ROYAL SOCIETY

Chemical
Science

OF CHEMISTRY

View Article Online

EDGE ARTICLE

View Journal | View Issue

The stability enhancement factor beyond eight-
electron shell closure in thiacalix[4]arene-
protected silver clusterst

i '.) Check for updates ‘

Cite this: Chem. Sci., 2019, 10, 3360

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Zong-Jie Guan,?® Feng Hu,® Shang-Fu Yuan,®® Zi-Ang Nan, Yu-Mei Lin*@

and Quan-Ming Wang (2 *2°

We report the synthesis and structures of two 34-atom metal nanoclusters, namely
[Ag34(BTCA)3(C=CBu)s(tfa)s(CH3OH)3ISbFs and [AuAgss(BTCA)3(C=CBu')s(tfa)4(CHsOH)sISbFs, where
H4BTCA is p-tert-butylthiacalix[4larene and tfa is trifluoroacetate. Their compositions and structures
have been determined by single-crystal X-ray structural analysis and ESI-MS. The cationic cluster
consists of a centered icosahedron M@Ag;, (M = Ag or Au) core that is surrounded by 21 peripheral
silver atoms. Surrounding protection is provided by four kinds of ligands, including three BTCA, nine
tBUC=C, four tfa, and three methanol solvent ligands. It was found that the Ags@BTCA ps-coordination
motif of thiacalixarene is critical for high stability of the title clusters, and extra stability enhancement can
be achieved by doping a gold atom at the center of the silver cluster. This work suggests that
coordination saturation should be taken into account in addition to electronic and geometric factors for
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1 Introduction

Ligand-protected metal nanoclusters have attracted great
attention owing to their structural diversity and potential
application in catalysis, sensing, drug delivery, and bioimag-
ing."” Various organic ligands as protecting agents have been
used in the preparation of metal nanoclusters.*'” Among those
coinage metal nanoclusters, some exhibit high thermodynamic
and chemical stabilities, such as Au,s,” Auzg,'® Auygo,® Agyq,"
AuysAg;,"° and Aus;Ags;.>° The stability of a cluster is important
for its application in different fields. Many factors can affect the
stability of a cluster, including electronic shell closing,
geometric symmetry and metal doping.'*»'**'>* Moreover, it is
noted that surface organic ligands also play a critical role in
determining the stability,” atom packing,”® and properties of
metal clusters.”” It has been found that the coordination pref-
erence, bulkiness, and electronic nature of ligands have
significant effects on the structures and properties of the
clusters.'7%>728

Previously, we have demonstrated that macrocycle ligands
such as thiacalixarene can be used in the protection of
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analyzing metal nanocluster stabilities.

metal nanoclusters, because calixarenes have preorganized mul-
tidentate coordination sites.” We managed to isolate and deter-
mine the structure of [Ags;5(H,BTCA),(BTCA)(C=CBu")c-
(SbFe); (H4BTCA, p-tert-butylthiacalix[4]-arene) (denoted as
Agss)."¢ While it was envisioned that calixarenes can enhance the
stability of clusters by providing multisite protection, it turned out
that the stability of the cluster Ag;s was not as good as expected. It
decomposes in solution in one day, even though it is an eight-
electron system and it is spherically shaped. In Agss, two types
of coordination motifs of the thiacalixarene were observed,
namely Ag,@H,BTCA and Ags@BTCA (see Scheme 1). One can
see that there are two hydroxyl groups in Ag,@H,BTCA, and they
interact with the other two phenoxyl oxygens to form intra-
molecular hydrogen bonds. We hypothesize that the poor stability
of Ag;s is related to the Ag,@H,BTCA motif, because it is not as
rigid as Ags@BTCA. Moreover, the two protons may be labile in
two ways: they may be removed when encountering a base; they

a) b)
%@\ /o_b% 7‘(?@2\0

Scheme 1 Two types of coordination motifs: (a) Ag4@H,BTCA and (b)
Ags@BTCA.
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may be replaced by other metal ions. Interestingly, we managed to
prepare BTCA-protected silver nanoclusters containing no proton
residues by adding excess silver salt Agtfa (tfa = trifluoroacetate)
in the synthetic protocol and found that these nanoclusters
bearing only Ags@BTCA motifs are much more stable than Agzs.

