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Triazole formation by 1,3-dipolar cycloaddition reactions, “click” chemistry, has been used to
functionalize the surfaces of Au nanoparticles. Au particle samples were first synthesized through standard
procedures, the methyl-terminated chains partially exchangedavlthomo-functionalized thiol, and
the Br termini converted to azides by reaction with NaRhese particles were then reacted with a series
of alkynyl derivatized small molecules in nonpolar solutions, which led to their attachment through the
formation of a 1,2,3-triazole ring, confirmed through NMR and IR spectroscopies. Click reactions were
used to impart chemical functionality to the Au particles, which is assessed using fluorescence spectroscopy
and cyclic voltammetry.

Introduction nanoparticles, and the most well-understood method is the
use of place-exchange reactions that rely on displacement
§)f surface ligands. The utility and generality of these
reactions for the modification of Au nanoparticles was first
majority of reports have sought to leverage the intrinsic described by Murray et al.who produced chemically useful

physical properties of the nanomaterials, such as magneticpart'(:le_S by_ replacement_ of the monolayer ligands with
nanoparticles for high-density magnetic data storage, w-fun9t|oh_allzed alkanethiols. ) )

noble-metal particles for nonlinear optitsEfforts aimed A significant drawback to this method is the need to
toward control and improvement of these properties have Synthesize |nd|v!dual 'Fhlolated I!gands for insertion into t.he
largely focused on modifications of the nanoparticle syn- monolayer. The inclusion and tailoring of functional moieties

thesis. Nanoparticle magnetic moments, for example, haveNas long been a goal in small-molecule organic chemistry,
been adjusted by careful modification of the chemical and as a result an enormous number of reactions have been

Functional nanomaterials designed to perform a specific
reaction are of intense interest because of their potential use
in medical diagnosticsdrug delivery? and catalysi§.The

compositiortassize, and crystal structuféwhile the fluor- developed to convert, for example, alcohols into carboxylic
escence emission wavelengths of semiconductor nanocrystal@cids and halides into alkengsr to link molecular species
are known to be strongly dependent on particle ize using amide or ester condensation chemittijhese reac-

alternative approach is to impart chemical functionality to tions have all been applied for the modification of Au
nanoparticles’ surface structure and chemistijowever,
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Scheme 1. “Click” Functionalization of Au Nanoparticle Surface$
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a(i) Br(CH2)11SH in DCM, 60 h at room temperature; (ii) 0.25 M NaM DCM/DMSO solution, 48 h; (iii) R= propyn-1-one derivatized compounds
as in Scheme 2, 2496 h in dioxane or 1:1 hexane/dioxane.

species react with ethynyl groups to form a 1,2,3-triazole and propynoyl chlorid® were synthesized according to literature
ring_14 Click chemistry has been extensively applied in procedures. Acetonitrile was distilled over Gagptior to use; water
organic chemisti? and has been recently used to modify Was purified with a Barnstead NANOpure system. Tetrabutylam-
electroded® glass surfaces, and micropartiéfesnd to create monium hexafluorophosphate was recrystallized three times from
fluorescent polymer nanosphefée reasoned that triazole St acetate and dried under vacuum at@0Ethanol (Pharmco),
coupling reactions could analogously be utilized as a general'®uené (VWR), dichloromethane (DCM; Fisher), dioxane (ICN
. R . Biomedical), dimethyl sulfoxide (DMSO; Alfa Aesar), and all other

method for _the fun.ctlonallzauon. of met_al nanoparticle oo were used as received.
surfaces. This reaction s_cheme is a par_tl_cularly powe.rful Synthesis. 1-Pyren-1-yl-propyn-1-one (PynA 1.02 g (4.44
approach because only mild reaction conditions are required,;, 1,01y amount of pyrene-1-carboxaldehyde was placed in a round-
and the extreme selectivity toward molecules bearing azidespottom flask under nitrogen. To the flask was added 5 mL of
and alkynes prevents unwanted side products. anhydrous tetrahydrofuran (THF), followed by 14 mL of 0.5 M

