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Ligand exchange of phosphine-stabilized undecagold precursor particles, Auyy(PPhs)sCls, with w-functionalized thiols
provides a convenient and general approach for the rapid preparation of large families of thiol-stabilized, subnanometer
(deore ~ 0.8 nm) particles. The approach permits rapid incorporation of specific functionality into the stabilizing
ligand shell, is tolerant of a wide range of functional groups, and provides convenient access to new materials
inaccessible by other methods. Mechanistic studies and trapping experiments give insight into the progression of
the ligand exchange, providing evidence that the core size of the phosphine-stabilized undecagold precursor particles
is preserved during ligand exchange. The optical properties of the thiol-stabilized nanoparticles depend strongly on
the composition of the ligand shell, and a series of studies suggests that this dependence is a result of the ligand
shell's influence on the electronic structure of the particle core, as opposed to a structural change within the
nanoparticle core.

I. Introduction metal clusters with less than 20 core atoms have been studied

Metal nanoparticles with subnanometer core dimensionsfor use as coordination complexes, catalystmd tagging

are of interest for fundamental studies and may be useful asreagents for b|9moleculé§, the vast majority of t hese
building blocks for nanoscale devices because they are Sma"clusters are stabilized by_ ligands (.e.g.,.CO, Cirhalides, o
enough to possess discrete electronic stésd can exhibit etc.) that lack the chemical functionality needed to specifi-
semiconductor-like electronic properti&s.To study the cally bind the clusters to molecules, substrates, and surfaces.
fundamental properties of these nanoparticles and explore Most examples of the introduction of functional groups
their use in specific applications, convenient access to ligand-Nte the ligand shell of subnanometer particles involve the
stabilized nanoparticles possessing terminal functional groupsuse of functionalized triarylphosphin&s** The synthesis

is essential. Until recently, the lack of general synthetic Of functionalized triarylphosphine-stabilized undecagold
strategies to introduce specific functionalities into the (Aui) clusters* typically requires an involved series of
terminal positions of the ligand shell has limited detailed Synthesis and separation steps, including phosphine-for-
experimental investigations of the properties and reactivities Phosphine ligand exchange reactidhppstsynthetic trans-

of these material&:® Although a number of small transition ~ formations of functional group$,and ion exchange chro-
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matography:'213The limited availability of functionalized  we show that the optical properties of the thiol-stabilized
phosphines and need for multistep transformations andexchange products depend on the nature of the ligand shell
separations limit the utility of these approaches as convenientand discuss possible causes for this dependence.

and general routes to a diverse family of functionalized ) )

clusters. In addition, triarylphosphine-stabilized clusters !l Experimental Section

exhibit only limited solution stability, especially in acidic Materials. Hydrogen tetrachloroaurate was purchased from
solution, and are often prone to oxidative decomposition Strem and used as received. Dichloromethane was dried over
under ambient conditiorfs'® A potential solution to enhanc-  calcium hydride and distilled prior to use. Chloroform was filtered
ing the stability of these clusters involves stabilization through a plug of basic alumina prior to use to remove acidic
through thiol ligands. Thiol-stabilized nanoparticles are impurities. Triphenylphosphine-_stabilized un_decagold_ particles,
known to exhibit higher stability than the phosphine- Au11(PPR)sCls (1), were synthesized as described previously and

stabilized nanoparticle$it” however, only a few examples had a core diameter of 08 0.2 nm? 1-Azido-2,4-dinitrobenzent,
of thiol-stabilized nanoparticles with subnanometer core 2-(2-mercaptoethoxy)etharidland 2-{2-(2-mercaptoethoxy)ethoxy]-

. . . ethanot® were synthesized according to known procedures. ((2,4-
dimensions are availabfe:>1®

_ - ) . Dinitrophenyl)imino)(triphenyl)phosphorane was prepared as de-
We recently investigated the ligand exchange of tri- gcrined previously? All other compounds were purchased from
phenylphosphine-stabilized undecagold (Auprecursor Aldrich and used as received.
particles @core ~ 0.8 nm) withw-functionalized thiols as a Analytical Procedures. Nuclear magnetic resonance (NMR)
reliable and convenient approach for producing functional- spectra were collected on a Varian Unity Inova 300 MHz instrument
ized, subnanometer gold particfesnitial studies demon-  equipped with a 4-channel prob&g, 75.42 MHz;3P, 121.43
strated successful ||gand exchange OEABPQ)SCb with a MHz). For 1H and 3C NMR, chemical shifts were referenced to
limited set (three) of different thiols but did not investigate the residual proton resonance of the solvent. F#t NMR

the broader scope of this approach. In that study, we alsoSPectroscopy, the spectra were referenced Q4 (external
noted a surprising dependence of the optical properties Ofstandard).x-ray photoelectron spectroscopy (XPS) was performed

. - . S on a Kratos Axis HSi instrument operating at a base pressure of
the thiol-stabilized product particles on the thiol ligand used ~5 x 10-9 mmHg using monochromatic Al & radiation at 15

during ligand exchange but could not determine whether this | \n 2nq 135 Kkv. Nanoparticle samples were drop-cast from

was due to electronic effects of the ligand or to core size go|ytion onto clean glass slides. Samples were charge compensated,
changes taking place during the exchange. Recent mechaand binding energies were referenced to carbon 1s at 284.4 eV.
nistic work in our group showed that the ligand exchange Uv—visible spectra were obtained on a Hewlett-Packard 8453 diode
of 1.5-nm phosphine-stabilized gold nanoparticles with thiols array spectrometer with a fixed slit width of 1 nm using 1-cm quartz
results in the loss of gold core atoriisAlthough core size  cuvettes. Thermal gravimetric analysis (TGA) was performed on a
analysis by transmission electron microscopy (TEM) sug- TA Instruments Hi-Res TGA 2950 thermogravimetric analyzer
gested that Au core is preserved during ligand exchange, under nitrogen at_mosphere (flow rate 100 mL/min). Sample$2(1_
small changes in the number of core atoms are undetectabld"¥) Were deposited onto Al pans as powders or by drop-casting
by TEM. Thus, we sought to investigate further whether core "0 dichloromethane and placed in the instrument until a stable
size changes occur during the ligand exchange of phosphine-We'ght Was;obtqlned prior tooanaly5|s. The samples were heated at

. - . . a rate of 2°C/min up to 100°C, held at that temperature for 20
stabilized Auy; clusters with thiols and determine whether

