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The combined use of thiolate and diphosphine as surface ligands
helps to stabilize subnanometer Ag(0) nanoclusters, resulting in the
successful crystallization of two Ag(0)-containing nanoclusters (Agq¢
and Ags») for X-ray single crystal analysis. Both clusters have core—
shell structures with Ags®* and Ag,,'?* as their cores, which are not
simply either fragments of face-centered cubic metals or their five-
fold twinned counterparts. The clusters display UV-Vis absorption
spectra consisting of molecule-like optical transitions.

Nanoclusters with well-defined structures in the size regime of a
few sub-nanometers to several nanometers are readily crystal-
lized into single crystals suitable for X-ray diffraction analysis.
Such an important feature makes nanoclusters containing tens
to hundreds of metal atoms an ideal system to provide mole-
cular structure models for their nanocrystal counterparts
having much larger sizes. For example, during the past several
years, the total structure determination of thiolate-capped Au
clusters (e.g., Au;p," AUys,>* and Augg (ref. 4)) has been making a
growing impact on the field of metal nanocrystals. The presence
of -RS-Au-SR- (SR = thiolate) or -RS-Au-SR-Au-SR- staple
units is commonly revealed in the surface of the determined Au
nanocluster structures. These revealed staple units have then
been widely applied as a surface structure model for describing
and predicting the structures of thiolate-covered Au and even Ag
containing  nanoclusters/nanocrystals.>**  However, very
recently, the single-crystal analysis of a Ag,, cluster co-capped
by thiolate and phosphine ligands (XMC-1) has indicated that
thiolate-protected Ag(0)-containing nanoclusters do not
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necessarily adopt either core or surface structures of those
reported thiolate-capped Au clusters.*

In general, Ag(0) is more prone to oxidation than Au(0).
Under ambient conditions, thiolated Ag(0)-containing metal
nanoclusters are not expected to have comparable stability to
thiolated Au nanoclusters. Such an instability has resulted in
the following fact: although the syntheses of thiolate-protected
Ag clusters (e.g., Ag,, Ags, Ago, Ag;AU, Ag44, and Ag;s,) have
been reported,'®* rare thiolated Ag(0)-containing clusters have
been crystallized and structurally characterized via single-
crystal diffraction.”® Therefore, with chemical formulae
determined by mass spectrometry, the structures of thiolate-
protected Ag metal nanoclusters were mainly proposed through
simulations by assuming their structural similarity to the
reported thiolate-protected Au nanoclusters.”*** However, the
proposed structures have not been confirmed by experiments
yet. Such a situation would likely prevent us from deeply
understanding the structure-property relationships of thiolate-
protected Ag nanoclusters, many of which, for example, have
been found to exhibit promising luminescence properties.

We report here the stabilization of subnanometer Ag(0)
nanoclusters by the combined use of thiolate and diphosphine
as surface ligands. The structures of two stabilized Ag(0)-con-
taining nanoclusters, Ag;¢(DPPE),(SCsH3F,)14 (Xiamen Metal
Cluster-2, XMC-2) and {Ag;,(DPPE)5(SCeH,CF5),4}>~ (XMC-3),
DPPE = 1,2-bis(diphenylphosphino)ethane, are determined by
single crystal X-ray analysis. Both clusters have core-shell
structures with a multinuclear Ag unit encapsulated in a shell
containing Ag(i)-thiolate-diphosphine complex. In the complex
shell, each Ag atom is tetrahedrally coordinated by three thio-
lates and one P from the diphosphine ligands. Moreover, the
cores of the two clusters are not simply either fragments of face-
centered-cubic (fcc) metals or their five-fold twinned counter-
parts. The coordination modes of both thiolate and metal atoms
on the surface of XMC-2 and XMC-3 are distinct from those in
the reported thiolate-protected Au nanoclusters.

