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Abstract: Both the rate and extent of ligand place exchange reactions between the hexanethiolate monolayer
of Aui40 monolayer protected clusters (C6 MPCs) and dissolved 6-mercapto-1-hexanol thiol (HOC6SH)
increase with increasing positive electronic charge on the Au cluster core. The rate constant of the ligand
place exchange, taken at the early stage of the exchange, is increased by ca. 2-fold for reaction of +3
charged Aui4o cores as compared to neutral ones. The initially exchanged ligands are thought to reside
mainly on edge and vertex sites of the Aui4o core, where the lability of the slightly more ionic Au—S bonds
there becomes further enhanced by removing electrons from the core. The reactions slow markedly after
35—50% of the original ligands have been replaced, continuing at a much slower pace for some time to
reach an apparent reaction equilibrium. On +2 charged Aui4 cores, 85% of the C6 ligands have been
exchanged with HOCgH1,SH after 20 h. The slower phase of the reaction includes exchange of thiolate
ligands on terrace lattice sites most of which—owing to the small sizes of the nanoparticle’s Au(111) faces—
are no more than one Au atom row removed from the nanoparticle edge sites. This slower exchange, the
extent of which is also enhanced by positively charging the core, occurs either by intramolecular place
exchange with edge sites that subsequently place-exchange with solution thiol or by direct place-exchange
with solution thiol. Acid—base studies show that thiolate is more reactive in place exchange reactions than
the corresponding thiol.

The report by Schiffrin et al.of an improved synthesis of  lows: (a) The number of stored electronic chafdeiowing
gold nanoparticles (5 nm diameter) generated a wide range single electron transfers can be estimated from the pattern of
of opportunities to study the chemical and electronic nature of peaks for quantized double layer charging in MPC voltammetry
chemical materials whose dimensions lie near the transition (much as stored charge could be estimated for a polyvalent redox
between molecular and bulk metallic behaviors. These nano-molecule). (b) Negatively and positively charged MPC cores
particles are coated with a dense monolayer of thiolate ligandscan be used as electron donor and acceptor reagents in redox
that stabilize them against aggregation even when solvent isreactions’ (c) Mixing solutions of MPCs having different core
removed, enabling their isolation, purification, derivatization, charges results in electron transfers between the MPCs to reach
and analytical characterization. We éalhese nanoparticles  an equilibrium solution potential describable by the stoichiom-
“monolayer protected clusters”, or MPCs. etry of the mixtures and the Nernst relatibiid) Electronic

The small core dimension and low monolayer dielectric charging of cores of dodecanethiolate MPCs (C12 MPCs) causes
properties of reasonably monodisperse alkanethiolate coateda small shift in the surface plasmon (SP) band position ir-tUv
MPCs lead to single electron transfer (SET) characteristics in vis spectrathat is comparable to previously observed SP band
the charging of their electrical double layers in electrolyte shifts for larger Au colloid$.(e) The related area of semicon-
solutions. This has been establishéa both freely diffusing ductor nanoparticles (e.g., quantum dots) has also seen studies
and electrode-attached MPCs. The size-dependent double layeof their electrochemical chargingPwhich provokes substantial
property is termed “quantized double layer charging” (QDL). changes of IR absorption properties and quenching of narrow
Research on core-charged MPCs can be summarized as folband-edge photoluminescenéé.

* Corresponding author. E-mail: rwm@email.unc.edu. (4) Pietron, J. J.; Hicks, J. F.; Murray, R. \§. Am. Chem. Sod.999 121,
(1) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.Chem 5565-5570.
Soc., Chem Commuh994 801—802. (5) Templeton, A. C.; Pietron, J. J.; Murray, R. W.; Mulvaney,JP Phys.
(2) Templeton, A. C.; Wuelfing, W. P.; Murray, R. Vkcc. Chem. Re200Q Chem. B200Q 104,564—569.
33, 1906-1911. (6) (a) Henglein, A.; Mulvaney, P.; Linnert, Discuss. Faraday Sod.99],
(3) (a) Ingram, R. S.; Hostetler, M. J.; Murray, R. W.; Schaaf, T. G.; Khoury, 92, 33. (b) Underwood, S.; Mulvaney, R.angmuir 1994 10, 3427.
J. T.; Whetten, R. L.; Bigioni, T. P.; Guthrie, D. K.; First, P. Bl. Am. (c) Ung, T.; Giersig, M.; Dunstan, D.; Mulvaney, Pangmuir1997, 13,
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Other chemicalconsequences of nanoparticle charging, on

generally described as polar or partially ioffcPorter et al.