The general synthetic strategy for triazole functionalization ethynylmagnesium bromide (7 mmol) in THF. The solution was
of nanoparticles is shown in Scheme 1. As a model systemallowed to stir overnight, the reaction was quenched with 20 mL
to demonstrate use of this synthetic approach, we haveof saturated aqueous ammonium chloride, and the product (pyrene
initially chosen to employ Au nanoparticles because their alcohol) was extracted three times with 30 mL of diethyl ether.
analysis and characterization using NMR and IR spec- The combined organic layers were dried over sodium sulfate, and
troscopies are well-precedented in the literadEhis paper the ether was removed by rotary evaporation. The product was

describes the synthesis of a series of redox active, quorescentO“SSOlVeOI n 50 mL of .anhydml.JS acetone, and Jones reagent was
added dropwise with stirring until a red color persisted. The reaction

anq solubilizing species and.the. use of click chemistry as aas quenched with-3 mL of isopropyl alcohol, changing the

facile route toward functionalization of monolayer-protected ¢ tion to a green color. A 50 mL amount of saturated aqueous
Au nanoparticles. We demonstrate the ability to link more  sogium metabisulfite was added to the flask, and the acetone was
than one moiety to the particles, paving the way for the removed by rotary evaporation. The product was extracted three
creation of chemically useful, multifunctional particles for times with methylene chloride, and the combined organic layers

complex chemical reactions. were dried over sodium sulfate. Purification on a silica column with
1:1 hexanes/ethyl acetate afforded 0.45 g of product (40% yield)
Experimental Section as an intense yellow solitHH NMR (CDCl;, 360 MHz): 3.56 (1H,

s), 8.17 (2H, 1), 8.26 (3H, d), 8.44 (2H, m), 8.96 (1H, d), 9.50 (1H,
Reagents.11-Bromo-1-undecanethiol (BrgH2,SH)?2° 1-ferro- d). FTIR (KBr, cntd): v 3220 (H-C=C), 3036 (H-C=C), 2088
cenyl-2-propyn-1-one (F€},1-(nitrophenyl)-2-propyn-1-one (NB}, (C=C), 1942, 1917, 1634 (€0), 1539 (G=C), 1506 (C=C), 1372,
1246, 1221, 1000, 965, 843, 704.
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Sharples’s, K. BAngew. Chem.,’ Int. E"dzooz 4‘1, 2596. o hyde (1.83 g, 8.9 mmol) was placed in a round-bottom flask under

(15) (a) Kolb, H. C.; Sharpless, K. B2DT 2003 8, 1128. (b) Lewis, W. nitrogen. A 10 mL amount of anhydrous THF was added, followed
G.; Green, L. G.; Grynszpan, F.; Radi; Carlier, P. R.; Taylor, P.; by 28 mL of 0.5 M ethynylmagnesium bromide (14 mmol) in THF.
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(16) Collman, J. P.; Devaraj, N. K.: Chidsey. C. E.IBngmuir2004 20, The solution was allowed to react_ for 1 h, was guenched with 20
1051. mL of aqueous saturated ammonium hydroxide, and was allowed
(17) Lummestorfer, T.; Hoffman, Hl. Phys. Chem. R004 108, 3963. to stir overnight. The product, anthracenyl alcohol, was extracted

(18) (a) O'Reilly, K. R.; Joralemon, M. J.; Wooley, K. L.; Hawker, C. J. hr imes with mL of diethvl ether. and th mbin raani
Chem. Mater2005 17, 5976. (b) Joralemon, M. J.. O'Reilly, K. k.. Lree times with 30 mL of diethyl ether, and the combined organic
Hawker, C. J.; Wooley, K. LJ. Am. Chem. So@005 127, 16892. layers were dried over sodium sulfate. The ether was removed by

(19) Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, rotary evaporation, and 53 mL of methylene chloride was added
R.W.; Clark, M. R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, tg the resultant red orange product. Activated Mn(IV) oxide (23.2

G. D.; Glish, G. L.; Porter, M. D.; Evans, N. D.; Murray, R. W. . :
Langmuir1998 14, 17. g, 267 mmol) was added to the solution, and the suspension was

(20) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G.  Stirred for 1.5 h. The product was filtered through Celite and rinsed
M.; Nuzzo, R. G.J. Am. Chem. S0d.989 111, 321. with methylene chloride until the washings were colorless. The

(21) Barriga, S.; Marcos, C. F.; Riant, O.; Torroba,Tetrahedron2002
58, 9785.

(22) Pigge, F. C.; Ghasedi, F.; Zheng, Z.; Rath, N. P.; Nichol, G.; Chickos, (23) (a) Wehler, J.; Feld, Wl. Chem. Eng. Datda989 34, 142. (b) Blush,
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filtrate was concentrated, and the product was purified by silica
column chromatography using a gradient elution from 3:1 to 1:1

hexanes/ethyl acetate. Solvent was removed from the desired

fraction to afford 1.18 g (52% crude yield) as an intense yellow
solid. The product contains inseparable aldehyde impurity and is
used without further purificatiorH NMR (CDCls, 360 MHz): 3.50
(1H, s), 7.48 (4H, m), 7.96 (2H, d), 7.99 (2H, d), 8.50 (1H, s).
FTIR (KBr, cm1): » 3291 (H-C=C), 3053 (H-C=C), 2112 (G
C), 1653 (G=0), 1525 (G=C), 1447 (G=C), 1054, 1028, 916, 891,
790, 733, 638.

