environment fundamentally
originated from the different surface coverage of GSH on AuNPs. Consistent with a higher
GSH-to-HAUCIy, ratio used for making 600 nm-emitting AuNPs, the surface coverage of
GSH on the 600 nm-emitting AuNPs was nearly 2-fold of that on the 810 nm-emitting
AuNPs (quantified by elementary analysis, Supporting Information). The high surface
coverage of GSH on the 600 nm-emitting NPs was also correlated with the large Au-S CN
of these NPs (1.8), where densely packed GSH showed a chiral conformation. On the other
hand, due to relatively low surface coverage of GSH on the 810 nm-emitting AuNPs, there
were no enough S atoms to stabilize the NPs; thus N atoms started interacting with Au,
leading to an increase in Au-N CN, which, however, is not involved in the luminescence.[1]
As a result, the distinct surface coverage of GSH resulted in two types of emission centers:
higher degree of Au-S bonding resulted in strong Au—S charger transfer and served as the
“600 nm emission center”, whereas lower degree of Au-S bonding led to relatively weak Au
—S charger transfer and formed the “810 nm emission center” (Figure 1A).

Inspired by the finding that the size-independent emissions from GS-AuNPs were governed
by surface coverage, we controlled the surface coverage by tuning the GSH-to-HAuUCl, ratio
and were able to synthesize AuNPs with dual emissions at 600 nm and 810 nm (Supporting
Information). The dual-emissive AuUNPs had core size identical to those of single-emissive
GS-AuNPs (2.5 £ 0.3 nm, Figure 3A). Infrared spectra confirmed that the ligand was GSH
(Figure S2). The surface coverage of GSH on the dual-emissive NPs was 55% less than that
on the 600 nm-emitting GS-AuNPs but 14% higher than that on the 810 nm-emitting GS-
AUNPs (Supporting Information). The CD spectrum showed a positive peak at 348 nm and
two negative peaks at 290 and 408 nm (Figure 3B), implying existence of Au-S motifs but
slightly different binding geometry of GSH on the AuNPs.

Integration of the 600 nm and 810 nm emission centers on one single NP resulted in a
synergistic effect: the dual-emissive GS-AuNPs can response to the pH changes in a
ratiometric way. As pH was increased from 5.0 to 9.0, the 600 nm emission intensity
increased 4 fold, while the 810 nm emission intensity decreased 2 fold, giving an isosbestic
point at 730 nm (Figure 3C). Neither of these two single-emissive GS-AuNPs, nor a mixture
of them possess this property. Single-emissive 810 nm emission was insensitive to pH
changes, whereas single-emissive 600 nm emission only increased 1.8 fold when pH
changed from 5.0 to 9.0 (Figures S3&S4). The two single-emissive GS-AuNPs
independently responded to the pH changes in a mixture, generating 2.4-fold intensity
increase at 600 nm and negligible intensity change at 810 nm (no isosbestic point was
detected, Figure S5). These differences confirmed that the dual emissions showing a
ratiometric pH response indeed originated from a single particle containing two coupled
emission centers. Furthermore, the solution pH can be read by taking the ratio of intensities
of 810 nm and 600 nm emissions (Ig1o/lgog)- The value of Ig1g/lggp changed nearly 4-fold
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within a 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 reversible pH responses suggested a high
stability of GS-AuNPs in this pH range (Figure 3E). The emission spectrum of the dual-
emissive GS-AuNPs was also independent of ionic strength (Figure S6).

The origin of such a ratiometric response from dual-emissive GS-AuNPs was attributed to
energy transfer between the 600 nm and 810 nm emission centers on 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 dual-emissive NPs had equal
intensities at 600 nm and 810 nm). Under 410 nm excitation, both 600 nm-emitting and 810
nm-emitting GS-AuNPs showed average luminescence lifetimes on the microsecond scale:
1.54 us for 600 nm emission, and 1.93 ps for 810 nm emission (Figures 4A&4B). However,
in the case of dual-emissive GS-AuNPs, we detected a nearly one-order decrease in the
average lifetime of 600 nm emission (0.14 ps), and a slight decrease in the average lifetime
of 810 nm emission to 1.20 ps. These results unambiguously indicated a strong energy
transfer from 600 nm emission center to 810 nm emission center within the same dual-
emissive ultrasmall AuNPs (Figure 4C).

