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Naked Aus Clusters: Dramatic Effect of a Thiol-Terminated Dendrimer
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Abstract: Reaction of the thiol-termi-
nated fourth-generation dendrimer 2-G,
(96 SH groups) with the gold cluster
compound Auss(PPh;);,Cly in a 3:1 mo-
lar ratio in dichloromethane results in
the formation of bare Auss clusters. The
cuboctahedrally shaped Auss particles
coalesce to well-formed microcrystals
(Auss).. The role of the dendrimer is
not only to remove the phosphine and

ideal matrix for perfect crystal growth.
Transmission  electron  microscopy
(TEM), small- and wide-angle X-ray
diffraction (SAXRD and WAXRD)
measurements indicate a structure
where rows of edge-linked Auss building
blocks form a distorted cubic lattice. The
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X-ray data fit best if a 5% reduction of
the Au—Au bond length in the Aus;s
clusters is assumed, in agreement with
previous extended X-ray absorption fine
structure (EXAFS) measurements. En-
ergy-dispersive  X-ray spectroscopy
(EDX) analyses and IR investigations
show the absence of PPh; and Cl in the
microcrystals.

chlorine ligands but also to act as an

Introduction

The stabilization of metal clusters by suitable ligand mole-
cules is a necessary and useful way not only to prepare the
clusters, but also to make them isolable compounds. The
ligand shell prevents coalescence between the metal cores so
that their individual characteristics are saved. A ligand-
stabilized cluster compound that has been in the center of our
research for many years is Auss(PPh;),,Clg.[" 2 As it has been
shown by a large number of physical investigations in the
course of the last one to two decades, the electronic properties
of this cluster are of significance due to its position on the
borderline between bulk and molecule. Auss(PPh;);,Clg and a
series of derivatives having other ligands instead of PPh; show
characteristic quantum-size behavior in many respects.’”!
Most important, it has been shown that they are suited to
enable single-electron tunneling (SET) between each other at
room temperature.l’?’. Consequently, these clusters are very
promising candidates for future nanoelectronic devices work-
ing with quantum dots.
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The properties of these clusters are, of course, always linked
to the nature of the ligand molecules. We have no information
on the electronic behavior of naked Aus;s clusters. It may be
significantly different for cases which lack gold —ligand bonds,
since these must influence the electronic life of the cluster
core. On the other hand, naked Auss and any other bare
clusters will never be available as individual clusters, except in
the gas phase. In spite of this it would be highly informative to
study the behavior of naked Auss clusters under “realistic
conditions” , for example in solution, to learn more about
their stability in the uncoated state.

A first hint on the behavior of full-shell clusters was found
by us already in 1986, when we succeeded in generating naked
Auy; clusters by peeling off the outer 42 Au atoms from
Auss(PPh;),,Clg together with their ligands by an electro-
chemical process. Surprisingly we found that Auy; nuclei build
up superstructures (Aug;)..° Many attempts to remove
PPh; or other ligands from Aus;s clusters with conservation of
the Auss core have so far failed. Thermal removal, even under
high-vacuum conditions, requires temperatures where the
clusters decompose. Chemical reactions were accompanied by
spontaneous degradation processes.

The known propensity of thiols to form strong bonds with
gold has led to several cluster derivatives, where PPh; is
simply substituted by thiols.''?) Now, we tested dendrimers
possessing thiol chain ends as stabilizers. It was already
reported that organic dendrimers are able to accommodate
small copper clusters within the dendrimeric structure,[3] but
such experiments have not been carried out yet with regard to
the properties of surface functional groups of dendrimers.
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Some of us have reported that the surface of phosphorus-
containing dendrimers can be functionalized with a large
variety of organic and organometallic groups;!'¥l thus it was
interesting to extend this reactivity to the grafting of thiols.
The use of such large ligands leads to the formation of
unprecedented and unexpected Auss superstructures.