Propynoic Acid 2-[2-(2-Methoxyethoxy)ethoxy]ethyl Ester (PEG).
A 20 mL solution containing 2.9 mL (25 mmol) of triethylene glycol

monomethyl ether in anhydrous methylene chloride was prepared.

To this was added 15 mL of a 1.8 M solution of propynoyl chloride

in toluene, and the reaction was stirred overnight. The product was

washed three times with 30 mL of water, and the methylene chloride
layer was dried over sodium sulfate. The solvent was removed by
rotary evaporation to yield a clear colorless oil, which was purified
on a silica column using 1:5 acetone/methylene chloride as the
eluent. A 0.58 g amount of the pure oil (10.7% yield) was isolated.
1H NMR (CDCl;, 360 MHz): 2.60 (1H, s), 3.28 (3H, s), 3.59 (2H,
t), 4.23 (2H, q). FTIR (KBr, cm?): v 3220 (H-C=C), 2144 (G
C), 1719 (G=0), 1615 (O0-C=0), 1456 (-CH,—), 1352, 1228,
1170, 1108 (€-0—C), 1030, 944, 851, 733.

Propynoic Acid Phenylamide (AniA 7.5 mL quantity of a 1.6
M solution of propynoyl chloride in toluene was placed in a round-
bottom flask. This solution was diluted with 25 mL of anhydrous
methylene chloride and degassed with nitrogen. A 2.2 mL volume
(24 mmol) of freshly distilled aniline was added slowly via syringe,
and the resultant cloudy yellow reaction mixture was allowed to
stir overnight. The resulting solution was washed three times with
water, and the organic layer was dried over magnesium sulfate.
The solids were removed by filtration, and the solvent was
evaporated to give a yellow oil that was purified on a gradient silica
column using 3:1 to 1:1 hexanes/ethyl acetate. Collection of the
desired fraction and removal of solvent by rotary evaporation
yielded 0.62 g (36% yield) of the desired lemon yellow product.
IH NMR (CDCls, 360 MHz): 2.91 (1H, s), 7.12 (1H, 1), 7.33 (2H,
t), 7.49 (2H, d), 7.66 (1H, s). FTIR (KBr, c): » 3393, 3269
(H—C=C), 3132, 3070 (H-C=C), 2110 (G=C), 1653 (C=0),
1597 (C(=0)—N), 1535 (C=C), 1500 (-C(=O)—N), 1442,
1322, 1303, 1268, 1212, 1029, 953, 907, 763, 731, 693, 505.

Au Particle Synthesis and Exchandeu particles were synthe-
sized according to the two phase method of Brust &ith slight
modifications. Briefly, 0.31 g of HAuGI(0.91 mmol) in 10 mL of
water was transferred into 80 mL of toluene using 1.5 g of
tetraoctylammonium bromide (2.7 mmol). The organic phase was
isolated, and 0.47 g of decanethiol (2.7 mmol) was added. The
solution was cooled to 8C and stirred for 10 min, after which 10
mL of an aqueous solution containing 380 mg of NaBtD mmol)
was added. This was allowed to stir for an additioBd before

Chem. Mater., Vol. 18, No. 9, 20689

Scheme 2. Propyn-1-one Compounds for Attachment via
Triazole Ring Formation
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protective monolayers containing both €Hand Br-terminated
ligands.

Synthesis of Azide-Functionalized Au Nanoparticlese Au-
w-Br-functionalized particles were dissolved in DCM10 mg/

mL) and added to an equal volume of 0.25 M NaN DMSO.

The solution was allowed to stir for 48 h, after which water was
added and the black organic layer was isolated. The organic layer
was dried over sodium sulfate, the solvent was evaporated, and
the particles were washed with ethanol and dried. The particles
were subsequently dissolved in dioxane for further use.

Reaction of Azide-Functionalized Au Nanoparticles with Alkynyl
Derivatives. In a typical reaction~50 mg of N;-functionalized
particles and 0.1 mmol of the alkynyl-modified compound (from
Scheme 2) were codissolved in 6 mL of dioxane or 1:1 hexane/
dioxane and stirred for 2496 h. After removing the solvent under
vacuum, ethanol was used to remove any unreacted alkynyl
derivative, and the particles were dried and then redissolved in
DCM. Insoluble material was removed by centrifugation, and the
remaining decantate was retained for further analysis.