- . min to ensure complete solvent evaporation, and then heated to
such changes could be responsible for the observed differ-5o0 °c at a rate of 1°C/min. Transmission electron microscopy

ences in the optical properties. (TEM) was performed on a Philips CM-12 operating at 120 kV
Here, we report the general features and scope of the ligandaccelerating voltage. Samples were prepared by aerosol deposition
exchange reaction of AyPPh)sCls with a wide range of  of aliquots onto Si@coated 400-mesh Cu TEM grids (Ted Pella).
w-functionalized thiols. The approach is convenient and The samples were dried under ambient conditions prior to inspection
tolerates organic- and water-soluble thiols with neutral or by TEM. Images were recorded and processed as described
charged headgroups. Mechanistic studies of the exchangereviously:! )
reaction provide strong evidence that the core size of the of ggiﬁgéﬁ?ﬁgﬁﬁ;é Saegslﬁ"NP;gggg%gth:ZZ:)ellﬁ’;‘:;“gf”
g)r(i(;]l;rjor particle re”.‘a'”s unchanged _durlng the ligand ?.O x 1073 mmol 1 in dichloromethane/1-chlorobutane (1:3; 30
ge. These studies show that, during the exchange o

. ) . . mL) was added 0.1 mmol of the organic-soluble thiol. The mixture
thiols for phosphines, the phosphine ligands are lost as freewas stirred rapidly at 55C until completion of the ligand exchange

triphenylphosphine, demonstrating that undecagold particles,eaction. The reaction time depended on the incoming ligand and
follow a different mechanism for exchange reactions with varied fran 6 h for propanethiol up to 24 h for long-chain

thiols than their largerdcore ~ 1.5 nm) analogueX.Finally, alkanethiols. Upon completion of the exchange reaction the solvent
— was removed in vacuo. To remove excess free ligand and
(15) gé:roenauer, D.; Lauer, H.; Kreibig, @. Phys. D1991, 20, 301— byproducts, the crude material was dissolved in the minimum
(16) (a) Brown, L. O.: Hutchison, J. EL. Am. Chem. Sodl997 119, amount of ethanol or 2-proparidland purified by gel filtration
12384-12385. (b) Warner, M. G.; Reed, S. M.; Hutchison, JCBem.
Mater. 200Q 12, 3316-3320. (19) Bailey, A. S.; Case, J. Rietrahedron1958 3, 113-131.
(17) Woehrle, G. H.; Brown, L. O.; Hutchison, J. E. Am. Chem. Soc. (20) Woehrle, G. H.; Warner, M. G.; Hutchison, J.Lengmuir2004 20,
2005 127, 2172-2183. 5982-5988.
(18) (a) Schaaff, T. G.; Whetten, R. L. Phys. Chem. B00Q 104, 2630~ (21) (a) Brown, L. O.; Hutchison, J. B. Phys. Chem. B001, 105 8911—
2641. (b) Negishi, Y.; Tsukuda, T. Am. Chem. SoQ003 125 8916. (b) Woehrle, G. H.; Hutchison, J. E.zKar, S.; Finke, R. G.
4046-4047. Submitted for publication.
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chromatography using Sephadex LH-20 (eluent, ethanol or 2-pro- Phosphines)A solution of hexanethiol (1.5 mg, 1.0 1072 mmol)
panol; collect colored fraction). in DMSO-ds (0.6 mL) was added té (5 mg, 1.2x 10-3 mmol),
General Procedure for the Preparation of Water-Soluble and the reaction was monitored Hy NMR spectroscopy. The first
Undecagold NanoparticlesAn aqueous solution (15 mL) of 0.1  spectrum was recorded @t= 1 min followed by spectra every 15
mmol of the water-soluble thiol ligand was added to a solution of min for a total time of 12 h.
5.0 x 1073 mmol 1 in CHCI; (15 mL). The biphasic mixture was Ligand Exchange between 1 and Hexanethiol in the Presence
stirred rapidly at 55°C until completion of the ligand exchange of Excess PPh A solution of hexanethiol (1.5 mg, 1.8 1072
reaction which was monitored by the complete transfer of the mmol) and PPH(10 mg, 4.0x 10-2 mmol) in DMSO+s (0.6 mL)
colored nanoparticles from the organic to the aqueous phase. Thewas added td (5 mg, 1.2x 102 mmol), and the reaction was
reaction time depended on the incoming ligand and varied from 4 monitored by'H NMR spectroscopy. The first spectrum was
to 15 h. Upon completion of the exchange reaction the layers were recorded at, = 1 min followed by spectra every 15 min for a total
separated, and the aqueous layer was washed witiCIGEB x 10 time of 12 h.
mL) and evaporated in vacuo. The crude material was redispersed Trapping Free PPhs Using 1-Azido-2,4-Dinitrobenzene.A
in the minimum amount of water and purified by gel filtration solution of hexanethiol (2.8 mg, 2,4 10-2 mmol) and 1-azido-
chromatography using Sephadex LH-20 (eluentOH collect 2,4-dinitrobenzene (10 mg, 4% 1072 mmol) in DMSO4s (0.6
colored fraction) to remove excess free ligand and byproducts. mL) was added td (5 mg, 1.2x 103 mmol), and the reaction
Alternatively, the crude products were dissolved OHand purified was monitored byH NMR spectroscopy. The first spectrum was
by ultracentrifugation for 18 h at 340 0§0The nanoparticles  recorded at, = 1 min followed by spectra every 1 min for a total
formed a highly concentrated solution at the bottom of the centrifuge time of 625 min.
tube which could be separated from the supernatant.
Synthesis of Carboxylic Acid-Functionalized, Thiol-Stabilized ) ) ) ]
Undecagold NanoparticlesAn aqueous solution (15 mL) of 0.1 In the following section, we first describe the scope of
mmol of the w-carboxyalkanethiol which was buffered to pH 8 the ligand exchange method to prepare functionalized, thiol-
using a 0.1 mM KHPQOy/K,HPQ, buffer was added to a solution ~ stabilized Au; clusters from a common precursor patrticle.
of 5.0 x 103 mmol 1 in CHCl; (15 mL). The biphasic mixture ~ We will discuss ligand exchange reactions of;{BPh)g-
was stirred rapidly at 55C until the transfer of the colored  Cl; with a representative family of 22 methyl-terminated or
nanoparticles from the organic to the aqueous phase was complete,-functionalized thiols which include organic- and water-
The reaction time depended on the incoming ligand and varied from g uble alkane- or arenethiols with neutral or charged

\?vtoh15d r:/;/i;l;]hecéegersgwerse ;eLpar?ltded,Vandrtr;e da?nuious 'aﬁr Wafeadgroups. Our results demonstrate the general nature of
ashe 2 (3 x ) and evaporate acuo. 1Ne  this approach and its tolerance to a wide range of important

residue was dissolved in Nanopure water (10 mL) and precipitatedf fi | Th f Hi d ient
by acidifying with 10% HCI to about pH 2. After the mixture was unctional groups. The ease ol preparalion and convenien

filtered, the residue was washed with 20 mL of 10% HCI, 20 mL Purification of the new materials synthesized by this method
of H,0, and 5 mL of methanol. If higher purity is desired, this Show its broad utility as a general route to functionalized

material can be dissolved in water and further purified by AU particles.

