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’ INTRODUCTION

Metal and semiconducting nanoparticles1�3 have been widely
used inmedicine,4 bioanalysis,5 drug delivery,6 catalysis,7,8 and other
applications.9 Thiolated gold nanoclusters,10 especially ultrasmall
gold nanomolecules11 (<2 nm), have garnered tremendous
interest12�14 due to their size-dependent electrochemical12,15,16

and optical properties.17,18 Among the various core sizes, Au25-
(SR)18 is shown to be extremely stable,

19 and the R group has been
varied to produce both water-soluble19 and organic-solvent-soluble
clusters.20�25 Au25(SCH2CH2Ph)18 (simply referred to as Au25) is
the most-studied cluster due to its solubility in CH3CN

20,26 and
relative ease of isolation from the nanocluster mixture.

Self-assembled monolayers (SAMs) are well-defined molecu-
lar assemblies that have reproducible properties.27,28 Thiolated
Au nanoclusters can be viewed as three-dimensional analogues of
SAMs or of surface layers on nanoparticles.27,29 In other words,
well-defined nanoclusters such as Au25(SR)18 can be used as a
model for studying Au surface chemistry. Au25, because of its
relative low mass of ∼7 kDa, is easily amenable to mass
measurements in commercially available mass spectrometers.
Thus, the highly stable, easily synthesized, and readily MS-
characterized Au25 nanoclusters can be used to study the surface
chemistry by mass measurements.

Gold nanoparticles are being used increasingly in biological
applications that require chemical stability, solubility in buffer
solutions, and stability under extreme conditions such as strongly

acidic or basic buffers. Surface passivation of Au nanoparticles by
multidentate thiol binding is shown to improve the colloidal
stability.30�39 Poly(ethylene glycol) (PEGylated) multidentate
ligands have been used to impart water solubility and minimize
nonspecific interactions.40

Previous reports have documented the synthesis of gold na-
noclusters protected by dithiols.35,41,42 Aromatic dithiol exchanges
on Au25 have been reported previously, and resultant nanoclusters
are shown to lose the distinct Au25 electronic transitions.

43 The
exchange of a chiral aromatic dithiol, binapthyldithiol (BINAS), on
Au38 nanoclusters has been reported recently.44 Ligand exchange
has been used to introduce new functionality while the core size of
the nanocluster is preserved.45�48

Ultrasmall nanoclusters such as Au25(SR)18 are nanomolecules
that have precise number of core gold atoms and organic
passivating ligands. What is unique about Au25 is its high-symme-
try centered icosahedral core with six RS�Au�SR�Au�SR
motifs (also referred to as the semiring or long staple or staple
dimer motif; here we simply call it the staple motif). The
stereochemistry of these six motifs makes exchange of bidentate-
binding dithiols on Au25 very interesting, inviting many unansw-
ered questions. For example, what is the optimal carbon chain
length between the bidentate thiol groups to have the most ready
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ABSTRACT: A systematic study of cross-linking chemistry of the
Au25(SR)18 nanomolecule by dithiols of varying chain length, HS�
(CH2)n�SH where n = 2, 3, 4, 5, and 6, is presented here.
Monothiolated Au25 has six [RSAuSRAuSR] staple motifs on its
surface, and MALDI mass spectrometry data of the ligand exchanged
clusters show that propane (C3) and butane (C4) dithiols have ideal
chain lengths for interstaple cross-linking and that up to six C3 or C4
dithiols can be facilely exchanged onto the cluster surface. Propane-
dithiol predominately exchanges with two monothiols at a time,
making cross-linking bridges, while butanedithiol can exchange with
either one or two monothiols at a time. The extent of cross-linking can be controlled by the Au25(SR)18 to dithiol ratio, the reaction
time of ligand exchange, or the addition of a hydrophobic tail to the dithiol. MALDI MS suggests that during ethane (C2) dithiol
exchange, two ethanedithiols become connected by a disulfide bond; this result is supported by density functional theory (DFT)
prediction of the optimal chain length for the intrastaple coupling. Both optical absorption spectroscopy and DFT computations
show that the electronic structure of the Au25 nanomolecule retains its main features after exchange of up to eight monothiol ligands.
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exchange reaction? Are both of the thiol groups anchored on the
gold core? Do dithiols favor inter- or intrastaple binding? Does the
bidentate binding affect the electronic structure of the nanoclus-
ter? To answer these questions, we used a series of bidentate thiols
of increasing linker length from C2 to C6 to probe the ligand
exchange chemistry of Au25 by employing mass spectrometry,
UV�vis spectroscopy, and first-principles electronic structure
computation.