Particle Decomposition Reaction&u nanoparticle samples were
decomposed using standard disulfide forming reactibimsyhich
~3 mg of L, was added te-25 mg of particles dissolved in DCM,
and the reaction mixture was stirred for 2 h. The resulting black
precipitate was removed via centrifugation, and the solution was
evaporated to dryness.

Characterization. Transmission Electron Microscopy (TEM).
TEM samples were prepared by drop casting a dilute nanoparticle
solution in DCM onto copper TEM grids coated with a layer of
amphorous carbon. Images were obtained using a JEOL JEM 1200
EXII transmission electron microscope operated at 80 keV and
equipped with a Tietz F224 digital camera.

Spectroscopy*H NMR spectra were obtained using either a
Bruker AV 360 MHz spectrometer or a Bruker DRX 400 MHz
spectrometer using CDgbolutions. Diffuse reflectance infrared

the organic layer was separated and evaporated, producing a blackspectra were measured with a Varian FTS 7000 using samples drop

waxy solid that was washed with copious amounts of ethanol.
Ligand exchange with BrGH,,SH was performed according to
literature method® by dissolving 800 mg of synthesized Au
nanoparticles and 800 mg of ByfE,,SH in DCM and stirring the
solution at room temperature for 60 h. The resulting particles were
isolated by evaporation of the solvent, rinsed with ethanol, and
dried. Following standard characterization meth®dbe NMR and
Fourier transform infrared (FTIR) spectra are consistent with

(24) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.
Chem. Soc., Chem. Commui994 801.

(25) Templeton, A. C.; Hostetler, M. J.; Kraft, C. T.; Murray, R. .
Am. Chem. Sod 998 120, 1906.

cast onto powdered KBr. Fluorescence spectra were acquired with
a Photon Technology International (PTI) fluorimeter using solutions
containing 0.0+0.06 mg/mL particles in filtered, stabilizer free
DCM.

ElectrochemistryCyclic voltammetry was performed with a CH
Instruments 600B potentiostat ugia 2 mmdiameter Pt working
electrode, Pt wire counter electrode, and Ag quasi reference
electrode. All samples were prepared using a 0.2 M TBAPF
toluene/acetonitrile solution (2:1) that had been thoroughly de-

(26) (a) Sun, L.; Crooks, R. M.; Chechik, \Chem. Commur2001, 4,
359. (b) Kim, J.-B.; Bruening, M. L.; Baker, G. lJ. Am. Chem. Soc.
200Q 122 7616.
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Figure 1. Representative TEM images of (A) as-synthesizegHgiSH-modified Au particles and (B) azide-functionalized Au nanoparticles. Insets contain
particle size distributions. Scale bar is 50 nm.

gassed. The electrochemical cell was kept under a blanket of 100 1 ,",m
nitrogen for the duration of the experiments. Prior to every run, !

the working electrode was polished with a 0% alumina slurry,
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c
£ 80
rinsed with water, sonicated in ethanol, and rinsed with 2:1 toluene/ E
acetonitrile. g 70
= 604
Results and Discussion R 50
Azide Functionalization of Au Nanoparticles. To test 40 ' ' ' ' ' ' '
4000 3500 3000 2500 2000 1500 1000 500

the functionalization approach shown in Scheme 1, reactions .
involving triazole ring formation were conducted using small Wavenumber, cm
Au particles because of their facile synthesis, solubility, and Figure 2. FTIR spectra of the as-synthesizedokl,:SH-modified Au

. . . particles (solid line) compared to azide-functionalized Au nanopatrticles
rapid surface ligand exchange dynamics. We, therefore, (ashed line).
synthesized monolayer-protected Au clusters using de-
canethiol as the surface ligand because this length sufficientlyspectrum of the Au nanoparticles that have been reacted with
stabilizes the particles from aggregation but is not so NaN; (Figure 2, dashed line) contains a strong, new vibration
sterically hindered as to prevent ligand exchaffgéhe centered at 2094 cm that is attributed to the cumulated
synthesized Au nanoparticles, shown in the representativedouble bond of the terminal azide moieties. The characteristic
TEM image in Figure 1A, are spherical and have an averagealkyl stretching vibrations are not significantly affected
diameter of 1.8+ 0.4 nm. The decanethiol stabilized Au (versus the methyl-terminated particles), suggesting that
particles were then stirred in a solution containing BHG - ligand exchange and Nsubstitution do not perturb the
SH to replace a fraction of these ligands with Br-terminated structure of the monolayer.