I1l. Results and Discussion

ultracentrifugation for 18 h at 340 090The nanoparticles form a A mechanistic investigation of the ligand exchange reac-
highly concentrated solution at the bottom of the centrifugation tube tion by NMR spectroscopy is also described that gives
which could be separated from the supernatant. fundamental insight into the progression of the exchange
NMR Monitoring of the Ligand Exchange between 1 and reaction and provides evidence that the number of core atoms
Thiols. General Procedure of Monitoring the Ligand Exchange is preserved during ligand exchange. These results are based

between 1 and Hexanethiol by NMR.All NMR experiments to
monitor the ligand exchange reaction were conducted atG&5

Hexanethiol was placed in an NMR tube and dissolved in DMSO- - .
ds, and the solution was equilibrated in the NMR instrument to 55 Cls with thiols does not produce AuCl(PBfas a byproduct,

°C. A single’H NMR spectrum was obtained as a starting point and all phosphine Ilgand_s are liberated from the nanoparticle
for the reaction. The contents of the NMR tube were then added to @5 free PP& Further evidence for the replacement of all

a scintillation vial charged with. The resulting mixture was quickly phosphme I|gand§ n form of PE’hs_demonstrated by
agitated until everything had dissolved and placed back into the experiments in which blocking of the ligand exchange was
NMR tube. The NMR tube was returned to the instrument and attempted through the addition of excess PBlihe reaction
reshimmed, and spectra were collected at preset time intervals. mixture.

Ligand Exchange between 1 and Excess Hexanethioh In the final part of this section, we discuss the optical
solution of hexanethiol (2.8 mg, 2.4 13@2 mmol) in DMSOds properties of the thiol-stabilized exchange products. This
(0.6 mL) was added tb (5 mg, 1.2x 10 #mmol), and the reaction - stqy s based upon UWisible spectroscopy and suggests
was monitored by eithett NMR or *!P spectroscopy. The first 5 gtrong dependence of the optical properties on the nature
spectrum was recorded fgt= 1 min followed by spectra every 15 :

. . of the ligand shell.
min for a total time of 12 h. .

. I . Scope of the Ligand Exchange ApproachThe phos-

Ligand Exchange between 1 and a Stoichiometric Amount hi bilized und Id icl
of Hexanethiol (To Replace All Nanoparticle-Bound phine-stabilized un 'ecagold precursor pa_mc e1fRPh)g-

Cl3 (1), was synthesized using a modification of a procedure
(22) Most organic-soluble Au clusters can be dissolved in ethanol. de€veloped by Bartlett et at.and had an average core size
Exceptions are clusters stabilized with long-chain alkanethiols such of 0.8 + 0.2 nm as determined by TER/Ligand exchange
octadecanethiol and hexadecanethiol. In these cases, less poIarsoIventBetweenl and alkane- or arenethiols was achieved by

such as 2-propanol must be used for chromatography. Alternatively, . ) " .
dichloromethane or chloroform can be used. combining an excess of the thiol20 molar equiv) with a

upon product formation studies and trapping experiments.
Unlike their 1.5-nm analogues, ligand exchange ofiRPh)s-
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Scheme 1. Schematic Representation of the Ligand Exchange essentially no decomposition and the ligand exchange
Reaction of Auy(PPR)sCls andw-Functionalized Thiols resulted in completely exchanged nanoparticles indistin-
f/ (PPhsk .+ 20 6q. HS-R; - 8 PPhy: 55°C ( _~ (SRg.1q guishable from those obtained in chloroform; however, the
| Auy ~¢, 2 oelfitraion = .__\_A"n high boiling point _of dimethyl s.quOX|de makes its removal
from the nanoparticle samples inconvenient. The best results
organic-soluble:  R= -(CH,),CH, n=215711,1517 were achieved using a mixture of 1-chlorobutane/dichloro-
:ﬁig::gi methane (3:1) as the solvent. In this solvent system, ligand
-p-Ph-Ph exchange resulted in completely exchanged thiol-stabilized
+(CH,);SI(OCH,), Auy; clusters with no decomposition of the precursor
water-scluble: R= -(CH,;),COOH n=1,26 1 clusters®
{(gﬂiga%ﬁ;j OO =12 Water-soluble A, clusters can also be prepared using
-(CH,);NHMe,*CI- this ligand exchange approach if a biphasic solvent system
«CH,),N*(CHy);Cl (water/CHCY}) is used in place of the organic solvent. As in

{CH,CH;0),CH,CH,;NMes*CF  n=12

{CH.),50, Nar the case of monophasic exchanges, the organic layer of the

biphasic system can be replaced with a 3:1 mixture of

chloroform or water at 58C. To investigate the full scope significant differences in yield using either alumina-filtered
of the ligand exchange approach, exchanges were carriecghloroform or 1-chlorobutane/dichloromethane as the sol-
out with a representative family of-functionalized thiols, ~ Vent The pH of the aqueous layer was kept between 5 and
including organic- and water-soluble alkane- or arenethiols 8 t0 avoid decomposition of the precursor particle under
with either neutral or charged headgroups (Scheme 1). All aC|d.|c conditions gnd prevgnt S|gn|f|cant d|sulf|de fqrmanon
thiols tested were compatible with this approach, and only a &t higher pH. Typical reaction times for the biphasic ligand
few ligands (e.g., mercaptophenol, mercaptoethanesulfonic®xchange reactions ranged o4 h for ligand exchanges
acid) required special reaction conditions to achieve completeWith (2-mercaptoethyl)trimethylammonium chloride up to 15
exchange. In each case, the approach is generally applicabld) Using 2-[2-(2-mercaptoethoxy)ethoxylethanol. In exchange

leading to complete exchange of the original phosphine réactions involving thiols that contain ionizable headgroups
ligand shell. (e.g., carboxylic acids), the pH must be raised to ensure