’EXPERIMENTAL METHODS

Chemicals. The following chemicals were used:1,2-Ethanedithiol
(Pfaltz&Bauer, 95%), 1,3-propanedithiol (Aldrich, 99%), 1,4-butanedithiol
(Aldrich, 99%), 1,5-pentanedithiol (Aldrich, 96%), 1,6-hexanedithiol
(Aldrich, 96%), phenylethanemercaptan (SAFC,g99%), sodium borohy-
dride (Aldrich, g99%), tetraoctylammonium bromide (TOABr) (Acros,
98%), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malo-
nonitrile (DCTB matrix) (Fluka, g99%). Solvents toluene, methanol,
dichloromethane, acetonitrile, and acetonewere used fromFisher as received.
Equipment. UV�visible absorption spectra were recorded in

toluene on a Shimadzu UV-1601 instrument. Matrix-assisted laser
desorption time-of-flight mass spectra were collected on a Bruker
Autoflex mass spectrometer in linear positive mode using a nitrogen
laser (337 nm) with DCTB as a matrix.
Synthesis of Au25(SCH2CH2Ph)18. HAuCl4 3 3H2O, dissolved in

water, was added to dichloromethane along with the phase transfer agent
TOABr. Themixture was stirred for 30min at 500 rpm. The excess water
was removed from the reaction, and 2-phenylethanethiol (3 equiv with
respect to the Au salt) was added. The reaction was stirred for 30 min
until the solution turned colorless. Then a solution of sodium borohy-
dride (ca. 12 mol or 48 equiv with respect to the Au salt) in ice-cold
water was added to the reaction mixture. The whole reaction was
maintained at 0� for 1 h. Excess sodium borohydride was removed by
washing several times with water, and excess thiol was removed by
washing with methanol. Pure Au25(SCH2CH2Ph)18 was separated using
solvent fractionation.
Ligand Exchange Reaction. Au25(SCH2CH2Ph)18 (0.50 mg,

68 nmol) was dissolved in 0.5 mL of toluene. To this was added the
appropriate amount of dithiol corresponding to the specified ratio. The
stirring rate used was 500 rpm. Samples were collected at different time
intervals during the course of the reaction. The sampleswere concentrated
by rotary evaporation and washed repeatedly with methanol until there
was no smell of thiol in the sample. After further rotary evaporation and
dissolution in toluene, MALDI spectra were recorded from a DCTB
matrix.

To avoid confusion in the nanocluster to dithiol ratio, here we use the
notation 18:x, where 18 represents the number of monothiol ligands
present in the starting nanocluster, and x represents the equivalents of

dithiol added per starting nanocluster. For example, 18:180 indicates
that for every 18 starting ligands, 180 dithiol molecules were added for
the ligand exchange.

Note that ligand exchange of sufficiently long and flexible dithiols (C4
and longer chains) may lead to cross-linking of multiple nanoclusters,
resulting in an insoluble material. The concentration of the Au25
nanoclusters and excess dithiols are optimized to minimize this cross-
linking.
Synthesis ofN-(1,3-Dihydroxypropan-2-yl)hexadecanamide

(3). 2-Aminopropane-1,3-diol (2.00 g, 22.0mmol) and triethylamine (2.26 g,
22.4 mmol) were dissolved in 250 mL of methanol, and the mixture was
cooled to �20 �C (Scheme 1). Then, 6.61 g (24.2 mmol) of palmitoyl
chloride in 20mLofTHFwas slowly addedwith stirring.The reactionmixture
was stirred for another 3h at�20 �Cand thenovernight at room temperature.
The C16-serinol compound 3 precipitated and was collected by filtration,
washed with methanol, and crystallized from 95% EtOH, giving 6.52 g
(90% yield) of white crystals, mp 124.5�125.5 �C (lit.49 125�125.5 �C).
Synthesis of S,S0-(2-Hexadecanamidopropane-1,3-diyl)

Diethanethioate (4). Diisopropyl azodicarboxylate (1.06 mL,
4.75 mmol) was added dropwise to a stirred solution of PPh3 (1.24 g,
4.74 mmol) in THF (2 mL) at 0 �C under nitrogen. After 5 h, a solution of
diol 3 (500 mg, 1.58 mmol) and thioacetic acid (603 mg, 7.92 mmol) in
THF (1 mL) was added. The reaction mixture was stirred at 0 �C for 1 h
and then at room temperature for 1 day. After dilution with AcOEt
(100 mL), the reaction mixture was washed with saturated NaHCO3

(aq), water, and saturated NaCl (aq), dried over MgSO4, and concentrated
in vacuum. The residue was purified by silica gel chromatography with
hexane:EtOAc (100:10�50) to give dithioacetate 4 (310 mg, 45%) as a
white crystalline solid,mp 85.5�86 (Rf = 0.50, hexane:ethyl acetate 1:1).

