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Abstract: The ability to construct size- and shape-controllable architectures using nanoparticles as building
blocks is essential for the exploration of nanoparticle-structured properties. This paper reports findings of
an investigation of a mediator—template strategy for the size-controllable assembly of nanoparticles. This
strategy explores multidentate thioether ligands as molecular mediators and tetraalkylammonium-capped
gold nanoparticles (5 nm) as templates toward the preparation of size-controllable and monodispersed
spherical assemblies (~20—300-nm diameters). The combination of the mediation force of the multidentate
thioether and the hydrophobic force of the tetraalkylammonium template establishes the interparticle linkage
and stability. The morphological properties of the spherical assemblies have been characterized using
TEM, AFM, and SAXS techniques. The finding of the soft—hard nature of the nanoparticle assemblies and
their interactions with contacting substrates could form the basis of a new strategy for manipulating nanoscale
linkages between nanoparticle assemblies, soldering nanoelectronics, and constructing nanosensor devices.
The intriguing light scattering and optical absorption properties in response to assembly, disassembly,
sizing, and interparticle spacing parameters have been characterized by dynamic light scattering and
spectrophotometric measurements. The discovery of the controlled disassembly into individual nanoparticles
and the size regulation by a third capping component could form the basis for applications in controlled
drug delivery. The fundamental basis for the mediator—template strategy as a versatile assembly technique
is further discussed in terms of experimental and theoretical correlations of the morphological and optical
properties.

Introduction bonding!®12 polymer-based molecular recogniti&her multi-
dentate thioethet$'°to mediate the assembly of nanoparticles.
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Schematic lllustrations of the Mediation—TempIate Strategy for 2-Mediated Assembly of 1-Capped Gold Nanoparticles (1/Au)

2-mediated & 1-templated
assembly
’_ (Size, shape, and spatially
; controlled Assembly)

(1) [CHy(CH,) ,N'BF (m=1,.)
(2) [(CHy), Si[CH,SCH], (n=2.3.4)

the ability to precisely control size, shape, and interparticle dialkyl thioethers and terminal-functionalized thioethtThe
spatial properties is rarely reported because of the lack of finding of the size-controllable spherical assemblies of nano-
molecular-level understanding of the interparticle interactions particles mediated by multidentate thioether ligands has little

and reactivities.
We have recently demonstrated molecularly mediated thi

or no precedent. This mediatetemplate combination is simple
n and effective. The mediation force exploits the coordination

film assembliek¥-16and multidentate thioether-mediated spheri- reactivity of2 to Au, which can be manipulated by the number

cal assemblies of monolayer-capped nanoparti¢l€sThe

of thioether groups of, whereas the templating force exerted

molecular mediation involved hydrogen bonding or covalent by the surfactant reactivity of generates geometric effect to

bonding in the thin film assembly case and coordination bonding the assembly, which is dependent on its chain length and
in the spherical assembly case. The key element in our approactstructure. The fundamental basis of our mediatemplate

is a mediator-template strategy for the assembly of nanopar- assembly strategy may be related to the well-documented
ticles. The understanding of molecular driving forces exerted surfactant-based micelle thedt/jn which the assembly of

by molecular linkers or multidentate thioethers as mediators and surfactants could form ensembles with different sizes and shapes
monolayer- or surfactant-capping molecules as templating agentsdepending on its chain length and concentration. The surfactant-
could lead to a general assembly strategy toward abilities in based micelle theory predicts that spheres usually prevail when

size, shape, and spatial control. Consider, for example, a systenthe relative geometric ratioRj of surfactant versus packing

in which multidentate thioethers, M&,Si(CH,SMe), (2), are
used as mediators and
[CH3(CH2)ml4aNTBr~ (1), as templating agents. Scheme 1
illustrates the general concept of tBhenediated assembly of
1-capped gold nanoparticle&/Au), which involves the inter-
particle linkage by a combination of bridging) @nd templating

structure,

tetraalkylammonium bromides,

R=vlay|

is below a critical value, whereis the volume of the surfactant
molecule o, the optimum surface area per surfactant, ki

(2). length of the surfactant molecul® < /3 favors spherical
Using this mediatortemplate strategy for the assembly of aggregates, where&> 1/, favors cylindrical aggregates. The
1-capped gold nanoparticles via multidentate thioether mediatorsinvestigation of whether this theoretical basis applies to our
(e.g., tetra[(methylthio)methyl]silane, Si(GBICHs)4, and me- mediator-template assembly of nanoparticles should be very
thyltris[(methylthio)methyl]silane, MeSi(C¥$CHs)s),245 our interesting for developing abilities in controlling size, shape,

initial findings revealed the formation of nanoparticle assemblies and interparticle spatial properties.

with spherical shape and controllable size. It is interesting that  One potential application of the nanoparticle-structured
the spherical shaping nature resembles other assemblies ohssembly is the development of sensing array, drug delivery,
nanoparticles derived from different strategies such as the usegr information storage materials in chemical/biological environ-
of polymer- or dendrimer-based molecular recognition ments via electronic, optical, and magnetic signaling transducers.
ligands'*~1517-18 In contrast, our approach using thioether-based The nanostructure sequesters chemical or biological molecules

ligands is grounded in the basic thioethgold coordination

into the interior or surface with spongelike access or specific

chemistry}**>which has been documented in other reports of pinding properties, which could alter and modify the electrical
the preparation of gold nanoparticles capped with monodentateor optical properties of the nanoscale mater#af This type

(15) Maye, M. M.; Luo, J.; Lim, L.-I. S.; Han, L.; Kariuki, N. N.; Rabinovich,
D.; Liu, T.; Zhong, C. JJ. Am. Chem. So2003 125 9906-9907.

