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ABSTRACT: Gold clusters protected by terminal alkynes (1l-octyne (OC-H),
phenylacetylene (PA-H) and 9-ethynyl-phenanthrene (EPT-H)) were prepared by the
ligand exchange of small (diameter <2 nm) Au clusters stabilized by
polyvinylpyrrolidone. The bonding motif of these alkynes on Au clusters was
investigated using various spectroscopic methods. FTIR and Raman spectroscopy
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revealed that terminal hydrogen is lost during the ligand exchange and that the C=C

bond of the alkynyl group is weakened upon attachment to the Au clusters. Acidification of the water phase after the ligand
exchange indicated that the ligation of alkynyl groups to the Au clusters proceeds via deprotonation of the alkynes. A series of
precisely defined Au clusters, Auy,(PA)4, Augy(PA),e Auso(EPT);3, Augs(EPT) g, and Auy;_y43(EPT),;_,;, were synthesized and
characterized in detail to obtain further insight into the interfacial structures. Careful mass analysis confirmed the ligation of the
alkynes in the dehydrogenated form. An upright configuration of the alkynes on Au clusters was suggested from the Au to alkyne
ratios and photoluminescence from the excimer of the EPT ligands. EXAFS analysis implied that the alkynyl carbon is bound to

bridged or hollow sites on the cluster surface.

B INTRODUCTION

Gold clusters protected by organic ligands (phosphines and
thiolates) have gained much recent attention as a prototypical
system for fundamental studies as well as nanoscale building
units of novel functional materials."™'® The previous studies
have revealed that their properties and functionalities are
governed by three structure parameters: (1) the number of Au
atoms in the core (core size), (2) the interfacial structure
between the Au core and the ligands, and (3) the functionalities
of the tail groups of the ligands. First, state-of-the-art synthesis
has allowed us to obtain a series of stable Au clusters with well-
defined core sizes, although universal control of any desired size
remains a challenge. Second, the geometric and electronic
structures at the interface depend strongly on the nature of the
head groups of the ligands. X-ray crystallography revealed that
phosphines are coordinated atop sites of the Au core,"''™'?
whereas thiolates (RS) form —SR—[Au—SR~—], oligomers that
are coordinated in a bidentate fashion atop sites of the Au
core. 41014 Although rare, the binding of monomeric thiolates
on bridged sites of the Au core has been found in
Aun(SR)3(PPh3)7;15 [Auzs(SR)s(PPhs)10C12]2+;16 and
Aus(SR),,."7 Recently, we proposed that bulky arenethiols
(Eind-S) are individually bonded to a putative Auy; core of a
twisted-pyramidal structure without forming Au-—thiolate
oligomers in Au,,(S-Eind),."® The electronic charge trans-
ferred at the Au—phosphine interface is negligibly small,
whereas each of the thiolates formally takes one valence
electron from the Au core.' Third, one can furnish a variety of
tailor-made functions by proper design and chemical synthesis
of the ligands.*
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Recently, terminal alkynes (RC=CH) have come into use as
a new type of protective ligand of Au clusters/nano-
particles.”’ ~>* We reported the first synthesis of phenyl-
acetylene-protected Au clusters (Au:PA) by using a biphasic
ligand exchange of preformed polyvinylﬁpyrrolidone (PVP)-
stabilized Au clusters (diameter <2 nm).>° We also succeeded
in synthesizing a magic cluster, Aug,(PA),q, selectively under
specific optimized reaction conditions.”” One can expect that
this class of organogold clusters will exhibit novel photophysical
and electronic properties because of intimate coupling between
the tail group of the ligands and Au clusters via Au—C covalent
bonds. In fact, Wandlowski has demonstrated that electronic
conductance of a single dialkyne molecule between two Au
electrodes is much higher than that of dithiols or other
traditional molecules.”® Delocalization of electronic charge over
alkyne-protected Ru clusters has been reported by Chen.*
However, fundamental information about the interfacial
structures between the terminal alkynes and Au clusters and
their formation process is still lacking.

