Azide-Functionalized Nanoclusters via Ligand-Induced Rearrangement
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ABSTRACT: Herein, we report a methodology to prepare atomically precise, azide-functionalized nanoclusters based on ligand-induced rear-

rangement. Three surface-clickable nanoclusters, including a “waist”-clickable cluster, Auss(PPhs)10(SPhN;3)sCL, and two “whole-body” click-
able clusters, Aus(SPhN3)20 and Auss(SPhN3)2, have been prepared and characterized. This work presents a facile and powerful strategy to
generate metal nanoclusters with surface ligands of well-defined spatial orientations and numbers, which hopefully can promote various bio-

conjugation strategies and downstream applications.

Introduction

Monolayer-protected metal nanoclusters, also known as ultra-
small metal nanoparticles,"”" are an emerging class of modular
nanomaterials with atomically precise structures and intriguing
properties
(fluorescent, catalytic, chiral, and magnetic) have been rationalized

physiochemical ~properties.” Many of these
as quantum size effects."”’*'¢ The atomically precise nature of
nanoclusters allows for the rational fine-tuning of their structures,
which gives rise to well-defined material compositions, sizes, and

morphologies."*'*?!

While several approaches have been reported to manipulate the

structure of nanoclusters as well as dictate their properties,®'s>"33>3%

#2466 nanoclusters have in general not been widely adopted for
application-driven studies, for example in biomedicine or energy. To
build a bridge between the nanocluster synthesis and the applied
science communities, it is essential to have an easily adoptable
strategy that produces nanoclusters with well-defined peripheral
ligands to enable convenient, application-driven modifications.
Although nanoclusters with surface carboxylates, amines, and
aldehydes have been reported,” ' the coupling efficiency, selectivity,
and reaction conditions associated with these functional groups may
be unsatisfactory. A more universal strategy starting from well-
documented nanoclusters and producing surface ligands containing
reliable, highly selective functional groups that can be used for
conjugation under mild conditions is still very much desired.

In this work, we take advantage of ligand exchange and
subsequent cluster rearrangement to produce azide-functionalized
nanoclusters that can be used to conjugate with alkyne-modified
ligands via copper-catalyzed or copper-free “click” reactions. The
azide-alkyne exhibits
chemoselectivity and works under mild conditions, making it a

cycloaddition  reaction

exceptional

highly robust reaction to decorate nanoclusters.”* In our method,
in situ generated 4-azidobenzenethiol from its acetyl ester is used in
a biphasic system to react with pre-synthesized nanocluster
precursors. The ligand exchange reaction causes a structural
rearrangement of the nanocluster precursors, resulting in new
clusters with a different number of gold atoms. In the presence of an
excess of 4-azidobenzenethiol, partial exchange of existing
phosphine or complete exchange of thiol ligands were observed,
both casesleading a pure cluster product represented by a single peak
in mass spectrometry. Compositions of these azide-functionalized
nanoclusters are determined by electrospray ionization mass
spectrometry (ESI-MS) and thermogravimetric analysis (TGA).
Three surface-clickable nanoclusters, including
Aqu(PPh3)10<SPhN3)5C12, Auzs(SPhN3)20, and Au35(SPhN3)24 were
prepared and characterized (Scheme 1).

Scheme 1. Transformation of gold nanoclusters to new ones via
ligand-induced rearrangement.
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Scheme 2. Preparation of azide-functionalized nanoclusters. (A) Synthesis of ligand. (B) A biphasic system for in situligand generation and
ligand-induced rearrangement. (C) Schematic representation of the overall transformation.
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Experimental Section

Materials and Methods. All reagents were purchased from Sigma-
Aldrich or Fisher Scientific and used without further purification.
Nanocluster precursors, including Aun(PPhs);Cl, Aus(S-c-
C6H11)15, Auzs(SC2H4Ph)1g, Auso(s-f—C4H9)1s, and
Auzs(SC:H4Ph)as), were synthesized based on reported methods.*
70