1H
NMR(500MHz) (CDCl3) δ 0.9 (t, 3H), 1.28 (m, 26H), 1.58 (m, 2H), 2.1
(t, 2H), 2.3 (s, 6H), 3.06�3.18 (d x d, 4H), 4.21 (m, 1H), 5.8 (d, 1H). 13C
NMR (500 MHz) (CDCl3) δ 14.11, 22.69, 25.61, 29.21, 29.35, 29.50,
29,63, 29.66, 29.69, 30.53, 31.92, 32.17, 36.74, 36.78, 50.09, 50.17, 173.14,
196.20.
SynthesisofN-(1,3-Dimercaptopropan-2-yl)hexadecanamide

(5). Deprotection of dithioacetate 4 was accomplished by dropwise
addition of 2 mL of acetyl chloride to a solution of 4 (100 mg,
0.232 mmol) in 10 mL of dry DCM and 2 mL of dry MeOH at 0 �C.
The reaction mixture was stirred at room temperature overnight. The
solvent was removed under reduced pressure, and the residue was
dissolved in DCM, washed twice with 20 mL of 5%NaHCO3, dried over
MgSO4, and concentrated in vacuum. The residue was purified by silica
gel chromatography with hexane: ethyl acetate (100:10�40) to yield 5
(20 mg, 30%) as a white solid (Rf = 0.50, hexane:ethyl acetate 1:1). This
compound was used for the ligand exchange reaction immediately. 1H
NMR (300 MHz) (CDCl3) δ 0.87 (t, 3H), 1.27 (m, 26H), 1.57�1.64
(m+s, 2H + H2O), 2.22 (t, 3H), 2.71 (m, 2 H), 2.94 (m, 2H), 4.20 (q,
1H), 5.7 (d, 1H). 13C NMR (300MHz) (CDCl3) δ 14.15, 22.71, 25.74,

Scheme 1. Synthesis of N-(1,3-Dimercaptopropan-2-yl)hexadecanamide (5)a

a Spectral data: 1H NMR (300 MHz) (MeOD) δ 0.91 (t, 3H), 1.30 (m, 26H), 1.62 (m, 2H), 2.2 (t, 2H), 3.6(d, 4H), 3.9 (q, 1H).13C NMR (300 MHz)
(MeOD) δ 14.6.0, 23.93, 26.9, 30.5, 30.6, 30.8, 30.9, 32.9, 37.3, 54.5, 61.9, 175.1.
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26.75, 29.28, 29.35, 29.37, 29.50, 29.67, 29.70, 31.93, 36.87, 51.16,
172.85.

’COMPUTATIONAL METHODS

Conformations of gas-phase dithiols HS�(CH2)n�SH (n =
2�5) were explored at the B3LYP50�52/6-311+G**53,54 level of
theory as implemented in the Gaussian0955 quantum software
package. Initial structures were generated by systematically
sampling the torsional space of the C and S backbone. Full
geometry optimizations were performed for all unique permuta-
tions of τ(X�C�C�Y) torsional angles (where X, Y = C or S)
corresponding to syn (0�), gauche ((60�), and anti (180�)
rotamers. An analysis of the intrastaple S�S distances in the Au25
XRD crystal structure as well as the interstaple first-, second-, and
third-nearest neighbor S�S distances revealed four target
R(S�S) range distances potentially suitable for dithiol bridges.

For dithiol conformations with an optimal S�S distance close
to or within the target ranges, a series of relaxed scans were
performed to examine how the electronic energy changed as
R(S�S) increased or decreased. In other words, all other
geometrical parameters were optimized for a series of fixed
S�S distances spanning the appropriate range.

