JIAICIS

ARTICLES

Published on Web 08/04/2006

From Homoligand- to Mixed-Ligand- Monolayer-Protected
Metal Nanoparticles: A Scanning Tunneling Microscopy
Investigation

Alicia M. Jackson, Ying Hu, Paulo Jacob Silva, and Francesco Stellacci*

Contribution from the Department of Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Received March 13, 2006; E-mail: frstella@mit.edu

Abstract: The ligand shell that coats, protects, and imparts a large number of properties to gold nanoparticles
is a 2-D self-assembled monolayer wrapped around a 3-D metallic core. Here we present a study of the
molecular packing of ligand shells on gold nanoparticles based on the analysis of scanning tunneling
microscopy (STM) images. We discuss methods for optimal nanoparticle sample preparation in relation to
STM imaging conditions. We show that the packing of a self-assembled monolayer composed solely of
octanethiols on gold nanoparticles depends on the particle’s diameter with an average headgroup spacing
of 5.4 A, which is different from that of similar monolayers formed on flat Au(111) surfaces (5.0 A). In the
case of nanoparticles coated with mixtures of ligands—known to phase separate into randomly shaped
and ordered domains on flat surfaces—we find that phase separation leads to the formation of concentric,
ribbonlike domains of alternating composition. The spacing of these domains depends on the ligand shell
composition. We find that, for a given composition, the spacing increases with diameter in a manner
characterized by discontinuous transitions at “critical” particle sizes. We discuss possible interpretations
for the observed trends in our data.

1. Introduction opticaP2° and electroni¢' properties that depend strongly on

Monolayer-protected metal nanoparticles are supramolecularSize and shap& ¢ Additionally, a true strength of gold and
assemblies composed of a noble metal core surrounded by &ilver nanoparticles lies in the ease (at least relative to other
self-assembled monolayer (SAM) of organic molecules, typically nanoscale materials) with which a wide variety of different

bound to the metal through a thiegjold bond'3 In recent thiolated molecules can be placed in the ligand shell either by

years, they have been used in many fields of science from direct synthesis methoti¥*"2¢or by place-exchange reac-

physics}® to chemistry®~® to materials scienc® 12 to
biology *-1% and all the way to medicin®18 This is primarily
due to the simplicity of their synthesi¥’ and to their unique
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serves a critical role, providing the particles with a long series
of properties, to name a few, stability against coalescéhce,
solubility in many solvent8}3>assembly propertie¥,electro-
chemical chargind,electron-transfer efficienc$? 3" sensing of
specific biomolecule$338 and pseudoenzymatic activit§. 45
Basically, the ligand shell controls and rules all of the interac-
tions of the particles with the outside molecular world; thus, a
complete list would go beyond the scope of this paper.

Very often in engineering the properties of nanoparticles only
the molecular functionalities of the ligand molecules are taken
into account and studied. However, it is becoming increasingly
evident that ligand shell morphology plays just as important a
role36:46-49 Molecular packing and conformation and shell
composition have been studied thoroughly using F#H®,
NMR,22 neutron scattering,and HPLC3! and it has been shown

and packing density. Indeed, ligand shells (frequently referred
to as 3-D monolayerd) are subject to constraints not found in
the 2-D casesuch as the 2 rotational symmetry of the
nanoparticle core. The packing of objects around a sphere has
long been an area of scientific study from the Thompson
problem of the distribution of charges on a spRéme the
packing of proteins in the capsid shell of a vi%% and has
been shown to give rise to many interesting surface features
and functionalitie$%-62 Thus, it would not be unexpected to
find such unique ordering and packing of molecules around the
nanoparticle core.