Preparation of ligand precursor (4, Scheme 2). To a stirred
solution of 4-nitrobenzenethiol (1, 516 mg, 3.33 mmol) and 689 yL
triethylamine in dichloromethane (10 mL) was dropwise added a
solution of acetyl chloride (314 mg, 4 mmol) in dichloromethane (S
mL) at 0 °C. The reaction was slowly raised to room temperature and
stirred overnight. The mixture was quenched with methanol (2mL)
for 30 min and diluted by ethyl acetate (200 mL) and rinsed by
saturated NaHCO; (200 mL 3x) and brine (200 mL 3x). The
organic phase was dried by Na,SOy, filtered, and concentrated by a
rotary evaporator. The residue was purified by flash column
chromatography with hexane/ethyl acetate (50:50 v:v) as eluent to
give a pale yellow solid of $-(4-nitrophenyl) ethanethioate (2, 435
mg, 84%). 'H NMR (CDCL) §8.25 (d,J = 8.7 Hz,2H), 7.60 (d,] =
8.7 Hz, SH), 2.49 (s, 3H). *C NMR (100 MHz, CDCl;) § 191.46,
146.87,136.84, 134.71,123.83,30.44. LC-ESI (m/z): [M+H]* caled
for CsHsNO3S* 198.0, found 198.0.

Next, 2 (591 mg, 3 mmol), anhydrous SnCL (5.69 g, 30 mmol),
and ethanol (30 mL) were mixed in a SOmL Schlenk flask. The
reaction was stirred at 60 °C under nitrogen for 2 hours. After
completion of the reaction (monitored by TLC; Rf of 3 is ~0.6 with
of 50:50 v:v hexane:ethyl acetate), NaOH aqueous solution (1 M)
was dropwise added to the reaction mixture until the pH reaches
around 9, and 200 mL water was added. The crude product
precipitated and was extracted by ethyl acetate (200 mL 3x). The
combined organic layers were dried by Na,SO4 and concentrated to
give a yellow solid of $-(4-aminophenyl) ethanethioate (3, 443 mg,
88%). The crude product was directly used for next step without
purification.

Next, to a stirred solution of 3 (225 mg, 1 mmol) in
dichloromethane (S mL) was dropwise added a solution of tert-butyl

nitrite (180 pL, 1.5 mmol) in acetonitrile (1 mL) at 0 °C under
nitrogen. After stirring for S minutes, a solution of trimethylsilyl
azide (160 pL, 1.2 mmol) in acetonitrile (1 mL) was dropwise added
to the mixture. The reaction was stirred for a further 30 minutes at 0
°C. The mixture was then concentrated and purified by a flash
column chromatography with hexane:ethyl acetate (75:25 v:v) to
yield a yellow oil of &(4-azidophenyl) ethanethioate (4, 131 mg,
68%). '"H NMR (CDCL) § 7.38 (d, 2H), 7.07 (d, 2H), 2.42 (s, 3H).
3C NMR (CDCL) § 194.07, 141.70, 136.03, 124.11, 119.86, 30.17.
LC-ESI (m/z): [M+H]* calcd for CsHsN;OS* 194.0, found 194.1.

Preparation of azide-functionalized nanoclusters. To a CH.CL
solution of nanocluster precursor (2 mg of cluster in 1 mL of
CH:CL), 20 mg of 4 was added under stirring. Then, 1 mL of
aqueous solution containing 5 mg of NaOH was added. The azide-
thiol is in large excess (200x) to ensure complete reaction. After 2
hours, the organic phase was precipitated into 20 mL of z-hexane.
The precipitation was re-dissolved in CH>Cl,, which contained the
azide-functionalized nanoclusters. The yields for the preparation of
azide-functionalized nanoclusters (based on the Au element) were
as follows: Aun(PPh:);Cl; precursor, 60%; Auas(S-c-CsHu)is
precursor, 50%; Auas(SC2H4Ph)1s precursor, 60%; Auso(S-#CsHo)is,
30%; Auss(SC2H4Ph)a4) precursor, 80%.

Click reaction between nanoclusters and a model cycooctyne
ligand. To a CH.CL solution of Auss(SPhN3)20 (8 mg of cluster in 3
mL of CH,CL), § mg of S-hydroxy-1,2:5,6-dibenzocyclooct-7-yne
(abbreviated as DBCO-OH) was added under stirring. The mixture
was stirred at 40 °C for 2 hours. Thereafter, the reaction mixture was
precipitated into 20 mL of n-hexane. The precipitate was determined
to be Aus(SPhN;-DBCO-OH)x (11.5 mg). The yield of the
reaction is 95%.