Herein, we report the synthesis, total structure determina-
tion, optical properties, and electronic structure analysis of two
metal nanoclusters protected by BTCA ligands: [Agz4(BTCA);-
(C=CBu")(tfa)(CH;0H);]SbFs (1) and [AuAg;;(BTCA)s-
(C=CBu")(tfa),(CH;0H);]SbFg (2). Cluster 2 is a single-gold-
doped analogue of 1 and is isostructural to 1.

2 Experimental

Materials

3,3-Dimethyl-1-butyne  (‘BuC=CH, 98%) and silver tri-
fluoroacetate (Agtfa, 98%) were purchased from J&K; silver hex-
afluoroantimonate (AgSbFs, 98.0%) and 4-tert-butylthiacalix[4]
arene (H,BTCA) were purchased from TCI; sodium borohydride
(NaBHy,4, 98%) and other reagents employed were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All
reagents were used as received without further purification.

Synthesis of 1

To 2.0 mL CHCI; solution containing AgC=CBu’ (0.1 mmol)
and AgSbFg (0.1 mmol), 1.0 mL of methanol solution of Agtfa
(0.06 mmol) was added, and then a freshly prepared solution of
NaBH, (0.03 mmol in 1 mL of ethanol) was added dropwise
under vigorous stirring. The solution color changed from
colorless to pale brown and finally to dark brown. Then 3.0 mL
CHCI; solution containing H,BTCA (0.02 mmol) was added to
the mixture, followed by addition of triethylamine (20 pL). Then
the reaction continued for 3 h at room temperature in air in the
dark. The mixture was evaporated to dryness to give a dark
solid. This solid was dissolved in 8 mL n-hexane and centrifuged
for 2 min at 9000 rpm, and then the supernatant was collected.
The organic solvent was removed under rotary evaporation, and
then the solid was dissolved in a mixture of diethyl ether (3 mL)
and methanol (0.5 mL). After the solution was volatilized at 4 °C
for about 7 days, sheet-like dark crystals deposited in 7% yield
(3.8 mg, based on Ag).

Synthesis of 2

To 2.0 mL CHCI; mixture of AgC=CBu’ (0.1 mmol) and AgSbF,
(0.1 mmol), 1.0 mL methanol solution containing Agtfa (0.06
mmol) was added, and then a freshly prepared solution of
NaBH, (0.03 mmol in 1 mL of ethanol) was added dropwise
under vigorous stirring. The solution color changed from
colorless to pale brown and finally to dark brown. Then 3.0 mL
CHCI; solution containing H,BTCA (0.02 mmol) was added to
the mixture, followed by addition of triethylamine (20 pL).
Finally, 1.0 mL CHCI; solution containing Me,SAuCl (0.02
mmol) was added. Then the reaction continued for 3 h at room
temperature in air in the dark. The mixture was evaporated to
dryness to give a dark solid. This solid was dissolved in 8 mL n-
hexane and centrifuged for 2 min at 9000 rpm, and then the
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supernatant was collected. The organic solvent was removed
under rotary evaporation, and then the solid was dissolved in
a mixture of diethyl ether (3 mL) and methanol (0.5 mL). After
the solution was volatilized at 4 °C for about 7 days, sheet-like
dark crystals deposited in 10% yield (5.4 mg, based on Ag).

Characterization

UV-Vis-NIR absorption spectra were recorded on a Cary 5000.
The mass spectrum was recorded on an ABI4800plus ESI-TOF-
MS and Waters Q-TOF mass spectrometer. Intensity data of
compounds 1 and 2 were collected on an Oxford Gemini S Ultra
system (Cu K). Absorption corrections were applied by using the
program CrysAlis (multi-scan). The structure was solved by
direct methods, and C, O, S, F, Ag, Au atoms were refined
anisotropically by least-squares on F> using the SHELXTL
program. SbF ™~ could not be located due to high symmetry, but
the formula reported was confirmed by mass spectrometry
(Fig. S1t). The diffuse electron densities resulting from the
residual solvent molecules were removed from the data set
using the SQUEEZE routine of PLATON.