(16) (a) Leibowitz, F. L.; Zheng, W. X.; Maye, M. M.; Zhong, C Ahal. Chem.
1999,71,5076-5083. (b) Han, L.; Luo, J.; Kariuki, N. N.; Maye, M. M,;
Jones, V. W.; Zhong, C. hem. Mater2003 15, 29—37. (c) Han, L.;
Maye, M. M.; Leibowitz, F. L.; Ly, N. K.; Zhong, C. 1. Mater. Chem.
2001 11, 1259-1264. (d) Maye, M. M.; Luo, J.; Han, L.; Zhong, C. J.
Nano Lett.2001, 1, 575-580. (e) Han, L.; Wu, W.; Kirk, F. L.; Luo, J.;
Maye, M. M.; Kariuki, N. N.; Lin, Y.; Wang, C.; Zhong, C. Langmuir
2004 14, 6019-6025.

(17) (a) Frankamp, B. L.; Boal, A. K.; Rotello, V. M. Am. Chem. So2002
124,15146-15147. (b) Frankamp, B. L.; Uzun, O; llhan, F.; Boal, A. K.;
Rotello, V. M.J. Am. Chem. So2002 124, 892-893. (c) Carroll, J. B.;
Frankamp, B. L.; Srivastava, S.; Rotello, V. M.Mater. Chem2004 14,
690-694.

(18) Kariuki, N. N.; Han, L.; Ly, N. K.; Peterson, M. J.; Maye, M. M.; Liu, G ;
Zhong, C. JLangmuir2002 18, 8255-8259.
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of nanostructured properties is a result of the predominance of
interfacial phenomena at the nanoscale dimension, which have
been documented by excellent examplgisowing the impor-
tance of size, shape, and interparticle spatial properties. In this
report, we will show results of systematic characteriza-

(19) (a) Li, X. M.; de Jong, M. R.; Inoue, K.; Shinkai, S.; Huskens, J.; Reinhoudt,
D. N.J. Mater. Chem2001, 11, 1919-1923. (b) Pankau, W. M.; Verbist,
K.; Kiedrowski, G.Chem. Commur2001, 519-520.

(20) Israelachvilli, J. N.; Mitchell, D. J.; Ninham, B. W. Chem. Soc., Faraday
Trans 21976 72, 1525-1568.

(21) Han, L.; Daniel, D. R.; Maye, M. M.; Zhong, C. Anal. Chem2001, 73,
4441-4449.

(22) Zamborini, F. P.; Leopold, M. C.; Hicks, J. F.; Kulesza, P. J.; Malik, M.
A.; Murray, R. W.J. Am. Chem. So2002 124, 8958-8964.
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tions of the mediatortemplate assembly of nanoparticles using a micropipet. The solution was quickly homogenized by purging
toward size-controllable nanostructures. We will also describe (for ~2 s) before the measurement. Similar preparation procedures were
interesting morphological and optical properties of the nano- used for other measurements or characterizations, but the actual

particle assemblies which could potentially be exploited for experimental conditions varied slightly in terms of the average size
optical sensing applications and concentration of the nanoparticles and the structure and concentra-

tion of the mediators.
Experimental Section Instrumentation. UV —visible (UV—vis) spectra were acquired with
an HP 8453 spectrophotometer. The spectra were collected over the
Chemicals. Hydrogen tetracholoroaurate (HAuCB9%), tetraoc- range of 206-1100 nm.
tylammonium bromideX, 99%), decanethiol3 96%), sodium boro- Transmission electron microscopy (TEM) was performed on Hitachi
hydride (NaBH, 99%), toluene (Tl, 99.8%), hexane (Hx, 99.9%), and H-7000 Microscope (100 kV). TEM samples were taken from the
ethanol (EtOH, 99.9%) were purchased from Aldrich and used as reaction solutions and diluted1:10 in toluene. The solution was then
received. Water was purified with a Millipore Milli-Q water system.  drop cast onto carbon-coated Cu grids and dried in less than 1 min.
Multidentate thioethers2 were synthesized in the laboratédThe Dynamic light scattering (DLS) experiments were carried out using
tridentate thioether MeSi(GiSMe) (TEs) was synthesized as described a commercial Brookhaven Instrument Intaser light scattering
in the literature, and the tetrathioether Si(&SiNle), (TE4) was prepared spectrometer equipped with a solid-state laser operating at 532 nm.
similarly, starting from SiCJ and LiCH:SMe?® The coordination The detailed descriptions on the instrumentation have been reported
chemistry of2 toward various transition-metal ions has been investi- elsewheré’ The 1/Au concentrations used were a tenth of the
gated?®*?*Unless otherwise noted, most examples reported in this work concentration used for spectrophotometric measurement, withtthe
involved the use of TEas the2-mediator. V/Au ratios remaining similar. DLS measures the intensitytensity
Synthesis of Gold NanoparticlesGold nanoparticles capped with  time correlation functionG®(I') by means of a BI-9000 AT multi-
tetraoctylammonium bromidel monolayer shells were synthesized channel digital correlatorG®(I') = A(1 + b|g®)(z)|?) whereA, b, and
according to the two-phase protoédlin a typical synthesis, tetraoc- |gW(7)| are, respectively, the background, a coherence factor, and the
tylammonium bromide (0.55 g) was used as a phase-transfer reagennormalized electric field time correlation function. The field correlation
and was dissolved to 32 mL of toluene (31 mM). After stirring for 15  function|g®(z)| was analyzed by the constrained regularized CONTIN
min, an aqueous solution (20 mL) of HAuJD.077 g, 9.5 mM) was method’ to yield information on the distribution of the characteristic
added under stirring. The Auglions were completely transferred from  line width (') from |g®(7)| = SG(I')e T*dl. The normalized distribution
the aqueous solution to toluene within 15 min. After stirring for 30 function of the characteristic line widtg(I"), so obtained can be used
min, the organic phase was separated, and the aqueous phase wae determine an average apparent translational diffusion coeffDigpt
discarded. With the remaining toluene solution, a 5-fold excess of Dapp=I'/g?. The hydrodynamic radiug, is related tdD via the Stokes
aqueous reducing agent, NaBiwas added dropwise into the solution  Einstein equationR, = kT/(6zr7D) wherek is the Boltzmann constant
under stirring. The solution turned from orange-red to a deep red color. and  is the viscosity of the solvent at temperatufe From DLS
The reaction was then allowed to continue under stirring at room measurements, we can obtain the particle-size distribution in solution
temperature for 24 h. The aqueous phase was removed and the Tifrom a plot of 'G(I) versusR..
solution was treated with drying agent to remove trace water. The  Small-angle X-ray scattering (SAXS) experiments were performed
resulting Tl solution containeti-capped gold nanoparticle$/Au) as at the X10A Exxon Beam Line, National Synchrotron Light Source
well as excesg (~31 mM). Using this method, we have obtained Au  (NSLS) at Brookhaven National Laboratory (BNL). The incident beam
nanoparticles with core sizes ranging from 4.8 to 6.4 nm and standard wavelength {) was tuned at 1.1 A. A MAR CCD detector was used as
deviations in the range a£0.5-1.0 nm. the detection system. Samples were introduced into glass capillaries
Assembly of Nanoparticles.The assembly of mediatorg)(and with a 2-mm diameter at room temperature. The concentrations of
nanoparticles I/Au) were carried out under controlled conditions nanoparticles were-10x of those used for the spectrophotometric
depending on the specific measurement or characterization. Formeasurements.
example, in using the U¥visible method to monitor the reaction, a A Multimode NanoScope llla (Digital Instruments), equipped with
quartz cuvette with a path length of 1 cm was used as the reaction an E scanner (maximum scan size: /), was utilized for atomic
vessel. Initial concentrations of gold nanoparticles were determined from force microscopic (AFM) imaging. The capability of TappingMode
the absorbance and were estimated using the average diameter of théTM) AFM allows imaging at minimum disruption of the nanostruc-

