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We report an experimental and theoretical investigation of the electronic and optical properties of a series
of icosahedral Au;z nanoclusters, protected using different halogen ligands (Cl, Br, and 1), as well as 1,2-
bis(diphenylphosphino)ethane (dppe) ligands. All three clusters are comprised of the same Au;z kernel
with two halogens coordinated to the poles of the icosahedral cluster along with five dppe ligands. UV-
vis absorption spectra indicate a systematic red shift from Cl to Br to I, as well as a sudden enhancement
of the second excitonic peak for the I-coordinated cluster. Density functional theory (DFT) calculations
suggest that all clusters possess a wide HOMO-LUMO energy gap of ~1.79 eV and are used to assign
the first two excitonic bands. Frontier orbital analyses reveal several HOMO — LUMO transitions
involving halogen-to-metal charge transfers. For the I-coordinated cluster, more complicated |-to-metal
charge transfers give rise to different excitation features observed experimentally. The current findings
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1. Introduction

Even though bulk gold displays a beautiful golden color, the
photophysical properties of nanogold are size-dependent due to
quantum confinement of the conduction electrons."” Specifi-
cally, gold nanoclusters with dimensions in the subnanometer
size regime possess unique molecular characteristics, allowing
for precise structure determination and application in photo-
luminescence (PL),>*° catalysis,”™® and biomedicine.’"** With
the availability of single crystal X-ray structures,'>'* extensive
attention has been paid to the role of ligands in the syntheses
and photophysical properties of gold nanoclusters with
different nuclearities.">*¢

To obtain novel gold clusters with different photophysical
properties, organic ligands such as thiols, phosphines and
alkynes have been widely exploited in the syntheses of gold
nanoclusters (Au,) such as Aug,"*® Auo," Au;q,>*?' Auys,>>?
Au18,27’28 Au20,29’30 Au22,31'32 Au23,33 Au24,3“ Au25,35,36 AU32,37 All37,38
Auyy,® Ausy,* Auss,* and Au,g,."* Among all of the gold nano-
clusters that have been structurally characterized, icosahedral
Auy; nanoclusters have been more extensively studied due to
their highly symmetrical structure and prominent photo-
luminescence properties. For example, bis(diphenylphosphino)
ligand (Ph,P-(CH,)m-PPh,, m = 2, 3, and 4) protected
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utilized to tune the optical properties of the clusters.

[Auy5P10CLJ*" and [Auy3PsCl,]" clusters have been reported to
exhibit near infrared PL by Konishi et al.>*** In addition, an N-
heterocyclic carbene (NHC) was employed by Crudden and co-
workers to synthesize [Au,3(NHC)oCl;]**, which possessed
enhanced stability and exceptionally high PL quantum yield
(PLQY) (16.0%).** Icosahedral Au,; was also identified as
kernels in the structures of larger gold clusters such as Au,s,
Auj; and Aug,.?* Furthermore, density functional theory (DFT)
calculations indicated that a metallic (Au;3)°" core can be
viewed as a superatom with a closed electron configuration of
(1s)*(1p)®.** Despite extensive studies, the effects of halide
ligands on the PL or electronic structures of Au,; clusters have
not been examined.

However, the Au-halogen interactions in a series of Au
compounds in the gas phase, including [AuX,]™ (X = halogens)
and [XAuCN]~, have been investigated by photoelectron spec-
troscopy previously.*»** Periodic trends were found in the bond
lengths and covalent nature of the Au-X bond.** In addition,
halogens have been found to take an active role in the synthesis
of nanoparticles (NPs) for morphology control**** and PL.*"*°
Although there have been sophisticated characterization
methods and theoretical calculations, it is a challenge to
understand halogen effects due to their large size and the
inhomogeneity of NPs. Therefore, small nanoclusters with an
atomically precise structure and molecule-like size are more
suitable systems to study the halogen effects. Relatively few
studies have been carried out on gold clusters with different
halogen ligands. The transformation of halogen-stabilized Aug
to Auy; was investigated by Yam et al.** Wang and co-workers
determined the structure of a large AugoAgs;, bimetallic

This journal is © The Royal Society of Chemistry 2020
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nanocluster and suggested that the halide ions functioned more
than counterions in the formation of large clusters.>* To the best
of our knowledge, there has been no research regarding the
influence of the electronic structure of gold nanoclusters by
halogens. Chloride is usually the de facto ligand in gold cluster
syntheses, probably because of the easy availability of the
ClAuPPh; starting material. Methods to directly synthesize
bromide- or iodide-coordinated gold clusters are not usually
achievable. Furthermore, the intrinsic photophysical properties
of gold clusters and their influence by large organic ligands
instead of halogens have been the focus.