Computational details

Density functional theory (DFT) calculations were performed
with the quantum chemistry program Gaussian 09.*° In the
calculations, cluster 1 was mimicked by a model system of
[Ag34(TCA);(C=CH)(tfa),]" and cluster 2 was mimicked by
a model system of [AuAg;;(TCA);(C=CH),(tfa),]". The 6-31G(d)
basis set was used for C, H, O, S, F, and LANL2DZ for Ag and
Au.*' Geometry optimizations were performed with the B3LYP
functional, and time-dependent DFT calculations of the UV-vis
absorption spectrum were performed with the PBE functional.

3 Results and discussion

Single-crystal X-ray crystallography revealed that cluster 1 crys-
tallized in the axisymmetric R3 space group.*? As shown in
Fig. 1a, the monocationic cluster consists of 34 Ag atoms
coordinated by four kinds of ligands, including three BTCA,
nine ‘BuC=Cc, four tfa, and three methanol ligands. The Ags,
core has a centered icosahedron Ag@Ag;, kernel that is sur-
rounded by 21 peripheral silver atoms (Fig. 1b). As shown in
Fig. 1c, all three calixarene ligands are in the same binding
environment Ags@BTCA, and each of the calixarene ligands
binds five silver atoms (one silver atom belongs to the icosa-
hedral Ag;, shell). This structural feature is different from the
case of the reported Ag;s where there are two kinds of binding
motifs (Ag;@H,BTCA and Ags@BTCA).'** Except for the 25 Ag
atoms, the remaining nine silver atoms are surrounded by
alkynyl, tfa and methanol ligands (Fig. 1d). In the Ag@Ag;, core,
the Ag---Ag distances between the central Ag atom and the Ag
atoms of the Ag;, shell have an average value of 2.779 A, which
is shorter than the average Ag---Ag distance within the Ag;, shell
(2.922 A). These values are very close to those found in the
Ag@Ag;, core of Agss (2.778 and 2.923 A, respectively)."’® The
average Ag---Ag distances from the 21 exterior Ag atoms to the
Agy, shell are 3.03 A. Alkynyl ligands adopt two types of
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Fig. 1 (a) Molecular structure of 1. (b) Agz4 kernel in 1. (c) The addi-
tional 12 Ag atoms (sky blue) held by thiacalixarene ligands onto the
Ag@Ags, core (green). (d) The 9 peripheral Ag atoms (sky blue) coor-
dinated by alkynyl, tfa and MeOH ligands. Color legend: green, sky
blue, silver; red, oxygen; yellow, sulfur; gray, carbon; bright green,
fluorine. Hydrogen atoms were omitted for clarity.

coordination modes: three in ps-n',n%n> and six in p,-
n',m*m?n?® (Fig. S21). Three tfa ligands employ a p,-n*,n" mode,
and the other tfa employs pz-n',n*,n* mode (Fig. S31). It's worth
noting that there are three methanol molecules in the structure,
which coordinate with the silver atoms with a Ag-O distance of
2.262 A (Fig. 1d and S31).

The composition of 1 was further confirmed by electrospray
ionization mass spectrometry (ESI-MS) in positive mode, using
CH,(Cl, as a solvent (Fig. 2). As shown in Fig. 2a, signals were
observed at m/z = 3328.00, 3366.51, 3405.02, and 3444.01 corre-
sponding to the molecular ions [Ags;s (BTCA);(C=CBu")sCl;]*",

(a) [Ag,,(BTCA) (C=CBu'),CI I

[Ag,,(BTCA) (C=CBu),(tfa) C1,]**

[Ag,(BTCA),(C=CBu')(tfa),CII" |

[Ag,(BTCA),(C=CBu)(tfa),]"" [

-_T T T T T T T T T T 1
3000 4000 5000 6000 7000 8000
mi/z
(b) | I1
M Wag,,

339 3399 3402 3405 3408 3411 3414 3435 3438 3441 3444 3447 3450 3453
miz miz

Fig. 2 (a) Mass spectrum of cluster 1. (b) The measured (blue trace)

and simulated (red trace) isotopic patterns of [Agz4(BTCA)s(-
C=CBu"s(tfa),ClI** (I) and [Ags4(BTCA)3(C=CBu’)s(tfa)s]** (lI).
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[Ag;4(BTCA)3(C=CBu)o(tfa)CL,]**, [Agzs(BTCA)3(C=CBu’)q(tfa),-
CIP", and [Agss(BTCA);(C=CBu’)s(tfa);]*", respectively. Its
isotopic distribution pattern is in perfect agreement with the
simulated one (Fig. 2b, I and II). It was found that the tfa and
methanol ligands can be removed under the conditions of the ESI-
MS measurement.