particles. A molar absorptivityeg,) of 1.1 x 10’ M~*-cm~* was used tures. Standard silicon tapping cantilevers (Nanosensors) were used with
for 1/Au of ~5-nm core diamete® Diluted solutions ofl/Au in toluene a force constant of 40 N/m (TESP). The probe has nominal tip radius
were utilized 0.1 xM). An aliquot of a stock solution of 500M of of curvature of~10 nm. The instrument was calibrated by imaging

2 in toluene was quantitatively added into the nanoparticle solution standard calibration gratings. Allimages were acquired in tapping mode.
Solution samples of the nanoparticle assemblies were cast onto freshly

(23) (a) Yim, H. W.; Tran, L. M.; Dobbin, E. D.; Rabinovich, D.; Liable-Sands, ~ cleaved mica or freshly cleaved HOPG (highly ordered pyrolytic

é&'\/z'zirl‘fgfzvl'tso (g) Elm LﬁmwK'Lg};RQe@ggﬂ’eﬁ' glféotg- Ehsgﬂb}r?g\%ch graphite) sheets, followed by solvent evaporation at ambient condition.
D. Polyhedron200Q 19, 849-853. goie AL ' X-ray photoelectron spectroscopy (XPS) measurements were made

(24) IEa)'lein(,:H- VVI-; Tra_ll_n,é-- l\gh Dobbli;,E.E.; Rab(i:r;]ovicyégé Iéigbé%sﬁnds, using a Physical Electronics Quantum 2000 Scanning ESCA Micro-
. M.; Concolino, T. E.; Rheingold, A. Linorg. Chem , : ~
6239 (b) Yim, H. W. Rabinovich, D.: Lam, K.-C.. Golen, J. A.: Rheingold, probe. .Mo_nochromanc Al g X rays_ (1.436.7 eV) were used as sour(_:e
A. L. Acta Crystallogr.2003 E59, m556-m558. for excitation. The percentages of individual elements were determined
(25) (a) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. from the relati iti i
Chem. Soc.. Chem. Commui994 BOL-802. (b) Fink, J3.: Kiely. C. 3. lative composition analysis of the peak areas of the bands.
Bethell, D.; Schiffrin, D. JChem. Mater1998 10, 922-926. (c) Hostetler, . .
M. J.; Wingate, J. E.; Zhong, C. J.; Harris, J. E.; Vachet, R. W.; Clark, M. Results and Discussion
R.; Londono, J. D.; Green, S. J.; Stokes, J. J.; Wignall, G. D.; Glish, G. L.; L. . . .. .
Porter, M. D.; Evans, N. D.; Murray, R. W.angmuir1998 14, 17—30. The description and discussion of our results are divided into
(d) Maye, M. M.; Zheng, W. X.; Leibowitz, F. L.; Ly, N. K.; Zhong, C. J. i 1 i i i
Langmuif 2000 16, 490497, (e) Maye, M. M.; Zhong, C. 1. Mater. two sectlon_s. In the f|r§t section, we describe the form_atlon and
Chem2000Q 10, 1895-1901. (f) Thomas, K. G.; Zajicek, J.; Kamat, P. v.  morphological properties of spherical assemblies derived from
Langmuir 2002 18, 3722-3727. (g) Saunders, A. E.; Sigman, M. B; ; i
Korgel. B. A.J. Phys. Chem. B004 108 193199 the mediatortemplate assembly dff/Au. The morphological
(26) Maye, M. M.; Han, L.; Kariuki, N. N.; Ly, N. K., Chan, W.-B.; Luo, J.;
Zhong, C. JAnal. Chim. Acta2003 496, 17—27. (27) Liu, T.J. Am. Chem. So@002 124, 10942-10943.
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Figure 1. TEM micrographs showing th2-mediated assemblies @fAu obtained from two different ratios, (&)~ 660 ([1/Au] = 0.1uM, [2] = 66 uM),
and (B)r ~ 200 ([1/Au] = 0.1uM, [2] = 20 uM). Insets: enlarged views of the indicated assemblies. The corresponding size distributieng464m
(A) and 104+ 18 nm (B), are based on 30 counts of the assemblies in each t&se.= 5.1 + 0.9 nm).