Four types of binding motifs of terminal alkynes have been

roposed on Au surfaces and nanoparticles as shown in Scheme
12373 In type 1, the alkynyl group (RC=C-) formed by
dehydrogenation of the alkyne is bonded to the Au surface in
an upright configuration via a ¢ interaction.”*°~>* Adsorption
of RC=C- on altop,31 bridged,32 or hollow sites®® of Au
surfaces has been proposed. This type of binding was also
produced by the reaction of ruthenium (Ru) nanoparticles and
L-octynyllithium.*”*” In type 2, the alkynyl group (RC=C-) is
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Scheme 1. Proposed Binding Motifs of Alkynes to a Au
Surface and a Au Nanoparticle
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bonded in a flat-lying configuration to the Au surface via a 6—7
interaction.>**> In type 3, the vinylidene group (RCH=C=)
formed by intramolecular hydrogen transfer is bonded in an
upright configuration.>® This type of binding has been
proposed between 1-dodecyne and Ru nanoparticles.*® In
type 4, the intact alkyne is bonded in a flat-lying configuration
to the Au surface via a 7 interaction.>® An understanding of the
binding motif will not only help establish structure—function
correlations of alkyne-protected Au clusters but will also
provide useful information for the development of Au-based
catalysts for reactions which involve alkyne activation (for
example, Sonogashira coupling, hydrogenation, hydration, and
hydrosilylation)**~* and nanoscale electronic devices based on
the Au—C interface.”®

The present work aims to elucidate the interfacial structures
between small Au clusters and selected terminal alkynes: 1-
octyne (OC-H), phenylacetylene (PA-H), and 9-ethynyl-
phenanthrene (EPT-H). Since a straightforward approach by
single-crystal X-ray crystallography is not currently available, we
tackled the issue by combining various spectroscopic
techniques, including vibrational spectroscopy, mass spectrom-
etry, fluorescent spectroscopy, and extended X-ray absorption
fine structure (EXAFS) analysis. A series of clusters with well-
defined compositions, Aug,(PA),s, Aus,(PA)q,,
Auyy_43(EPT)y 53, Augs(EPT);5 and Ausg(EPT)y;, were
synthesized and used for in-depth examination of the interfacial
structures. Loss of terminal hydrogen was confirmed by IR
spectroscopy and mass spectrometry. Chemical compositions
and photoluminescence (PL) behavior of the chromophoric
sites indicated an upright configuration of the alkynyl ligands
via a Au—C covalent bond. The EXAFS data suggested that the
carbon is bonded to bridged and/or hollow sites of the Au
atoms. The mechanism of bond formation of the terminal
alkynes on Au clusters is discussed on the basis of the results.

B RESULTS AND DISCUSSION

Characterization of As-Prepared Clusters. As reported
previously, alkyne-protected Au clusters could not be obtained
by reduction of AuCl,” in the presence of alkynes.* Thus, a
biphasic ligand exchange protocol was developed for their
synthesis (Scheme 2).°**7 Briefly, PVP-stabilized Au clusters
with an average diameter of 1.2 #+ 0.2 nm, Au:PVP(1) (Figure
S1, Supporting Information),*® were prepared by microfluidic
mixing of the aqueous solutions of HAuCl,/PVP (15 mL) and
NaBH,/PVP (15 mL). Then, an aqueous solution of
Au:PVP(1) was mixed with a chloroform solution of the
alkyne (OC-H, PA-H, or EPT-H) at 333 K with vigorous
stirring for 2 h. The alkyne-protected Au clusters thus produced
from Au:PVP(1) will be referred to hereafter as Au:OC, Au:PA,
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Scheme 2. Synthesis of Alkyne-Protected Au Clusters
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and Auw:EPT, respectively. It should be noted that Au:PVP
clusters larger than 4 nm did not form alkyne-protected clusters
via ligand exchange, implying that the ligation is based on the
size-specific reactivity of the Au:PVP clusters.

The average diameters of Au:OC, Au:PA, and Au:EPT were
determined to be 3.2 + 0.8, 1.4 + 0.2, and 1.4 + 0.2 nm,
respectively, by analyzing TEM images of more than 300
particles (Figure 1). The surface plasmon band in the optical
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Figure 1. TEM images and particle size histograms of as-prepared (a)
Au:0C, (b) Auw:PA, and (c) Aw:EPT and UV—vis spectra of (d)
Au:0C, (e) Au:PA, and (f) Au:EPT.

absorption spectra in Figure 1d indicates that the diameter of
Au:0OC is larger than those of the others. The larger size of
Au:OC in comparison to Au:PA and Auw:EPT is ascribed to its
instability to aggregation in solution. In contrast, Au:PA and
Auw:EPT were stable and did not show any noticeable
degradation over a few days. After storage in chloroform at
273 K for 6 months, it was found that Au:PA clusters were
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transformed into larger particles with an average diameter of 20
+ 4 nm (Figure S2, Supporting Information).** In contrast,
TEM and UV—vis optical spectroscopy indicated that Au:EPT
did not show any sign of degradation after storage for 6 months
(Figure $2).* Thus, the stability of the three clusters increases
in the order Au:OC < Auw:PA <« Aw:EPT. This trend suggests
that the Au—C bond and/or interligand attractive force become
stronger when the ligand bears a more extended 7-conjugated
system.