Furthermore, doping effects were also studied by intro-
ducing a gold precursor in the synthesis, which resulted in the
isolation of a mixed metal nanocluster, [AuAgs;(BTCA);(-
C=CBu")o(tfa),(CH;0H);]SbF, (2). X-ray crystal structure anal-
ysis revealed that 2 is isostructural to 1 (Fig. 3).** Cluster 2 can
be derived from 1 by replacing the central Ag atom by a gold
atom, i.e., now it is a centered icosahedral Au@Ag;, core instead
of Ag@Ag;,. The Au---Ag distances from the central Au atom to
the Agy, shell have an average value of 2.780 A, and the average
bond length in the Agy, shell is 2.923 A. These values are almost
the same as the Ag---Ag distances of Ag@Ag;, in 1 (2.779 A and
2.922 A). It is worth noting that only a few examples of single-
gold-doped Ag nanoclusters have been reported, such as
AuAg;6,> AuAg,,,** AuAg,s,* and AuAg,o.*°

Moreover, the composition of 2 was also verified by ESI-MS
(Fig. S47). One can see three intense peaks at m/z = 3411.05,
3450.06 and 3488.57, which can be assigned to [AuAgs;(-
BTCA);(C=CBu")o(tfa)CL,]**, [AuAgs3(BTCA);(C=CBu’)o(tfa),-
CI**, and [AuAgs;;(BTCA);(C=CBu')q(tfa);]**, respectively. A
weak signal was found at m/z = 7186.13 corresponding to the
molecular ion [AuAg;;(BTCA);(C=CBu")s(tfa),(CH;0H);]". Its
isotopic distribution pattern is in perfect agreement with the
simulated one (Fig. S47, I1I, IV, and V).

Clusters 1 and 2 give green solutions in CH,Cl,, and their
absorption spectra are shown in Fig. 4. Cluster 1 shows three
prominent absorption bands at 614, 457 and 339 nm. The two
lower-energy absorption peaks were blue-shifted to 437 and
579 nm for 2. To better understand the electronic structures of 1
and 2, time-dependent density functional theory calculations
were performed to investigate their frontier orbitals. As shown
in Fig. S5at, the absorption bands around 600 nm are attributed
to the transitions from HOMO—2 to LUMO for cluster 1 and
from HOMO-3 to LUMO for 2. We found that the HOMO—2 of 1
and the HOMO-3 of 2 spread over the 7 orbital of the BTCA
ligand, and their lowest unoccupied molecular orbitals are
composed mainly of the orbitals of the metal core (Fig. S57).
Consequently, the lowest energy absorption peaks of the two
clusters primarily come from the transition from thiacalixarene

Fig. 3 (a) Molecular structure of 2. (b) Metal core AuAgss in 2. Color
legend: green, silver; red, oxygen; yellow, sulfur; gray, carbon; bright
green, fluorine. Hydrogen atoms were omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The optical absorption spectra of [Ags4(BTCA)s(C=CBu’)s(-
tfa)4(CHzOH)3l(SbFg) (1) and [AuAgss(BTCA)s(C=CBu)s(tfa)4(CHs-
OH)sl(SbFe) (2) in dichloromethane solution. Inset: photographs of
cluster solutions.

to metal kernel. Theoretical studies revealed that 1 and 2 have
similar frontier orbitals, but the HOMO-LUMO gap of 2 is
slightly larger than that of 1 (Fig. S6t1). However, the higher-
energy absorption peaks at 339 nm for 1 and 2 are the same,
indicating that the central metal does not make any contribu-
tion, and are probably associated with the surface Ags;@BTCA
motifs. It is worth noting that the peak at 339 nm for 1 is also
similar to that of Ag;s, although their absorption peaks at 400 to
650 nm are different.'® Nevertheless, the 339 nm peak of cluster
1 is sharper than that of Ag;s, which indicated that this peak is
related to the coordination motifs of thiacalixarene.