In a typical synthesis of XMC-2 (see ESIT for details), a silver
salt AgBF, was dissolved in the mixture solution of
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dichloromethane and methanol. After the solution was cooled
to 0 °C in an ice bath, DPPE, 3,4-difluorothiophenol and PPh,Br
were added. After 20 minutes, triethylamine and NaBH,
aqueous solution were added quickly to the mixture under
vigorous stirring. After the reaction mixture was stirred at 0 °C
for 12 hours, the aqueous phase was removed. The mixture in
the organic phase was then washed several times with water.
Red block crystals were crystallized from CH,Cl,-hexane at 4 °C
after 10 days in a yield of ~20%. In some cases, XMC-2 was even
crystallized into a single big piece of red crystal (Fig. S17). A
similar synthetic protocol was applied for the synthesis of XMC-
3 by using 4-(trifluoromethyl)thiophenol instead of 3,4-
difluorothiophenol.

The single crystal analysis revealed that both XMC-2 and
XMC-3 clusters have core-shell structures with a multinuclear
Ag unit encapsulated in a shell containing Ag(i)-thiolate-
diphosphine complex. As illustrated in Fig. 1, S2 and S3,T while
XMC-2 has an overall cluster composition of Ag;e(DP-
PE),(SC¢H3F,)14 with a Ags®" unit encapsulated in a complex
shell of {Ags(DPPE)4(SCeH3F,)14}°~, XMC-3 has a composition of
{Ag,,@Ag,o(DPPE)5(SCeH,CF5),4}>~ with a Ag,,'>" core unit. In
XMC-3, the Ag,,'>" core is co-protected by one {Ag,(DPPE);
(SCeH,4CF3)1,}°7, two {Ag,(DPPE)(SCcH,CF;),}>~ and four
(SC¢H,4CF3) ™ units. Each XMC-3 cluster has thus a negative-two
charge balanced by two PPh," cations that are present in
intercluster voids (Fig. S4T). While there are Ag-Ag interactions
in the cores of both XMC-2 and XMC-3 clusters, no obvious Ag-
Ag interactions are revealed among the Ag atoms in their
complex shells. Such a core-shell structural feature of XMC-2

Fig. 1 The crystal structures of Ag;6(DPPE)4(SCeH3F2)14 (XMC-2) (a and b) and
{Ag32(DPPE)5(SCeH4CF3)24~ (XMC-3) (c and d) clusters. Color legend: green
spheres, Ag; yellow spheres, S; pink spheres, P; gray spheres, C. In (a) and (c), all
fluorine and hydrogen atoms are omitted for clarity. In (b) and (d), all phenyl
groups are further omitted. The tetrahedrally coordinated Ag atoms are high-
lighted by tetrahedra in light green.
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Fig.2 The structures of the Agg®* (a) and Ag,,'?* (b) cores in XMC-2 and XMC-3
clusters. The bi(pentagonal antiprism) Agq7 unit in XMC-3 are highlighted in pink
for better visualization.

and XMC-3 was previously reported in XMC-1," a silver cluster
co-protected by thiolate and monodentate PPh;.

As shown in Fig. 2, both the Ag®" core unit of XMC-2 and the
Ag,,"”" core of XMC-3 are not structural fragments of bulk Ag
that has a face-centered cubic structure. While the Ag-Ag
distances in the core of XMC-2 are distributed from 2.694 to
3.040 A with an average of 2.845 A, the Ag-Ag distances in XMC-
3 are ranged from 2.657 to 3.089 A with an average of 2.917 A.
The Ags®* core of XMC-2 can be depicted as a nearly thombus
Ag, unit capped by two Ag, units above and below the rhombus
(Fig. 2a). While the Ag, unit above is bridging the short diagonal
of the Ag, rhombus using only one of the two Ag atoms, the Ag,
unit below is face capping the Ag, rhombus using its both
atoms. In comparison, XMC-3 has a much larger Ag,,"** core
unit which can be described as a pentagon face-sharing
bi(pentagonal antiprism) Ag;, unit that is side-capped by one Ag
atom and one near-square Ag, unit at the opposite direction
(Fig. 2b). While the one Ag atom bridges two Ag atoms, the Ag,
unit bonds to three Ag atoms from the bi(pentagonal anti-
prism). It should be noted that two Ag atoms at the center of the
bi(pentagonal antiprism) are ten-coordinated, but not twelve-
coordinated as in bulk Ag.