the other hand, are relatively unknown. The reactions studied showed that the thiolate ligand could be desorbed from a Au
here are ligand place-exchanges on MPCs with electronically surface when a sufficiently negative potential is applied (“reduc-
charged cores. Ligand place exchanges comprise an importantive desorption”8° Majda et al'® reported partial At-S charge

synthetic routé8 to functionalized MPCs. A previous stutly
on (uncharged) A44MPC place exchange dynamics concluded

transfer as a function of the potential applied to a Au(111)
surface. Density functional calculations for a “naked” 14w

that the room-temperature exchange reaction (i) has a 1l:1nanoparticle reveal smaller Au 4f binding energies for edge and

stoichiometry, liberating one thiol from the original MPC
monolayer for every new thiolate incorporated into it, (ii) is an

corner (vertex) site?d) i.e., Au—S bonds formed there should
be more ionic than those on terrace sites, and accordingly more

associative as opposed to dissociative reaction, (iii) does notlabile to exchange reactions.

involve disulfides or oxidized sulfur species, and (iv) probably

occurs at a higher rate on vertexes and edges of the core surfacExperimental Section
as opposed to core terrace sites. Studies of ligand place exchange

reactions on macroscopically flat self-assembled monolayers (2
SAMSs) show® 12 a large diversity of exchange reactivity of
surface sites, some being readily reactive (presumably terrac

D Chemicals. Tetrabutylammonium perchlorate (BUCIO,4, Aldrich,

>99%), tetrabutylammonium hexafluorophosphate (s, Aldrich,
>99%), hexane thiol (HSC6, Aldrichy; 99%), 6-mercapto-1-hexanol

hiol (HOC6SH, Aldrich,>97%), dichloromethane (Gl,, Aldrich,

edges, steps, and other defect sites) and others (Au(111) terrace)g go), acetonitrile (CECN, Aldrich, 99.9%), toluene (Aldrich, 99%),

displaying extremely slow exchange. A similar greater reactivity

methanol (Aldrich, 99%), tetrahydrofuran (THF, Aldrich, 99%), potas-

of adsorbates and ligands on defect sites such as terrace edgasum tert-butoxide (K-OtBu-, Aldrich, 1.0 M solution in tetrahydro-

is well-known in surface sciendé.The mechanism studies of
exchange reaction in 2D SAMs diverge, however, in the

conclusions drawn, producing evidence supporting both rate

determining dissociatiVé-16 and associative pathways1’

This paper describes the changes in rates and extent of Iigano(

furan), acetic acid (Fisher, 99.7%), andFischer, 99.9%) were used
as received.

Hexanethiolate-stabilized gold clusters (C6 MPCs) were prepared
as in previous work! Briefly, a 3:1 mole ratio of hexanethiol
HSC60H) and AuCI in toluene at ®C was reduced by excess BH
over a 24 h period. We have determined that this reaction produces

place exchange reactions on Au MPCs that result from electronic ; 5\ core diameter MP&swith an average composition of
charging of the MPC cores. There have been no previous reportsay,,{S(CHy)sCH]ss 2

on place-exchange reactions of core-charged MPCs. (Surpris-

Spectroscopy.*H NMR spectra of CDGl and CQCl, Au MPC

ingly, reports of exchange reaction dynamics of 2D SAMs as a solutions and disulfide solutions following theirihduced decomposi-

function of the potential of the gold surface are also lacking.)

tion (see below) were collected on a Bruker AC200 spectrometer. A 5

We present results on place exchange reactions betweers relaxation delay time suffices for accurate peak integration.

hexanethiolate Auo MPCs (C6 MPCs) with well-defined core

charges and an alkanethiol with similar structure but dif-
ferentiable by NMR: 6-mercapto-1-hexanol thiol (HOC6ESH).
The rate and extent of incorporation of the HOC6S- thiolate

ligand into the MPC monolayer is measured by quenching the

reaction, with subsequent NMR analysis of the MPC’s mixed
monolayer formed after different reaction times. We observe

Thermal Analysis. Thermogravimetric analysis (TGA) was per-
formed with a Seiko RTG 220 robotic TGA.

Electrochemistry. Measurements of differential pulse voltammetry
(DPV) and of solution rest potentials at 1.6 mm Pt disk working
electrode and bulk electrolyses of C6 MPC solutions (i.e., to charge
the MPC cores) at a large Pt mesh were performed in a fritted three-
component cell, with a Bioanalytical System (BAS) Model 100B
potentiostat. The working electrode compartment of the electrochemical

that electronic charging of the Au core influences both the rate cel contained the working and reference electrodes in a C6 MPC
of ligand exchange at short reaction times and the eventualsolution (0.1 mM C6 MPCs, 50 mM BNCIO,, in CH,Cl,), the middle
extent of exchange, i.e., the number of ligands that have beencompartment only electrolyte solution (50 mM BICIO, in CH,Cly),
exchanged after the second, much slower phase of the reactionand the third compartment a Pt mesh auxiliary electrode and supporting
Both initial rate and ultimate extent of exchange increase when electrolyte solution. The reference was a AgfAghg wire/AgNO; (1

the core is positively charged. The positive charges are placed™M)/BUNPFs (0.1 M)/CHCN) electrode. Charging of MPC cores was

on the cores by a preceding electrolysis step.