properties were characterized using TEM, AFM, and SAXS  The combination ofl and2 led to the formation of spherical
techniques. In the second section, we focus on the assessmer@ssemblies ofl/Au with relatively high monodispersity. The
of the optical properties of the nanoparticle assemblies in average diameters of the assemblies are dependent as
response to processes such as assembly and disassembly asiown by the determined diameters of-64.4 nm forr ~ 660
parameters such as size and interparticle spatial properties. Th@nd 104+ 18 nm forr ~ 200. The initial nanoparticle
optical properties were characterized by measurements ofassemblies were soluble, as evidenced by the fact that the blue
dynamic light scattering and surface plasmon resonance absorp®" Purple color of the solution was stable for a period efSL
tion. h to 5-10 days before precipitation occurred, depending on the
size of the nanopatrticle assemblies. For example, a solution of
1. Morphological PropertieS.One of the Unique properties ~200-nm-sized assemblies prepared at arlc(w—lo) precipi_
for the multidentate thioether-mediated assemblyl-ctpped  tated from solution in~2 h. In contrast, a solution of 80-nm-
gold nanoparticles is the formation of spherical assemblies of sized assemblies prepared from a high~500) stayed in the
the nanopatrticles in solutioA$1°The size and monodispersity  solution for~3 days. In addition to size effect, the solubility is
of such spherical assemblies can be fine-tuned by a combinationassociated with the hydrophobic interactions between the solvent
of structural and experimental parameters and have been(Tl) and the surface organic layer of the nanoparticle assemblies.
characterized by an array of techniques, including TEM, AFM, The assemblies also showed reversible precipitatiedisper-
and SAXS, which are detailed in the following subsections. ~ sion propensity. For example, larger assemblies could be
redispersed in Tl solution for hours, whereas smaller assemblies
. . X could be easily redispersed for days. The multiple precipitation
toluene solution of/Au, the solution displayed a gradual color ¢ jisnersion cycles also allowed us to remove excess reactants
change from red to purple. Accompanying the change in optical o by nroducts introduced into the nanoparticle or assembling
properties, which will be detailed in a later section, nanoparticle gq|,tion. The cleaned nanoparticle assemblies were also stable
assemblies with intriguing morphological properties were jn solutions, though they tended to precipitate faster than before
revealed by TEM characterization of samples from the solution. cleaning. Figure 2 shows a representative TEM micrograph for
Figure 1 shows a representative set of TEM micrographs for a sample obtained after cleaning treatment)(af the assembly
2-mediatedl/Au assemblies, which were sampled from two solution ¢ = 10). The spherical assemblies display remarkably
assembling solutions with differert to /Au concentration high monodispersity with an average diameter of 219 nm.
ratios (R/[/Au] = r), that is, 660 (A) and 200 (B). Ordered domains and interconnected necklacelike morphologies

1522 J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005

1.1 TEM. When a mediator agenR) was added into a
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Figure 2.  TEM micrograph for a sample obtained after cleaning treatmex) @ the 2-mediated assemblies &fAu (r = 10). The corresponding size
distribution (212+ 9 nm) is based on 400 counts of the assembl®&u =5.3 + 1.0 nm).

50
40 Ilnll 40 B
1 i |
%10 ® = 304 |
- — 30 1 - I
= ~ | ] m
S 20 sl £ 204 |
9 o | o Il
eledl o b I
10 9 l 101
. i T
|
no 50 100 150 200 250 . ¥ ) 4 4 . y 5 4 4
: ] 50 100 150 200 250 0 50 100 150 200 250
Diameter (nm) Diameter (nm) Diameter (nm)

Figure 3. TEM micrographs for samples obtained from solution®-ahediated assemblies @fAu (r = 100 (A), 25 (B), and 10 (C)) afterx cleaning
treatment. Each micrograph has the same scale bar. The corresponding size distributien$0188 (A), 176+ 7 nm (B), and 195+ 11 nm (C), are based
on 30 counts of the assemblies in each cabAu = 5.3 + 1.0 nm).

can also be identified in the TEM image for these spherical
assemblies.

Figure 3 shows a representative TEM micrograph2fonedi-
atedl/Au assemblies derived from three additionahlues (100
(A), 25 (B), and 10 (C)). These three samples showed similar
spherical assemblies with diameters of 2330 (A), 176+ 7
(B), and 195+ 11 (C) nm.

A close examination of these assemblies reveals additional
details about the morphologies. Figure 4 compares TEM micro-
graphs for the nanoparticle assemblies before and after the
precipitation-redispersion cycle. It is evident that the removal
of the exces4 and other reagents did not destabilize the spher-
ical assemblies. In contrast, the spherical assemblies appeared (A)
more monodispersed and the nanoparticles seemed to be moreéigure 4. TEM micrographs comparing-mediated assemblies tfAu (r
densely packed. The precipitatieredispersion cycle led to an Si3&?;:%&%&5?‘”&?&‘3{2(‘?/)A;’;e:ép'f?gifg's(g?rrfr']‘q"” a‘}ﬁei (o times).
apparent increase 0f10% in average size with a more dense nm).
packing feature. In comparison with the average size (164 nm)
and size distribution £12 nm) for the same nanoparticle 4A), the spherical assemblies display an increased size (176
assemblies before the cleaning treatment (e &..25) (Figure nm) and a higher monodispersity-T nm) (Figure 4B).
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One important observation is that the spherical assemblies
retained their spherical morphology on mica surface. This
observation is supported not only by the spherical outlines but
also by the height data from the cross-sectional analysis. The
average heights of the individual assemblies, 150 nm (A) and
40 nm (B), are largely consistent with TEM data described in
the previous section. The nature of the interaction between the
: spherical assembly and mica must be weak in view of the

(A) (B) hydrophilic character of mica surface and the hydrophobic
Figure 5. (A) TEM micrograph showing the side view for a spherical character of1/Au nanoparticles and their assemblies. The

assembly fron2-mediated assemblies @fAu (r = 100) without cleaning ; ;
treatment. The sphere is located on the edge of carbon-coated1géd. ( spherical assembly on mica does not wet the surface and thus