The structure and energetics of Au25 after dithiol exchange
were computed using Turbomole V6.0 for parallel resolution-of-
identity density functional theory (RI-DFT) calculations.56 The
nonempirical Tao�Perdew�Staroverov�Scuseria (TPSS)57

form of meta-generalized gradient approximation (meta-GGA)
was used for electron exchange and correlation, because it has
been shown58 that the TPSS functional can describe the auro-
philic interactions in gold clusters and gold complexes better
than the local density approximation (LDA), GGA, and hybrid
functionals. The def2-SV(P) orbital and auxiliary basis sets59

were used for all atoms for structural optimization. Effective core
potentials which have 19 valence electrons and include scalar
relativistic corrections were used for Au.60 The force conver-
gence criterion was set at 1.0 � 10�3 a.u.

’RESULTS AND DISCUSSION

The XRD crystal structure61,62 of the Au25(SCH2CH2Ph)18
nanomolecule shows the presence of 13 Au atoms in the core
protected by six [RS�Au�SR�Au�SR] staple entities. It is
easily synthesized, stable in air and most common laboratory
conditions, possesses distinct UV�vis features, and displays a
unique HOMO�LUMO gap and a molecular mass of∼7400 Da,
making it amenable to characterization in commercially available
mass spectrometers. Here we have chosen Au25 as a model
system to probe the surface chemistry and interactions of dithiols
with the Au surface. Because the changes to Au25 can be
measured by a change in mass by mass spectroscopy, we can
obtain concrete information on the surface chemistry, which in
the past has had to rely on expensive and time-consuming
instrumentation such as Auger, XAFES, etc.
Exchange with 1,3-Propanedithiol. Figure 1 shows the

MALDI MS of the Au25(SCH2CH2Ph)18 nanomolecule after
ligand exchange with 1,3-propanedithiol. The masses m of the
SCH2CH2CH2S and SCH2CH2Ph groups are 106 and 137 Da,
respectively. If a single dithiol exchanges with one monothiol,
denoted as 1Df1, then the difference in mass, Δm, is �30 Da.
If a single dithiol exchanges with two monothiols, denoted as
1Df2, then Δm is�168 Da. The green peak marked by 0 is the
original nanoparticle with no exchanges. The red peaks marked

by 1, 2, 3, 4, 5, and 6 appear at successiveΔm’s of�168 and hence
correspond to a series of 1Df2 exchanges, where one dithiol
bridges the positions formerly occupied by two monothiols.
Exchange with 1,4-Butanedithiol. Ligand exchange data for

butanedithiol are shown in Figure 2. The mass, m, of the
SCH2CH2CH2CH2S and SCH2CH2Ph groups are 120 and
137 Da, respectively. The Δm's for 1Df1 and 1D f2 are
�16 and�154 Da, respectively. Red peaks denoted by 2, 3, 4, 5,
6, and 7 differ by multiples of �154 Da from the mass of the
original Au25, corresponding to 1Df2 exchanges. While the red
peaks are the most intense, a substantial fraction of blue peaks are
also present that correspond to multiple 1Df1 exchanges. This
is in contrast to propanedithiol, where only a very minor fraction
of smaller peaks appear and those only at higher exchanges.
Figure 2b shows that the maximum number of total exchanges
(including 1Df1 and 1Df2) proceeds up to 15 peaks, leaving
only 3 unexchanged phenylethyl thiolate ligands.
Exchangewith 1,5-Pentanedithiol and 1,6-Hexanedithiol.

Figure 3 shows the ligand exchange data for Au25-
(SCH2CH2Ph)18 with 1,5-pentanedithiol and 1,6-hexanedithiol.
Both the C5 and C6 dithiols show clear 1Df2 exchanges, with
Δm of �140 and �126 Da, respectively. Possible 1Df1
exchanges with C5 and C6 would lead to Δm’s of �2 and +12 Da,
respectively, but these could not be observed because of limita-
tions in the instrumental resolution.
Effect of Dithiol Ratio.Next, we investigated the effect of the

nanomolecule to dithiol ratio on the extent of ligand exchange.
The ratio is denoted by the 18:x notation, where for every 18
starting ligand groups, xmolecules of dithol are added. The mole
ratios of 18:18, 18:180, 18:1800, and 18:5000 were studied as
shown in Figure 4. The extent of exchange was proportional
to the ratio used, so that the number of exchanges and dis-
tribution of exchanges were controllable. Nanomolecules with
mainly one exchange were obtained with the 18:18 ratio.
Ratios of 18:180 and 18:1800 led to a broader distribution of
exchanges, and the 18:5000 ratio pushed the ligand exchanges to
mainly three, four, and five exchanges. Further exchanges are possible
but could not be observed in MALDI because of solubility issues.