Literature information on the nature of the A& bond is
pertinent to our interpretation of the effect of charge on place
exchange. In reference to 2D SAMs, the A8 linkage is

(8) Hostetler, M. J.; Green, S. J.; Stokes, J. J.; Murray, RIWAm. Chem.
Soc.1996 118 4212-4213.
(9) Hostetler, M. J.; Templeton, A. C.; Murray, R. Wangmuir1999 15
3783.
(10) (a) Collard, D. M.; Fox, M. ALangmuir1991, 7, 1192-1197. (b) Kolega,
R. R.; Schlenoff, J. BLangmuir1998,14, 5469-5478.
(11) Brown, L. O.; Hutchison, J. El. Am. Chem. Sod997, 119, 12384
12385.
(12) Lin, P. H.; Guyot-Sionnest, Rangmuir 1999 15, 6825-6828.
(13) (a) Taylor, H. SProc. R. Soc. London, Ser.1®25 108 105. (b) Guo, X.
C.; Madix, R. J.Surf. Sci.1996 367, L95—-L101.
(14) Schlenoff, J. B.; Li, M.; Ly, HJ. Am. Chem. Sod995 117, 12528~
12536.
(15) Nishida, N.; Hara, M.; Sasabe, H.; Knoll, 3pn. J. Appl. Physl1997, 36,
2379-2385.
(16) Jennings, G. K.; Laibinis, P. H. Am. Chem. S0d997, 119, 5208-5214.
(17) Bain, C. D.; Evall, J.; Whitesides, G. M. Am. Chem. Sod 989 111,
7155-7164.

always toward positively charged MPCs. Air was not excluded.
Preparation of Core-Charged MPCs.The rest potential of solutions

of as-prepared C6 MPCs (MPT’®P) was typically about-0.45 V vs
Ag/Ag™, which given the ca—0.2 V potential of zero char§eand

the double layer capacitanceLof the C6 MPCs (0.57 aF per MPg
corresponded to a mixture of MPCs with O anrd core charge¥.
The potential increment for a one-electron change g/@here e is
the electronic charge) of these MPCs is about 280 mV. Thus,

(18) (a) Bryant, M. A.; Pemberton, J. E. Am. Chem. S0d.99], 113 8284~
8293. (b) Walczak, M. M.; Popenoe, D.; Deinhammer, R. S.; Lamp, B.
D.; Chung, C.; Porter, M. DLangmuir1991, 7, 2687-2693.

(19) Krysinski, P.; Chamberlain, R. V.; Majda, Mangmuir1994 10, 4286-
4294

(20) Haberler, O. D.; Chung, S.; Stener, M.; Rosch JNPhys. Chem1997,
106, 5189-5201.

(21) Hostetler, M. J.; Wingate, J. E.; Zhong, C. J.; Harris, J. E.; Vachet, R. W.;
Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.;
Glish, G. L.; Murray, R. W.Langmuir1998 14, 17-30.

(22) Cleveland, C. L.; Landman, U.; Shafigullin, M. N.; Stephens, P. W.;
Whetten, R. L. ZPhys. D1997, 40, 503.

(23) Hicks, J. F.; Templeton, A. C.; Murray, R. \Wnal. Chem1999 71, 3703
3711.
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AV = ¢/Coy Table 1. Thermogravimetric Analysis of C6 MPCs Having
Different Core-Charge States

o 01 charge state no. of organic
Il of MPCs % organic ligands? Cal (aF)
MPCas-prep 18.1 53 0.57
MPC? 18.1 52 0.58
“«—> MPCH 18.1 53 0.60
! j i i ) i ! ! MPC3*+ 18.2 53 0.56
08 06 04 02 00 02 04 06 MPCA 18.0 52 0.56

Potential vs. Ag/Ag+ (V
. . ) oher ) . 2 The number of ligands Lar MPC of charge state z, calculated from
Figure 1. Differential pulse voltammetry of as-prepared C6 MPCs in  TGA percent organic weight using the folloing: & MW(L)J[MW(CEMPC)
CHyCI> (0.1 mM C6 MPCs, 50 mM BINCIO,, in CH,Clz), measured at a + z x MW(CIO4)] = % org.P E,,—1 is the “formal potential” of az/(z —
1.6 mm diameter Pt working electrode. 1) charge state “coupleGq, is capacitance per MPC. A plot &, versus
z allows determination of the average value@f,, assuming that &, is

electrolysis of a solution of MPCs to a rest potential of 0.6 \V vs Ag/ ndependent of potential (which is usually, but not alwafSthe case).

Ag* would produce a solution of C6 MPCs with an average core charge .
ofg—&-S, or I\F/)IPG+. In this way, a series of core charge?defined Og obser\{ed and the change in core double layer charge ate (
“+17, “+2", and “+3" nanoparticles, or MP& MPCH, MPC2*, and occurring there is
MPC3*, could be prepared.