Here we present a scanning tunneling microscopy (STM)
study of monolayer-protected nanoparticles aimed at probing
ligand organization with what is probably the only microscopy
technique that has the capability of visualizing these molecules.

that SAMs on nanoparticles are at least as ordered as SAMs onwhen intrinsically polydisperse samples such as nanoparticles

flat surfaces252.53 Additionally, molecular dynamics calcula-

are being studied, STM, being a microscopy tool, has the distinct

tions have been performed to investigate how such a 2-D advantage of providing single-particle data as opposed to the
crystalline SAM can order itself around a curved (in a average ensemble data that spectroscopy techniques pfétfice.
topological sense; the faceted crystalline core is topologically However, STM imaging of nanoparticles with molecular resolu-
equivalent, or homeomorphic, to a sphere: that is, the polyhedraltion is nontrivial and, being a microscopy tool, needs averaging
core can be deformed through a bicontinuous transformation, over multiple images to result in representative data. We find
i.e., stretching without tearing or gluing, into a sphere; thus, that octanethiol-coated nanoparticles show an average headgroup
those topological principals which hold for spheres will hold spacing of 5.4 A which, importantly, seems to increase with
for all homeomorphs of the sphéfl 3-D nanoparticle core,  nanoparticle diameter. It should be noted that, on flat Au(111),
often with a radius of curvature comparable to the length of octanethiol monolayers have a constant headgroup spacing of
the molecule$§>56 Still, at present, we lack an understanding

of how ligands organize around the topological sphere that is
the particle’s metallic core while keeping a high degree of order
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5.0 A (see the Discussion).

Furthermore, we studied ligand packing on mixed-ligand
octanethiol/mercaptopropionic acid nanoparticles. We recently
presented what is probably the first significant difference in the
morphology of SAMs on nanoparticles when compared to SAMs
of the same composition on flat surfadédt was known that
some SAMs composed of mixtures of ligands phase separate
into randomly sized and shaped domdifig! We found that
those SAMs phase separate into ordered, ribbonlike domains
of alternating composition that encircle or spiral around the
nanoparticle core (Figure 1). We have evidence that suggests
that the topological curvature (present in the core) is the driving
force for the ordering of these pha$ésnterestingly, the width
of these phases was found to be extremely small, often no more
than two molecule&’ This unprecedented small size of the
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Figure 1. (a) STM height image of gold nanoparticles, on Au foil, coated with a 2:1 molar ratio of OT and MPA showing ribbonlike stripes, hereafter called
ripples, due to the phase separation of the two ligands. One such particle is outlined by the dotted square and shown in an enlarged image ire¢b). The rais
domains that run across the particles are the OT phases which alternate with the MPA phases. A schematic drawing to help the reader visualize this 3-D
arrangement is shown in (c). A feature that one should recognize in the image is that, while in some areas (such as the one demarcated by the dashed white
circle) the underlying gold foil exhibits a curvature comparable to that of the nanopatrticles, no hint of ripples is observed, indicating thateipplethe

result of the STM tip scanning over an area of high curvature.

phases leads to unexpected properties of the nanoparticles suchthanol was then added dropwise. After complete addition, the solution
as a nonmonotonic dependence on composition of solubility andwas stirred fo 2 h and then transferred to the refrigerator to slowly
good resistance to protein nonspecific adsorptfoHere we precipitate. The particles were then filtered and cleaned as described

present an analysis of STM images of nanoparticles coated with " the two-phase synthesis. This method has the advantage of not
a mixture of octanethiol (OT) and mercaptopropionic acid requiring a phase-transfer agent ((TOA)Btypically difficult to fully

(MPA) (in 2:1 and 1:1 molar ratios) together with new data eliminate from the particle’s ligand shéf.

that late the d . . ith th ticles’ di t In the case of mixed-ligand nanopatrticles the total number of moles
at correlate the domain spacing wi € parucies: diameter. organic was kept constant (0.9 mmol) but various molar ratios were

We find that the domain spacing increases with diameter. The yseq |t was always assumed that the stoichiometric ratio of the ligands
relevance of these data in terms of ligand morphology and in solution was equal to the ratio on the ligand shell. Recent bulk FTIR
packing is discussed. studies of OT/MPA mixed-ligand nanoparticles confirm this assump-
The paper is organized as follows: In section 2 (Experimental tion.”* Throughout the paper the ratio indicated will always be the
Methods) we present the experimental details of sample stoichiometric molar ratio.
preparation and STM imaging. In section 3 (Results) we first ~ Both types (one-phase or two-phase) of nanoparticles were imaged
discuss the challenges of STM imaging and the interpretation USing STM. Each synthesis resulted in samples of nanoparticles
of the STM images and then present data on the domain spacind’ply@sperse In size, with a core diameter-e nm dominating the
dependence on particle diameter for various particle composi-d'smbunon'