Clusters 1, 2 and Agss have very similar geometric structures,
and all of them are 8-electron systems, so they are supposed to
have similar stability. To our surprise, in contrast to the poor
stability of Ag;s, 1 and 2 are much more stable as monitored by
UV-vis spectroscopy. No decomposition was observed after the
solutions of 1 and 2 had been stored under ambient conditions
for at least three weeks in the absence of light (Fig. 5a and b),
while Ag;5 was only stable for less than one day under the same
conditions (Fig. 5c). The Ag,@H,BTCA motif in Ags;s may
account for its instability (Fig. S71). Compared with the rigid
Ags@BTCA motif in 1 and 2, Ag,@H,BTCA is distorted and it
contains two labile hydroxyl hydrogens, which allows for the
coordination of silver ions. As shown in Fig. 5c, the peak at
336 nm became sharp as Agzs was stored for one day, which
indicated that Ag,@H,BTCA was converted to Ags;@BTCA
through binding an additional silver atom. Thus, Ags;s decom-
posed as a result of binding silver ions generated from other
Ag;s. In contrast, there is only one type of coordination motif of
thiacalixarene with silver atoms in 1 and 2, Ags@BTCA. As the
coordination of BTCA is saturated, no transformation from
Ag,@H,BTCA to Ags@BTCA is possible. In addition, three rigid
Ags@BTCA motifs in 1 or 2 will strengthen the interactions
between the metal kernel and the ligands. Consequently, two
title clusters are much more stable than Agss. It is noted that

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Time dependences of absorption spectra of 1 in CH,Cl,. (b)
Time dependences of absorption spectra of 2 in CH,Cl,. (c) Time
dependences of absorption spectra of Agss in CH,Cl,.

previous studies have underscored the role of coordinating
species in the stability of silver clusters.*****?” Bigioni and
coworkers found that the coordinating solvent can plug up the
hole of the ligand shell to stabilize the nanoclusters, though no
direct structural evidence was available.*” In this study, the
effect of coordinating species was confirmed by single crystal
structure determination.

Interestingly, cluster 2 exhibits higher stability than 1 in
solution under ambient conditions. As shown in Fig. S8F, the
optical absorption spectrum of 2 remained unchanged for at
least 21 days. However, the absorption peaks at 457 nm and
614 nm for 1 were significantly attenuated after 10 days. This
observation indicates that doping of 1 with one Au atom forms
a more stable cluster 2. Note that similar cases have been

Chem. Sci,, 2019, 10, 3360-3365 | 3363
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observed in Ag,o_Au,(BDT),,(TPP),,* M4AUAL,, (SR)z0,'22®
PdAu,4(SR);g and Pd,Ause(SC,H,Ph),,.2**° Teo et al. developed
the strong-bond rule and heterobond rule to explain the
stability enhancement of doped clusters. These empirical rules
are also applicable in explaining the stability difference
between 1 and 2. Doping a single Au atom in a Ag nanocluster
leads to stronger metal-metal bonds, i.e. the bond energy of Au-
Ag is greater than that of Ag-Ag in the present case, and the
number of heterobonds is maximized as the Au atom is located
at the center of the Ag;, icosahedron.***' Our theoretical
calculation also demonstrates that the interaction energy
between the central atom and the Ag,, shell in 2 is larger than
that in 1 (Table S17). In addition, electrophilicity of gold atoms
is also accountable for the stabilization of heteronuclear
nanoclusters.*®

Overall, the stability difference between 1 and 2 is thermo-
dynamic in nature, while the dynamic factor plays a critical role,
resulting in the stability enhancement from Ag;; to 1.

4 Conclusion

Previous studies have emphasized that electronic shell closing
and geometric symmetry are two important factors for nano-
cluster stability,”** and this work further indicates that the
extent of coordination saturation of ligands is also critical for
the stability of metal nanoclusters. The reactivity of a nano-
cluster with unsaturated coordination sites could be lowered
through adding metal ions such as Ag" to achieve coordination
saturation in the present case. While an 8-electron shell closure
has been identified as an important factor accounting for the
stability of many metal nanoclusters, poor stability was still
found in 8e system Agss. These findings suggest that coordi-
nation saturation should be taken into account in addition to
electronic and geometric factors for analyzing nanocluster
stabilities.
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