Results and Discussion

In the past few years, the ligand exchange method has been
extensively applied for the preparation of new nanoclusters.’®*" It is
accepted that (i) the ligand exchange process can transform the
configuration of nanoclusters by substituting their surface ligands,
and (ii) the structure of the new nanocluster is largely dependent on
the 051 To prepare azide-functionalized

starting  cluster.



nanoclusters, a small, rigid thiol-containing ligand, 4-
azidobenzenethiol (§ in Scheme 2), is designed. However, the azide
thiol itself is unstable at room temperature. Therefore, the &
acetylated ligand is used to generate the free thiol in sifu in the
presence of sodium hydroxide (Scheme 2). The acetylated ligand is
synthesized in three steps from 4-nitrobenzenethiol (1). Briefly, 1 is
reacted with acetyl chloride to yield §(4-nitrophenyl) ethanethioate
(2), which is then reduced by SnCl to generate $(4-aminophenyl)
ethanethioate (3). Finally, the aromatic amine is converted to an
azide, S-(4-azidophenyl) ethanethioate (4), in one pot with tert-
butyl nitrite and trimethylsilyl azide.” Several efforts were made to

deprotect the thioester to generate the target thiol §; however, § was
unstable likely because of spontaneous rearrangement (Figure S3A).
Instead, a biphasic system was set up to generate S in sifu, which can
then react with the nanocluster (Scheme 2B). Specifically, 4 and a
nanocluster precursor are first dispersed in the CH.Cl; under
vigorously stirring, an aqueous solution of NaOH is added. The
deprotection of the thioester occurs at the H,O/CH,CL interface,
sparing the nanocluster from the strong basic deprotection
conditions, and the resulting § immediately participates in the

reaction.
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Figure 1. Preparation of Auzs(PPhs)10(SPhN;)sCL. (A) Schematic illustration of the overall reaction. Color codes: orange, Au; purple, P;
green, Cl; red, S. For clarity, all C and H atoms are omitted. (B) UV-vis spectra of Aui1(PPhs);Cls and Auas(PPhs)10(SPhN;)sCl. (C, D) ESI-
MS results of Auii(PPhs;)-Cls and Auas(PPhs)10(SPhN:)sCl. Insets: experimental and calculated isotope patterns for each nanocluster.

We first tested our ligand exchange method with
Auii(PPhs);Cl; as the nanocluster precursor, which has a defective
icosahedral configuration (Figure 1A).* ESI-MS and UV-vis
spectroscopy were performed to track the ligand exchange process.
As shown in Figure 1B, the CH.CL solution of Auii(PPhs),Cls
exhibited two absorptions at 335 and 420 nm, and two shoulder
bands at 380 and 500 nm. After ligand exchange, the resulting
nanocluster displayed a distinctive sequence of optical absorptions
at 325, 360, 415, 475, and 700 nm, which are reminiscent of the
optical characteristics of the rod-like Aus nanocluster (ie.,
Aus(PPhs)10(SR)sCL).”> However, the last peak at 700 nm showed
a ~30 nm red-shift relative to typical rod-like Auas clusters.”” ESI-MS
of the precursor cluster showed a mass peak at m/z of 4108.2 Da
(Figure 1C). After ligand exchange, a peak at m/z of 8368.2 Da arose,
which can be perfectly assigned to [Auss(PPhs)io(SPhN3)sCL]*
(Figure 1D). TGA showed a weight loss of 41.85%, which was
consistent with the calculated loss (41.66%) of PPhs, SPhN3, and Cl
ligands/counterions in the assigned formula (Figure S4). Fourier-
transform infrared (FTIR) spectrum of the nanocluster exhibited a
distinctive azide vibration at 2135 cm™, confirming the presence of
the new azide ligand (Figure SS). Elemental analysis (EA) also
confirmed the proposed composition (Table S1). Such conversion
from mono-icosahedral Aun clusters to bi-icosahedral Auss clusters
has been reported previously.”” Although the crystal structure of
Aus(PPhs)10(SPhN;)sCL is not obtained in this study, we propose a

structure based upon optical properties and the empirical formula of
Auss(PPhs)10(SR)sCl,” where five thiol atoms and a shared gold
atom bridge two Auy; icosahedra to form a rod-like structure (Figure
1A).