Results and Discussion

Reaction of the dendrimer 2-G,, "1 (Figure 1) equipped with
96 SH functions and prepared as shown in Scheme 1, with
Auss(PPh;);,Cls in a 3:1 molar ratio, leads to an insoluble
black material. The 3:1 ratio turned out to give the best
results. Smaller amounts of dendrimer led to less well-
developed microcrystals. Transmission electron microscopy
(TEM) as well as small- and wide-angle X-ray diffraction

(SAXRD, WAXRD) experiments show a very surprising
result, namely the formation of superstructures of naked Auss
clusters forming perfectly shaped microcrystals (Auss),.
Figure 2 shows a TEM image of one typical monocrystalline
particle.

High-resolution images of very thin crystals and of crystal
edges indicate a special ordering of naked Auss clusters.
Figure 3 shows a TEM image of a crystal edge with cluster
rows of 1.85 nm distance. The image also indicates that the
crystal is coated by a thin film which we believe to consist of
dendrimer material.

A small and electronically transparent crystal (Figure 4)
allowed us the study of the cluster ordering in more detail. It
shows the clusters adopt a distorted cubic structure, which can
best be matched with an arrangement of Auss clusters as is
shown in the sketch in Figure 4. Extended SAXRD and
WAXRD measurements confirmed the microscopically sug-

He HSy MSHS yg ns Hs, S HS HS .o
H-S & 5 o j S 5 SH
H-S o< o oo O
O o (o)
HS 11& 02 0% Mo N e O O MeNMeN Me; o, SH
¥ 0™\ Mo Mey - NMeGMe “nmel) Mo Meg MW Meny X
H-S HO'W&‘ nMeN NMeN Mo MON NMen O °~r)/ SH
HSy Lo k{: é é? Mery O. S-H
H-S H "N Me b o d Mey O y
M 0 0, 0 o_0 0o T sH
\10 & o Osp oP \p-0 0;:0 P s=pC 0 Jqu.N o )\Jd
HS~ O M O<F S N-Me” NMeS S*N-Me NMe N g.h-0 N S-H
\lw O SN N N NMe NN Nmen. 9 W9
H-S N O R me N ) N Me s=p-G M SH
OuiiN 0 / " ,d' Wo
TN X0 Me N Nt S:b-0ry* i)
- Me S 0 0.0 0.,-0 Q y t SH
H-S h o) N Op’” 2P 2P —p-0 N o N" o