Figure 1. MALDI MS of Au25(SCH2CH2Ph)18 ligand exchanged with
1,3-propanedithiol. The green peak corresponds to original Au25-
(SCH2CH2Ph)18 with no exchanges. The red peaks correspond to
one dithiol exchanging with two monothiols (1Df2). The numbers
denote the number of such exchanges. The remaining low intensity
peaks could not be assigned but are expected to arise from multiple
1Df1 exchanges. The ratio of original nanocluster ligand to incoming
thiol used is 18:1800.
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Time Evolution of Exchange. The extent and number of
ligand exchanges were also studied as a function of reaction time.
Figure 5 shows the progression of ligand exchange with 1,4-
butanedithiol with time. As noted earlier in Figure 2, the C4 data
showed many 1Df1 peaks in addition to the more-prominent
1Df2 peaks. Figure 5 shows that the number of 1Df1 peaks
increases with time.
Intrastaple versus Interstaple Dithiol Binding. The experi-

mental results of dithiol exchange above prompts the question of
how exactly a dithiol(ate) replaces two monothiolates of the
RS�Au�SR�Au�SR staple motifs on the surface of the Au25
cluster. Because we know the structure of the Au25 cluster already,
this question can be addressed through electronic-structure com-
putational techniques. One unique feature of the staple motif is

the linear S�Au�S bond, which is a thermodynamically favored
bonding mode.63 Therefore, an intrastaple coupling would be
likely if it could maintain the roughly linear S�Au�S bond. This
question can be addressed by examining the anion complex
between 1,n-dithiolate and Au(I) as shown in Scheme 2 and by
asking at what linker length n a linear S�Au�S bond is best
achieved; Figure 6 plots the S�Au�S angles in the optimized
geometries of the anion complexes. One can see that once the
linker length reaches six (i.e., for 1,6-dithiolate), the S�Au�S
angle is roughly linear (171�), and a nearly linear angle (179�)
can be achieved for 1,8-dithiolate. The angle for 1,7-dithiolate is
in between (176�). For 1,2-dithiolate the S�Au�S bond is
substantially strained. In fact, intrastaple coupling is unlikely for
1,2-dithiol to 1,5-dithiol; these dithiols may prefer interstaple
coupling. Moreover, 1,6-, 1,7-, and 1,8-dithiols are good candi-
dates for intrastaple coupling.
We have performed a direct computational comparison of

intrastaple versus interstaple coupling for 1,4-dithiols and 1,5-dithiols.

Figure 2. (A) MALDI MS of Au25(SCH2CH2Ph)18 ligand exchanged
with 1,4-butanedithiol. The red peaks correspond to one dithiol ex-
changing with twomonothiols; the number indicates the number of such
dithiol exchanges. The blue peaks correspond to one dithiol exchanging
with onemonothiol. The ratio of original nanocluster ligand to incoming
thiol used is 18:1800. (B) Expanded view of 4 and 5 peaks that shows
number of 1Df2 and 1Df1 peaks in each set of peaks. The total
number of exchanges are also denoted and proceed up to 15.

Figure 4. Steady-state product of Au25(SCH2CH2Ph)18 ligand ex-
changed with 1,3-propanedithiol as a function of the ratio of starting
nanocluster to dithiol.

Figure 3. MALDI MS data for Au25(SCH2CH2Ph)18 exchanged with
(a) 1,5-pentanedithiol, or (b) 1,6-hexanedithiol. The green peak corre-
sponds to original unexchanged Au25(SCH2CH2Ph)18. The red peaks
correspond to one dithiol exchanging with two monothiols; the number
indicates the number of such dithiol exchanges. The ratio of original
nanocluster ligand to incoming thiol used is 18:1800.
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Using Au25(SCH3)18
� as the parent cluster, we found that

the exchange product Au25(SCH3)16(1,5-pentanedithiolate)
�

is 9 kcal/mol more stable in the interstaple mode

(Figure 7a) than in the intrastaple mode (Figure 7b). For
1,4-dithiol exchange, the interstaplemode is evenmore stable, by 18
kcal/mol. This computational comparison clearly shows that the
interstaple coupling is favored compared to intrastaple coupling
for 1,5- or shorter dithiols.
Interstaple coupling for short dithiols can explain why six