In the current article we report a systematic study about
halogen effects on Au;; nanoclusters. We used both direct
syntheses and halide exchanges to obtain three halogen-
coordinated clusters, [Au,;(dppe)sX,]X; (X = Cl, Br, and I)
(abbreviated as [Auy3-X,] hereafter). Both methods are facile
enough to obtain [Au;;-Br,] and [Auys-I,]. All three clusters
have been fully characterized by electrospray ionization mass
spectroscopy (ESI-MS) and NMR spectroscopy. Both experi-
mental and theoretical results show that the [Au;;-Br,] and
[Au,3-1,] clusters retain the same icosahedral Auy; kernel as the
original [Au,3-Cl,] cluster. The photophysical properties of the
[Auy3-X;] clusters are systematically studied by UV-vis absorp-
tion spectroscopy, PL and photoluminescence excitation spec-
troscopy (PLE). We have observed that both the first excitonic
peak and the emission peak show a consistent red shift from X
= Cl to 1. However, we observed an unusual PLE spectrum for
the I-ligated cluster. Theoretical calculations confirmed that the
p-orbitals of the halogen ligands contribute to the HOMO —
LUMO transition. Additional non-radiative transitions in the
[Au,3-1,] cluster resulted in lower PL intensities. These findings
provide further insights into the ligand-to-metal charge transfer
process. Finally, the synthetic methods and the knowledge
about halogen-gold cluster interactions will be useful to guide
future designs for halogen-ligated gold clusters.

2. Results and discussion
2.1 The syntheses of [Au,3-X,] (X = CI, Br, and I)

The syntheses of the three [Au;3-X,] clusters were carried out
under ambient conditions. Detailed synthetic methods are
described in the Experimental section. The [Au;;-X;] clusters
could all be synthesized by an acid-assisted two-step method
(Fig. 1) according to a previously reported method with some
modifications (see the Experimental section).”® Halide
exchanges could also be used to obtain the Br- or I-ligated
clusters (Fig. 1). Briefly, a CH,Cl, solution of Au,(dppe)Cl, was
reduced using NaBH,. After purification, halogen acids were
added and the corresponding [Au,;-X,] clusters were obtained.
It should be noted that light shading is essential for the
successful synthesis of the I-coordinated cluster. The halide
exchange method was also performed between clusters as
shown in the top of Fig. 1. By introducing stoichiometric
amounts of KBr or KI salts into a methanol solution of [Au;;-
Cl,], exchange reactions rapidly happened with significant color
change. We should point out that the reactions only occurred
from CI to Br to I, and the reverse reactions were not observed.
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Fig. 1 Schematic illustration of the direct synthesis (bottom up) and
halide exchange (left to right) for [Auiz—Xal.

This result indicated that the Au-X bond strength increases
from Cl to I, due to the increased Au-X covalency.****

2.2 Composition and structural characterization using ESI-
MS and NMR spectroscopy

We used electrospray mass spectrometry and NMR spectroscopy
to verify the composition and purity of the [Au,3-X,] clusters
after the purification process. The positive-ion ESI mass spectra
of all three species exhibited a single peak in the mass-charge
ratio range from 0 to 8000 (Fig. 2 and S1}). Comparison with
the simulated isotopic distributions (insets in Fig. 2) confirmed
the triply charged [Au;;(dppe)sX,]>" cation in each case.
Therefore, with the same charge state, gold nuclearity and

C Au,(dppe);l.I”
3: 1602
W B] (dppe),Br,]™
b MMM
‘»
qc) 1559 1570 ' 1571 1572 1573
1000 1500 2000 2500 3000
m/z

Fig. 2 Positive-mode ESI mass spectra of the triply charged [Au;z—
X2]3+ cluster ions. (A) [Auiz—Clyl, (B) [Auiz—Br,], and (C) [Auiz—Io]. The
inset in the panel shows the simulated isotopic distribution pattern
(black curve) for each cluster.
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Fig. 3 3!P-NMR spectra of the [Au;z—X,] clusters.

diphosphine ligands, these three species showed good compo-
sition consistency in the mass spectroscopy.