e Aot N " NMe > Nme S"N-Me ST MeS: ] Me
H-S‘\_\f_’ Me ) ° §NN N N yMe g @/ NPo NNo  sH
IS XMe X OFNMe s=p-g?’ _N'e oD Me, o/~
H-s—\1M°\©~of§‘NN 0w /NNMe o@/ S\\p/ N \)sz
Me 0. 0., S, NN"~0 Me, -H
H-S \@O'R‘N. J‘,O sf.Po ’\ Me e N o $
0,,: S*N-Me N N N, yJJ
o NL“ & s 9 N MU @/N Me Me.\ S-H
H-S NMo 0 o-,‘,’~,[:‘° ;g-o 9 Nite S~
H-S o N o—PpMe S N'Me S;p\o NQOMS-H
el w8 f g
HS Mé SN _pM & 0F \e S=p- z° P Me Q. _SH
NN 0 g™NN 0 N N, 9 N"~0 -
M \@ S b MMe St N =N-N
0 Me o O, P Me N N P 7 Mo o r=Nie Qs
H-S N. ~?~'3/Ie (o} &Ny NNye (o) S‘\p, N-'NM
O Me C ':)/s| N\©-° Mo Q@ Q{ s O'©/ s ’o,@—=N";‘"°\ Me )og/\,s )
HSAANN=D-0, e~ Ne g pe o, S i 2 o0t
Me RN-N=(D-¢ o NN Y NN O 6 O~)—=N-N-F Me O
oy ot ool et o
-N-N: V4 \ e
N 0, Y g Me O 8
H-S™ M': P\'N-N=-©-QMO OMQ .Naf@'o i\ 0R ~©\N § 0 S O"@' ==N'N§i?/°—@-c:: Ng\/\’s H
s~ NN=—r TS ReN= A N Q e ® O Mé O~ —=N-HAASH
. . v
o h:‘,‘.’,4=»©'0\:,"_"i4-N"@ ° sMe ,@'o /O q QX se ° Ney B Ol  Me
~~N A ol N N NnZo M NNAA s+
H-S 0#?49/@’ ?ﬂe N? P Me.y Mo NS Me P (;‘\ s o x‘? 0
3 | = e 4 g i
H-S Me O~p 0 O-R=S 3 ° N'NE-O NAs
° NN 6 §lle 0 9 N Me b N en
I . N /C N, S N
H-s"hf) T{V/@ O_F{.\\Ns Mo N ? Q NS Mo NFO ‘O\NMeo oH
| ), C N ; p-O )
wg~ o M::;“ po oM°N.N’© >S Mo Mo s " a ©\N s (oW M o
e N M . MY 2 NIO ™y Me
H-S’J—‘o S e p:“N”@’ o?\\ S 0% g me N NN‘Y?\_ .
~ o .N/@ s Me, N ? q Nes © ,Ng\’o‘©\\~|e o “sH
N e D S . o O\ w7, Oitg
o~ e I & 5w o-p=s Me-N_s NogMe L7 v MR M
H-S (o] NN i ) O,P~° o~ \0 o (o} "S [o) NMeO S-H
,—A :f,:/@ O'R’SMe,J‘ p ? éP ? q\ N Me'NllD—O ©\ M%
[¢] @ o 4 _N.S N ~(~\_
HS M )j ORS me N ? 2 N ? e o\@\ :N"(_\ SH
3 Q - e
we ° N":}l ﬁ C o-RsMeN M veN,s Me'$‘=sM N Moy N Np'fo 0 q NGO \sH
(I" ° 0 RS ST S o p:S PO 0 N0
MY "% o™ o 00 N g 9 N Me
H-S ,J"O _Mﬂ:d ’ p 9 0 ﬁ? (? ? 0 q o OIL SH
H- (o} o] S-H
y fr:"oe“Mg,N ?? ?ﬁ? Lon ? é% \ T‘kMg‘IMeH
S-H KK:OFL Menmel Nael men:Me NMell N S-H
S