As in the case of exchange reactions of 1.5 nm gold complete deprotonation of the headgroups to avoid formation
nanoparticled’ the reaction time depends on the thiol of insoluble material that can prevent complete exchange.
ligand used. The time increases as the chain length andln nearly all cases, the use of a phosphate buffer {pB)
bulkiness of the incoming ligand increase. However, the @S the aqueous layer yielded the best results.
ligand exchange of Ay particles with thiols occurs only at The thiol-stabilized ligand exchange products can be
elevated temperatures 65 °C) and typically requires longer purified either by solvent washes or, more conveniently, by
reactions times (approximately twice as long as in the cased€l filtration chromatography using Sephadex LH-20 resin.
of 1.5 nm gold nanoparticles) due to the lower reactivity of !N practically every case, chromatography is more reliable,
Auy, clusters less wasteful, and faster than solvent washes. The use of the

Ligand exchange reactions with organic-soluble thiols were LH-20 resin allows for rapid purification of both organic-
carried out in a single organic phase and have been appliec®nd water-soluble exchange products with a wide range of
to a wide variety of alkane- and arenethiols (Scheme 1). solvents, including alcohols, chlorinated organics, and water.
Reaction times depend on the incoming ligand and vary from The recovery of nanoparticle material from the column is
6 h for propanethiol to 24 h for long-chain alkanethiols. Nearly quantitative, and the support can be reused after
Ligand exchange reactions with organic-soluble thiols were Sufficient rinsing.
initially carried out in chloroform; however, this solvent leads ~ To determine the chemical composition of the thiol-
to the rapid decomposition of the precursor clusi@rand, stabilized exchange products and ensure sufficient purity,
thus, reduced yield. Filtering the chloroform through basic We analyzed each exchange product using a combination of
alumina immediately prior to use improved the yields, but NMR, UV—visible spectroscopy, TEM, TGA, and XPS
partial decomposition of still occurred. (Table 1). We usedH NMR spectroscopy to confirm the

To avoid the difficulties arising from particle decomposi- Purity of each sample. The resonances associated with ligands
tion in chloroform, a number of alternative reaction media bound to the gold core show significant line broaderfihg.
were investigated, including alcohols, ethyl acetate, acetone,The absence of sharp resonances indicates that excess free
and dimethy! sulfoxide. Use of alcohols, ethyl acetate, or ligand and byproducts of the ligand exchange have been
acetone eliminated decomposition af but resulted in ~ removec®® When nonaromatic thiols are used for the
incomplete exchange due to precipitation of the particles
during the exchange. In dimethyl sulfoxid&, showed

(25) See Supporting Information.
(26) This is probably due to the rapid transfer of the exchanging particles
from the organic to the aqueous phase.

(23) Hostetler, M. J.; Templeton, A. C.; Murray, R. \Wangmuir 1999 (27) Terrill, R. H.; Postlethwaite, T. A.; Chen, C.-h.; Poon, C.-D.; Terzis,
15, 3782-3789. A.; Chen, A.; Hutchison, J. E.; Clark, M. R.; Wignall, G.; Londono,

(24) At temperatures below 4T, no ligand exchange is observed over a J. D.; Superfine, R.; Falvo, M.; Johnson, C. S. H., Jr.; Samulski, E.
period of several days. T.; Murray, R. W.J. Am. Chem. So0d.995 117, 1253712548.
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Table 1. Analytical Data for the Ligand Exchange Products

IH NMR chem shift (ppm)

ligand reaction time, h dcore? and NMR solvent S:Auratlo % ligand by mass

HS(CH)2CHz4 6 0.8+ 0.2 (N=1103) 1.15 (b), CDGI 0.96 23.9
1.79 (b)

HS(CH,)sCH3¢ 10 0.8+ 0.2 N =623) 0.90 (b), CDG 0.93 36.9
1.32 (b)
1.80 (b)

HS(CHp)7CHgd 14 0.7+ 0.2 (N =920) 0.88 (b), CDG 0.86 41.6
1.27 (b)

HS(CH)11CH5d 16 0.8+ 0.3 (N =1032) 0.90 (b), CDGl 0.91 47.1
1.25 (b)

HS(CH,)15CHg? 20 0.8+ 0.2 (N = 810) 0.89 (b), CDG 0.87 53.8
1.27 (b)

HS(CHp)17CH3d 24 0.8+ 0.2 N=623) 0.89 (b), CDG 0.89 56.1
1.26 (b)

4-mercaptophendl 240 0.84 0.2 (N =902) 7.23 (b), CBOD 0.92 36.7

4-methylbenzenethidl 20 0.7+ 0.2(N=718) 1.80 (b), CDG 0.89 35.7
7.11 (b)

4-mercaptobiphen§l 20 0.8+ 0.2 N=512) 7.32 (b), CRCl, 0.86 44.8

HS(CH)3Si(OCHg)sd 18 0.8+ 0.3 (N =627) 3.40 (b), CROD 1.01 46.1
3.91 (b)

HS(CH,)COOH® 3 0.9+ 0.2 N=651) 3.10 (b), CROD 0.81 28.8

HS(CH,),COOH 4 0.8+ 0.2 (N =564) 3.30 (b), CROD 0.76 31.1

HS(CH,)sCOOH 8 0.9+ 0.3 (N=2812) 1.21 (b), CEOD 0.80 38.9
2.10 (b)

HS(CH,)1:COOH 12 0.8+ 0.2(N=712) 1.31 (b), CBOD 0.74 46.8
1.55 (b)
2.14 (b)

HS(CHp),0(CHy),OHf 10 0.8+ 0.2 (N=1034) 3.73 (b), BO 0.90 35.0

HS(CH)20(CHg)20(CHy),OHf 15 0.8+ 0.3 (N=832) 3.71 (b), RO 0.83 415

HS(CH),PO(OH)f 7 0.9+ 0.2 (N=1591) 3.51 (b), RO 1.02 39.7
3.27
2.26 (b)