undecanethiol ligands. Confirmation of replacement was \yhile '1H NMR spectroscopy of the Au nanoparticles could
obtained from théH NMR and FTIR spectra, which were  pe ysed to follow the extent of substitution and reaction of
consistent with previous reports of ligand exchange of Au thejr monolayers, it is well-known that NMR peaks are
nanoparticles® Reaction of the Br termini via nucleophilic  sjgnificantly broadened by attachment to particle surfages.
substitution with Nalwas used to append azide function- - As a result, quantification of ligand exchange can be difficult.
alities to the Au nanoparticles. Shown in Figure 1B, the size an alternative method is to cleave the alkanethiols from the
and shape qf the re;ultant particles are not affected over thenanoparticles by reaction with &4nd to subsequently analyze
course of this reaction. _ _ the relative quantities of the solution phase ligands using
The FTIR spectrum of the Au nanoparticles after reaction 1y NMR spectroscopy. Comparison of the spectra of the
with NaNs is compared to that obtained for the as-prepared jigands obtained from the decomposition of the Au nano-
decanethiol stabilized (i.e., GHerminated) Au nanopatrticles particles before and after reaction with NaN shown in
to determine the degree of functionalization. The FTIR gigyre 3. The spectrum of the as-prepared particles (Figure
spectrum of the alkanethiol stabilized particles (Figure 2, 3a) contains triplets at 2.65 and 0.85 ppm that are attributed
solid line) is relatively featureless and contains characteristic {g the methylenes adjacent to the disulfide and the terminal
alkyl stretching vibrations between 2800 and 3000 €M  methyl group, respectively. In contrast, the NMR spectrum
Consistent with detailed FTIR investigations of monolayer- of the particles following reaction with NajNFigure 3B)
protected Au cluster%, the symmetric and antisymmetric
ylb_ratlonal modes at 285_0 and 2921 cm rESpecuvely’_ (28) (a) Terrill, R. H.; Postlethwaite, T. A.; Chen, C.; Poon, C.-D.; Terzis,
indicate that the alkyl chains are well-ordered and are in a A.; Chen, A.; Hutchison, J. E.; Clark, M. R.; Wignall, G.; Londono,

predominately trans orientation. In comparison, the FTIR ~ J. D.; Superfine, R.; Falvo, M.; Johnson, C. S.; Samulski, E. T.;

Murray, R. W.J. Am. Chem. S0d.995 117, 12537. (b) Badia, A,;
Gao, W; Singh, S.; Demers, L.; Cuccia, L.; Revenl.&ngmuir1996
(27) Hostetler, M. J.; Stokes, J. J.; Murray, R. Mdngmuir1996 12, 3604. 12, 1262.
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Figure 3. ™H NMR spectra of solutions containing the products of | J A
decomposition of (A) decanethiol-modified Au nanoparticles and (B) azide-
functionalized Au nanoparticles, in CDLI
contains a new peak at 3.22 ppm that is assigned to the N 2000 1800 1600 1400 1200 1000 800 600 400

methylene protons. A small peak at 3.38 ppm, assigned to Wavenumber (cm™)
.the Br methylene peak, Is also observed; comparison (_)f the igure 4. FTIR spectra of Au particles following reaction with the alkyne-
integrated areas of the peaks reveals a 92% conversion Ofnodified compounds: (A) Fc; (B) NB; (C) Pyr; (D) An: (E) PEG; and (F)
Br to N;. Taken together, the FTIR and NMR spectra Ani. Spectra are offset for clarity.

conclusively indicate that ligand replacement with BiHG -
SH and subsequent reaction with Nakesults in Au

nanoparticles containing mixed monolayers that are 44%

) o Mg o
CH3. and 52% Ntermmqted alkanethiol I|g§nds. that other than the ring formation, the structures of the
Triazole Functionalization of Au Nanoparticles. Deco- compounds are not drastically affected upon surface attach-
rating the nanoparticle surface with Ninctionalities enables 1 ent. In addition. the alkyl stretching vibrations of the
further particle functionalization through 1,3-dipolar cy-  gkanethiolate remain unchanged by cycloaddition, indicating

cloaddition reactions (i.e., “click” chemistry) by fusing it the protecting surface monolayer is largely unaffected
ethynyl and azide bearing molecules as in Scheme 1. Theby triazole ring formation. Together, these data imply a