Figure 1. Sketch of the 2-G, dendrimer.
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Scheme 1. Formation of the 2-G, dendrimer having 96 peripheral SH functions.

Figure 2. TEM image of a hexagonally shaped microcrystal of (Auss)...

=,

Figure 3. Magnified TEM image of a (Auss),, crystal edge showing rows of
Aus; clusters.

gested structure of the bare Auss clusters. As indicated in
Figure 4 all reflections can be attributed to that structure
principle under one condition: former EXAFS measurements
on Auss clusters have shown that the Au—Au distances are
about 5% shorter than those in the bulk.'! Assuming that this
reduction is still valid in the superstructures of Auss the
experimental X-ray data fit well to the model.

Table 1 contains the experimental and the calculated X-ray
data; the assignments are given Figure 4. First, it should be

Table 1. Experimental and calculated small and wide angle X-ray diffrac-
tion data of (Auss).,..

26 angle [°]

d (found) [nm] d (calcd) [nm]

43.02 d'=0.21 1x0.2241=0.224
31.92 d*=0.28 1x0.2741°1=0.274
16.10 d*=0.55 2 % 0.2741°1=0.548

4.46 d*=1.98 7 x 0.2741=1.918

[a] Rkl (111) =0.2355 — 5% =0.224. [b] hkl (110) =0.2884 — 5% = 0.274.

noted that dendrimer 2-G, does not give any X-ray reflection
at all, proving that it cannot be part of the crystalline matter,
but probably only covers the microcrystals as a thin amor-
phous layer, as indicated by TEM (see Figure 3). The
distances d'=0.21 nm and d>=0.28 nm correspond to the
(111) and the (110) reflections of bulk gold. The identical d!
values are observed for microcrystalline Auss(PPh;),,Clg; thus,
the 5% distance reduction is evidently also valid for the bare
clusters, d®>=0.55nm, corresponding to half of the cluster
diameter, is also observed for the bare as well as for the
ligated clusters. The most interesting and, with respect to the

superstructure, the most im-
yE portant reflection is d‘=
1.98 nm which is not observed
for Auss(PPh;),Clg microcrys-
tals. It indicates the periodicity

4
d typical for the very special
L0 2 .clust'er arrangement as shown
in Figure 4. In contrast to the

hexagonal close-packed ar-

rangement of the spherical

U

d' Auss(PPh;),Clg ) the distort-

Figure 4. High-resolution TEM image of a cutout of a thin (Auss),, microcrystal. The aggregation of the Aus;s
clusters is elucidated in the sketch. The d values indicate the observed X-ray reflections.
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ed cubic structure of (Auss),, is
a consequence of the Au—Au
contact between naked clus-
ters. They can no longer be
considered as spherical but as
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regular cuboctahedral particles building up the observed
superstructure.

The loss of PPh; and Cl as a result of the reaction with 2-G,
is clearly shown by IR spectroscopy and EDX analysis.
Auss(PPh;),,Cly shows a pronounced Au—Cl frequency at
274 cm~!, which has completely disappeared in (Aus;s)... The
removal of PPh; by 2-G, is already indicated by the
insolubility of the product in CH,CL, in contrast to the
situation with Auss(PPh;),,Cls. The loss is confirmed by IR
spectroscopic investigations of the reaction filtrate which
shows the typical frequencies of PPh; at 31002900 (v(C-H)
arom.), 1410-1460 (v(C=C)arom.), 1038 (v(C-H) in-plane),
and 750 cm~' (v(C-H) out of plane). Furthermore, an EDX
analysis of single microcrystals of (Auss),, resulted in a gold
content of 90-95%. Auss(PPh;);,Cls has a gold content of
only 76 %.

Proposal of the microcrystal formation

Good quality (Aus;s).,, microcrystals are obtained if a dendri-
mer :cluster ratio of 3:1 is used. This means that 288 SH groups
compete with one Auss cluster. The equivalence of all SH
groups obviously does not result in a distinct cluster—den-
drimer combination, but instead the bare clusters move on the
dendrimer surfaces without being trapped at favored posi-
tions. The sketch in Figure 5 illustrates this in a simplified
manner. Whenever two or more ligand-free clusters touch
each other inside the matrix of dendrimers they can form
thermodynamically favored metal —metal bonds.

Thus, crystal “germs” within a shell of dendrimers are
generated ending up in microcrystals. Some of the TEM
images reveal an amorphous looking shell of material that
envelopes the microcrystals. We believe this shell consists of
dendrimer material. The chemical fixation of the dendrimers

is further supported by the fact that they could not be
removed by solvents such as dichloromethane which dissolves
free dendrimers to some extent.

Conclusion

In continuation of work since our discovery of (Aiz).
superclusters in 1986, we have now found a way to make
bare Auss clusters, which act as building blocks in (Auss).,,
superstructures. These latter have been characterized by
TEM, SAXRD, and WAXRD experiments. The PPh; ligands
and the chlorine atoms of Auss(PPh;),Clg have been peeled
off by the reaction with a fourth-generation dendrimer having
96 peripheral SH groups. They remove the phosphines, but are
obviously not able to anchor the Auss clusters in such a way
that stable dendrimer/cluster arrangements are formed.
Instead, for the lack of energetically preferred positions on
the dendrimer surfaces, the bare clusters coalesce to form
(Auss),, superstructures. These results were unexpected;
however, they can be understood in light of what has been
observed: it is the route to the energetically most stable
product under the experimental conditions.