FTIR spectra of Au:OC, Au:PA, and Au:EPT are compared
with those of their corresponding ligands in Figure 2. The
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Figure 2. FTIR spectra of (a) OC-H, (b) Au:0C, (c) PA-H, (d)
Au:PA, (e) EPT-H, and (f) Au:EPT.

positions and the assignment of the main peaks are summarized
in Table 1. Importantly, the alkynyl C—H stretching peaks of

Table 1. FTIR Vibrational Frequencies (cm™) of
Representative Modes of Free Ligands and Those on Au
Clusters

sample =C—H stretch —C—H stretch —C=C- stretch
OC-H 3313 2846—2973 2121
Au:0C 2832—2965 1995
PA-H 3293 2989-3093 2111
Au:PA 2846—-2973 2017
EPT-H 3276 3003—3083 2098
Auw:EPT 2843—2962 2008

the free ligands at ~3300 cm™! are absent in all the clusters,
indicating dissociation of the alkynyl C—H bond.**** This
result confirms that the alkynyl ligands (RC=C—) are bonded
to the Au clusters (type 1 or 2), ruling out the possibility of
bonding in types 3 and 4. The —C=C- stretching peaks at
2100—2120 cm™" of the free ligands are red-shifted to ~2000
cm™ in all the clusters. This red shift by ~110 cm™ indicates
weakening of —C=C- bonds due to electron back-donation
from the Au clusters to the 7* orbital of the alkynyl group.*>*’
The peaks at 2850—3100 cm™" are due to C—H stretching of
the aliphatic chain or the aromatic ring. The —C=C-
stretching of the aromatic ring is also visible at 1500—1600
cm™' in both the free ligands and clusters. These features
suggest that interaction between the aromatic ring and Au
surface is small and that the alkynyl group is bonded in an
upright configuration (type 1) rather than in a flat-lying
configuration (type 2). Raman spectra of Au:OC and Au:PA
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are shown in Figure S3 (Supporting Information).* Although
the Raman peaks were buried in strong background bands due
to PL, we clearly observed a red shift of the —C=C-
stretching peaks upon binding to the Au clusters, consistent
with the FTIR results.

RC=C—Au bonding was formed in the reaction of alkynes
with PVP-stabilized Au clusters smaller than 2 nm. What is the
fate of terminal hydrogen? A mechanistic understanding of the
ligation process is important, because adducts of alkynyl groups
on Au NPs have been proposed as key intermediates of Au-
catalyzed reactions, including the production of propargyl-
amines via one-pot coupling reactions of aldehydes, alkynes,
and amines* and diphenylacetylene via Sonogashira cross-
coupling of PA-H and iodobenzene.>" There are two possible
scenarios for dissociation of the terminal hydrogen. One is a
heterolytic deprotonation, which was theoretically predicted to
proceed on the cationic site of Au clusters with the help of
base.>’ The other is a homolytic dissociation and subsequent
H, formation, which was observed in the thiolation of Au
clusters.”” In order to shed light on the question, we first
monitored the pH values of the aqueous phase during the
reaction of Au:PVP with PA-H. The pH value decreased
dramatically from 8.50 to typically ~3.9. The final pH value is
comparable to that (3.32) estimated by assuming that all
Au:PVP clusters are fully converted to Aug,(PA),.>” We also
monitored the amount of H, produced in the ligand exchange
by GC analysis. The evolution of H, was detected; however, the
amount of H, was less than 1% of that expected for the
complete conversion of Au:PVP into Augy(PA),¢ These results
demonstrate that heterolytic deprotonation of alkyne is a key
process in the ligation of the alkynyl group. The deprotonation
mechanism is also supported by the fact that the ligation
proceeds in the absence of O, in sharp contrast to the
thiolation of Au:PVP.*®