exchanges are easily achieved in the case of 1,3-dithiol or 1,4-
dithiol. The reason is that the 18 monothiolates on Au25 can be
divided into two groups: six in the middle of each staple that are
farther from the Au13 core, and 12 at the terminals of the six
RS�Au�SR�Au�SR motifs. We propose that the preferred
exchange for small dithiolates happens between the middle
thiolate of one staple and one terminal thiolate of a neighboring
staple (shown by the upper dashed line in Figure 8a). We call this
interstaple coupling the “middle-terminal” mode. The middle-
terminal mode is analogous to the first nearest neighbor defini-
tion introduced earlier for S�S distances and discussed further
below. There is another long-range variant of this mode that
corresponds to third nearest neighbor in the crystal structure
(shown by the lower dashed line in Figure 8a). The six middle
thiolates should yield six facile middle-terminal couplings, as
observed in the case of 1,3- and 1,4-dithiols. After six middle-
terminal exchanges, then terminal�terminal coupling (shown by
the dashed line in Figure 8b) can happen, which is analogous to
the second nearest neighbor.
Is a Complete Dithiol Exchange (9 dithiols exchanging 18

monothiols) Possible in Au25? In principle, one can achieve the
full nine exchanges, i.e., six middle-terminal couplings and three
terminal-terminal couplings. Figure 9 shows a DFT-optimized

Figure 5. MALDI data of Au25(SCH2CH2Ph)18 ligand exchanged with
1,4-butanedithiol as a function of time.

Scheme 2. Au(I) Binds to a Dithiolate Ligand: What Linker
Length (n) Best Maintains the Linear S�Au�S Bond?

Figure 6. S�Au�S angle in the optimized structure of the anion
complex between Au(I) and 1,n-dithiolate (see Scheme 2 for the
structure).

Figure 7. Au25(SCH3)16(1,5-pentanedithiolate): (a) interstaple cou-
pling versus (b) intrastaple coupling. Interstaple coupling is 9 kcal/mol
more stable than intrastaple coupling. Au, green; S, blue; C, red; H,
not shown.

Figure 8. Proposed mode of interstaple coupling by a dithiol: (a)
middle-terminal coupling (upper dashed line) and long-range middle-
terminal couping (lower dashed line); (b) terminal�terminal coupling
(2nd nearest neighbor). (Au, green; S, blue; C and H, not shown).

Figure 9. DFT-optimized structure Au25(1,3-propanedithiolate)9
�.

The three dithiolates with the terminal�terminal coupling mode
(T-T) are highlighted; the rest are with the middle-terminal mode.
Au, green; S, blue; C, red; H, black.
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structure of a fully exchanged Au25 cluster with nine 1,3-
ditholates. The overall geometry of the Au25 cluster is well
maintained; the electronic structure (frontier orbitals and
HOMO�LUMO gap) is also almost unchanged from the Au25-
(SCH3)18

� (data not shown). Of course, under the experimental
conditions, the probability of exchange will decrease significantly
after six changes, as some terminal thiolates may be left too far
apart to be coupled after six middle-terminal exchanges. How-
ever, if the exchange process is reversible and dynamic, we
assume that the cluster will try to lower its energy by achieving
the most stable configuration and degree of exchange. In the case
of 1,4-dithiol, seven exchanges occur (Figure 2a) but not in the
case of 1,3-dithiol (Figure 1). Figure 9 indicates that, in principle,
more than six exchanges can be achieved for 1,3-dithiol.
In an earlier work on chiral and rigid aromatic dithiol

(binapthyldithiol, BINAS) exchange on Au38 and Au40 nanoclus-
ters, we suggest an intrastaple binding.44 It is important to note the
differences between the two systems: (a) The current work utilizes
Au25, which has six identical long [SR�Au�SR�Au�SR] staples,
while the earlier work with Au38 has a mixture of short
[SR�Au�SR] and long staples, (b) the current work employs
flexible aliphatic ligands of variable chain length while the earlier
work utilizes rigid aromatic ligands. In the previous work, we
proposed that the BINAS ligand exchanges with the sulfurs in the
short staple only.
To achieve more than six exchanges for 1,3-dithiol, we

employed the “like dissolves like” principle to increase the
likeness between the monothiolate and the dithiol(ate), to
facilitate the exchange. We synthesized 5, an analogue of the
C3 dithiol with a C15 chain tethered by an amide group
(Scheme 1). When a 1,3-propanedithiol replaces two phenyl-
ethanethiols, 16 carbon atoms are replaced by 3. When five or six
such exchanges occur, solubility is dramatically lowered. When
5 replaces two phenylethanethiols, 16 carbon atoms are replaced
by 19, leaving the solubility of the nanocluster product relatively
unaffected. Figure 10 shows the MALDI data of Au25-
(SCH2CH2Ph)18 exchanged with 5. The intense peaks in the