HS(CH)2NMez-HCIf 9 0.9+ 0.2 (N=704) 2.93 (b), RO 0.74 35.1
3.55 (b)
3.80 (b)

HS(CH)NMes™CI~f 4 0.8+ 0.3 (N=1923) 3.13 (b), RO 0.84 38.0
3.52 (b)

HS(CH)20(CHy).NMez ™ Cl~f 8 0.8+ 0.2 (N = 689) 3.11 (b), BO 0.79 44.2
3.62 (b)

HS(CH)20(CHg)20(CH,).NMes™Cl~ 9 0.8+ 0.3 (N=2834) 1.65 (b), RO 0.92 49.7
3.18 (b)

HS(CH),SO;~Na* f9 10 0.8+ 0.2 N=783) 3.42 (b), O 0.94 39.1
3.75 (b)

a Core diameter in nm (mea# std dev) from analysis of representative TEM imadésefers to the number of particles measurgRatio obtained from
quantification of the areas of the XPS sign&l€@btained from TGA analysis. Synthesized according to the general procedure for the preparation of organic-
soluble nanoparticle$.Synthesized according to the general procedure for the preparation of water-soluble nanoparticles but usingRG/K#HPO,
buffer (pH 8) as the aqueous pha&8ynthesized according to the general procedure for the preparation of water-soluble nanop&Hitematerial is
obtained in a two-step synthesis as described elseWthéEhe reaction is carried out in GBI:MeOH (1:1).

exchange reactiotH NMR spectroscopy can also be used considered. However, UWvisible spectroscopy was not

to confirm the completion of the ligand exchange (through useful for probing the nanoparticle core size of the product

the disappearance of the triphenylphosphine signals). particles because the optical properties of the nanoparticle
The core sizes of the exchange products were determinedare dependent on nature of the ligand shell, as described

by analyzing representative TEM images for each nano- below.

particle samplé: The typical average core size of 048 The chemical composition of each exchange product was
0.2 nm (N > 500) is the same as the core size of the determined using a combination of XPS and TGA (Table
phosphine-stabilized precursor partididsee Table 1j>2° 1). The absence of phosphorus (with the exception of
Because the optical properties of subnanometer gold cIOUSterﬁnercaptoethanephosphonic acid-stabilized particles) in the
are highly sensitive to the number of core atorfis] XPS analysis confirmed complete ligand exchange and
determining the core size by UWisible spectroscopy was  yemoval of all phosphine-containing byproducts within the
(28) The reported size dispersity 6f30% is due to the low contrast of detection limits of the InStrum_em' For organic-soluble
the samples, the presence of touching particles, and irregularities in €xchange products, XPS analysis also revealed the absence
the support film which limits the accuracy of the analysis. Even in  of chloride. Quantitative XPS analyses gave sulfur:gold ratios
the case of the monodisperse, phosphine-stabilized undecagold precur- . . .
sor, size analysis gives 30% size dispersity. of organic-soluble exchange products ranging from 0.86:1.00
(29) gizagl, K. P.; Mingos, D. M. PProg. Inorg. Chem1984 32, 237 to 1.01:1.00, which correlate t89—11 thiols/nanoparticle.
(30) Haéberlen, 0. D.; Chung, S.-C.; Stener, M.; Roescl, Bhem. Phys. Water'SOIUble. exchange products showed slightly |O\{V€I’
sulfur:gold ratios of 0.74:1.00 to 1.02:1.00, corresponding

1997, 106, 5189-5201.
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to 8—11 thiols/nanoparticle. The sulfur:gold ratios of the exchange betweehand hexanethiol was carried out in an
exchange products obtained by XPS and TGA analyses areNMR tube at 55°C using a 20-fold molar excess of the thiol.
consistent with one another. The slightly lower thiol coverage Deuterated DMSO was chosen as solvent to eliminate the
of certain water-soluble exchange products could be due todecomposition ofl to AuCI(PPh) that occurs rapidly in
some unexchanged chloride ligands or the presence of oxoCDCL.3* The exchange reaction was monitored until no more
ligands that could be produced by oxidation of some of the changes in the spectrum were observedZ h). At the end
uncoordinated surface Au atoms during ligand exchange. of the reaction, thé'P NMR spectrum showed a major peak
The ligand exchange approach is general and tolerates &t 26.7 ppm, corresponding to triphenylphosphine oxide, and
surprisingly wide range of functional groups, using either a a small peak at 32.6 ppm, which was attributed to a trace
mono- or biphasic system. The approach produces function-amount of AuCI(PP$), produced either by partial decom-
alized Au, particles with technologically relevant headgroups position of the phosphine-stabilized precursor under the
such as alcohols for biological applicaticisphosphonic ~ exchange conditions or as byproduct of the exchange
acids and silanes for surface applications, and quaternaryreaction®* Signals for phosphines bound to the Agore
ammonium headgroups for self-assembly on DNA tem- (0 = 53.2 ppm) or free PR = —5.5 ppm) were not
plates?32 making this method potentially useful in many detected.
different research areas (e.g., nanoelectronics, biotagging, Triphenylphosphine oxide can either be formed by oxida-
catalysis, etc.). In addition, the general nature of the approach tion of the phosphine ligands on the nanoparticle surface (i.e.,
in combination with the ease of preparation and convenient triphenylphosphine oxide is the leaving group of the ligand
purification, allows for the rapid preparation of large families exchange) or is produced by the subsequent oxidation of
of thiol-stabilized Au; particles® liberated PPHin solution3® To determine the origin of
Mechanism of the Ligand Exchange of Au:(PPhg)sCls triphenylphosphine oxide, a trapping experiment was used
and Thiols. Only a few mechanistic investigations have been 1o selectively probe for the presence of free PiRtsolution.
reported that provide information about the course and Similar to a study reported previousfywe chose 1-azido-
outcome of ligand exchange reactions of ligand-stabilized 2,4-dinitrobenzene as the trapping reagent because it selec-
nanoparticle$’2® In this study, we investigated the mech- tively undergoes a fast Staudinger reaction with £th
anism for the replacement of the phosphine ligands by thiols irreversibly form an iminophosphorane which is easily
to determine whether the core size is preserved during ligandobservable by NMR® Triphenylphosphine oxide, produced
exchange. Recent studies of the ligand exchange reaction ofs the leaving group of the ligand exchange reaction, would
1.5 nm triphenylphosphine-stabilized gold nanoparticles, not result in the formation of iminophosphorane because the
“Au101(PPh),:Cls’, with alkanethiols showed that part of the ~ trapping reagent does not react with triphenylphosphine
phosphine ligand shell is replaced as AuCl(pPkeading oxide. If triphenylphosphine oxide is formed by the oxidation
to loss of core atom¥.The amount of AuCI(PPjiproduced ~ Of liberated PP rapid formation of iminophosphorane
is limited by the number of chlorides available in the original Would be observed. In addition, the amount of triphenylphos-
ligand shell which means that about 5% of the core atoms Phine oxide will be greatly reduced because PBapidly

are lost as result of the exchange reaction.