Compositions of Magic Clusters. We synthesized
Auy,(PA) ;¢ and Aug,(PA),s"" selectively by extracting Au:PVP-
(1) at 283 and 333 K, respectively. Typical yields of Auy,(PA)4
and Aug,(PA),¢ were ~20 and ~70%, respectively. The purity
of the samples was confirmed by MALDI mass spectra (Figure
3ab). In contrast, Aus(EPT),;; and Au;s(EPT);s could be
isolated independently by silica gel column chromatography
from AwEPT, which contained the above species as major
species (Figure S4, Supporting Information).** In order to
obtain larger Au,(EPT),, PVP-stabilized Au clusters with an
average diameter of 1.4 + 0.2 nm, Au:PVP(2), were prepared
(Figure S1, Supporting Information)*® and used in the
synthesis of Auw:EPT. The resulting Aw:EPT had an average
diameter of 1.4 + 0.2 nm (Figure S5, Supporting
Information).*® Although the average diameters of Auw:EPT
prepared from Au:PVP(2) and Au:PVP(1) (Figure 1lc) were
comparable, mass analysis revealed that the former was mainly
comprised of Auy_43(EPT),,_,3; (Figure S6, Supporting
Information).*® Thus we isolated Auy,_43(EPT),,_,; from the
former sample of Au:EPT by silica gel column chromatography.
Figure 3c—e show typical MALDI mass spectra of Au,(EPT),,
thus isolated. The chemical compositions of these species were
determined unambiguously by comparing the mass spectra of
Au clusters prepared by PA-H and the p-methylated derivative
of PA-H.”® First, the number of ligands was determined by
dividing the mass difference between the corresponding cluster
with that between CH; and H (i.e,, 14). Then, the number of
Au atoms was determined by dividing the molecular weight
difference between the whole cluster and total ligands with the
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Figure 3. Negative-ion MALDI mass spectra of (a) Aus,(PA) (b)
Augy(PA)ys, (c) Auso(EPT)y; (d) Auys(EPT)ys and (e)
Auyy_43(EPT),_5;. The inset shows the magnified MALDI mass
spectrum for each cluster.

atomic weight of Au atoms (ie, 197). Such careful mass
analysis confirmed that the terminal hydrogen is removed from
all of the ligands.26 This result again excludes the bonding in
the intact form (types 3 and 4) and supports the bonding in the
dehydrogenated form (type 1 or 2). The Au to ligand ratios of
the above isolated clusters are significantly different from those
of Au:SR, supporting the different interfacial structures (Figure
S7, Supporting Information).** The compositions of the
isolated magic clusters suggest that the coverage by PA and
EPT ligands on the Au surface is approximately 50%. Such high
coverage cannot be explained by a flat-lying configuration of the
bulky ligands (type 2). We conclude that type 1 is the most
plausible model for the bonding motif.

Let us consider the origin of the high stability of the isolated
species, even though this is beyond the scope of the present
work. It is nontrivial to conclude whether the isolated species
are intrinsically stable or not. We cannot rule out the possibility
that the isolated clusters are kinetically stabilized during the
ligand exchange, since the core sizes for the isolated clusters are
similar to those of dominant clusters of Au:PVP(1/2), such as
Au,,, Aus;, Auy;, Augg, and Auy, (Figure S1, Supporting
Information).*® The importance of electronic shell closure has
been well recognized for bare and ligand-protected Au
clusters."” According to the electronic shell model for a
spherically symmetrical potential field, the electronic shells will
be closed with a total number of valence electrons of 2, 8, 18,
20, 34, 40, 58, 70, 92, ..">"® The formal numbers of valence
electrons in Auy,(PA) ¢ and Auy;_43(EPT),,_,; were calculated
to be 18 and 20, respectively, by assuming that the clusters are
neutral in the charge state and that each ligand takes one
electron from the Au clusters. Hence, we can ascribe the high
stability of Au,,(PA) ;¢ and Auy;_43(EPT),;_; to the electronic
shell closure. In contrast, the number of valence electrons in
Auyo(EPT) 5, Auy(EPT) g, and Aug,(PA),4 are calculated to be
17, 17, and 28, respectively. These numbers do not match those
expected for spherical electronic shells. Auy,(EPT);; and
Auys(EPT) g may have a net charge to make the total number
of electrons even. Aug,(PA),¢ possibly adopts a nonspherical
geometry wherein 28 valence electrons are filled into the
electronic shell.
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Photoluminescence of Magic Clusters. Generally, PL
from a fluorophore (luminescent organic molecule) is
quenched when it is adsorbed on metal clusters/nano-
particles.*”™>* According to Kamat et al,* there are three
major deactivation channels for photoexcited fluorophores: (1)
energy transfer from the photoexcited fluorophores to the
metal clusters, (2) electron transfer from the photoexcited
fluorophores to the metal clusters, and (3) interactions between
fluorophores. Thus, PL behavior is a sensitive probe of the
interaction of Au clusters and fluorophores of alkynyl ligands.