tions. Finallv. in section 4 (Discussion) we bresent possible 2.2. Nanoparticle Monolayer Preparation for STM Imaging. To
! - Finafly, 1 : (Discussion) we p POssI immobilize the nanoparticles on gold substrates so that they are not

mter.pretanon models to qnderstand our .results. The.flnal WO free to move during imaging, dithiol molecules were used to act as
sections are the Conclusions and Experimental Section. linkers, binding the nanoparticles to the underlying substrate and

sometimes to one another, creating a dense network of nanoparticles.
Briefly, a SAM of 1,8-octanedithiol (ODIT) was first formed by

2.1. Nanoparticle SynthesisAu nanoparticles were synthesized immersing the substrate in a 2@® ethanolic solution, followed by
using either a two-pha&tor a one-phadésynthesis method. The two-  thorough rinsingA 2 mg portion of nanoparticles dissolved in 10 mL
phase synthesis was performed using a slight variation of the Schriffin of the appropriate solvent (e.g., toluene or ethanol depending on the
method?® Typically 0.9 mmol of a gold salt (HAuGi3H,0) in 50 mL nanoparticle solubility) was then cast onto the substrate and allowed
of water was transferred into an organic phase (80 mL of toluene) using to slowly evaporate in the presence of a saturated solvent atmosphere
a 4-fold excess of a phase-transfer agent (tetraoctylammonium bromide,(note that the substrate must be level to allow for even evaporation).
(TOA)Br). A 0.9 mmol portion of the thiolated molecule (or a mixture  Alternatively, equivalent samples could also be prepared by simply
of thiolated molecules) was added, followed by dropwise addition of immersing the substrate in 20 mL of a 5610~2 mM toluene solution
a reducing agent (NaBH10 mmol)) in 30 mL of water. The phases  of ODIT containing 2 mg of nanoparticles for 24 h. All samples were
were separated, and the organic phase was reduced to 10 mL and dilutedleaned by rinsing with toluene, then incubating (and, in the case of
with ~80 mL of ethanol. The solution was stored in the refrigerator Au foil, cleaning with mild sonication) in ethanol for several hours,
overnight to allow for the nanoparticles to slowly precipitate, then and drying under a stream of nitrogen.
filtered, and washed extensively with water, ethanol, acetonitrile, and ~ Recently, we have developed a new sample preparation method that
acetone. The cleaning procedure is of fundamental importance to obtainresults in more consistent nanoparticle layers. (Note that we have
STM images that show molecular resolution of the ligand shell packing, applied the procedure to only OT homoligand and OT/MPA (2:1)
as during STM imaging any impurity within or surrounding the ligand rippled nanoparticles.) For OT/MPA (2:1) nanoparticles, a SAM of
shell will obscure the whole particle image and can potentially butanethiol was first formed by immersing the substrate in a 1a0
contaminate the microscope tip. A description of each particle’s ethanolic solution for-24 h prior to nanoparticle layer formation, after
synthesis and purification can be found in the Experimental Section. which it was immediately rinsed and stored in ethanol-Zmg portion

In the one-phase method, 0.9 mmol of HAKGH,O was dissolved of nanoparticles was dissolved in 1 mL of toluene. A 40 times excess
in 200 mL of ethanol at C. A 0.9 mmol portion of the thiolated of 1,10-decanedithiol (DdiT) in 0.5 mL of toluene was then added to
molecule (or a mixture of thiolated molecules) was added and allowed

to react. A 200 mL portion of a supersaturated solution of NaBH (73 %%??A&?ilw"s’ A.J.; Johnson, K. A.; Schiffrin, D.Ohem. Commun.
(74) Centrone, A; F"awloski, A.; Zerbi, G.; Stellacci, F. Manuscript in prepara-
(72) Kang, S. Y.; Kim, K.Langmuir1998 14, 226-230. tion.