six different alkynyl compounds shown in Scheme 2, the ¢ompjete reaction of the triple bond with the terminaj N
alkyne derivatives of ferrocene (Fc), nitrobenzene (NB), groups on the Au nanoparticles to form a triazole ring and
pyrene (Pyr), anthracene (An), poly(ethylene glycol) (PEG), rje out binding by intercalation of the ligand into the particle
and aniline (Ani), were synthesized to demonstrate the utility g,iface monolayer or the possibility of unreacted alkynyl
and generality of this method. These reactants were Chose’bompounds present as impurities.
to impart a range of physical, electronic, and spectroscopic 14 assess the extent of particle functionalization via
properties to the Au nanopatrticles. Each was synthesized tocycloaddition, we again turned tedecomposition and NMR
include a carbonyl group adjacent to the terminal alkyne to gpectroscopy of the liberated ligands. Upon triazole ring
provide a more electron-withdrawing environment that is formation, the ligands produce NMR signals that are readily
known to enhance the rate of triazole formatié# distinguished from the unreacted alkynyl compounds. Al-
Over the course of functionalization, a small amount of though the proton peak intensities are weak because of the
precipitation was observed that is most likely a result of relatively small number of protons in comparison with the
minor amounts of particle aggregation. However, the vast alkyl protons (not shown, see Supporting Information), the
majority (>90%) of the material remained soluble and was 'H NMR spectra for Au nanoparticle samples following
separated from the insoluble aggregates by centrifugation.reaction with each of the six click compounds correspond
Comparison of the TEM images of the soluble Au nanopar- well with those of the small molecule analogues.
ticles indicates that there is no appreciable change in their Cycloaddition reactions can also be utilized to prepare
size or morphology (see representative TEM image in multifunctional Au nanoparticles by simultaneously stirring
Supporting Information) after triazole formation with each the Ns-terminated nanoparticles with several acetylenic small
of the alkynyl compounds. molecules. To demonstrate this, we reactegcbhtaining
We acquired FTIR spectra of the Au nanoparticles to Au nanoparticles with a solution containing both the Fc and
monitor the extent of attachment of the alkynyl compounds; the NB propyn-1-one species. The FTIR spectrum of the
examples of these spectra following reaction with each of resultant particles is shown in Figure 5A and, analogously
the six compounds are shown in Figure 4. In general, reactionto the spectra above (Figure 4), contains vibrations between
of the Ns-modified particles with the propyn-1-one species 1500 and 1700 cnt due to G=0 and triazole ring stretching
results in the formation of several new peaks in the 3600 modes. Although it is complex, the spectrum contains the
1800 cmi! region that are attributed to the=€© symmetrical expected transitions for a multifunctional Au nanoparticle
stretching vibration. Universally absent from these spectra containing both Fc and NB species linked through triazole
is the peak at~3300 cn1? due to the H-C=C stretching ring formation. Analysis of the composition of the mixed

mode (not shown). All of the remaining peaks in the FTIR
spectra of the functionalized nanopatrticles are consistent with
those obtained for their small molecule analogues, suggesting
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2000 Table 1. Relative Composition and Reaction of Au Nanoparticle
> B Monolayers Following “Click” Reactions
g 1500 A % lig- % con- % lig- % con-
8 cmpd o-termini  and$ versiorf cmpd o-termini and$ versiorf
< -
Q:, 1000 4 Dioxané&
g Fc CH 54 An CH 46
= N3 41 Ns 50
S 500 A Fc 6 12 An 4 6
£ NB CHs 44 PEG CH 48
0 - N3 53 Ns 51
9 8 7 6 5 4 NB 3 6 PEG 1 1
ppm Pyr Chs 44 Ani CHs 50
N3 49 Ns 47
100 - A Pyr 7 13 Ani 3 6
g Dioxane/Hexarfe
= J Fc CHs 53 An CH: 47
80
.g N3 37 Ns 25
g Fc 10 22 An 28 54
S 60 A NB CHs 43 PEG CH 48
= N3 49 Ns 50
2 L0 NB 7 13 PEG 2 5
Pyr CHs 45 Ani CHs 50
T T T T T T T N3 46 N3 43
4000 3500 3000 2500 2000 1500 1000 500 Pyr 9 17 Ani 7 14
Wavenumber, cm’’ aReaction at room temperature for 60 h in dioxahErom analysis of
Figure 5. (A) FTIR spectra of Au nanoparticles following reaction with ~ the NMR Cspectra, the percentage of ligands in the Au nanoparticle
both Fc and NB alkynyl derivatives and (B} NMR of the CDC} solution monolayer.t From analysis of the NMR spectra, the percentage of azide

moieties that reacted to form triazole ringReaction at room temperature

containing the products o decomposition of the particle sample. . - ;
for 60 h in a dioxane/hexane (50:50) solution.