The excitation and emission spectra of the five isolated
clusters and free ligands (PA-H and EPT-H) are shown in
Figure 4; the complete set of three-dimensional PL spectra is
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Figure 4. Excitation (red) and emission (black) spectra of (a) PA-H,
(b) Au34(PA)16! (0 Au54(PA)zs; (d) EPT-H, (e) Au3o(EPT)13, €]
Auss(EPT);g and (g) Auyy_43(EPT)y 5

summarized in Figure S8 (Supporting Information).** The
excitation spectra of the five clusters are not similar to their
optical absorption spectra (Figure S9, Supporting Informa-
tion)*® but rather to those of the corresponding ligands. This
result implies that the PL properties observed are mostly
governed by those of the ligands on the Au clusters. PA-H was
luminescent (4., 330 nm, 4., 380 nm) with a quantum yield
(@) of 2.1 X 107 (Figure 4a). Aug,(PA),s and Auy,(PA),4 had
similar PL properties (Figure 4b,c) with A, 390 nm at 4., 335
nm, although the ® values were reduced to 2.3 X 107 and 3.8
X 107% respectively. The similar PL properties indicate that the
photophysical property of PA is not affected significantly upon
attachment to the Au cluster and that the phenyl ring is not
directly interacting with the Au clusters. This result is
consistent with the upright configuration of PA ligands on
the Au clusters (type 1).

In contrast, the PL properties of Auyy(EPT) 3, Auss(EPT) g,
and Auy,_,;(EPT),,_,; were significantly different from those
of free EPT-H, which emits A, 370 nm when excited at 4., 310
nm with ® 29 X 107* (Figure 4d). Auso(EPT)y,,
Ausg(EPT) 5, and Auy;_y3(EPT),;_,; showed broad emission
(denoted as A,,(L,*)) with peaks at 470, 465, and 425 nm,
respectively, when excited at A.,, 300 nm. The ® values were
reduced to 2.3 x 107, 1.1 X 107, and 1.1 X 107 for
Auyo(EPT)y;, Augg(EPT);5 and Auyy_43(EPT)y o3 respec-
tively. These broad emissions (colored blue) were significantly
red-shifted from that of EPT-H and assigned to emission from
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the excimer produced by adjacent EPT ligands (Scheme 3).
Similar excimer emission was reported for pyrene derivatives

Scheme 3. Possible Excitation and Emission Pathways in
Free EPT-H and EPT-Protected Au Clusters
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self-assembled on an Au extended surface™ and on CdSe
nanopartides.55 However, the present observation is unique,
because it is known that excimer emission is not observed from
phenanthrene and its derivatives in solution,*® rather only when
phenanthrene rings are forced to overlap through chemical
bonds.’”>° The excimer emission in Figure 4e—g is
attributable to close arrangement of the EPT over the Au
cluster surface. In the excitation spectra, new bands (colored
orange) were clearly observed in addition to those for
monomer excitation. These bands (denoted as A.(L,)) are
also associated with the geometrical constraint between
adjacent ligands (Scheme 3). The difference in the wavelengths
of excimer emission peaks from Auyy(EPT); Auss(EPT),
and Auy_43(BPT),,_,; may reflect the difference in the
interaction due to the difference in the core size. The
observation of excimer emission is additional evidence for the
upright configuration of the ligands.

EXAFS Analysis of Magic Clusters. In order to obtain
further insights into the structure of Au—C bonds, we measured
Au L;-edge XAFS spectra of three selected clusters, Aus,(PA);,
Augy(PA),s, and Auy_43(EPT),,_,; (Figures S10 and S1I,
Supporting Information).** Figure S shows the Fourier-
transformed EXAFS spectra of Auy(PA)s Aug,(PA),, and
Auyy_43(EPT), 3, together with that for the Au foil as a
reference. Table 2 shows the results of curve-fitting analysis by

I1 Au-Au
%(1/2)
s (a)
=
; Au-
P (b)
(o
(c)
(d)
rrl1rI1 T rrrrrri
0 1 2 3 4 5 6
rlA

Figure S. Fourier-transformed EXAFS spectra of (a) Au foil, (b)
Auyy(PA) 6 (¢) Augy(PA)yg and (d) Auy_y3(EPT),; g5
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assuming an electron mean free path of 0.7 nm. The peaks
appearing in the range 1.8—3.2 A were ascribed to Au—C and
Au—Au bonds.