Experimental Section

General: TEM images were obtained using a Philips CM 200 FEG
microscope working with 200 kV accelerating voltage. SAXRD and
WAXRD patterns were obtained by using standard Siemens D5000
diffractometers. The X-ray source was equipped with a fine focus tube
and a primary monochromator selecting Cug, wavelength (0.154 nm). The
beam was detected by using a scintillographic detector. Exposure times
were 72h. IR spectra were recorded with a Bruker FT-IR IFS 113v
spectrometer. For NMR spectra a Bruker AC 200 was used. Elementary
analyses were carried out by the Analytical Laboratory of the Fachbereich
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Figure 5. Simplified illustration of the proposed (Auss),, superstructure formation in the matrix of excess dendrimers. These peel off the PPh; and Cl ligands
from Auss(PPh;);,Clg and thus allow cluster—cluster interactions, which subsequently leads to the observed microcrystals.
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Dendrimer 2-G,: 1-G, fourth-generation dendrimer with 96 NH end
groups (1.000 g)!31 was dissolved in pure y-thiobutyrolactone (2.5 mL) in a
pressure Schlenk. The mixture was kept under stirring at 50 °C for three
days. After cooling, the crude material was washed with diethyl ether (3 x
50 mL) to yield quantitatively 2-G, as a white powder. 3'P {'HJNMR
(CDCL): 6=62.2 (br.s, P=S) (N;P; not attributed); 'H NMR (CDCl,):
6 =131 (br.s,96H, SH), 1.92 (br.s, 192H, CH,-CH,-CH,), 2.52 (br.s, 192 H,
CH,-SH), 2.87 (br.s, 192H, CH,-CO), 3.23 (br.s, 558 H, N-CH,), 7.1-7.8
(m, 930H, C¢H,, CH=N); 13C {'H} NMR (CDCL): 6 =24.4 (s, CH,), 27.8 (s,
CH,), 29.3 (s, CH,), 32.0 (s, CH;-N-CO), 33.1 (br.d, 2Jcp=13.4 Hz, P-N-
CH,), 121.8 (br.s, O-C°), 128.2 (s, O-C™), 132.2 (s, O-CP), 137.7 (s, CH=N-N-
(), 139.1 (m, CH=N-N-P), 151.3 (br.s, O-C'), 174.2 (s, C=0); anal. calcd.
for Cig,H,160N375006P03S156 (43273): C 51.96, H 5.03, N 12.14; found: C
51.68, H 4.97, N 12.01. The irradiation frequency used for MALDI-TOF
experiments (337 nm) provokes the degradation of this phosphorus-
containing dendrimer. Therefore, this method did not allow us to check
rigorously their purity, although the molecular peak could be observed.

(Aug).: 2-G, (91 mg, 2.104 pmol) was dissolved under a nitrogen
atmosphere in dried dichloromethane (10 mL) and placed in a dry
100 mL three-necked round-bottomed flask filled with nitrogen. The flask
was topped by a dropping funnel containing Auss(PPh;);,Clg (10 mg,
0.701 umol) dissolved in dried dichloromethane (40 mL). Under vigorous
stirring, the diluted gold cluster solution was added at the rate of one drop
per two seconds. After complete addition, the brown solution was stirred
for a further 90 min. The solvent was then removed under vacuum and the
crude brown product was washed with acetonitrile (50 mL) to remove free
triphenylphosphine, filtered, and dried. The resulting filtration pad, which
was insoluble in all common organic solvents, was washed with copious
amounts of dichloromethane (5 x 25 mL) to remove excess dendrimer and
unreacted Auss(PPh;);,Cls. The brownish black powder was then dried
overnight under vacuum.
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