Next, the ligand exchange reaction was performed on two
nanoclusters, Au3(S-c-CeHi)is and Auss(SC.HsPh)is (Figure 2),
which are stabilized by thiol ligands instead of phosphine ligands.
Interestingly, both clusters produced identical optical and ESI-MS
results after ligand exchange (Figure 2B-C). UV-vis spectroscopy
revealed a prominent peak at 375 nm, and two shoulder bands at 480
and 605 nm (Figure 2B, red). The product has an m/z of 8650.2 Da,
corresponding to a formula of [Auss(SPhN3)20Cs]*. TGA showed a
weight loss of 35.06%, consistent with the composition of
Aus(SPhN3)2 (Figure S6). Again, FTIR showed the characteristic
azide vibration at 2135 cm™ (Figure S7), confirming the presence of
the azide thiol. Based on these findings, we postulate that the newly
formed nanocluster is structurally analogous to Aus(SPhBu)a,
which has similar optical properties.””’* The newly obtained
Auzs(SPhN;)20 nanocluster exhibits 20 surface clickable sites across
the entire particle surface (Figure 2A, middle). These studies suggest
the ligand exchange process is able to disrupt the thermodynamic
equilibrium of the precursor clusters, leading to complete structural
rearrangement and a new, lower-energy product despite two
different starting points.
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We further applied the ligand exchange reaction to two larger
nanoclusters, Auso(S-£CsHs)is and Auss(SCHsPh)as (Figure 3).
Again, UV-vis spectroscopy of the resulting nanoclusters exhibited
identical main absorptions at 325 and 575 nm as well as shoulder
bands at 390 and 450 nm (Figure 3B, red). In addition, both
products exhibited an m/z of 10827.0 Da as determined by ESI-MS,
indicating the formula of [Auss(SPhN3)24Cs]* (see the matching
experimental and calculated isotope patterns in Figure 3C, middle),
which was further supported by EA, TGA and FTIR characterization
(Figures $8-9). In light of (i) the comparable metal-ligand
compositions and analogous optical abortions between
Auzs(SPhN:)24 and the previous reported Auss(SPhBu)a,” (ii) the
similar structure between -SPhN; and -SPh‘Bu ligands, the structure
of Auss(SPhNG3)y4 is speculated based on the known structure of
Auss(SPh'Bu)»s (Figure 3A), where 24 surface-clickable azides

emanate from the entire surface of the nanocluster. Indeed, the
nanocluster  transformations  from  Aus(S-£CiHs)is  to
Alhé(SPhIBu)?A and from Au3s(SCzH4Ph)z4 to Au3s(sPhBu)z4 have
been documented previously.””” All azide-functionalized
nanoclusters reported here display a different size relative to their
precursors, which suggests that the activation energy for
rearrange is quite low, and that the
structure/composition of the rearranged nanocluster are strongly

nanoclusters to

dependent on the new surface ligands.* These results also imply that
ligand exchange without affecting the overall nanocluster structure
may be challenging, unless the starting precursor is a highly stable
one.
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Although the ligand § is unstable due to its spontaneous
rearrangement, after its anchorage onto the nanocluster surface, the

A) @  Au,(sPhN

3)20

electron density associated with the sulfur atom should be greatly
reduced, thereby reducing its propensity towards elimination
(Figure S3B). To confirm this hypothesis, the thermal stability of the
nanoclusters was evaluated by monitoring their optical properties as
afunction of time at 50 °C. As shown in Figure 4A, characteristic UV-
vis absorptions of Auss(PPhs)10(SPhN3)sCla gradually decreased in
intensity after two hours and completely disappeared in
approximately 12 hours, indicating degradation. However, the
degradation is not due to the spontaneous rearrangement of the -
SPhN; ligand, as evidenced by the retention of the azide vibration at
2135 cm™ (Figure S10C-D). Instead, the Aus nanocluster itself has
degraded into smaller metal complexes, with gold atoms still bound
to -SPhN; ligands. The majority of the degraded fragments have
been identified by ESI-MS (Figure S10F). In contrast, the UV-
vis/ESI-MS measurements of Auxs(SPhN3)z and Auss(SPhN3)as
were essentially identical before and after heating (Figure 4B-C and
Figure S11). Of note, when the temperature was further increased
from 50 to 100 °C, Auas(SPhN3)s0 exhibited greater stability than
Ause(SPhN:)24 (Figure S12). These studies confirmed that the azide
ligand S was stable once bound to the gold nanoclusters, and
therefore supported the downstream functionalization and
applications of these azide-nanoclusters.