In the complex shells of XMC-2 and XMC-3, all Ag atoms are
tetrahedrally coordinated by three thiolates and one P of the
diphosphine ligand, similar to the coordination structure of
surface Ag atoms in XMC-1. Each surface Ag atom in XMC-1 is
coordinated to one monophosphine and three thiolate ligands.
However, in both XMC-2 and XMC-3, each DPPE joints every two
Ag tetrahedra together to form two types of Ag, ditetrahedral
units, corner-sharing (Fig. 3a) and edge-sharing (Fig. 3b)
dimers. Similar surface structures have been previously found
in Ag(1) clusters.””>° The eight Ag tetrahedra in XMC-2 are joined
by four DPPE ligands to form two corner-sharing and two edge-
sharing dimers (Fig. 3c). The two corner-sharing units are
further connected by the two edge-sharing dimers to yield a
pocket-like Ag(i)-thiolate-diphosphine complex shell with a
composition of {Agg(DPPE),(SCeH;F,)14}° . The shell caps the
Agg core unit through Ag-thiolate bonds. Each Ag atom of the
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Fig. 3 The structures of the corner-sharing (a) and edge-sharing (b) Ag, dite-
trahedral units in XMC-2, and the arrangements of Ag, ditetrahedral units in the
shells of XMC-2 (c) and XMC-3 (d). The corner-sharing and edge-sharing dite-
trahedral units are in light green and cyan, respectively. In (d), four thiolates that
are not from Ag, ditetrahedral units are highlighted in golden color. All fluorine,
hydrogen atoms and trifluoromethyl groups are omitted for clarity.

Agg core unit is coordinated to two thiolate ligands from the
Ag(1)-thiolate-diphosphine shell. In XMC-3, five DPPE ligands
link the ten surface 4-coordinated Ag atoms into five Ag,
dimers, two corner-sharing and three edge-sharing ditetrahedra
(Fig. 3d). Two corner-sharing dimers are joined by an edge-
sharing dimer to form an arc-like {Ags(DPPE);(SCsH3F,)12}°~
unit. Together with this arc-like unit, the other two edge-sharing
{Ag,(DPPE)(SC¢H,CF;),}>~ dimers and four thiolate
(SCeH,4CF;)~ ligands are capping the Ag,,">* core through Ag-
thiolate interactions to form XMC-3.

In XMC-2 and XMC-3, the surface thiolates bind two, three
and four Ag atoms, confirming the rich Ag-thiolate coordina-
tion chemistry that has been revealed in many Ag(1)-thiolate
clusters.”®?* Such a situation is different from the reported
structures of thiolated Au nanoclusters in which -RS-Au-SR-
and -RS-Au-SR-Au-SR- staples are their common surface
structural units. On the surface of thiolate-protected Au nano-
clusters, each Au atom is linearly coordinated by two thiolates
and each thiolate serves as a p, bridging ligand. In XMC-2 and
XMC-3, the presence of Ag atoms linearly coordinated by 2-fold
bridging (1) thiolates indeed leads to the formation of a -RS—
Ag-SR- staple unit in each cluster. However, the preferential
tetrahedral coordination of Ag(1) makes Ag tetrahedra as the
dominant surface structural units for the Ag nanoclusters. Since
single-crystal structures of thiolate-protected Ag nanoclusters
have been rarely reported, their structures were mainly theo-
retically modeled by assuming that Ag nanoclusters adopt
similar core and surface structures of Au nanoclusters. Based on
the total structure determination of XMC-2 and XMC-3, as well
as our previously reported structure of XMC-1, such an
assumption should be carefully assessed. Considering that each
Ag (4d"%5s") has one valence electron and the bonding to each
thiolate anion consumes one valence electron, XMC-2 and
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Fig. 4 UV-Vis absorption (a) and emission (b) spectra of XMC-2 and XMC-3 in
CH,Cl,. The emission spectra were collected by using an excitation wavelength of
360 nm.