The *'P-NMR spectra of all three clusters are shown in Fig. 3.
The existence of a single peak indicated the similar chemical
environments of all the phosphorus atoms in the three clusters.
The heavier halogen atoms shifted the peak upfield. Both the
ESI mass spectra and the *'P NMR data showed that the three
[Auy3-X;] clusters we obtained were pure enough for further
spectroscopy analyses. Furthermore, the 'H-NMR results
(Fig. S2 and S57) showed a Haromatic/Haiiy ratio of 5/1 in good
agreement with that in dppe ligands. Overall, the *'P and 'H-
NMR data confirmed the highly symmetric structures and
identical ligand configurations in all three [Au,3-X,] clusters.

We have also obtained the absorption and PL emission for
the [Au;3-X,] clusters (Fig. 4A and B). The spectra of the three
clusters are similar. Both the absorption and emission spectra
for [Au,;3-Cl,] are consistent with those reported previously by
Konish et al.>* The UV-Vis and PL results again confirm that the
as-synthesized [Au,3-Br,] and [Auys-I,] clusters possess the
same structure as [Au,3-Cl,], which was known to adopt an
icosahedral Au,; core with the two chlorine atoms coordinated
to the two polar gold atoms and the five bidentate dppe ligands
coordinated to the ten equatorial gold atoms.

2.3 Photophysical properties of the [Au,;-X,] clusters

There are subtle differences in the UV-vis absorption and
emission spectra of the three clusters due to the halogen effects
(Fig. 4A and B). Although the colors of the three cluster solu-
tions changed from red ([Au,;3-Cl,]) to dark red ([Au;3-Br,]) to
brown ([Au,;-1,]) (inset in Fig. 4A), their absorption features are
similar. The corresponding PL peaks showed a slight red shift
from 804 nm to 814 nm and the absolute PLQYs dropped from
10.8% to 6.5% (Fig. 4B). The PL intensities are stronger than
those reported previously for gold clusters.>** We further
employed PLE spectroscopy to obtain a higher signal-to-noise
ratio for the band features of the [Au,3-X;] clusters, as shown
in Fig. 4C. The PLE spectra resembled the absorption spectra,
but provided much clearer details about the electronic
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Fig.4 Photophysical properties of [Au;z—X;] in CHzOH: (A) absorption
spectra. Inset: Pictures of cluster solutions. Red star: absorption
feature at 437 nm. (B) PL spectra and absolute PLQYs. (C) PLE spectra (1
= 800 nm). Red star: the second excitation feature at 437 nm. (D)
Evolutions of the first excitonic peak and PL position for the three
clusters. For A, B and C, [Au;3—Cly] (bottom), [Ausz—Br,] (middle), and
[AU13—|2] (top)

transitions responsible for the PL. The PLE spectra of [Au;3-Cl,]
and [Au,;3-Br,] are similar, but that of [Au;;-1,] seems quite
different. The first excitonic peaks of the clusters red-shifted
from 491 nm for [Au;3-Cly] to 520 nm for [Auy3-I,]. The red
shifts in the PLE and PL spectra are due to a decrease in the
bandgaps of the clusters. It should be pointed out that these
changes in optical properties are more pronounced compared
with the influence of the phosphine ligand structures on the
Auy; clusters reported by Konishi et al.*** Their experiments on
different phosphine ligands showed no significant changes in
the UV-vis and PL spectra, which led to the conclusion that the
optical properties of the gold clusters were mainly influenced by
the cluster nuclearity, not so much by the coordinated ligands.
The current study illustrated that the coordinated halogens did
have strong influence on the photophysical properties, probably
due to the strong Au-halogen electronic interactions.

It is interesting to note that the red shifts of the PLE and PL
features (Fig. 4D) by tuning the halogens are in agreement with
those observed in halide perovskites.>” In addition to the red
shift, we noticed the appearance of an absorption band at
437 nm for [Auy3-I,] in the UV-vis absorption spectrum, as
marked by * in Fig. 4A. This feature is much more pronounced
in the PLE spectra (Fig. 4C). A similar second excitonic feature
also seemed to exist in the [Au;3-Cl,] and [Au;3-Br,] PLE
spectra, albeit with much lower relative intensities.