=53+ 1.0 nm). (B) TEM micrograph for a sample obtained from the r'etains its shape.

same assemblies dispersed in carbon black. Carbon black was added 0.5 h | contrast, the spherical assemblies cast on HOPG revealed

after the addition o to /Au. (UAu = 5.3 £ 1.0 nm). a mixture of morphological characters as shown by the different

sizes of assemblies and a fluidlike spreading of particles on the

the spherical assembly before the cleaning treatment, in contrasiurface' This ot_Jservatlon IS {also supported by the cr_oss-secnonal
eight data (Figure 7), which reveal average heights of the

to the poor visibility for those after the cleaning treatment, . )
indicates that the spherical assembly before the treatment Wassurface features, 30 (A) and 10 nm (B), the magnitudes of which

likely softer than that after the treatment. The soft nature was are much smaller than those observed for the same nanoparticle

. . fe\ssemblies on mica surface (Figure 6). The nature of the
supported by the spreading of the particles at the surface-contacmt raction between th herical mbly and HOPG must
area. In fact, the observation of a semisphere and the presenc eraction betwee € spherical assembly a us

of a wetting layer surrounding the spherical assembly before E%Iraeclaatwe]!y strong tlr? v;]e\:jv ththg. hyﬂroph?t;lc ;harchr of
the cleaning treatment (Figure 5A) supports the notion that the surtace and the hydrophobic charactel-oapped Au

spherical assembly before the cleaning treatment is relatively nanoparticles and their assemblies. The spherical assembly

soft and has a tendency to partially spread on the substrate\m_:'tS HOPG, and thus the particles tend to spread over the

surface. surf_acg. _ )
The excessl could also have helped the spreading via ; rSImrzlarri mlorphorlr?g;icaltErc:p\)A(/artrlei h[av%_alsto dbfennObTer\r/]?:
favorable wetting propensity. A rough estimate shows that the or spherical asse es that were not subjected to any cleaning

assembly size could be about 20% smaller than what the TEM treatment. A set of AFM images 1ar(TE,)-mediated spherical

image showed for the assemblies before the cleaning treatment.assemblles of nanoparticles cast on mica and HOPG are shown

After the cleaning treatment, the difference in size determined g‘of'ggre 8.0n m'i)a (A), ;he sfpl)hetrlcal ||'5Ian|dst\r/1wth .he'thStOf
by TEM from the actual size is likely insignificant because of nm Were observed, retiecting closely the sizes deter-

the decreased softness. These assessments will be examined |atg}med by TEM. On HOPG (B), the partial melting over the

by AFM studies of the spherical assemblies cast on flat sun‘aces..SUbStrate surface leads to merging between two or three spherical

) i . . . islands. The average height of the monolaye3,5 nm, closel
We believe that the strong interparticle linkage and stability matches the nanogarticlg size yes y

are provided by a combination of the mediation force @fnd
the hydrophobic force of. As an additional piece of evidence
to support the strong interparticle interactions, the carbon black

was added into the nanoparticle assembly solution to test the . . .
form the basis of a new strategy for manipulating nanoscale

viability of breaking the interparticle linkage by the large link bet individual bli f ticl
surface-area carbon surfaces. In a related system in the presencg1 age between Individual assemblies of hanoparticies or

of 1 but in the absence & we found that aggregates of particles _nanoscale soldering _betvveen small electrode gaps and construct-
were easily dispersed on the hydrophobic carbon with large Ing nanosensor devices. _ _
surface area® However, the results for the-mediated as- 1.3. SAXS. Small-angle X-ray scattering (SAXS) is a
semblies of /Au (Figure 5B) showed that the spherical powerful technique for studying structural features of colloidal
assemblies remained intact in the presence of carbon. Therefore$ize materials!2°9We used SAXS to examine our nanoparticle
the experiment supports our assessment that there exist Stron@ssemblles to gain further understanding of the interparticle

interparticle linkages due to both mediator and template spatial properties. The measurement was performed under in-

molecules. situ condition, that is, during the formation of nanoparticle
1.2. AFM. The spherical assemblies of nanoparticles were assembly in the solution. Figure 9 shows a representative set
of SAXS data for the2-mediated assembly of/Au. For

further examined using AFM by casting the assembly solution Y . . ’ .
onto a flat substrate such as mica and HOPG. Figure 6 Showsach|evmg reliable SAXS signals, the nanoparticle concentrations

a typical set of AFM images fop-mediatedl/Au assemblies (1.0uM) were~10x higher than the usual concentrations. The

of two different sizes on mica substrates. The nanoparticler valygs were, however,.kept .the same as under the usual
assemblies were subjected to cleaning treatment beforecond't'on' The scattered intensity of the samples are plotted
casting versus theq value, with q = [(4nn/Ao)/sin(@/2)] being the

magnitude of the scattering factor, andio, and@ being the
(28) Maye, M. M.: Luo, J.; Han, L. Kariuki, N. N.: Zhong, C. Gold Bul. refractive index of the vacuum, the wavele_ngth of incident X-ray
2003 36, 75-82. beam, and the scattering angle, respectively.

= 20 nm

The visibility of individual particles along the periphery of

The unusual partial spreading of nanoparticles over the
contacted surface is indicative of the soft nature of the outmost
layer around the spherical assembly. This phenomenon could
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Figure 6. AFM images of2-mediated assemblies @&fAu (after 1x cleaning treatment) cast on a mica surface: 25 (A) and 600 (B). A cross-sectional
view for the line drawn and a 3D view for the indicated particles are included for each t&se.= 5.3 + 1.0 nm).
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Figure 7. AFM images of2-mediated assemblies dfAu (after cleaning treatment) cast on HOPG surface.25 (A) and 600 (B). YAu = 5.3+ 1.0 nm).
A cross-sectional view for the line drawn and a 3D view for the indicated particles are included for each case.