2. Experimental Methods
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formed on (a) Au foil (large height variations are evident), (b) Au(111) on mica (more isolated particles and islands of aggregates of particdegsrcan be
and (c) Au on glass (a nearly uniform film of hexagonally packed nanoparticles can be observed). Streakiness in the images (particularly it (egplis att
to molecular impurities within the monolayer. Nanoparticles in (a) and (c) were synthesized using the two-phase method with a ligand ratio eéthibihona
mercaptohexanol. Nanoparticles in (b) were synthesized using the one-phase method with a ligand ratio of 2:1 OT/MPA.

the nanoparticles and the solution incubated for 30 min to allow for and present different imaging challenges according to each substrate

place exchange of the DdiT into the ligand shell. The foil was immersed as discussed in the Results.

into the solution and allowed to incubate for 5 h. The sample was rinsed 2 4. STM Imaging. A Digital Instruments Multimode Nanoscope

in toluene for 5 min, then immersed into hot&5 °C) toluene for 20 llla-E scanner with mechanically cut platinariridium tips was used

min, and, finally, rinsed with acetonitrile and dried under nitrogen. For  tg obtain all of the images in this paper. The tip bias used was typically

OT homoligand nanoparticles the sample preparation was essentiallypetween 900 and 1300 mV with set currents of 6800 pA. We have

the same; however;y'5 mg/mL toluene solutions were used and the noticed that the best and most crisp (i.e., noise-free) images obtained

nanoparticles incubated with DdiT for 40 min. are at tip speeds between 0.4 and Am/'s; occasionally good images
2.3. Substrates.Three types of substrates were used to image the at lower (as low as 0.2m/s) or higher (as high as 2/m/s) speeds

particles: Au foil, Au(111) thermally evaporated on freshly cleaved have been obtained. It should be noted that the image quality is often

mica, and Au on glass prepared using the method developed by Uimandependent on the scan parameters; in particular, large changes in tip

and co-workerg® Au foil is an inexpensive and easy to clean (viamild  speed can result in loss of resolution. The integral gain used to obtain

sonication) substrate. It is flat only locally and has numerous scratches.these images was in the range of-0(B65, with the proportional being

Au(111) on mica is flat over the numerosd 00 nm large terraces but  roughly half to two-thirds of that value.

cannot be cleaned easily (sonication promotes delamination and small

fractures). Au on glass, which presents a nearly impurity free surface, 3. Results

is obtained by placing a Au on mica substrate facedown onto a glass

slide coated with an epoxy resin, sandwiching the Au film between ~ 3.1. STM Imaging of Substrates.Using STM, it was

the glass and the mida.The mica is then removed by placing the observed that the three substrates, Au foil, Au(111) on mica,

sample in an ethanol solution containing ODIT, so that the molecules and Au on glass, resulted in very different nanoparticle layer

intercalcate between the gold and the mica, separating the two surfacesmorphologies. It was consistently noted that when using Au

and forming a SAM. The resulting gold surface is flat over large terraces foj| that the nanoparticles formed irregular layers, often with

and, importantly, very cledhbecause it was coated with a monolayer  |arge variations in overall film height (Figure 2a). Poor overall

while being delaminated. However, we should point out that for sample flathess can sometimes lead to noisy imaging conditions,
nanoparticle imaging this substrate is problematic because cleaning after . . . . .

. A ; : : .. complicating ligand shell imaging. On Au(111) on mica only
nanoparticle deposition is challenging. In fact, in our experience, it is

not possible to immerse the sample in many solvents because the epoxfparse islands of nanoparticle agg_regates and |solatgd nanopar-
resin either swells or, more often, releases impurities that contaminate IC/€S were observed, and many times, no nanoparticles were
the substrate and render high-resolution imaging problematic. Nano- Visible at all (Figure 2b). The abrupt height changes from the
particle assemblies on these three substrates seem to be very differerierraces to the curved nanoparticles often resulted in noisy
regions surrounding the nanoparticles, making precise imaging
(75) Gupta, P.; Loos, K.; Korniakov, A.; Spagnoli, C.; Cowman, M.; Uiman, Of the ligand shell difficult. We believe that the lack of large