2.4 The optimized structures of the [Au,;-X,] clusters

To obtain further insights into the electronic and optical
properties of the different halogen Au,; clusters, we performed
DFT calculations. The [Auy;(PH,CH,CH,PH,)sX,]>" clusters
were modeled by replacing the phenyl rings with hydrogen

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Optimized structures of [Au;z3—X;]. (B) Calculated optical
absorption spectra of [Au;3—X5]. (C) Comparison of the experimental
(dash line) and theoretical absorption spectra (solid line). [Aui;z—Cl,]
(bottom, green), [Aui3—Br,] (middle, blue), and [Auiz—I5] (top, purple).

Table 1 Geometrical parameters of the ground-state structures of
[Ausz—X,] and comparison of DFT-predicted HOMO-LUMO gaps with
the observed optical gaps

Average Au-Au  Optical gap  Calculated
[Au-X;] Au-X(A)  (A) (eV) gap (eV)
Cl 2.335 2.948 1.90 1.94
Br 2.435 2.949 1.85 1.89
I 2.629 2.949 1.79 1.80

atoms to simplify the calculations. All the structures were fully
optimized as shown in Fig. 5A. The Au-X bond length increased
from 2.335 A for Cl to 2.629 A for I (Table 1), consistent with the
previously reported Au-X bond lengths for halide-Au()
complexes.***® The average Au-Au distances were nearly iden-
tical for the three clusters as summarized in Tables 1 and S1,
indicating the stability of the Au,; core.

2.5 The electronic structure of the [Au,3-X,] clusters

We conducted TD-DFT analyses for comparison with the
absorption spectra. As shown in Fig. 5B and S11,7 the theoretical
absorption spectra were in good agreement with the experimental
data. In particular for the [Auys-I,] cluster, the calculations
revealed that the three bands located at 370 nm, 413 nm, and
600 nm were in excellent agreement with the three bands in both
the absorption and PLE spectra (Fig. S111). The lowest energy
optical transition should come from the HOMO — LUMO tran-
sition. The experimental optical gaps were determined (see
Fig. S8-S107) to decrease from 1.9 eV for Cl to 1.85 eV for Br to
1.79 eV for L. At the same time, time-dependent UV-vis absorption
spectra were obtained for all three clusters (Fig. S61), and they
indicated that these gaps may not be affected by temperature. The
experimental energy gaps are reproduced well from the theoret-
ical HOMO-LUMO gaps, as compared in Table 1. The 1.9 eV gap

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Pictures of the HOMOs and LUMOs for the [Au;z—X;] clusters.

for [Au,3-Cl,] has been confirmed by the result from Zhang et al.>®
The large energy gaps reflect the expected electronic stability of
the Au,; core. To understand the electronic interactions between
halogens and the Au,; core, we show the pictures of the HOMOs
and LUMOs for the three clusters in Fig. 6. The HOMOs for the
three clusters are mainly derived from the p orbitals of the halo-
gens, while the LUMOs are mainly delocalized orbitals on the Au, 3
cores. The frontier orbitals explain why the halogens have
significant influences on the electronic and optical properties of
the [Au;3-X,] clusters, whereas the diphosphine ligands have
minimal effects. The negligible influence of phosphine ligands on
absorption spectra agrees well with what was observed by Konishi
et al™

Therefore, the HOMO — LUMO transitions in the [Auy3-X,]
clusters correspond to ligand-to-metal charge transfer (LMCT).
The LMCT process was studied by Jin and co-workers on thiolate-
ligated Au,s(SR);5 clusters.* They found that by strengthening the
electron donating capability of the capped ligands, the PL inten-
sity or the degree of LMCT of gold clusters was enhanced.
However, from chlorine to iodine, the stronger electron donating
capability from the halogen ligands seemed to result in lower PL
intensities. The theoretical calculations provided some hints
about the lower PL intensity in the [Auy3-1,] cluster. The higher
intensity of the second main excitonic peak for the [Auys-1,]
cluster indicated a stronger electronic excitation at this wave-
length. To obtain the components in the second main excitonic
peak, we considered the orbital transitions related to the 413 nm
peak in the calculated absorption spectra. As shown in Fig. S12—
S14,7 all these peaks contained multiple HOMOs and LUMOs.
Three similar sets of HOMOs and LUMOs accounted for the
second main excitonic feature for both the [Au;3-Cl,] and [Au; -
Br,] clusters, consistent with the similar PLE and PL spectra for
these two clusters. For the [Au,;-1,] cluster, five sets of HOMOs
and LUMOs were found to be involved in the second excitonic
peak. However, not all these transitions might have ended up in
radiative recombination, which caused the lower PL intensity in
the I-coordinated clusters.