There are two important pieces of information. First, three interparticle distance. The results for putfAu sample ¢)
scattering patterns (a, b, and c) display obvious maxintgrat showed najmax Suggesting that it is the introduction ®fvhich
0.8 nnT? (gmay- Second, the patterns exhibit an observable shift initiated the assembly of nanoparticles.
for gmax, Which increases with. The latter reflects the change The subtle decrease of the edge-to-edge distatgg fo—edgd
in interparticle distances. The interparticle center-to-center yth increasingr is suggestive of the dependence of packing
d|s'Fan(?esd) can be dgrlved from the SAXS diffraction patterns, density on the assembly size. As the average size of the
which is expressed in eq 1 nanoparticle assemblies increases, the interparticle edge-to-edge
d = 27/q @ distances increases from 1.5 to 2.3 nm. The packing density is
max actually decreased. On the basis of the SAXS data, the
The calculatedly, values are listed in Table 1. On the basis of interparticle distance was between the expected molecular
the average diameter (64 0.8 nm) for thel/Au used in the ~ €ngths ofl and2.

SAXS experiment, we obtained an average value ®hm for The composition analysis of the nanoparticle assemblies using
the interparticle edge-to-edge distance. This value is slightly XPS technique provided another piece of supporting evidence.
larger than the length scale expected for the mole2yle0.5 We analyzed a sample prepared usirg 300 and five times

nm) plus two Au-S coordination bonds~<0.5 nm). While the of cleaning treatment. We detected the expected elements such
exact origin for this difference will be further probed, we believe as Au (19.1 £0.4)%), S (0.9 £0.3)%), C (77.91 £0.8)%),
that the2—1 combination responsible for the mediatéemplate and Si for the mediator, and N (1.20.5)%) and Br for the
assembly played an important role in dictating the overall template (Si and Br were detected in separate analyses). On
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Figure 8. AFM images of2-mediated assemblies @fAu cast on mica (A) and HOPG (B){Au = 3.7 + 1.4 nm,2 = TE,). A cross-sectional view for
the line drawn and a 3D view for the indicated particles are included for each case.
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-1 of time for a series o2 concentrations: (/Au] = 0.0072uM and [2] =
q (nm™) 0.16 @ (a, blue)), 0.32 & (b, red)) 1.25 ¢ (c, pink)), 25.0uM (v (d,
Figure 9. SAXS data for th@-mediated assembly dfAu in solutions at black)). The data are fitted with = do[1 — exp[~(k{)"]. (B) A plot of
three different concentration ratios< 2.5 (@), 10 (b), and 400 ¢)). Curve I'G(I') versusR, from CONTIN anaIy5|s_for the isolated (I) and the
d is for Au solution. Insert: a magnified view of the peak regichAu assembled/Au (Il) at [2] =0.16u4M. (/Au = 5.1 0.9 nm). Curve Il in
= 6.4+ 0.8 nm). B is for data corresponding to curve 2400 s) in A.

Table 1. SAXS Data and Corresponding Interparticle Distances? of our recent Study of the reaction enthajpy’ which is quite close

r g(nm-Y) d(d= 27lq) Oedge—to—edge to the cohesive energy of hydrocarbons via van der Waals
0 interactions.
2.5 0.72 8.7 nm 2.3nm

2. Optical Properties. The nanoparticle assemblies displayed

10 0.74 8.4 nm 2.0nm interesting optical properties that are highly responsive to
400 0.79 7.9nm 1.5nm g op prop , _ighly resp

changes in assembly size, chemical environment, and molecular
structures. Such responsive optical properties could find ap-
plications in areas such as sensors and biosensors. This section
the basis of the average N% and S% detected, the value 1.85§mn2|riiéhﬁ E?zrggttteerrlizna“zzsd Oa]:bgl)er ggaczl :éﬁger;gzﬁ;zg
was obtained for the relative N-to-S ratio, which translates to y g 9 P P P

. . techniques.
approximately six molecules df for every molecule oR. In . . . _

. . ) . 2.1. Light Scattering and Optical Absorption in Response
comparison, a feeding ratia)(of 300 for the nanoparticle '9 ng bY puon | P

) to Assembly Size EvolutionFigure 10 shows a representative
assembly would translate to approximately drfer every two

) ) SR EVELH set of DLS data obtained f@&mediated assembly 4fAu. The
2. The difference of these two relative ratios is indicative of gigmeter of the spherical assembly is plotted against time at

the thermodynamic competition of the template and the mediator four different concentrations d. This set of data provides
molecules responsible in the nanoparticle assembly. The pre-dynamic information on the controlled growth of spherical
dominance ot in the assembly is consistent with the conclusion assemblies in the solution. The size was determined from the
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Figure 11. UV —vis spectral evolution for th-mediated assembly dfAu ([1/Au] = 0.1uxM,) with differentr of 1 (A), 50 (B), 100 (C), 600 (D).l/Au
= 5.1+ 0.9 nm). The spectral evolutions were recorded within the time frame of 30 min, and the arrows shown in the graphs indicate the directions of the
spectral evolution versus time.

hydrodynamic radii of the assemblies on the basis of CONTIN encapsulation on the 5-nm Au core. The ratio-df corresponds
analysis of the characteristic line width)(7-2° to ~1 molecule of 2 per nanoparticle. The nanoparticle

There are three important findings here. First, the trend for assemblies derived from low concentration2qk.g., Figure
the increase in the assembly sif¥ (ith time can be fitted to 3C) eventually precipitated after—2 days, whereas those
a modified model of crystallization and growthwhere the obtained from higher concentrations (e.g., Figure 1A) remained
critical growth exponent is close to 1. This finding is indicative soluble for weeks. The average diameter of the spherical
of lower growth dimensionality, consistent with the spherical assemblies, as determined by TEM, is linearly related to the
shape. Second, the final size of the nanoparticle assembliesvavelength of the SP band associated with the nanoparticle
increases with decreasing concentration of the mediator, whichassemblies. The DLS data has already revealed that the average
is consistent with TEM and U¥vis data. Finally, the spherical ~ diameter decreases with increasimg Therefore, there is
assemblies are highly monodispersed, as evidenced by thecorrelation between the change in morphological properties and
sharpness of the peak in the plotl&s(I") versusk, (e.g., Figure the change in SP optical properties.
10B). DLS was previously utilized to monitor the assembly of 5 5 | jght Scattering and Optical Absorption in Response
gold nanoparticles in the presence of DRIA. to Nanoparticle Disassembly.Both DLS and UV-vis data