After charging the MPC solution, the GEl, solvent was removed Z—- l/2)e
by rotary evaporation and the supporting electrolyte 4{BTiO,) Ez,zflz Epzc —cCc. 1)
removed by washing three times with 20 mL portions of acetonitile.

clu
Removal of the electrolyte was confirmed By NMR. . . “ -
Measurement of Apparent Exchange Equilibria. Solutions of where the peak potentidl;1 is the “formal potential” of a

approximately 20 mg (1.& 10-* M) of C6 MPCs (MPGS b, MPC?, 2(z - 1) charge ;tate “coupleGyy is the capacnance per MPC,
MPCH, or MPC) in 10 mL of toluene were mixed with a 3-fold Epzc is the potential of zero charge and e is the electron charge
molar excess (in reference to the MPC monolayer content) of (1.602x 1071%C). z > 0 andz < 0 correspond to positively
6-mercapto-1-hexanol thiol (HOC6SH). The place exchange products and negatively charged cores, respectively. At the formal
were quenched by 100 mL of acetonitrile, cleaned on frits by rinsing potentialE,,—1, a 1:1 mixed valent solution of the charge state

with 100 mL of acetonitrile, and characterized By NMR after couple exists at the electrode/solution interface. A pldEQf
decomposing the MPC monolayers to mixed disulfides by addify | versusz allows determination of the average value @,
The molar ratio of 6-mercapto-1-hexanol ligandsCH,—, ca. 3.6 assuming tha€, is independent of potential (which is usually,

ppm) to hexanethiolate ligand (methyl resonance, ca. 0.9 ppm) waspy \+ not alway3*?6 the case). The thusly determined QDL
determined from the relative NMR peak areas of the indicated capacitance of the C6 MPCs used here is 0.57 aF. On the basis
resonances and the total ligand content of 53 ligands per MPC. After of this capacitance, C6 MPC solutions charged by bulk
the mixture was stirred for 20 h at room temperature, the change in . . ! .
solution composition seemed to have ceased and an apparent equilib-‘alectrOIySIS to final rest pptentlals 6f0.19, 0'985’ 0.38, and
rium?s was reached. (Because the reaction has slowed so much, it is0-6 V correspond to solutions of C6 MPCs with cores charged
uncertain whether it actually reaches a true equilibrium.) as MPC, MPCH*, MPC*", and MPC*. The solutions of core-
Studies of Initial Reaction Rates A mixture of approximately 100  charged MPCs give DPV responses similar to the one in Figure
mg of MPCsPee, MPC%, MPCH, or MPC* C6 MPCs with a 2:3 mole 1. Measuring their capacitances by the method stated above
ratio of the incoming ligand (HSC60H) in 10 mL of toluene was stirred  gives results that together with the capacitance of as-prepared
at room temperature. Periodically, 1 mL samples were taken, quenchedMPCs are listed in Table 1 for comparison. They are within
by addition of 100 mL of acetonitrile (precipitating the MPC products), error all the same, i.e., the MPC capacitance and by inference
collected by suction filtration, rinsed with 100 mL of acetonitrile, and the cluster and its dielectric shell are substantially unaltered by
dried under vacuum. The product monolayer compositions were ) -
analyzed by*H NMR after L-induced decomposition to disulfides as th?rr?grreegrsg?;nn%i;rsog?ﬁbc solutions are a reliable measure
above. of their state of charge. These potentials are generally stable
for several days for charged C6 MPCs, indicating the stability
of the core charge for this length of time. Core-charged MPCs

Charging MPCs and Their Compositional Stability. Figure also can be storédas solids and redissolved without seeming
1illustrates the quantized double layer (QDL) charging seen in change. However, it has not yet been analytically confirmed
a typical differential pulse voltammetry (DPV) response for a that no changes occur in the composition of the monolayer as
0.1 mM C6 MPC solution in 50 mM BINCIO4/CH,Cl,. The a result of the core charging process. This question is especially
pattern of more or less evenly spaced current peaks corredpbnds relevant in studying the place exchange reaction kinetics since
to single electron changes in the charge state of the MPC coreghe results are based on the analyzed number of ligands.
as they diffuse to the electrode surface and equilibrate (by Results of TGA analyses of as-prepared and core-charged
electron transfer) with the Fermi level of the electrode. The C6 MPCs are shown in Table 1 as is the number of ligands

relationshic between the potentials at which current peaks are calculated to be present in the monolayer (see table footnote).
Thermogravimetric analysis of MPCs is kno%rio yield an

Results and Discussion

(24) Wuelfing, W. P.; Green, S. J.; Pietron, J. J.; Cliffel, D. E.; Murray, R. W.
J. Am. Chem. So@00Q 122, 11465-11472. (26) Chen, SJ. Am. Chem. So@00Q 122, 7420-7421.