The energy transfer between these two emission centers is fundamentally due to the overlap
between emission spectrum of 600 nm emission center (donor) and broad excitation
spectrum of 810 nm emission center (acceptor) (Figures 1B&1C). Interestingly, the energy
transfer was sensitive to pH. As shown in Figure 3C, the donor emission (600 nm) was
dominant at pH 9, whereas the acceptor emission (810 nm) reached the highest value at pH
5. Not only the intensities but also lifetimes of dual emissions were dependent of pH.
Lowering pH from 9 to 5 resulted in a reduction of the average lifetime of 600 nm emission
from 0.17 ps to 0.064 ps and an increase of average lifetime of 800 nm emission from 1.17
us to 1.67 ps, respectively (Table S2). These results clearly indicate a significant
enhancement of energy transfer efficiency when pH decreased from 9 to 5. Since energy
transfer efficiency is known to depend on the distance between emission centers,[1%] 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 Au-S
CNs of dual-emissive AUNPs. As shown in Table S3, the Au-S CNs of dual-emissive NPs
increased from 1.3, 1.6 to 2.3 when pH decreased from 9, 7 to 5. On the other hand, CNs of
single-emissive AuNPs have little response to pH changes (Table S4&S5). Thus, these
changes on CNs of Au-S and Au-N in dual-emissive AuNPs are likely due to the protonation
of amine group in the acidic environment. At pH 5, the high degree of Au-S bonding
suggests formation of more 600 nm emission centers (donor), which might make energy
transfer between 600 nm and 800 nm emission centers more efficient. Thus, even though
810 nm emission is pH insensitive in single-emissive GS-AuNPs,[°] it became highly pH
sensitive due 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 spectroscopies, we
unraveled the origin of size-independent emissions from ultrasmall GS-AuNPs with the
similar sizes but distinct emissions. Our results showed strong correlation of emission
wavelengths with surface coverage and local binding structure of GSH on AuNPs: high
surface coverage resulted in high degree of Au-S bonding and strong Au(l)-S charge transfer
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as well as 600 nm emission, whereas low surface coverage led to low degree of Au-S
bonding, relatively weak Au(l)-ligand charge transfer and 810 nm emission. The observation
of different CD responses from 600 nm- and 810 nm-emitting GS-AuNPs with the same
sizes suggested that CD signal is strongly dependent of surface ligand coverage. While size-
independent emissions suggested that surface coverage and local bonding environment
played more important roles in the emissions from thiolated AuNPs, it should be noted that
gold core is important to stabilizing surface gold atoms and ligands. Moreover, based on the
previous studies on long-lived NIR luminescence of Auys, d band of Aujqs cores in Auysg is
involved in the relaxation of excited electrons from Au-S charge transfer states to the ground
states.[20. 16] Thus, d band of Au cores in these luminescent AuNPs might also be involved
in the electron relaxation rather than excitation; however, more detailed ultrafast
spectroscopic studies on these luminescent AuNPs need to be done for complete
understanding of their photoluminescence mechanism. Nevertheless, because the different
colored emissions were independent of particle size but depended on the surface coverage,
two different colored emissions can be integrated into one single AuNP by tuning surface
coverage of the ligands. The obtained dual-emissive AuNPs exhibited unique pH-dependent
ratiometric emissions owing to energy transfer between the two emission centers. Such
synergy not only offers us an opportunity to modulate photoluminescence from AuNPs but
also provides a new path to apply luminescent AuNPs as ratiometric indicators for
quantitative bioimaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) A scheme showing two different local Au bonding environments of glutathione-coated

AUNPs (GS-AuNPs) that correspond to 600 nm and 810 nm emissions. (B, C) Absorption,
excitation and emission spectra of 600 nm-emitting (B) and 810 nm-emitting (C) GS-
AuUNPs. (D, E) TEM images and core size distributions of 600 nm-emitting (D) and 810 nm-
emitting (E) GS-AuNPs. Scale bar =5 nm.
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Figure2.

(A) Circular dichroism spectra of 810 nm- and 600 nm-emitting GS-AuNPs. Data for free
GSH was provided as a control. (B, C) EXAFS spectra of 810 nm-emitting (B) and 600 nm-
emitting GS-AuNPs at pH 7.0.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal.

Page 10
A 401 25:03nmm B 5] o
330 2 10
- e
© E
g 20 F :
s g 408 nm
o © -104{290nm
g_", 10 =
201
0_ il L o St . £ s
12 3 45 300 350 400 450 500
Size (nm) Wavelength (nm)
Cc D
L4 s '
B
&, g
2 .y
B o
5 5
8 =
c
o 0 : : e
500 600 700 800 900 10 8 6 4 595959
Wavelength (nm) pH pH

Figure 3.
(A) TEM image and core size distribution of the dual-emissive GS-AuNPs. Scale bar = 5

nm. (B) Circular dichroism spectrum of the dual-emissive GS-AuNPs; (C) Luminescence
spectra of dual-emissive GS-AuNPs in PBS buffer at different pHs. (D) Ratiometric plots of
luminescence intensities at 600 nm and 810 nm at different pHs. (E) Reversibility of the pH
dependent ratiomentric emissions between pH 5.0 and pH 9.0.
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Luminescence lifetimes of (A) 600 nm emission and (B) 810 nhm emission in single-emissive
GS-AuNPs (orange) and dual-emissive GS-AuNPs (blue) at pH 7.5. Excitation = 410 nm for

810 nm emission center on one single AuNP.
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