In contrast to the light scattering, the optical absorption of gyibited remarkable responses to the disassemky-afAu
Au nanoparticles and assemblies is associated with the surface;gsemplies upon addition of molecules with a stronger affinity
plasmon (SP) resonance band. The origin of the SP band is the, 46|d tharp or 1. Decanethiol 8) was used as such a molecule
coherent excitation of free conduction electrons because of i4; can replace the ligand capped on nanoparticles or assemblies
polarization of the electrons induced by the electrical field of ;5 exchange reaction (e.@, 1). This process involved the
incident light3%:32 A change in absorbance or wavelength of replacement of bound to Au by3 and was dependent on the
the SP band provides a measure of particle size, shape, andg|ative concentrations & 2, and/Au. Thiols exhibit higher
aggregation or elongation properties. Figure 11 shows a typical i jing affinity to gold than thioethers. Figure 12A shows a
set of s_p_ectra for the evplunon of the SP band in response totypical set of DLS data illustrating the change of light scattering
the addition of to a solution ofl/Au ([VAu] =0.1uM) under i yhe assembly/disassembly processes. Indeed, the increasing
different values of (25 (A), 50 (B), 100 (C), and 600 (D)).  end for the assembly size was reversed by the addition of thiol.

The gradual spectral evolution. of the SI? band is accompaniedA TEM micrograph from a sample taken during the disassembly
by color change of the nanoparticle solution from red to purple rocess is included to illustrate the presence of individual

O; blue. Th? spgctr::t)l er:jvelzpehoflthe SP band app_arl'gntly consist anoparticles along the peripheral areas of the spherical as-

of two overlapping bands. At the lower concentratio aihesg sembly as a result of the disassembly.

two bands are clearly resolved at 520 and 780 nm. The display Simil h Iso b b d for the absorb

of the isosbestic point at 560 nm is indicative of the involvement Imilar responses have aiso been observed for the absorbance
of the SP bands associated with the individual nanoparticles

of two major species (i.e., Au nanoparticles and nanoparticle 20 dth o] blies (650 . 5
assemblies) in the reaction solution. In comparison with the SP (520 nm) and the nanoparticle assemblies (650 nm). Figure 128

band at 520 nm observed f&fAu, the extent of this red shift shows a typical s_et of absorp_tion data of SP band "_ﬂ both 520
is inversely related to the concentration®fas evidenced by and 650 nm to illustrate their responses to the disassembly
the shift from 580 to 780 nm with the decreaser oThe ratio process. In Figure 12B was added after both SP bands reached
of ~600 translates to an excess 2ffor a full monolayer a constant value. The reversal of the SP absorption for these
assemblies upon addition 8tto the reaction solution is evident
(29) (a) Liu, T.; Diemann, E.; Li, H. L.; Dress, A. W. M.; Muller, Aature for both SP bands. This finding is significant because it suggests
So03 28 5 02 (b) Provencher, S. Weomput. Phys. Commu982 — hat the nanoparticles in the spherical assembly are held together

(30) '(Qa) LStosrhgff{J- é-;éﬁzegideé hA. A.;SMéc(:)ig,Q Ri 202.%5@1&. é%-; Letsinger, by relatively weak interactions and can be disassembled into
. L.; ScChatz, G. . AM. em. S0 . . P .
(31) () Link, S.: El-Sayed, M. Alnt. Re. Phys. Chem200Q 19, 409-453. individual nanoparticles bg.

(b) Papavassiliou, G. @rog. Solid State Chen1979 12, 185-271. ; ; ~
(32) Ung, T.; Liz-Marzan, L.. Mulvaney, P. Phys. Chem. B001, 105 3441 When a relatively low concentration & ([2] ~ [3]) was
3452, added into the assembling solution during its early stage, for
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Figure 12. Optical data showing the assembly and the disassembly upon additibbard® (3: decanethiol) into the solution. (A) DLS data showing the
assembly upon addition &atr = 25 (@), and the disassembly upon addition3f3] = 10 «M) (4). Insert: TEM micrograph for a sample taken during
the disassembly process. (B and C) Temporal dependence of SP band absorbance at &p@nur/80 nm @) for a solution of1/Au (0.1 M) upon
addition of2 followed by addition of3 (6 uM (B) and ~1 uM (C)). (/Au = 5.1+ 0.9 nm).

0.8 7 !
12 -
2 £ 08
Q =] 4
) L7z}
o 2 i
i 04 4
0.0 0.0 drprrrrrprrrrre—
400 600 800 1000 1200 400 600 8§00 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 13. UV —vis spectra foR-mediated assembly dfAu in response to PPTRDS cycles (A) and CT cycles (B). (A) A sample obtained frors 25;
solid line: before precipitation; dashed line: the solution after partial precipitation; dotted line: the redispersed solution. Insert: hhecabaor60 nm
in the PPF-PDS cycles (R: redispersed assemblies; P: the solution after partial precipitatiof,forl5, ~8, and~6 h). (B) Samples obtained at- 10

(I) and= 600 (l1). Solid line: before precipitation; dashed line: the redispersed assemblies after the first CT. Insert: the absorbance at 590 and 790 nm vs
CT cycles. /Au = 5.3+ 1.0 nm).