(25) Samples were taken from the exchange reactions of MRC10, 15, 20, (27) Terrill, R. H.; Postlethwaite, T. A.; Chen, C. H.; Poon, C. D.; Terzis, A.;
and 41 h. Results showed that after 10 h the number of ligands exchanged Chen, A.; Hutchison, J. E.; Clark, M. R.; Wignall, G.; Londono, J. D.;
remained the same, so we assumed that 20 h was long enough for an Superfine, R.; Falvo, M.; Johnson, C. S.; Samulski, E. T.; Murray, R. W.
apparent equilibrium to have been reached. J. Am. Chem. S0d.995 117, 12537 12547.
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Table 2. Apparent Equilibrium Extent of Place Exchange? 120

exchanged ligands

clusters (total ligands is 53) 100 ~ 926
MPCas-prep b 19
MPC? 23 80 - r 741
MPCL+ 40
MPC2+ 45 80 | | 55.6

a3:1 mole ratio of the incoming thiol (HSC60H) and the thiolate ligand
(—SC6) on C6 MPCs, in toluene solvehfThe estimated average charge
state of as-prepared MPCs is between 0 afd

40 - r 37.0

185

number of ligand exchanged

20 4
organic weight fraction that is consistent with their elemental
analysis, and has led to an average compo$itfon as-prepared 0 Fo
C6 MPC (MPCsPe) of Au1sdS(CHp)sCHzlss. The ligand
contents of core-charged MPCs shown in Table 1 are identical ' ‘ ‘ ‘ ‘
with this composition; i.e., the core charging process does not X/ 1

change the average MPC monolayer composition. Foure 2. Th b g .  oxch d ligands at .
. . .. Figure 2. e number and percentage of exchanged ligands at apparen
The mass of the counterion of positively charged MPCs is equilibrium versus the mole ratio of the incoming ligand £XMeO,-

tiny compared to that of the MPC itself, and is neglected in the cc11SH) and the leaving ligand (L). L is CA®)( C8S- (), C12S- W),
above comparison. The presence of counterion can be detected;16S- ¢),and C16S-4). (In the last curve, the incoming ligand is MgO
however, as by%F NMR, as shown in the Supporting Informa- ~CC15SH.) Data from ref 9.

tion.

The Long-Time Extent of Place-Exchange as a Function
of Core Charge. We next present results of place exchange = +
reactions where the reaction was allowed to run its course to 30 1
an apparent equilibrium. Four experiments were performed, in
which the same amount of 6-mercapto-1-hexanol (HOC6SH) = @
was added to each of four solutions containing equal concentra-
tions of the Au clusters C6 MPEPrer, MPC?, MPCL, and
MPC?*. The mole ratio of the added HOC6SH was 3:1 in
relation to the moles of C6 thiolate on the MPCs. The solutions
were stirred for 20 h, which was establishedo yield an
apparent equilibrium extent of exchange.

The results for the number of HOC6SH ligands exchanged
onto the MPCs in the preceding experiments are shown in Table '] s o ow @ % w0
2. It is obvious that much larger numbers of HOCG6S- thiolates ,
become incorporated into the cluster monolayer when the Au 0O 200 400 600 800 1000 1200 1400 1600 1800
core is made more positive. The percentage of exchanged time (min)

Iigands varies from 36% to 85% of the total. For referencg, the Figure 3. Plot of the number of -SC60H ligands exchanged on C6 MPCs
number of surface Au atoms on an Agicore (the average size  versus the reaction time for different charge states. The concentrations of
core in the MPC sample) is 96, of which over one-haflien the cluster solutions are all 48 104 M, and the concentrations of the

; incoming HSC60OH thiol ligands are 1 10°2 M. From the top to the
the vertexes and edges of its presuffied truncated octahedral bottom, they represent the following: MPC(), MPCE (W), MPC? (O),

shape. and MPGsPrer (@). The inset is a plot of InY (Y = [Au14dS(CHy)s-
As noted in the Introduction, an earlier place exchange 8tudy CHs]ss-{S(CH)sOH]y| rime/[AU14d S(CH2)sCHssslimit) versus time for

of as-prepared MPCs (neutral or slightly negative, with larger Place exchange of MPC C6 MPCs.

r han in the presen r, A0SR nd with an . . . . .
cores than in the present paper, hos and with a equilibrium) in terms of the relative quantities of in-coming and

assortment of |n.|t|al MPC Illgands), sgggested that the rate of initial MPC ligands, [XJ/[L]. While the reaction’s apparent
place exchange is more rapid for Au sites on vertexes and edges

of the core surface (“defect” sites) as opposed to core terraceequ"?br?um posi_ti_ons depend on the ratio [XJ/[L], the attained
sites. This proposal is sterically reasonable and also consisten gtivl\::eberlrtin;)SpO:rI]t(ljon;O;pp;arthtg ?rl,itiz?u.v.apﬁg ' l:re;)rl]?jc;emsei?]tcgf
with the more ionic (and thereby labile) character of the-/8u aporoximately 40% of Othe surface Au atoms ogn Au\hpc
bonds on the nanoparticle edges anticipated from lower Au 4f C(F))fes (assum)i/n a(t)runcated octahedral SHea3 Iieson edoe
electron binding energies thet®Figure 2 examines the earlier 9 9

. . . or vertex sites, the roll-over corresponds roughly to the total of
results of ligands exchanged at long reaction times (apparent .
edge plus vertex sites.