XMC-3 clusters have 2 and 10 free valence electrons, respec-
tively. Although XMC-2 has the smallest magic electronic
number corresponding to the closed electron shell, XMC-3 is
not the case of the closed-shell superatom.?*3*

As illustrated in Fig. 4a, XMC-2 and XMC-3 in CH,Cl, exhibit
distinct UV-Vis absorption spectra with molecule-like optical
transitions. While both have an absorption peak at 485 nm,
XMC-3 displays at least three distinguishable shoulder peaks at
the wavelength longer than 550 nm. Upon excitation by UV light
in either solid or solution form, unlike the small cluster XMC-1
which contains 14 Ag atoms and emits yellow light," XMC-2 and
XMC-3 give rather weak blue emissions. When excited at
360 nm at room temperature, XMC-2 and XMC-3 in CH,Cl,
display only a prominent emission peak at ~440 nm (Fig. 4b),
significantly different from that of XMC-1. This result suggests
that there might be a size threshold above which thiolated-Ag(0)
nanoclusters are not as intensely photoluminescent as the
reported smaller Ag clusters.'®*®

To summarize, two Ag(0)-containing nanoclusters, Ag;(DP-
PE)y(SCeH3F,)1s (XMC-2) and  {Ags,(DPPE)5(SCeH4CF3)a)>~
(XMC-3), were synthesized and structurally characterized by
single crystal X-ray analysis. The clusters have core-shell
structures with a multinuclear Ag unit encapsulated in a shell
containing Ag(1)-thiolate-diphosphine complex. The co-pres-
ence of both thiolate and diphosphine ligands makes the
coordination modes of both thiolate and metal atoms on the
surface of both clusters highly distinct from those in
the reported thiolated Au nanoclusters. Structural features
reported here provide information that is significant and valu-
able for predicting the structure of thiolate-capped Ag clusters.

We thank the MOST of China (2011CB932403), the NSFC
(21131005, 21021061, 20925103), and the Fok Ying Tung
Education Foundation (121011) for the financial support.

Notes and references

t Crystallographic data for XMC-2 (CCDC 916463): I4,/a, a = 25.3878(3) A, b =
25.3878(3) A, ¢ = 72.3758(11) A, V = 46 649.2(10) A>, Z = 8, Cu Ko, T= 100 K, 26 =
127.38°. 48 569 reflections were measured, of which 19 090 were unique with
Rine = 0.0438. Final R, = 6.84%, WR, = 0.2070 for 1154 parameters and 13 710
reflections with I > 2¢(I). Crystallographic data for XMC-3 (CCDC 916464): C2/c,
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a = 49.221(10) A, b = 22.630(5) A, ¢ = 40.889(8) A, § = 120.01(3)°, V = 39 437(14)
A®, Z = 4, Mo Ka, T = 173 K, 20 = 49.42°. 140 474 reflections were measured, of
which 33 528 were unique with R, = 0.1147. Final R; = 5.90%, WR, = 0.1734 for
2129 parameters and 24 781 reflections with I > 24(I).