spectra correspond to 1Df2 exchange with aΔm of +222Da. This
pattern, with a series of 1Df2 predominant peaks, agrees well with
that of the 1,3-propanedithiol data (Figure 1).More importantly, we
see a significant increase in six and seven exchanges and a minor
peak for eight exchanges using the C15 analogue.
Ligand Exchange of Au25(SCH2CH2Ph)18 with 1,2-Ethane-

dithiol. The MS (Figure 11) does not show peaks that corre-
spond to either 1Df1 (Δm �44) or 1Df2 (Δm �182).
However, the peaks match with exchange of the disulfide dimer
of ethanedithiol as shown in Scheme 3 (Δm �90). We propose
an intrastaple coupling mode because this agrees well with our
prediction that 1,6-dithiol or longer can have intrastaple coupling
(Figure 6), and the disulfide bond makes this ligand resemble a
1,6-dithiol. Although we show the disulfide forming before
exchange in Scheme 3, it is also conceivable that two 1Df1
exchanges occur first, followed by oxidative coupling of the
dangling thiolates to make the disufide bridge.
Sulfur�Sulfur Distances. The ranges of first-, second-, and

third-nearest neighbor interstaple S�S distances in the crystal
structure of Au25 are denoted in Figure 12 by arrows at

Figure 10. MALDIMS data of Au25(SCH2CH2Ph)18 ligand exchanged
with 5, a propanedithiol attached to a C15 chain through an amide
group. The green peak corresponds to original unexchanged Au25-
(SCH2CH2Ph)18. The red peaks correspond to one dithiol exchanging
with two monothiols; the number indicates the number of such dithiol
exchanges. The blue peaks correspond to one dithiol exchanging with
one monothiol.

Figure 11. MALDI MS data of Au25(SCH2CH2Ph)18 ligand
exchanged with 1,2-ethanedithiol. The green peak corresponds to
original Au25(SCH2CH2Ph)18 with no exchanges. In solution, two
molecules of 1,2-ethanedithiol combine to form a disulfide (HS�CH2�
CH2�S�S�CH2�CH2�SH). Peak 1* corresponds to one such
disulfide replacing two monothiols. The numbers on the peaks
correspond to the number of disulfides replacing two monothiols
each. Please refer to Scheme 3. The peaks that are heavier than original
Au25 are unidentified.

Scheme 3. 1,2-Ethanedithiol Forming Disulfide before Un-
dergoing Ligand Exchange with Au25(SCH2CH2Ph)18
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3.69�4.50 Å, 4.64�5.49 Å, and 7.08�8.46 Å, respectively. The
intrastaple target range is located at 4.61�4.65 Å. These target
ranges allow the prediction of which dithiols are candidates to
make dithiol bridges on Au25 staples. The length of dithiols
needed to bridge third-nearest neighbors is likely underestimated
because of steric interactions from nearby atoms spatially prohi-
biting a direct dithiol bridge linkage.
The effect of the S�S distance on the gas-phase dithiol

conformer energy shows which conformers are candidates for
forming interstaple and intrastaple bridges in Au25. The target
energy for a likely bridge candidate is within 2 kcal mol�1 of its
global minimum.
One C2 conformer (Figure 12) has a minimumwithin the first

nearest neighbor target range of 3.69�4.50 Å, suggesting candi-
dacy for nearest-neighbor S�S bridging. However, this particular
conformer has a torsional angle τ(S�C�C�S) of approximately
180�, which means the two carbons would encroach on the
intervening Au atom even though the S�S separation is favor-
able. Another low-energy conformation can be found near
R(S�S) = 3.41 Å. This structure has a more favorable
τ(S�C�C�S) of 65� for interstaple alignment, but placing
the S atoms at the closest target distance of 3.69 Å increases the
energy by about 2 kcal mol�1.
Several low-energy C3 conformers (Figure 12) have multiple