A. Angew. Chem., Int. EQ004 43, 520-523. areas of densely packed nanoparticles is due to surface

(76) Gupta, P.; Ulman, A.; Fanfan, S.; Korniakov, A.; Loos,JXXAm. Chem. X . N .
S0c.2005 127, 4-5. contamination. Indeed, often different monolayer morphologies
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Figure 3. (a) STM images of two (circled) OT/MPA (2:1) gold nanoparticles cast onto a gold foil substrate. These images show how, at times, ripples can
look similar to noise in our images, but when images taken at different tip speeds are compared, it is apparent that ripple spacing remains leonstant whi
noise spacing scales linearly with speed. Spacing measurements at three different tip speeds for one of the nanoparticles and for the goidafitiare ind

in the three images. (b, c) Spacing measurements as a function of tip speed (b) for the noise and (c) for the ripples of each particle. It is imwiedigtely ob

how different the behavior is in the two regions. Also, it was noted that the amplitude (height from peak to trough) of the ripples was somehovagreater th

that of the noise. Being that the measurements are taken on the same images, effects of gains and other imaging parameters are excluded. Each point in th
plots is the average of multiple measurements; the calculated standard deviations are shown as error bars in the plot.

were obtained on different Au on mica sample batches despiteand Figure 5 shows a similar experiment done on OT homo-
efforts to keep the sample preparation procedures identical. Inligand nanoparticles. Similar controls were done on all of the
contrast, samples prepared on Au on glass resulted in large-nanoparticles presented in this paper.
scale domains X500 nm) of roughly hexagonally packed 3.3. Homoligand NanoparticlesWe carried out an extensive
nanoparticles, one monolayer thick, the nanoparticles being of study of homoligand nanoparticles to determine what role core
approximately the same size within each domain (although the curvature (in a topological sense; the faceted crystalline core is
nanoparticle size between domains varied) (Figure 2c). Often topologically equivalent, or homeomorphic, to a spkgnelays
these layers showed contaminations that, during the cleaningin the packing arrangement and density of the ligands without
procedure, were transferred from the epoxy adhesion layer. Itthe additional packing constraints added by phase separation.
was found that our best images were obtained on Au foil due Au particles with a size distribution ranging from approximately
to the improved ability to remove contaminants from the 2 to 7 nm and coated with OT were synthesized using both
monolayer, as compared to alternative substrates. one- and two-phase methods and imaged. Shown in Figures 5
3.2. Imaging of Nanoparticles. In this paper a careful and 6 are STM height images of such OT particles. The
analysis of the structure and the ordering of molecules on metalparticles’ ligand shells show striking morphological differences
nanoparticles is presented. STM, as with any other scanningfrom mixed-ligand, rippled nanoparticles; they do not show the
probe technique, is subject to imaging artifacts, and care mustribbonlike, phase-separated domains that are observed in the
be taken to mitigate and to recognize such artifacts. Images ofcase of binary mixtures of ligands (see, for example, Figure 1)
nanoparticles and their ligand shell were obtained at various and are significantly more difficult to image due to the lack of
tip speeds to verify that the features observed on the particlesheight and chemical contrast between ligands. Their methyl
reflected the true molecular configuration and were not noise headgroups are visible, with the molecules packing tightly
or a convolution of noise and reality. In most images we found around the core with a headgroup spacing~@5 nm.
both regions with tip-speedependenteatures (typically when To correlate ligand packing to nanoparticle curvature, we first
imaging the substrate) and regions with tip-spe&tependent plotted the STM-observed headgroup spacing as a function of
features (typically when imaging the nanoparticte)e former core diameter using several scan images of OT homoligand
being noise related, the latter being the true molecular packing. nanoparticles (Figure 7). The core diametemvas determined
A clear example of this is illustrated in Figure 3 for OT/MPA from the STM-observed nanoparticle diamef2yminus twice
(2:1) nanoparticles. Additionally, Figure 4 shows STM images the length,L, of the surrounding ligandsl = D — 2L. For a
of OT/MPA (1:1) nanoparticles which maintain the same ripple fully extended (all-trans) alkyl ligand chain withcarbon atoms,
spacing when imaged at a tip velocity of 0.57 and 0.8ds, we used the relatioh = 0.12f + 1) (nm) to estimate the
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the peak to peak spacing between clearly visible headgroups
located near the center of the particle, generally measuring four
or more spacings per particle. We believe that spacings taken
at particle edges are more subject to tip/sample distortions and,
due to geometric considerations, may not be representative of
the actual molecular configurations. In most cases we tried to
measure spacing between neighboring headgroups horizontally
aligned to minimize the possibility of line scan artifacts or
sample drift. The typical standard deviation of headgroup
spacing on single nanoparticles ranged anywhere from 0.3 to 1
A. While headgroup (or ripple, in the case of mixed-ligand
particles) spacing can be measured with high accuracy, for
diameter measurements, it was determined through multiple
measurements on individual nanoparticles that the best achiev-
able resolution was 0.2 nm. This is due to the fact that
nanoparticle supracrystal images do not show clear boundaries
between nanopatrticles. Thus, nanoparticle diameters were
expressed in nanometers with the first decimal digit (i.e., the
last significant digit) rounded to the nearest odd number. The
headgroup spacings shown in Figure 7b were calculated by
averaging all of the measurements of spacings found for
nanoparticles of a given diameter. At least three spacing
measurements were made per particle. The plotted error bars
in this measurement arel standard deviation of the averaged
spacing measurements. It should be noted that the number of
spacings averaged to obtain the data points in this paper varies,
as smaller and larger particles were considerably less present
on the sample when compared to those with average diameter.
Also, sometimes, we have observed that particles of certain
diameter are absent or rare in our images; this may be related
to crystallographic reasons or to sample preparation issues.
These conventions are used for all spacing plots throughout this
paper, unless otherwise specified. Referring to Figure 7, the
average headgroup spacing across all particles is 5.4 A, with a
slight increase in average spacing with increasing core diameter
from a value of 5.0 A at 2.7 nm diameter to 6.0 A at 5.1 nm
core diameter.