In the case of Au(PPh)sCls, a similar, partial replacement
of the phosphine ligands as AuCI(PfPkwvould result in the

removed from the mixture by the irreversible reaction with
the trap.
When the ligand exchange reaction bivith an excess

loss of three Au atoms and produce nanoparticles witha Au Of hexanethiol is performed in the presence of 1-azido-2,4-
core according to the number of chlorides in the original dinitrobenzene, the formation of iminophosphorane is ob-
ligand shell. Since the optical properties of gold clusters with Served throughout the course of the ligand exchange reaction.
6 to 13 core atoms are highly sensitive to the number of Only trace amounts of triphenylphosphine oxide are produced

core atoms;?° a change from a Ay core to a Ay during

in the presence of the trapping reagent. Since the formation

ligand exchange should lead to significant changes in the of iminophosphorane only occurs in the presence of freg PPh
optical properties of the exchange products. These concerndn S0|u'tlo.r1, thl§ observation indicates that the phosphine
led us to investigate the course of the ligand exchange ligands dissociate from the clusters as free f£&td not

reactions of the Ay core.

triphenylphosphine oxide.

The progression of the ligand exchange reaction between 10 investigate if the trace amount of AuCI(Pfbbserved

1 and hexanethiol was followed by in sittdP NMR

during our initial NMR studies was formed as leaving group

spectroscopy to monitor the formation of phosphine-contain- Of the ligand exchange or was a result of the slow
ing byproducts. To ensure complete exchange, the liganddecomposition ofl under the reaction conditions, we set up

(31) Mrksich, M.Chem. Soc. Re 200Q 29, 267-273.
(32) Warner, M. G.; Hutchison, J. Bat. Mater.2003 2, 272-277.

(33) Thiol-stabilized exchange products show an increased stability towards
heat, pH changes, and salt addition with respect to the phosphine-

stabilized precursor particld.> In addition, while water-soluble,

phosphine-stabilized undecagold derivatives are being slowly oxidized

when stored in solution for a few days or at low PHy similar
sensitivity to oxidation has not been observed foand the thiol-
stabilized exchange products.
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an experiment to block the ligand exchange by addition of

(34) In a control experiment, we found that A(PPh)sCls produces only
trace amounts of AuCI(PBhin DMSO-ds at 55°C over the course
of 12 h.

(35) In a control experiment, we found that RPB oxidized to tri-
phenylphosphine oxide in DMS@s at 55°C over the course of 2 h.

(36) (a) Triphenylphosphine oxide and gold-bound PRiands do not
react with the azide under identical conditions. (b) Staudinger, H.;
Meyer, J.Helv. Chim. Actal919 2, 635-646.
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Figure 1. Evolution of thea-methylene ¢-CHy) resonance of hexanethiol as a function of time for the ligand exchangjevith hexanethiol monitored

by IH NMR spectroscopy. (A) The reaction was carried out in the presence a stoichiometric amount of hexanethiol to replace all of the ligd@hds of
intensity of thea-CH, resonance decreases over time as the thiols are exchanged onto the nanoparticle until it is broadened into the baseline after completion
of the exchange. (B) The reaction was carried out under identical conditions as the experiment in (A) but in the presence of a 4-fold molar exgess of PPh
over hexanethiol added prior to ligand exchange. The intensity ai46é&l, resonance remains unchanged throughout the measurement, indicating complete
blocking of the ligand exchange.

an excess of free PRHo the ligand exchange mixture. liberated from the nanoparticle as free RBhcause loss of
Addition of excess of PRhto the reaction mixture should the phosphine ligands as AuCI(PPkvould lead to partial
only inhibit the loss of phosphine ligands as free PBlt ligand exchangé’ Therefore, the observed AuCI(Pflis
not their replacement as AuCI(P#hif AuCI(PPh;) was a most likely caused by partial decompositionlofinder the
leaving group of the ligand exchange, addition of excess PPh reaction conditions and not a result of the ligand exchange.
should only lead to partial blocking of the ligand exchange.  The experimental evidence from both the trapping studies
Figure 1 shows the effect of addition of excess P@h  and the blocking experiment suggests that the ligand
the ligand exchange mixture on the progression of ligand €xchange of Au clusters with thiols follows a reaction
exchange. The extent of ligand exchange can be monitoredmechanism different from the analogous exchange involving
by the change in intensity of tHél NMR resonance for the ~ “Au101(PPR)2:Cls”. The ligand exchange of “Aii(PPh)21-
a-methylene protons (CHprotons closest to the sulfur) as Cls” with thiols proceeds in a three-stage mechanism in
the incoming thiol is exchanged onto the nanoparticle surface.Which about 25% of the phosphine ligands are replaced as
In Figure 1A, the evolution of the-methylene proton peaks ~AuCI(PPh) during the initial stage of the ligand excharige.
is shown as a function of time for a ligand exchange reaction The remaining phosphine ligands are removed in a subse-
betweenl and a stoichiometric amount of hexanethiol to quent stage by transfer to closely associated AuCl{Peh
completely replace all of the ligands df~11 molar equiv form polyphosphine Au complexes. During the final stage
of thiol to Auy(PPh)sCls). As the ligand exchange progresses, Of the exchange reaction the thiol ligand shell is being
the intensity of théH NMR resonance for the-methylene ~ completed and reorganizes into a more crystalline state
protons decreases until it broadens into the baseline toward(Scheme 2A). In the case of AlPPh)sCls, AUCI(PPh) is
the end of the exchange reaction. Approximately 200 min not produced as a leaving group ligand exchange with thiols.
after the start of the ligand exchange, the resonance for thelnstead, the complete ligand shell is removed in form of free
a-methylene protons of the free thiol is not observable by PPh (Scheme 2B).
NMR, indicating that all thiol is removed from solution and ~ The results from our mechanistic studies provide strong