monolayer was again accomplished by cleaving the ligands

from the particles withdand collecting théH NMR spectra Thus, to test the role of solvent on the extent of

. . L functionalization, we repeated these reactions in a range of
shown in Figure 5B. Two distinct SeFS of 'peaks A€ solvents and solvent mixtures. Although polar solvents are
observed: the proad peak at 4.45 ppm is attributed to the01‘ten used for triazole ring formation, we observed that the
attached Fc units, while those located at 8.4 and 8.6 PPM Ay nanoparticles were not stable in solutions containing polar
are due to NB. solvents (i.e., THF/LD and DCM/EtOH) and precipitated
Quantitative Assessment of Extent of Functionalization.  over the course of the reaction. Comparison of reactivity in
Comparison of the peak integrations from the NMR spectra a series of nonpolar organic solvents (DCM, THF, refluxing
as a function of reaction enables an estimation of the ether, and dioxane) for a 24 h reaction period showed that
percentages of surface-bound ligands per Au nanoparticle,dioxane solutions had the highest yield. No reaction was
following a method that has been previously descrifed. observed for DCM solutions at this time scale. Complete
Assuming that (a) no ligands are destroyed though side (100%) conversion of the Mgroups was never observed with
reactions and (b) all ligands are completely cleaved from any of the tested solvent systems, even over time periods as
the surface upon reaction with the intensities of the peaks long as 96 h, although conversion percentage increased as a
in the NMR spectra are proportional to their relative function of time.
concentrations on the Au nanoparticles’ surfaces. Analysis We reasoned that solubility was a primary factor in
of peak integrations in Figure 3 for theserminated determining reactivity and observed that solutions containing
particles reveals that there ard..2 Ne-terminated thiols for ~ Poth hexane and dioxane would solubilize both the Au
every CH-terminated thiol. A small peak observed for Br- nanoparticles and click compounds. The percentage conver-
terminated undecanethiol corresponds to an average ¥ sion using a 11 hexang/dlox_ane mixture is also compgred
ligands per particle that are not converted tuldon reaction ~ t© Pure dioxane solutions in Table 1. For each click
with NaNs. Similar analysis of the NMR spectra of the Au compound stud|e(_j, addition of the more nor_lpolar (he_xane)
nanoparticles following reaction with the click compounds so[vgnt resulted In an average threefold increase in the
enables determination of the efficacy of triazole formation. eff|C|ency' of the apde conversion tq trlaque. These resu_lts
In Table 1, the relative percentages of ligands in the Au are consistent with prior reports, in which hydrophobic

nanoparticle monolayer following 60 h of reaction in dioxane solvents petter stab!llze the nqnpolar transition S%%t.e.ls .

. also possible that this effect arises from better solubilization
for each of the reactants in Scheme 2 are compared. Under . :
. . . o . of the hydrophobic monolayer on the Au nanoparticle
identical reaction conditions, the Pyr moiety couples more o .

. . o surfaces by addition of the nonpolar hexane to solution.
effectively (13% coupling efficiency) than the other acetylene- .
derivatized compounds, and the PEG chain is least reactive Because it has been shown that Cu catalysts can greatly
1% counlin ef?’c'enc ' There is no apparent trend with enhance the rate of triazole formation, particularly in aqueous
(1% coupli g etnct Y)Z N pp WM solutionst* we also sought to increase the conversion
respect to size or reactivity for these compounds; a possible

explanation for this variation is a difference in the degree of (29) (a) Rispers, T.; Engberts, J. B. F. &.Phys. Org. Chem2005 18
solvation of the reactants. 908. (b) Gajewski, J. JAcc. Chem. Re<997, 30, 219.
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B Figure 7. Cyclic voltammetry of Fc- (dashed dotted line); NB- (dashed