3. Conclusion

In summary, we have synthesized three halogen-ligated Au,;
clusters [Au;3-X,] (X = Cl, Br, and I) and investigated the effects
of the halogen ligands on the electronic structures and

Nanoscale Adv., 2020, 2, 4902-4907 | 4905
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photophysical properties of the clusters. The icosahedral Auy;
core structure is preserved during the ligand exchange reactions
from Cl to Br to I. The HOMO-LUMO gaps of the clusters are
slightly decreased, as well as the PL intensities along the same
direction. Theoretical studies indicated that these clusters all
have similar electronic structures. The HOMOs of the clusters
are mainly from halogen p orbitals and the LUMOs are mainly
on the Au,; core. The different absorption features in the I-
coordinated cluster are understood based on the electronic
structure calculations. We have found that different halogens
have some subtle effects on the electronic structures and pho-
tophysical properties of the clusters due to the different Au-X
interactions.

4. Experimental

Synthesis of [Au,;(dppe)sX,]Xs: see Section S1 in the ESL.

4.1 Chemicals and preparations

[1,2-Bis(diphenylphosphino)ethane]dichlorodigold() (Auy(-
dppe)Cl,, 96%), hydrochloric acid (HCl, 37%), hydrobromic
acid (HBr, 48%), hydroiodic acid (HI, 57%) and other chemicals
were obtained from Sigma-Aldrich and were used as received
unless mentioned otherwise. All the solvents were of technical
grade. All glassware was washed with aqua regia and cleaned
thoroughly before use.

4.2 Characterization

NMR spectra were recorded on a 400 MHz Bruker UltraShield
spectrometer using MeOD as the solvent. Chemical shifts were
reported in ppm and were referenced to tetramethylsilane
(internal) for "H and 85% H;PO, (external) for *'P-NMR. Unless
mentioned otherwise, all the NMR spectra were measured at
298 K. The mass spectra were measured in the positive ion
mode. A methanol solution of AuNCs (=0.5 mg mL™ ') was
introduced into an Agilent 6530 Accurate Mass Q-TOF LC-MS
system (with Agilent 1260 HPLC) via flow injection. The ESI
mobile phase was made of acetonitrile/water (50/50) with
~0.05% formic acid at a flow rate of 200 pL min~'. The gas
temperature of the ESI source was 130 °C at a flow rate of 8
L min~'. The fragmentor voltage was set at 50 V, skimmer at
65V, and the capillary voltage (V.ap) at 3500 V. The mass range
measured was up to 20 000 for MS. The assignments were based
on high resolution m/z values and isotopic distributions. UV-
Vis-NIR spectra were measured in methanol solution of [Au,;—
X,] on an Agilent Technologies Cary 5000 UV-Vis spectropho-
tometer. The solution PL and QY measurements were per-
formed on an Edinburgh Instruments FS5 fluorescence
spectrometer. [Au;3-X,] clusters were dissolved in methanol for
measurements. The PLQYs were measured by using an FS5
Spectrometer with a built-in integrating sphere.

4.3 Computational methods

The structures of [Au;3-X,]*" (X = Cl, Br, and I) were optimized
based on the crystal structure reported previously using the
B3PW91 hybrid density functional. The 6-31G(d) basis set was
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employed for C, H, and P, and the LANL2DZ basis set was
employed for Au. The harmonic vibrational frequencies were
also calculated to confirm that the optimized structures are
global minima with no imaginary frequencies. Time-dependent
DFT (TD-DFT) calculations were conducted to obtain the
simulated UV-vis absorption spectra. All the calculations were
carried out using the Gaussian 09 package.**
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