exchanged completely onto the nanoparticle. evidence that the Auw core remains intact during the ligand
Figure 1B shows the evolution of theCH; protons over exchange reaction, demonstrating the ability to control the
time for a ligand exchange reaction betweeand stoichio- core size of the product particles during the synthesis of the

metric hexanethiol in the presence of a 4-fold molar excess Phosphine-stabilized precursor nanoparticles. Thus, it is
of PPh over the amount of hexanethiol. In contrast to the POssible to predict the core size of the product particles from

exchange reaction without the addition of excesss@Rbwn  the core size of the precursor. _ _

in Figure 1A, the intensity of the resonance thenethylene Thg fate of the protons during the Ilg_and exchange reaction
protons remains unchanged over the complete course of the_remalnls unknown. The f;lbsence of a signal for the HS protons
experiment €420 min) as indicated by the constant integra- N the *H NMR spectr&’ of the thiol-stabilized exchange
tion ratio of thea-CH, protons and the terminal methyl products suggest that th_e HS protons are being lost as a result
protons. These results show that no thiol is removed from ©f ligand exchange. It is unclear whether the HS protons
solution in the presence of an excess Pidicating that &€ lostin form of H or as B. The NMR experiments did

the ligand exchange reaction is blocked completely. Com- not provide any evidence for either one of the two species
pletg inhibitio_n' of the Iigand exchange by an excess ofsPPh (37) Hasan, M.. Bethell, D.; Brust, M. Am. Chem. So2002 124, 1132
provides additional evidence that all phosphine ligands are 1133.
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Scheme 2. Differences in the Mechanism for the Ligand Exchange of Phosphine-Stabilized Gold NanoparticlesRuitittionalized Thiols

A) “Au, (PPh,), CI.":
~ ~(PPh _ _~(PPh .+ {SR)y; Reorgani- _ _~(SR
(— ': 3])( +yHS-R /— ,.rw': 3):(41 +2 HS-R (— ,J-"( ]yﬂ-z zation /— ,rr‘( ]yvz
: T Cly (fast) ™ (SR)y (slow) ' (slow)
+ +
n (PPh,)AuCl n [Au(PPh,)_, ]*CI-
B) Au, (PPh,).Cl,:
~(PPh .
e (PPhas | @ LisR P {SR),
T Cly '+
8 PPh,

possibly due to the insufficient sensitivity. Another possibility similar to those of the phosphine-stabilized precufseith

is that the sulfur-bound hydrogen is transferred to an exiting maxima at 318 nm, 330, 375, and 416 nm (due to interband
ligand, e.g., chloride or triphenylphosphine, although these transitions) but show an additional, broad peak at 690 nm.
species were not observed in our experiments. Such aThe latter peak was attributed to the excitonic transition of
mechanism was recently shown for the exchange of thiols the subnanometer cdreand is believed to reflect the
onto sulfide-stabilized Au nanoparticles in which intact thiols  semiconductor character of the Awluster3® In contrast to
adsorb onto the nanoparticle surface and subsequently,e spectrum of ODT-stabilized Ay the spectra for water-
transfer hydrogen to a leaving ligaAd.

Optical Properties of the Thiol-Stabilized Product
Particles. Access to a large family of functionalized Au
particles provided by the ligand exchange method offers the
opportunity to study the influence of the ligand shell on the
optical properties. Although a number of Awlusters have
been prepared, their optical properties have not been studied
in detail until recently’.® Phosphine-stabilized Auclusters
have a characteristic UMvis spectrum with maxima at 415,
385, and 301 nm which are only slightly sensitive to changes
in the phosphine and halide ligant®. Storage of water-
soluble Au; clusters at low pH or addition of oxidizing
agents leads to noticeable shifts of the maxima to 425, 366, ©)
and 324 nm. These changes are completely reversible on i \
addition of a small amount of a reducing agent (e.g., NgBH
and are believed to reflect some rearrangement in the gold
core?®

The optical properties of several thiol-stabilized ;Au
cluster also have been studied recently. Chen et al. investi-
gated the electronic structure of dodecanethiol-stabilized Au
(Au11SG) by voltammetric and spectroscopic measure-
ments? By comparing the voltammograms of AGC;, with
those of Au1(PPh);Cls, they found that the band gap of the
thiol-stabilized cluster is about 0.35 eV larger than for the
phosphine-stabilized cluster. Under the assumption that the
core dimensions remain unchanged during the exchange
reactions, this observation was attributed to the stronger
bonding of Au-S compared to that of AuP(Cl). Further- : . : . A
more, the authors found that thiol-stabilized ;Aglusters 300 350 400 450 500 550 600
(in contrast to the phosphine-stabilized precursor particles) Wavelength (nm)

exhibit photoluminescence and behave similarly to indirect Figure 2. Dependence of the Uwvisible spectra of thiol-stabilized Au
band-gap semiconductors. particles on the nature of the ligand shell. The spectra were normalized at

. A . 600 nm. (A) Comparison of the optical properties of organic-soluble and
In the course of our studies, we observed distinct differ- water-soluble Ay, particles stabilized by (a) octadecanethiol, (b) mercap-

ences in the optical spectra of organic-soluble and water- toethanesulfonate, (c) mercaptopropionic acid, (d) mercaptoethanephos-

soluble thiol-stabilized exchange products (Figure 2A). Phonic acid, and (e),N-dimethylaminoethanethiol. (B) Dependence of the

Und d icl bilized with | hain alk hiol UV —visible spectra of organic-soluble Auparticles stabilized with straight-
ndecagold particles stabilized with long-chain alkanethiols, ain alkanethiols on the chain length. The stabilizing ligands were (a)

such as octadecanethiol (ODT), have absorbance spectractadecanethiol, (b) dodecanethiol, (c) octanethiol, and (d) hexanethiol.

=

(a)
(b)

(©)

(d)

Absorbance (arbitrary units) >

300 350 400 450 500 550 600
Wavelength (nm)

~

(a)

(b

(c)

Absorbance (arbitrary units) w

(d)
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soluble exchange products do not show defined peaks (Figure
2A).