example,~10 min, the change of the absorbance was clearly through which thel-containing Tl layer is discarded and fresh
leveled off to a relatively constant value, suggesting that the Tl was added. Such cleaning treatment (CT) can undergo many
assembly process was effectively stopped (Figure 12C). In this dispersior-redispersion cycles in fresh solvent which not only
case, the small-sized spherical assemblies were essentiallypurifies effectively the assemblies but also allows processing
converted tdB-capped spherical assemblies2ef1/Au, so that of the assemblies without significant destruction. Figure 13B
no further growth of the assembly can occur. Such assembliesshows a set of spectral data for a solution2efl/Au after
were in fact stable for days. This finding is intriguing because multiple CT cycles. Indeed, the spectral characteristics showed
it demonstrates the viability of regulating the size of the spherical little change in response to the cycle. After an initie20%
assemblies by a third capping component. change, the absorbance value also exhibited little change after
2.3. Optical Absorption in Response to Precipitation- at least eight cycles. Clearly, the nanoparticle assemblies were
Dispersion Cycle. Since the spherical assemblies undergo stable in the absence @&fin the solution.
changes both in size and packing density during the precipita- To better understand the correlation of the optical properties
tion—redispersion treatment, we further examined its effect on with size and interparticle spatial properties of the nanoparticle
the SP band. Figure 13A shows the changes of the SP bands irassembly, the spectral simulation was performed based on Mie

response to the precipitatiemedispersion cycle (PPTRDS). theory31:32In Mie theory (eq 2p!

While each precipitation process led to a decrease of the 3f2

absorbance (dashed), each redispersion brought the absorbance Yo 18re,, o €2 2
back (dotted) with an insignificant change in spectral charac- NV A (e, + zéa)z + 622

teristic. In terms of spectral shape and absorbance, no significant

change was observed even after multiple precipitatitisper- the extinction coefficieny is related to volume concentration
sion cycles. of the particlesilV, N: the number of spheres per unit volume;

The excess ol (~31 mM) in the solution of nanoparticle V: the volume of each sphere) for nanoparticles or the
assemblies can be removed via precipitation or centrifugation assembled nanoparticles, which is inversely proportional to the
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Figure 14. The SP bands simulated on the basis of Mie theory for Au
nanoparticles (dotted line) and spherical assemblies (solid line).

Table 2. Simulation Results for the SP Bands

based on Mie theory based on modified Mie theory?

SP (AUy)  SP(TE;-AUyw)  SP (A SP(T E3=A Up)
system NVE e NVo € db € db €
AUnm 76 20 60 1.8
TEs—Aunm 16 35 0.3 10.2 101 33 0.3 10.1
TEs—Aunn® 1.1 35 0.2 10.2 75 33 03 10.2

a ¢ remains largely constaritn arbitrary unit.¢ After cleaning treatment.

edge-to-edge distanc@lefge-to-edgd Of Nanoparticles in the
spherical assembly, and the dielectric medium constahtdy
and ¢, are the real and complex part of Au, ard is
thewavelength of light in a vacuum in eq 2. In a modified Mie
theory (eq 3)?

(1 — R?+ 4Rsirfy
R? exp(—ad) + exp@d) — 2Rcos¢ + 2y)

Tfilm -

®)

Ris the reflectance at normal incidence which is related to the
effective dielectric function«y,) for the metal nanoparticles.
The variateso, v, and ¢ are related tce,, thickness of the
nanoparticle ensemblé) andl. €,y is related to the, €, €q,

and the volume fraction of the particleg)( Briefly, the light
transmissionTym is related tog, d, and ¢,. The theoretical
analysis of the SP band data was recently shown to provide
useful insights into the interparticle propert®&igure 14 shows
the spectral simulation based on the spectrophotometric dat
of SP bands shown in Figure 13B(ll). In general, the band

a

decrease in the volume concentratidiVf or thickness of the
nanoparticle ensemblel)(likely reflects the changes of inter-
particle spacing, intersphere spacing, and size of the spherical
assemblies. The assessment of the relative contributions of these
parameters is part of our ongoing investigation.

Conclusions

In conclusion, we have shown that the mediatmplate
strategy is an effective route for the assembly of nanoparticles
into size-controllable spheres. While this strategy is demon-
strated for multidentate thioether-mediated assembly of tetraoc-
tylammonium-capped gold nanoparticles, its utility is entirely
general for the assembly of nanoparticles in a variety of systems,
depending on the chemical or structural nature of the mediators
and templates. The high monodispersity of the spherical
assemblies and the viability of forming ordered morphologies
are unprecedented. The subtle decrease of interparticle distance
with increasing the assembly size is suggestive of the depen-
dence of the packing density on the assembly size and the
mediator-template interaction. The spherical assemblies can
be processed effectively by precipitation and redispersion
leading to improved monodispersity and higher packing density.
The interparticle linkage and stability are provided by a
combination of the mediation force of the multidentate thioether
and the hydrophobic force of the tetraalkylammonium bromide
template. The discovery of the sefttard nature of the nano-
particle assemblies and their interactions with contacting
substrates could form the basis of a new strategy for manipulat-
ing nanoscale linkages between nanoparticles assemblies,
soldering nanoelectronics, and constructing nanosensor devices.

The findings of the responsive optical properties of the
nanopatrticle assemblies to several chemical, morphological, and
structural parameters in assembly, disassembly, sizing, and
interparticle spacing may open new opportunities for both
fundamental and practical explorations. The light scattering and
surface plasmon resonance absorption are important for assess-
ing the size-controllability, the interparticle spatial properties,
and the interparticle interactions in the assembly/disassembly
processes. The discovery of the disassembly into individual
nanoparticles and the size regulation by a third capping

position and absorbance can be simulated well, but the simulated®®mPonent could form the basis for applications in controlled

bandwidth is usually narrower than the experimental data.
Similar results have also been obtained using the modified Mie
theory. The simulation results are shown in Table 2.

The simulation results are quite consistent with both modified
and unmodified Mie theories in terms of the general trend of

drug delivery. Furthermore, the experimental and theoretical
correlations of the morphological and optical properties support
the fundamental basis for the mediatéemplate strategy as a
general and versatile assembly technique.
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