(28) Whetten, R. L.; Khoury, J. T.; Alvarez, M. M.; Murthy, S.; Vezmar, I.; An analogous roll-over is seen in the kinetic study (Figure

Wang, Z. L.; Stephen, P. W.; Cleveland, C. L.; Luedtke, W. D.; Landman, i i i
U, Ay, Mater 1906 &, 428433 3, vide infra) of Auso MPCs after about 20625 ligands are

(%) pabueyoxa spuebi| jo ebejusoled

35

MPC

number of -SC60H,

time (min)
T

T T T T T T

(29) (a) Luedtke, W. D.; Landman, U. Phys. Chen996 100 13323-13329. exchanged, again near the sum of edge plus vertex sites for
(b) Luedtke, W. D.; Landman, L. Phys. Chem. BL998 102 6566- this core size. The numbers of ligands exchanged at much longer

(30) Logunov, S. L.; Ahmadi, T. S.; E-Sayed, M. A.; Khoury, J. T.; Whetten, times, shown in Table 2, require, however, that at apparent
(31) R Py, e, B 0L T o b. L Tao v.T- Parikn o €quilibrium, exchange of ligands that were initially on terrace
N.; Nuzzo, R. GJ. Am. Chem. Sod.991, 113 7152-7167. sites must have occurred in addition to exchange on edge and
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Table 3. Kinetic Studies of Place-Exchange Reactions of MPCs at Different Charge State®?

pseudo-first-order second-order rate

cluster [C6 MPC], M [HSC60H], M rate constant (s™%) constant (M~ts™)
MPCAS—PREP 4.8x 104 1.7x 1072 1.2x 10 7.1x 1073
MPC? 4.8x 104 1.7x 1072 1.4x 10 8.2x 1073
MPCL+ 4.8x 104 1.7x 1072 15x 10 8.8x 1073
MPC3* 4.8x 104 1.7x 1072 2.4x 104 14 x 1073
MPC3*+ 4.8x 104 1.7x 102 2.4x 104 14 x 1073
MPC3*+ 4.8x 104 2.6x 1072 2.8x 104 11x 1073
MPC3* 4.8x 104 7.6x 1072 4.0x 104 5.3x 1073

a2:3 mole ratio of the incoming thiol (HSC60H) and the thiolate ligar®C6) on C6 MPCs? Reactions are performed in toluene.

vertex sites of the Adygcore. We demonstrated in the previous 2. Although the reaction times were allowed to be very long,
study’ that there is some mobility of ligands on the MPC core some sites may exchange only on an even longer time scale.
surface. Intramolecular ligand migration of ligands newly For the faster exchanging positively charged cores, a larger
exchanged onto edge/vertex sites to terrace sites ey fares proportion of these sites may react on the time scales employed.
was evidencetby results showing that ligands newly place- Place Exchange KineticsIn the kinetic study, a smaller (2:
exchanged into an MPC monolayer are not completely removed3) mole ratio of incoming ligand (HSC60OH) to C6 MPCs
in a second place exchange reaction by using a differently thiolate ligand was employed in order to slow the exchange
labeled in-coming ligand. This result was verified in the present reaction. The same amount of 6-mercapto-1-hexanol (HOC6SH)
work for the Auo cores. An experiment was performed where was added to each of four solutions containing equal concentra-
14 HOCG6S- ligands were place exchanged onto C6 MPCs in ations of the Au clusters C6 MPErrer, MPC?, MPCH, and
half-hour reaction. This product was isolated, and subjected to MPC3". Figure 3 shows NMR results of sampling the composi-
a reverse place exchange reaction with C6SH thiol. Only 8 of tion of MPC monolayers in the reaction mixture over time. The
those ligands were lost from the MPC core surfaces even wheninitially rapid place exchange reaction slows down after
the reverse exchange reaction in C6SH solution was prolongedexchange of 2625 ligands, which is about the proportion of
for 4 days. edge plus vertex Au sites as noted above.

From the Augoresults, place exchanges of ligands in numbers ~ The reaction kinetics results in Figure 3 were analyzed at
exceeding the edge plus vertex sites appear to occur mostly inshort times €1 h) and are satisfactorily represented as a pseudo-
the later, slow phase of the ligand exchange reaction. Exchangedirst-order process with rate constdgts = k,-[HSC60H], as
of ligands that were originally on the MPC Au(111) terrace sites illustrated in the inset of Figure 3. The results kggsare listed
could take place through an intrinsically slower place-exchange in Table 3 (top) and show that MPCs with3 charges react
of ligands on terrace sites with in-coming thiol, or we believe about 2-fold faster than those of as-prepared clusters. This is a
(given the reverse place exchange results) more likely by an modest kinetic acceleration, but its existence is unequivocal from
intramolecularplace exchange of ligands between terrace and the systematic trend seen for MPCs with increasingly positive
edge sites. It is important here to keep in mind the tiny core charge.
dimension of the Au(111) terrace on a Aginanoparticle. In The acceleration of place exchange caused by positively
fact, in the structure calculated by Luedtke and LandA{all, charging the nanoparticle cores is understandable by considering
of the terrace Au atoms ai@ljacentto Au atoms that lie on the nature of Au-S bonds in MPCs. In the Introduction, we
the nanoparticle edges. An intramolecular exchange of a ligandsummarized literature observations, salient ones of which are
bound to an edge atom with one located in a 3-fold hollow one (a) Au—S bonds between chemisorbed alkanethiolates and a
lattice unit away is all that is required to position a ligand Au(111) surface afé&2°polar (i.e., partially ionic) and are even
originally on a terrace into a more readily exchangeable edge (according to theo®f) more-so for edge and vertex atoms on
site. a Au nanoparticle surface, and the site occup&tiéys larger