The average coordination number (CN) and bond distance
(r) of the Au—Au bond were (CN, r) (4.0, 2.814 A), (4.2, 2.800
A), and (42, 2.779 A) for Aus(PA);s Aug(PA), and
Auy,_43(BPT), 53, respectively (Table 2). These Au—Au
bond distances are slightly smaller than that in bulk Au. The
CN values are significantly smaller than those expected for
metal clusters smaller than 2 nm; the CN values calculated for
cuboctahedral 13- and 55-mers are 5.5 and 7.9, respectively.
There are two possible explanations for the underestimation of
the average CN values for the Au—Au bonds. The first
possibility is associated with the intrinsic structural feature of
small-sized clusters in which the Au—Au bond lengths are not
uniform.** The EXAFS oscillation amplitude is reduced by the
presence of nonuniform Au—Au bonds. A second possibility is
associated with inelastic electron scattering. Zhao and Montano
reported that the electron mean free path (MFP) of clusters
increases with decreasing size because of more efficient electron
scattering at the surface.”® In fact, we reported that the Au—Au
CN for Aug,(PA),¢ was calculated to be 7.3 + 1.6 by assuming
that the electron MFP is 0.5 nm.”” In the present work, we
systematically investigated the dependence of electron MFP on
the CN values for the Au—Au bonds. Figure S12 (Supporting
Information)* shows that the CN values monotonically
increased with a decrease in the MFP values and reached 7.4,
6.1, and 7.4 for Auy,(PA),s Aug,(PA),s and
Auy;_43(EPT),,_,3, respectively, at an MFP of 0.4 nm.

The average CN values of the Au—C bond depend on
whether the alkynyl carbon is bonded to an atop site, a bridged
site of two atoms, or a hollow site of three atoms of the Au
cluster. The average CN values of the Au—C bond are
calculated to be 0.5, 0.9—1.1, and 1.4—1.5 for the above three
bonding modes, respectively. The experimental CN values of
the Au—C bond were 1.1, 1.3, and 1.5 at MFP = 0.7 nm (Table
2) and increased to 2.0, 3.2, and 2.1 at MFP = 0.4 nm (Figure
S12, Supporting Information)*® for Auy,(PA)s Aug,(PA),g
and Auy_43(EPT),,_5;, respectively. The experimental CN
values exclude bonding to an atop site of Au atoms but support
bonding to bridged and/or hollow sites. The Au—C bond
lengths are in the range 2.2—2.3 A (Table 2). On the basis of
these results, we propose that each alkynyl carbon is bound to
two or three Au atoms on the cluster surface. The bonding
motif is supported by the theoretical prediction that PA prefers
energetically to be bound to the bridged site on Au;g”" and the
fcc hollow site on Au(111).%* The conclusion is also consistent
with the DFT result that polyynyl radicals prefer to bind to
terraces and steps of an Au surface.

B CONCLUSION

We investigated the bonding motif between terminal alkynes
(OC-H, PA-H, and EPT-H) and Au clusters and their
formation process during the ligand exchange of small (<2
nm) Au clusters stabilized by PVP. The structures of the tail
groups of the ligands affected the stability of the Au clusters in
solution; the stability increased in the order Au:OC < Au:PA <
Aw:EPT. Vibrational (FTIR and Raman) spectra revealed that
terminal hydrogen is lost during the ligand exchange and that
the C=C bond of the alkynyl group (RC=C-) is weakened
upon attachment to the Au clusters. Significant reduction of the
pH value of the aqueous phase after the ligand exchange
indicated that the ligation of the alkynyl group proceeds via
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Table 2. Results of Curve-Fitting Analysis in the Region of Au—C and Au—Au Bonds”

sample atom” CN*¢

Au foil Au 12.5(1.5)
Auyy(PA) C 1.1(4)
Au 40(7)
Augy(PA)y4 C 1.3(5)
Au 4.2(6)
Auy;_43(EPT)y o C 1.5(5)
Au 42(8)

r (A)4 Ac*© R (%)
2.884(7) 0.0001(1) 62
2.224(16) 0.0019(66) 135
2.814(3) 0.0005(7)

2.231(16) 0.0025(81) 13.8
2.800(2) 0.0002(4)

2.201(13) 0.0027(52) 14.1
2.779(3) 0.0012(11)

“The r fitting range is 1.8—3.2 A, and the k fitting range is 3.0—13.6 A™". bBonding atom. “Coordination number obtained at an electron mean free
path of 0.7 nm. “Bond length. “Relative Debye—Waller factor: Ac” = (Cuample — Oretorence) > 'R factor: R = (T (% — )2/ 3 (y4)2) 2,

deprotonation of alkyne. To obtain further detailed informa-
tion, a series of atomically precise Au clusters, Auy,(PA),
Augy(PA)ys, Auzo(EPT);;, Auss(EPT),s, and
Auy;_43(EPT),,_»3, were synthesized. Careful mass analysis
confirmed the loss of hydrogen from the ligands and bonding
of the alkynyl group on Au. The Au to alkyne ratios exclude the
flat-lying orientation of the ligands, and the observation of
excimer emission from the EPT ligands confirms the upright
configuration. EXAFS analysis suggests that the alkynyl carbon
is bound to bridge and/or hollow sites of the Au cluster
surfaces.