To confirm that the azide functionalities on the nanocluster
remain reactive toward alkynes, we used the Auas(SPhN3)2
nanocluster as the substrate to react with a model alkyne ligand.
Since Cu(I), often used in conventional click reaction, may cause
disruption to the nanocluster,”®”” we adopted DBCO-OH as the
model alkyne, which does not require Cu(I) and instead relies on
strain-promotion to achieve a reasonable reaction rate.>** As
shown in Figure 5, the click reaction transformed the clickable
nanocluster to Aws(SPhN:-DBCO-OH)x. UV-vis spectroscopy
showed slight peak broadening after the reaction (Figure SB). ESI-
MS of the reaction product exhibited two well-resolved peaks at
6594.5 and 13056.0 Da (Figure SC), which can be assigned to
[Aus(SPhN3-DBCO-OH)2Cs: > [Aus(SPhN3-DBCO-
OH)20Cs]*, respectively. FTIR spectroscopy showed the complete
consumption of the azide groups, evidenced by the absence of the
typical azide vibration at 2135 cm™ (Figure S13). These results
indicate that the azides on the nanocluster surface are chemically

and

accessible for click reaction.
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Summary

We report a ligand exchange process using a rigid azide thiol
and pre-made nanocluster precursors to produce clusters with
clickable surfaces. Three azide-functionalized nanoclusters,
Aqu(PPh3)10(SPhN3)5C12, Auzs(SPhNg)zo and Au36(SPhN3)24, are
synthesized and characterized. Structures of these nanoclusters are
proposed based on reported analogous with corresponding
compositions and optical absorptions. While the nanocluster
Auas(PPhs)10(SPhN;)sCl, exhibits clickable sites around the “waist”
of the rod-shaped particle, both Auas(SPhN:)20 and Auss(SPhN:)a4
clusters display “whole-body” distribution of the azides. The latter
two clusters display higher thermal stabilities than
Auss(PPhs)10(SPhN3)sCl,, making them better candidates for
further functionalization and applications. The azide functional
groups on the nanocluster surface remain reactive for click
chemistry. Overall, this work presents an efficient synthetic approach
for preparing nanoclusters with clickable surfaces, which should
enable future studies decorating these particles using click chemistry
for application-driven purposes.
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Materials and Methods

Chemicals. All reagents were purchased from Sigma-Aldrich or Fisher Scientific and used without further
purification: tetrachloroauric (1) acid (HAuCls#3H,0, 99.99% metals basis), triphenylphosphine (PPhs, 99%),
cyclohexanethiol (HS-c-CsH11SH, 95%), 2-phenylethanethiol (HSC;H4Ph, 97%), tert-butylthiol (HS-t-CsHs,
95%), sodium borohydride (NaBH4, 98%), tetraoctylammonium bromide (TOAB, 99%), 4-nitrobenzenethiol
(NO2-Ph-SH, 95%), acetyl chloride (CH3COCI, 98%), trimethylamine (NEts, 99%), anhydrous tin(Il) chloride
(SnCly, 99%), tert-butyl nitrite (tBuO-NO, 90%), trimethylsilyl azide (TMS-Ns3, 95%), 5-hydroxy-1,2:5,6-
dibenzocyclooct-7-yne (DBCO-OH, 97%), anhydrous dichloromethane (CH,Cl,, HPLC, Sigma-Aldrich),
methanol (CH3OH, HPLC, Sigma-Aldrich), anhydrous acetonitrile (CH3CN), hexane (n-C¢H12, HPLC, Sigma-
Aldrich), toluene (Ph-CHs, HPLC, Sigma-Aldrich).