The eventual extent of terrace site exchange is according tonear nanoparticle edges than on Au(111) terraces. It follows
Table 2, enhanced by positively charging the core. Between 40that positively charging the MPC core should further increase
and 50% of the original C6 ligands on fygcores are displaced  the polarity of the Aut-S bond, making it more labile and
from as-prepared and neutral MPCs (as was f@dadAusyy reactive to ligand exchange.

MPCs. However, for MPCs with positively charged cores Figure 4 and Table 3 (middle) show additional experiments
(MPCY and MPC), a larger proportion of exchanged ligands in which the concentration of incoming thiol (HSC60H) was

is observed, which requires replacement of a substantial fractionvaried and the concentration of a core-charged MPC (C6
of the original ligands of Au(111) terrace sites. We will propose MPC3") held constant. If the rate-determining step in ligand
below that the acceleration of place exchange between originalexchange were the dissociation of MPC-bound ligand, then the
and in-coming ligands onto the edge and vertex sites arises fromoverall reaction rate should be independent of the in-coming
enhancing the lability of the partially ionic AtS bonds there ligand. As seen, however, the pseudo-first-order rate constant
by positively charging the Au core. This charge-enhanced varies with the concentration of incoming ligand (HSC60OH),
lability of edge site ligands should also facilitate their intra- which is consistent with an associative mechanism for the
molecular place exchange with adjacent terrace site ligands. exchange reaction. In an associative place exchange reaction,

Finally, we should comment that it is not clear why core the incoming ligand penetrates the MPC monolayer and in some
charging should so seriously alter the apparent equilibrium manner replaces (displaces) a bonded thiolate ligand. An
position of the place exchange process, as it seems from Tableassociative reaction process was also concluded in a prévious
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Figure 4. Plot of the number of -SC60H exchanged ontoc11074 M
MPC3t C6 MPCs versus time, for 3:1a§, 1:1 (©), and 2:3 {0) mole ratios

of the incoming ligand (HSC60H) to thiolate ligand (-SC6) on clusters.

The pseudo-first-order rate constants are respectivelyx41@-4, 2.8 x
104 and 2.4x 104 s L The inset is a plot of the pseudo-first-order rate
constants of the above reactions versus the mole ratio.

Table 4. Media Effects on Place-Exchange Reactions? of
HSC60H Thiol with As-Prepared and +1 Charged C6 MPCs

no. of ligands exchanged®

reaction medium additives MPpCas—prep MPC*
THF, N, K+t-BuO~ d 37 42
THF, N, 0.1 M BwNCIO,f 19
THF, N, acetic acif 16
THF, air 23 27
THF, N, 6 26

a2:3 mole ratio of incoming thiol (HSC60H) to initial thiolate ligands
(hexanethiolate) on C6 MPC3After reaction time of 1 h¢ The data in
air were taken from the results in Figure “Potassiuntert-butoxide in
1:1 mole ratio to the incoming thiof.Acetic acid in 1:1 mole ratio to the
incoming thiol.f Tetrabutylammonium perchlorate electrolyte.

place-exchange kinetics study of neutral-cores#($Ros

Table 5. Solvent Effects on Place-Exchange Reactions of +2
Charged C6 MPCs?2

no. of SC60H no. of SC12Br
solvents ligands exchanged ligands exchanged

toluene 37 32
dichloromethane 29

THF 29 23
toluene/acetonitrile 29

(L:1viv)
methanol 28 0

a2:3 mole ratio of the incoming thiol (HSC60OH or HSCI2Br) and the
thiolate ligand (-SC6) on C6 MPCs.

thiolate ligands exchanged 1 h that the product MPCs started
to precipitate, which lead us to set the comparative observation
times at 1 h. The results accordingly do not represent even
apparent equilibria.) Under \Nwhile as-prepared C6 MPCs
incorporated only 6 SC60H ligands after 1 h, for the MPC
cluster this jumped to 26 ligands; the comparable numbers in
the basic medium were not as different (37 and 42 respectively
for as-prepared and core-charged MPCFewer ligands (16)
were exchanged for core-charged MPQn acidic medium
(where thiol proton dissociation should be repressed) than in
base. These results make it clear ttiadlatesare much more
reactive in MPC place exchange reactions than the correspond-
ing thiols. Other resul# show that thiolates are also more
reactive in exchanges on 2D SAMs.