A surprising trend was observed for the optical properties
of organic-soluble, thiol-stabilized Auparticles when the
chain length of the stabilizing alkanethiol ligand was
decreased. Figure 2B shows the optical spectra of thiol-
stabilized Ay particles with ligand shells composed of
octadecanethiol, dodecanethiol, octanethiol, and hexanethiol.
In this series of straight-chain alkanethiol-stabilized; Au
particles, the defined maxima at 318, 330, and 416 nm
broadened more and more with decreasing chain length of
the thiol ligands. The ASGg particles showed the signature (a)
peaks of Ay, particles observed in the absorbance spectrum t t t t t
of 1; however, the optical spectra the Aparticles stabilized
with the shortest thiol in the series, hexanethiol, resembled
the optical spectra of water-soluble, thiol-stabilized;Au ~ Figure 3. UV—visible spectrum of (&) organic-soluble Auparticles

. . . . obtained by the ligand exchangelofvith hexanethiol, (b) the thiol-stabilized
particles. This trend was unexpected considering the fact thaty ' barticles from (a) after a second ligand exchange with ODT, and (c)
the only known difference between the Awclusters was  Au1i1SCis prepared directly by ligand exchangelofvith ODT. All spectra
the chain length of the stabilizing thiol ligand. were normalized at 600 nm.

Possible explanations for the observed differences in the
optical spectra are changes in core size and size dispersity
It is known that the optical and electronic properties of
Pmber of ore atonis? @Ahough our mechaatic sicies oM Aus(PPR):CIs A possible explanation for his obser-

vation is the presence of nanoparticles with mixed hex-

§uggested that no core atoms are lost during I|ga_nd e.XChangeanethioI/ODT ligand shells. Thiol-for-thiol ligand exchange
it was possible that ligand exchange lead to ripening and reactions of larger gold nanopatrticles are typically incomplete
rearrangement of nanopatrticle core, resulting in polydisperse |argerg hopar ) typically P
samples? and result in particles with mixed ligand sheffsNano-

To probe if the differences in core size and dispersity cause part_ic_les With mixed hexanethioI/ODT ligand shells might
the different optical spectra of short-chain and long-chain exhibit optical properties that lie between those 0 S

. . X . and Au;SGs particles.
thiol-stabilized Ay, particles, we prepared Ai5Cig particles . . .
by ligand exchange of hexanethiol-stabilized, Aparticles, Because the differences in the optical spectra appeared to

. be due to effects of the ligand shell and not to differences in
Au1:SGs, with ODT and compared the absorbance spectrum : ) . . . . ) )
with the one of AuSGs prepared directly by ligand core size and dispersity, we investigated if the different ligand

exchange ofl with ODT. Thiol-for-thiol ligand exchanges Srr]:”:rtgs tti:e ir?f?une(zjr?:il:ltlCli?ltesragr?ilgse ii?:risgorfzeanodpgcefl
have been show to preserve the core $izbus, the Aug- brop y 9 P 9

SGs particles prepared from AWSG particles should gregation. Since these phenomena are concentration-depend-
8

. . ent, the optical properties of long- and short-chain thiol-
possess the same core dimensions as thes&l precursor. . . . .
. stabilized Ay, particles were studied over a concentration
Figure 3 shows the absorbance spectra of a sample gf Au

41 i i i
SGs particles before and after ligand exchange with ODT. range of 0.2:3.0 mM* We found a Imear re!atlpns.hlp
) . between the absorbance and the concentration, indicating that
Before ligand exchange, the spectrum was featureless, as is

typical for undecagold particles stabilized by short-chain interparticle interactions or aggregation do not have notice-

alkanethiols (Figure 3, trace ). After ligand exchange of ab\llseegigtisn\?gs:ihZtc;ztli?iﬁ/z(taigi%éﬁects cause the observed
this sample with ODT (Figure 3, trace b), the spectrum was 9

similar to the spectrum of AuSCi synthesized directly from difference in the optical properties. The optical properties

Auz(PPh)Cls with two distinct maxima at 322 and 416 of thlol-s'Fablhzgd Ay, particles were studied in various
. solvents including chloroform, ethanol, toluene, THF, and
nm (Figure 3, trace c).

o 1-chlorobutane, but we did not observe a noticeable depen-
The similarity between the spectra of the two/8Cs . utwe d Ser ! P

dence on the nature of the solvent in the investigated

samples prepared by the two methods suggests that bOthconcentration rang® g

materials possess the same core size, suggesting that the . SO L

- . S Our optical studies indicate that during ligand exchange

initial thiol-for-phosphine ligand exchange afas well as . . . :

. . . reactions ofl with thiols no core size changes occur,

the subsequent thiol-for-thiol exchange reaction preserve the - L o
confirming the results from the mechanistic investigation.

(38) (a) Alivisatos, A. PJ. Phys. Chem1996 100, 13226-13239. (b) We could further rule out that interparticle interactions and

Zhang, J. ZAcc. Chem. Red.997 30, 423-429.
(39) Itis known that ligand exchange reactions can result in growth of the (40) Hostetler, M. J.; Green, S. J.; Stokes, J. J.; Murray, RIWAm.

nanoparticles and changes in the size dispersity. For example, ligand Chem. Socl1996 118 4212-4213.

exchange of 1.5-nm phosphine-stabilized Au nanoparticles with (41) The concentration range was chosen to include the concentration

alkylamines leads to nanoparticle growth and ripening (see: Brown, typically used for U\~visible spectroscopy of the nanoparticle

L. O.; Hutchison, J. EJ. Am. Chem. Sod.999 121, 882-883). samples.

(b)

Absorbance (arbitrary units)

300 350 400 450 500 550 600
Wavelength (nm)

undecagold core. The absorbances in the spectrum gf Au
SGCs by ligand exchange of AuSGs and ODT were not as
defined as in the spectrum of ASC g synthesized directly
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solvation effects are responsible for the pronounced depen-showed that the ligand exchange of these particles follows
dence of the optical properties of alkanethiol-stabilized:Au  a pathway different from that for ligand exchanges of larger
particles on the chain length of the thiol ligands. These results gold nanoparticles such as “fu(PPh),:Cls”. Optical studies
suggest that the nature of the thiol ligand has a direct of the products show a strong dependence on the nature of
influence on the electronic structure of the ;Awcore. the stabilizing thiol ligands. The ligand exchange approach
Although it is known that thiols can act as electron acceptors offers the opportunity to study and tune systematically the

decreasing the electron density of the gold caaed possibly  optical and electronic properties of the nanoparticles through
influencing the electronic structure of the gold core, the thiols manjpulation of the ligand shell.

used in this study have only minute differences in the electron
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