B EXPERIMENTAL SECTION

Chemicals. All reagents were obtained commercially and were
used without further purification. Hydrogen tetrachloroaurate
tetrahydrate, sodium tetrahydroborate, methanol, toluene, hexane,
chloroform, and polyvinylpyrollidine (PVP; K30, average molecular
weight 40 kDa), were obtained from Wako Pure Chemical Industries.
Phenylacetylene, 1-octyne, 9-ethynyl-phenanthrene, and trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
were purchased from Sigma-Aldrich. Silica gel (mesh size 75—150
um) was obtained from Wako Pure Chemicals. Milli-Q grade water
was used in the present study.

Preparation of PVP Stabilized Au Clusters (1 and 2). Details
of the procedure are given in refs 62 and 63. First, an aqueous solution
of HAuCL,/PVP (10 mM/0.1 M) was prepared and stirred at 273 K
for 30 min. An aqueous solution of NaBH,/PVP (50 mM/0.1 M) was
freshly prepared by adding NaBH, to the aqueous solution of PVP.
Then, the thus-prepared solutions of HAuCl,/PVP (15 mL) and
NaBH,/PVP (15 mL) were loaded into two syringes and injected by
automatically actuated syringe pumps (kdS Scientific, Model No. 780/
00E) at a flow rate of 200 mL/h into a micromixer (SIMM-V2, IMM
GmbH) kept at 273 K. The hydrosol of the resulting Au:PVP clusters
was collected into an ice-cooled Erlenmeyer flask and was stirred for 1
h. Finally, Aw:PVP(1) clusters were obtained by lyophilizing the
deionized dispersion of Au:PVP by ultrafiltration (MWCO = 10 kDa)
with water.

An aqueous solution of HAuCl, (1 mM, 30 mL) was mixed with
PVP (K30, 0.6 mmol in monomer unit), and the mixture was stirred
for 15 min. Next, Au:PVP clusters were obtained by mixing aqueous
solutions of HAuCl,/PVP and NaBH, (0.1 M, 3 mL) at 273 K. Finally,
Au:PVP(2) was obtained by lyophilizing the deionized dispersion of
the as-prepared Au:PVP clusters by ultrafiltration (MWCO = 10 kDa)
with water.

Preparation of Alkyne-Protected Au Clusters. The alkyne
-protected Au clusters were prepared by a ligand exchange protocol
using water—chloroform biphasic systems. Au:PVP clusters dispersed
in water (2.03 mM of Au, 20 mL) were mixed with OC-H, PA-H, or
EPT-H in chloroform (406 mM, 10 mL) followed by stirring at 333 K
for 2 h. After 2 h, the organic phase turned deep brown and the water
became colorless, indicating that complete ligand exchange occurred.
The Au:OC, Au:PA, and Au:EPT clusters in the organic phase were
collected by evaporating the solvents and repeatedly washing with
methanol followed by centrifugation. These clusters are soluble in
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apolar organic solvents (toluene, chloroform, and dichloromethane)
but insoluble in polar organic solvents (methanol and acetone).

Selective Synthesis of Auz,(PA);s. The synthesis of Auy,(PA) ;¢
was carried out under conditions similar to those used for
Augy(PA),e* except at a different temperature (283 K) for 10 h,
followed by purification as described above.

Silica Gel Column Chromatography. Silica gel (mesh size 75—
150 um) was used as a packing material using hexane/chloroform (1/
1) as the initial eluent. Au:EPT samples were loaded onto the column
by dissolution in the minimum volume of chloroform. The hexane/
chloroform mixture as eluent was then passed continually with a
gradual increase in solvent polarity by increasing the chloroform
proportion.

Optical Spectroscopy. UV—vis spectra of respective clusters were
obtained in water or chloroform as a solvent using a JASCO V-670
spectrophotometer. PL spectra of Au clusters and free ligands were
obtained in deaerated chloroform using a JASCO FP-6600
spectrophotometer. Anthracene was used as a standard for the
estimation of the quantum yield of the samples.®!