1 P. D. Jadzinsky, G. Calero, C. J. Ackerson, D. A. Bushnell and
R. D. Kornberg, Science, 2007, 318, 430-433.

2 M. W. Heaven, A. Dass, P. S. White, K. M. Holt and
R. W. Murray, J. Am. Chem. Soc., 2008, 130, 3754-3755.

3 M. Zhu, C. M. Aikens, F. J. Hollander, G. C. Schatz and R. Jin,
J. Am. Chem. Soc., 2008, 130, 5883-5885.

4 H. Qian, W. T. Eckenhoff, Y. Zhu, T. Pintauer and R. Jin, J.
Am. Chem. Soc., 2010, 132, 8280-8281.

5 N. K. Chaki, Y. Negishi, H. Tsunoyama, Y. Shichibu and
T. Tsukuda, J. Am. Chem. Soc., 2008, 130, 8608-8610.

6 Y. Pei, Y. Gao, N. Shao and X. C. Zeng, J. Am. Chem. Soc., 2009,
131, 13619-13621.

7 H. Hikkinen, M. Walter and H. Groenbeck, J. Phys. Chem. B,
2006, 110, 9927-9931.

8 O. Lopez-Acevedo, H. Tsunoyama, T. Tsukuda,
H. Hakkinen and C. M. Aikens, J. Am. Chem. Soc., 2010,
132, 8210-8218.

9 Y. Pei, Y. Gao and X. C. Zeng, J. Am. Chem. Soc., 2008, 130,
7830-7832.

10 D.-e. Jiang, M. L. Tiago, W. Luo and S. Dai, J. Am. Chem. Soc.,
2008, 130, 2777-2779.

11 O. Lopez-Acevedo, J. Akola, R. L. Whetten, H. Gronbeck and
H. Hikkinen, J. Phys. Chem. C, 2009, 113, 5035-5038.

12 Y. Pei, R. Pal, C. Liu, Y. Gao, Z. Zhang and X. C. Zeng, J. Am.
Chem. Soc., 2012, 134, 3015-3024.

13 S. Malola and H. Hékkinen, J. Phys. Chem. Lett., 2011, 2,
2316-2321.

14 Y. Negishi, T. Iwai and M. Ide, Chem. Commun., 2010, 46,
4713-4715.

15 H. Y. Yang, ]J. Lei, B. H. Wu, Y. Wang, M. Zhou, A. D. Xia,
L. S. Zheng and N. F. Zheng, Chem. Commun., 2013, 49,
300-302.

16 K. M. Harkness, Y. Tang, A. Dass, J. Pan, N. Kothalawala,
V. ]J. Reddy, D. E. Cliffel, B. Demeler, F. Stellacci,
O. M. Bakr and ]J. A. McLean, Nanoscale, 2012, 4, 4269-4274.

This journal is © The Royal Society of Chemistry 2013

View Article Online

17 Y. Negishi, R. Arai, Y. Niihori and T. Tsukuda, Chem.
Commun., 2011, 47, 5693-5695.

18 T. Udayabhaskararao, Y. Sun, N. Goswami, S. K. Pal,
K. Balasubramanian and T. Pradeep, Angew. Chem., Int.
Ed., 2012, 51, 2155-2159.

19 T. U. B. Rao and T. Pradeep, Angew. Chem., Int. Ed., 2010, 49,
3925-3929.

20 Z. Wu, E. Lanni, W. Chen, M. E. Bier, D. Ly and R. Jin, J. Am.
Chem. Soc., 2009, 131, 16672-16674.

21 O. M. Bakr, V. Amendola, C. M. Aikens, W. Wenseleers, R. Li,
N. L. Dal, G. C. Schatz and F. Stellacci, Angew. Chem., Int. Ed.,
2009, 48, 5921-5926.

22 T. U. B. Rao, B. Nataraju and T. Pradeep, J. Am. Chem. Soc.,
2010, 132, 16304-16307.

23 J. Guo, S. Kumar, M. Bolan, A. Desireddy, T. P. Bigioni and
W. P. Griffith, Anal. Chem., 2012, 84, 5304-5308.

24 1. Chakraborty, A. Govindarajan, J. Erusappan, A. Ghosh,
T. Pradeep, B. Yoon, R. L. Whetten and U. Landman, Nano
Lett., 2012, 12, 5861-5866.

25 S. Kumar, M. D. Bolan and T. P. Bigioni, J. Am. Chem. Soc.,
2010, 132, 13141-13143.

26 H. Xiang, S.-H. Wei and X. Gong, J. Am. Chem. Soc., 2010, 132,
7355-7360.

27 X.-J. Wang, T. Langetepe, D. Fenske and B.-S. Kang, Z. Anorg.
Allg. Chem., 2002, 628, 1158-1167.

28 S. Chitsaz, D. Fenske and O. Fuhr, Angew. Chem., Int. Ed.,
2006, 45, 8055-8059.

29 A. Rothenberger, M. Shafaei-Fallah and W. Shi, Chem.
Commun., 2007, 1499-1501.

30 I. G. Dance, Inorg. Chem., 1981, 20, 1487-1492.

31 D. Fenske, C. Persau, S. Dehnen and C. E. Anson, Angew.
Chem., Int. Ed., 2004, 43, 305-3009.

32 X. M. Liu, H. Y. Yang, N. F. Zheng and L. S. Zheng, Eur. J.
Inorg. Chem., 2010, 2084-2087.

33 M. Walter, J. Akola, O. Lopez-Acevedo, P. D. Jadzinsky,
G. Calero, C. J. Ackerson, R. L. Whetten, H. Gronbeck and
H. Hikkinen, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
9157-9162.

34 H. Hikkinen, Chem. Soc. Rev., 2008, 37, 1847-1859.

Nanoscale, 2013, 5, 2674-2677 | 2677


http://dx.doi.org/10.1039/c3nr34328f

	Stabilizing subnanometer Ag(0) nanoclusters by thiolate and diphosphine ligands and their crystal structuresElectronic supplementary information (ESI)...