That thiolate is more reactive in ligand exchange than thiol,
especially with a positively charged Au core, is qualitatively
plausible. The underlying reason(s) have, however, a number
of subtleties, and we will defer further interpretation toward
further experimental results with arylthiolate reactiéfs.

Table 4 additionally shows that the presence of can
accelerate the exchange reactions of (negatively charged)
MPCas-Prepcores (from 6 to 23 ligands exchanged as compared
to under N), while G, has a negligible effect on exchanges of
positively charged cores such as MP@exchange of 27 versus
26 ligands). This suggests complexity that will require further
investigation. @can act as an oxidant toward negatively charged

MPCs, where a ferrocenated octanethiolate Iiggnd exchangedMPC cores, especially in the presence of thiols, which can act
onto C8, ClZ,' and. C16 MPCs. The pseudo-flrst-prder rate as proton donors toward the basic superoxide product. Thiolate
constants obtained in the present study are plotted in the 'nseﬁigands would be the product of such a reaction, and would

of Figure 4 against the mole ratio_ of i|_1-c_onr_1ing ”ga”P' lead to a faster rate of place exchange. Positively charged MPCs,
[HSC60H] and MPC [-SC6]. The relationship is linear, again however, should be less reactive towargl O

consistent with an associative reaction, but exhibits a consider-

Sble. intercept. This was alsg obsel:jge(: in trﬁlplreviollus sgfjudy, assembled monolayers have considered effects of solvent on
ut k:s not seﬁ_n r:n an ongo!gg ‘lc’lt bwh arydt _'I?hate gan fth both formation and self-exchange reactions of the monolayer.
exchanges which are more ideally behaved. The origin of the g ,otantial solvent effects have not been reported on surface

'”‘;rcepF IS T\?t Ollj_nderstodoi B Eff Thi . coverage of single-component 2D SAMs, but the composition
eaction Medium and Aci ase Efiects. This section of mixed monolayers can be quite solvent dependent.

presents an assortment of experiments seeking to identify other There are some constraints imposed on studying solvent

fact(_)rs that mfluence_ place exchange reactions on Au NAaNo-gtfects for MPC exchange reactions because not only the thiols,

particles. The expenment;, as above, are based on placeout also the Au MPCs must be soluble in the selected solvents.

exchanges of HOfH1,5H with C6 Au MPCs. ] Suitable solvents for the HSC60H/C6 MPC place exchange
Table 4 shows results of experiments probing adidse included toluene, dichloromethane (&), tetrahydrofuran

i i S—prep - e
effects, in Wh,'Ch C6 Mp& ) apd C6 MPC™ were place (THF), toluene/acetonitrile (1:1 v/v), and methanol. HSC60OH
exchanged with HSCEOH thiol in dry THF for 1 h. The top and MPC* C6 MPCs were reacted at a 2:3 mole ratio for 20
entries reveal a pronounced aciase effect; the extent of
exchange withi 1 h issubstantially enhanced by the presence (33) Song, Y. University of North Carolina, 2002, unpublished results.
i 4) (a) Ulman, AAn Introduction to Ultrathin Organic Films from Langmutr

of base and depressed by the presence of acid. (SO many 5060@ Blodgett to Self-Assembled MonolayA&cademic Press: San Diego, CA,
1991. (b) Ulman, AChem. Re. 1996 96, 1533.
(32) Donkers, R.; Song, Y. University of North Carolina, 2002, unpublished (35) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;

results. Nuzzo, R. GJ. Am. Chem. S0d.989 111, 321.

Turning to solvent effects, previous stud®e® on 2D self-
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h, i.e., producing an apparent equilibrium product. A second quite readily into shorter chainlength alkanethiolate monolayers
series of exchanges used the longer chain, non-hydrogenof MPCs?® We do not attempt to rationalize this dramatic result,
bonding thiol, HSC12Br. The results are given in Table 5. lacking convincing arguments.

Table 5 shows that for the HSC60H exchanging thiol, the

apparent equilibrium extent of exchange is largest in the least Acknowledgment. This research was supported in part by
polar solvent (toluene), and somewhat lower, and uniform, for grants from the National Science Foundation and the Office of

solvents of intermediate polarity (GBI, THF, toluene/ ~ Naval Research. Dr. Robert Donkers is thanked for insightful

acetonitrile) and for a more polar, hydrogen bonding solvent discussions.
(methanol). The reactivity of HSC12Br is somewhat less in
toluene and THF solvents, but startlingly is negligible in

methanol. This last observation shows that solvent effects on
MPC place exchanges may often be mild, but occasionally
dominant. Usually, longer chain alkanethiols place exchange JA0174985

Supporting Information Available: Experimental details and
IH and F NMR spectra of MP&" (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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