s line); Fc and NB- (solid line); and Fc and Pyr- (dotted line) functionalized
Au nanoparticles{2 mg/mL) in a 0.2 M TBAPE solution of 2:1 toluene/
acetonitrile. All scans were performed at a potential scan rate of 20 mV/s
using a 2 mmdiameter Pt working electrode, Pt wire counter electrode,
and a Ag quasi reference electrode.
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number of pyrenes per particle is so small that their coupling
| or aggregation is unlikely.
300 400 500 600 700 800 Shown in Figure 6B are the fluorescence emission and
Wavelength (nm) excitation spectra obtained using a Au nanoparticle sample
Figure 6. Fluorescence excitation (dotted liem = Amay and emission which contained both Fc and Pyr attached species. Fluores-
(solid line, 2ex = 412 nm) spectra of (A) Pyr-functionalized and (B) Pyr  cence is again observed from the Pyr groups; however, the
and Fc bifunctional Au nanoparticles. All solutions wer8.02 mg/mL of ~ emjssjon peak is significantly broadened, and the maximum
Au particles in DCM. Inset contains fluorescence emission and excitation . . . .
spectra of the propyn-1-one derivative of Pyr. is red-shifted by 50 nm compared to the spectrum in Figure
6A. These effects on the emission spectra may be a result
percentage by employing several different catalyst systems.of weak coupling between the pendant Fc and Pyr groups
However, the hydrophobicity of the monolayer-protected that quenches the Pyr emission, similar to prior observations
particles made them insoluble in aqueous solutions andon glass surface$.The sensitivity of the Pyr emission peak
prevented the use of the most commonly employed CeSO to the presence of other attached species is potentially
ascorbic acid system. We, therefore, attempted to use severaimportant for sensing applications and is the subject of our
organic soluble catalysts, including CUlbromotris(tri- ongoing studies.
phenylphosphinato) copperf)and CuBr/2,6-lutidiné? and Analogous to literature reports for place-exchanged Au
in all cases immediate and extensive particle aggregation ornanoparticle$? voltammetric methods were also used to
decomposition was observed. Our ongoing investigations confirm triazole ring formation on functionalized Au nano-
continue to seek catalysts to improve triazole conversion particles. Among the reactants in Scheme 2, both Fc and
rates; however, the lower yields may enable the careful NB are electroactive so that Au nanoparticles reacted with
control over extent of reaction. these compounds were examined by cyclic voltammetry.
“Clicked” Functionality on Au Nanoparticles. The use Figure 7 contains representative cyclic voltammograms of
of triazole ring formation is a general method by which Au nanoparticles containing either Fc or NB moieties. In
chemical, spectroscopic, or electrochemical functionality may these, the anodic wave &t0.6 V is a result of the one-
be appended to metal nanoparticles. We specifically choseelectron oxidation of attached Fc species; the reductive scan
the compounds in Scheme 2 to impart unique physical contains two dominant peaks that correspond to sequential
properties to the Au particles. For example, pyrene is a one electron reductions of the pendant NB molecules. In the
common fluorophore that has been linked to metal nano- case of the NB-modified particles, the relatively larger current
particles; the fluorescence emission and excitation spectraof the forward versus the reverse scan is a result of chemical
of the modified propyn-1-one Pyr small molecule are shown irreversibility that may be due to particle or ligand decom-
in the inset of Figure 6A. The emission spectrum of the position. For the Au nanoparticles containing both Fc and
pyrene small molecule contains a broad peak at 460 nm;NB, the differences in peak potentials for the forward and
when this molecule is linked to Au nanoparticles by reverse scansAE,) are greater than 59 mV so that the
formation of the triazole ring, the fluorescence emission reactions are electrochemically quasi-reversibl@hese
maximum appears at 467 nm (Figure 6A). The slight red results are consistent with previous reports of the voltam-
shift of the fluorescence peak is attributed to an increase inmetry of redox-modified Au nanoclusters, implying that
conjugation upon formation of the triazole ring, because the triazole functionalization does not appreciably affect the

(30) Billing, J. F.; Nilsson, U. JJ. Org. Chem2005 70, 4847-4850. (33) Mazur, M.; Blanchard, G. J. Phys. Chem. B005 109, 4076.

(31) Wu, P.; Feldman, A. K.; Nugent, A. K.; Hawker, C. J.; Scheel, A.; (34) (a) Green, S. J.; Pietron, J. J.; Stokes, J. J.; Hostetler, M. J.; Vu, H.;
Voit, B.; Pyun, J.; Frechet, J. M. J.; Sharpless, K. B.; Fokin, V. V. Wouelfing, P.; Murray, R. WLangmuir1998 14, 5612. (b) Miles, D.
Angew. Chem., Int. E2004 43, 3928-3932. T.; Murray, R. W.Anal. Chem2001, 73, 921.

(32) Van Maarseveen, J. H.; Horne, W. S.; Ghadiri, MCRg. Lett.2005 (35) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals

7, 4503-4506. and Applications2nd ed.; John Wiley & Sons: New York, 2001.
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voltammetric behavior of the functionalized particles. Also serving as models for the creation of multifunctional nano-
shown in Figure 7 are voltammograms of Au nanoparticles scale particles.

with mixed monolayers of NB/Fc and Pyr/Fc. In each case,

quasi-reversible waves are observed that correspond to the Acknowledgment. This work was supported by grants from
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