S�S separations that fall within the first- and second-nearest
neighbor ranges of 3.69�4.50 Å and 4.64�5.49 Å as well as the
intrastaple target range of 4.61�4.65 Å. The energies of all
sampled conformations rapidly increase for larger values of
R(S�S), and it appears that propanedithiol is too short to bridge
the third-nearest neighbor sulfurs. Several low-energy C4 con-
formers (Figure 12) have S�S separations that fall within the
second nearest neighbor range of 4.64�5.49 Å [not shown in
Figure 12] as well as the intrastaple target range of 4.61�4.65 Å.
The energies of the C4 conformers rapidly increase for smaller
and larger values of R(S�S) suggesting that they are not good
candidates for first or third nearest neighbor bridging. Several
low-energyC5 conformers havemultiple S�S separations that align

well with the target range for interstaple bridging between third
nearest neighbors. These computational results are consistent
with the lack of experimental evidence for dithiol bridging in C2.
Effect of Dithiol Exchange on the Electronic Structure of

Au25.We investigated if the cross-linking of two staple moieties by
dithiols affects the electronic structure of the Au25 nanomolecules.
To this end, aliquots of samples were obtained over time and
purified to remove dithiols. The optical spectra of these processed
dithiol exchanged aliquots were recorded, and then mass spectra
were obtained, as shown in Figure 13. First, we note that the optical
density of the processed Au25 nanoclusters decreased with time,
suggesting loss of soluble material. The decrease in concentration
of soluble Au25 is likely due to multiple reasons: (a) internanoclus-
ter cross-linking may lead to insoluble oligo/polymers, (b) Au25
nanoclusters stirred for longer durations (several hours) in the
presence of excess thiol may convert to Au(I) thiolate species, (c)
purification of sample aliquots to remove excess thiol before optical
measurements will lead to some loss of Au25.
Second, and more importantly, we note that the fine spectral

features of Au25 are not affected significantly even after one, two,
and three exchanges have occurred with 1,4-butanedithiol. In
other words, despite the decrease in optical density, the electronic
features of Au25 are preserved even after dithiol exchange. This
contradicts an earlier report where the ligand exchange of Au25
with toluene-3,4-dithiol results in a complete loss of electronic
features.43 The aromatic dithiol employed in the earlier work is
much more rigid compared to the series of aliphatic dithiols,
specifically the 1,4-butanedithiol used in Figure 13 here. It would
appear that the rigidity of the dithiol may play a role in how the
electronic structure is affected by ligand exchange. However, it is
more likely that the Au25 ligand exchange with aromatic thiols
(unpublished results) leads to decomposition of the Au25
nanoclusters, as suggested in the earlier report.43

To corroborate our UV�vis results, we calculated the electro-
nic-structure change as the number of exchanges of 1,4-butane-
dithiol on the Au25 cluster increased. The unexchanged Au25-
(SCH3)18

� cluster has a HOMO�LUMO gap of 1.36 eV,

Figure 12. Relative energies (ΔE) and interstaple S�S distances, R(S�S), of the low energy conformers of C2, C3, C4, and C5, where the 1st, 2nd, and
3rd nearest neighbor (NN) ranges are indicated by the arrows.
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together with roughly triply degenerate HOMOs and doubly
degenerate LUMOs. With an increasing number of 1,4-butane-
dithiol exchanges for SCH3, there is a slow narrowing of the
HOMO�LUMO gap and slight perturbations of the HOMO

and LUMO levels. However, the basic features of the electronic
structure of the Au25 cluster remain unchanged, in clear agree-
ment with the experimental UV�vis results from Figure 13.

’CONCLUSIONS

In summary, several homologues of the alkanedithiol series
were used for the ligand exchange experiments with the Au25-
(SCH2Ph)18

� nanocluster. The extent of exchange reactions,
monitored via mass spectrometry, depends on chain length,
concentration of the dithiol, and reaction time. A direct energy
comparison of the interstaple versus intrastaple binding is made
in support of the interstaple binding. Behavior of individual
dithiols in such reactions is also verified computationally and
presented in parallel to the experimental data. Propanedithiol
(C3) and butanedithiol (C4) have optimal chain lengths for
interstaple binding onto the nanoparticle surface, achieving more
than six interstaple bindings. Pentanedithiol (C5) and hexane-
dithiol (C6) also participate in these reactions to a lesser extent,
while ethanedithiol (C2) does not have optimal chain length for
bidentate binding. Moreover, analysis of the S�Au�S angle for
the dithiols and formation of the disulfide bond from C2 during
exchange indicate that intrastaple binding is likely for C6 or
longer dithiols. Further, probing the electronic properties of the
postexchange clusters through UV�vis measurements shows the
conservation of electronic properties. Efforts will be made in the
direction of controlled and complete exchange of such multi-
dentate ligands onto the nanocluster surface.
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