Transmission Electron Microscopy (TEM). TEM images were
recorded using a Philips JEM 2000FX microscope operated at 200 kV.
A water dispersion of precursor clusters (1 and 2) were drop-casted
onto hydrophilic carbon-coated copper grids, and these were then
dried in open air for 2 h. Similarly, toluene solutions of Au:OC, Au:PA,
and Aw:EPT clusters were drop-casted onto hydrophobic carbon-
coated copper grids followed by drying in open air for 2 h. These were
used in the TEM observations.

Vibrational Spectroscopy. FTIR spectra of all clusters were
obtained using a JASCO FT/IR-4200 spectrophotometer with samples
prepared as KBr pellets. Raman spectra were recorded on a
polychromator (Acton SP300i, 1200 G/mm with SPEC-10 CCD at
—65 °C) by excitation of the alkynes at 785 nm (Toptica XTRA, 300
mW) or of the Au clusters at 532 nm (Coherent Compass 315M, 100
mW).

Detection of Terminal Hydrogen. An aqueous phase containing
Au:PVP (1 mM of Au, 30 mL) was mixed with a chloroform solution
of PA-H (1.5 M, 20 mL) followed by stirring at 333 K for 3 h under an
Ar atmosphere. After the reaction, the solution was cooled to room
temperature. The pH values of the aqueous phase before and after the
reaction were measured using a pH meter (HORIBA, Ltd., 6377-10D),
which was calibrated before use. The amount of H, contained in the
gas phase (3 mL) was monitored using a GC system (Shimadzu GC-
8A) with a TCD. A 60/80 molecular sieve SA column (i.d. 3 mm X 3
m) was used at 40 °C with Ar as a carrier gas.

Matrix-Assisted Laser Desorption lonization Mass Spec-
trometry (MALDI MS). Au:PVP samples (2 mg) were dispersed in
water (40 y4L) in a 1.5 mL centrifuging tube, and DCTB (1 mg) was
dissolved in methanol (SO uL) in another tube. Typically, equal
amounts of these solutions were mixed in another 1.5 mL centrifuging
tube. The mixed solution was cast on a stainless steel plate and dried in
the air for over 1 h. In a similar manner, the samples (1 mg) were
dissolved in toluene (250 uL) and DCTB (1 mg) was dissolved in
methanol (50 yL) in two different tubes. Then three different ratios of
these two solutions (1:1, 1:2, and 2:1) were prepared, drop-cast on a
stainless steel plate, and dried in the air for over 1 h. MALDI mass
spectra of the samples thus prepared were recorded using a time-of-
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flight mass spectrometer (Applied Biosystems, Voyager-DE STR-H)
operated with an N, laser (337 nm, 3 MHz, <100 mJ). The mass
spectra were recorded using an acceleration voltage of 25 kV with
delayed extraction mode (delay time 300 ns) in the linear
configuration and with both positive and negative detection modes.
X-ray Absorption Spectroscopy. X-ray absorption fine structure
(XAFS) measurements were conducted at the BLO1B1 beamline at the
SPring-8 facility of the Japan Synchrotron Radiation Research
Institute. An Si(311) two-crystal monochromator was used for the
incident beam for the Au L;-edge XAFS measurement. XAFS spectra
(Figure S10, Supporting Information)*® were recorded in the
transmission mode using ion chambers for the I, and I, detectors.
The solid samples, diluted with boron nitride, were placed between the
ion chambers. Energy calibration was carried out using a Cu foil. Data
analysis was carried out using the program REX2000 version 2.5.9
(Rigaku Co.). The EXAFS analysis was performed as follows. The y
spectra were extracted by removing the atomic absorption background
using a cubic spline and were normalized to the edge height. The k-
weighted y spectra (Figure S11, Supporting Information)*® in the
range 3.0—13.6 A™! were Fourier-transformed (FT) into r space.
Curve-fitting analysis was performed for the Au—C and Au—Au bonds
appearing at 1.8—3.2 A. A passive electron factor (S,?) of 1 was used in
this study. The phase and amplitude functions were extracted from
AuC (space group P6m2, ICSD No. 169406) and Au metal (space
group Fm3m, ICSD No. #44362) by calculation using FEFF8.%

B ASSOCIATED CONTENT

© Supporting Information

Figures giving additional TEM images, UV—vis spectra,
MALDI mass spectra, EXAFS spectra, and PL spectra. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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