Characterizations. The UV-vis absorption spectra of nanoclusters were recorded using an Agilent 8453
diode array spectrometer. Electrospray ionization mass spectrometry (ESI-MS) measurements were
performed by MicrOTOF-QIII high-resolution mass spectrometer. The sample was directly infused into the
chamber at 5 pL/min. For preparing the ESI samples, nanoclusters were dissolved in CH,Cl, (1 mg/mL) and
diluted (v/v = 1:2) by CH3OH. Thermogravimetric analysis (TGA) was carried out on a thermogravimetric
analyzer (DTG-60H, Shimadzu Instruments, Inc.). 10 mg of each nanocluster was used for collecting the
corresponding TGA data. Nuclear Magnetic Resonance (NMR) measurements including *H NMR and 3C
NMR were carried out on 500 MHz Varian Inova. Fourier-transform infrared (FTIR) measurements were
recorded on BRUKER ALPHA FT-IR Spectrometer. Elemental Analysis (EA) measurements were performed
on EuroVector S.p.A. - EuroEA3000 CHNS-O Analyzer.

Table S1. Elemental analysis (C, H, N, and S contents) of azide-functionalized nanoclusters.

[Auzs(PPh3)10(SPhN3)sCl2]Cl, C wt% H wt% N wt% S wt%
Experimental 19.95% 1.99% 2.45% 2.06%
Theoretical 18.57% 2.02% 2.50% 1.91%
Auzs(SPhN3)20 C wt% H wt% N wt% S wt%
Experimental 16.94% 1.05% 9.35% 7.22%
Theoretical 16.94% 0.94% 9.88% 7.53%
Ausg(SPhN3)24 C wt% H wt% N wt% S wt%
Experimental 16.15% 1.08% 9.05% 6.98%
Theoretical 16.15% 0.90% 9.42% 7.18%
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Figure S1. (A) 'H NMR and (B) 3C NMR spectra of S-(4-nitrophenyl) ethanethioate.
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Figure S2. (A) *H NMR and (B) 3C NMR spectra of S-(4-azidophenyl) ethanethioate.
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Figure S4. TGA of [Auas(PPhs)10(SPhN3)sCl2]Cl,. The weight loss of 41.85% is consistent with the calculated
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Figure S6. TGA of Aus(SPhN3),0. The weight loss of 35.06% is consistent with the calculated loss (35.35%)
of SPhN;3 ligands in the Auas(SPhN3)20 nanocluster.
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Figure S7. FTIR spectrum of Au,s(SPhN3),0, showing characteristic azide vibration.
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Figure S8. TGA result of Auss(SPhN3)24. The weight loss of 33.55% was consistent with the calculated loss
(33.70%) of SPhN3 ligands in the Ausg(SPhNs)24 nanocluster.
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Figure S9. FTIR spectrum of Ause(SPhN3)24, showing characteristic azide vibration.
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Figure S10. UV-vis, FTIR, and ESI-MS spectra of the nanocluster Au,s(PPhs)10(SPhN3)sCl; in CH,Cl; before and
after heat treatment at 50 °C for 12 hours. Loss of the characteristic optical absorptions and the mass signal
of [Auzs(PPhs)10(SPhN3)sCl2]?* is observed. However, the azide vibration remains, suggesting that the
degradation is not due to ligand loss. Instead, the S-PhN3; ligands are still anchored to the Au atoms, which

are in the form of metal nanoclusters and metal complexes.
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Figure S11. ESI-MS of (A) Auas(SPhNs)20 and (B) Auss(SPhNs)24 before and after heat treatment.
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Figure S12. (A-B) UV-vis spectroscopy of clickable nanoclusters (black) and their decomposition products
(red). (C-D) Stabilities of Auas(SPhN3)20 and Ausg(SPhNs),s as a function of heat treatment time and
temperature, determined by the optical density at 605 nm and 575 nm, respectively.
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Figure S13. FTIR spectra of Au,s(SPhN3),0 (black) and Auas(SPhN3-DBCO-0H),o (red). The absence of a 2135
cmtvibration of Au,g(SPhN3-DBCO-OH),0 indicates that all surface azide moieties are consumed by the click

reaction.