3.4. Mixed-Ligand Nanoparticles. 3.4.1. Image Interpreta-
tion. Images of mixed-ligand nanoparticles show ligand shell
morphologies different from those of images of homoligand

' A . . - nanoparticles. We recently found that mixtures of thiolated
Figure 4. Comparison of ripple spacing of OT/MPA (1:1) nanoparticles ligands, that phase separate into randomly shaped domains when
imaged at varying tip speeds. (&) STM height image of a cluster of two ' 70 .
nanoparticles showing ripples imaged at Q.67/s. The top particle has a gssem_bled on fl_at surfact,’® phase separate into ordered,
diameter of 5.1 nm and an average ripple spacing of 0.70 nm. The bottom ribbonlike domains when assembled on metal nanoparfiéles.
particle has a diameter of 4.8 nm and a corresponding average ripple spacingy/e do not expect to observe these ribbonlike domains for
of 0.67 nm. The total ensemble average ripple spacing for particles imaged mixtures of molecules that do not phase separate on flat surfaces
is 0.67 nm. (b) STM height image of another cluster of nanoparticles imaged - : - p p . :
at 0.814um/s showing a spacing comparable to that in (a). The left, circled Referring to Figure 1, the STM image shows gold nanoparticles
nanoparticle has an observed diameter of 4.2 nm and an average ripplecoated with a 2:1 molar ratio of OT/MPA sparsely distributed
spacing of 0.7 nm. The right, circled particle has an observed diameter of on a Au foil substrate. As is observed in the image, molecular
6 nm and an average ripple spacing of 0.71 nm. The larger particle beneath . . ) . . . T
the smaller, top left particle was not used to determine ripple spacing as its domains align into parallel, ribbonlike stripes that encircle and/
ripples are not easily discernible. It is likely that the nanoparticle is rotated or spiral around the nanoparticles. The spacing of the phases,
with respect to the scan direction, thus obscuring the ripple direction. For measured as the average spacing between two peaks rign.
an extended analysis of spacing measurements as a function of tip speedAt present we believe that the OT molecular domain,s are the
bright, raised ripples, while the MPA molecular domains are
located between those of the OT. This assignment is based on
molecular lengtt! The assumption that ligands on nanoparticles the analysis of STM images of OT/MPA SAMs on flat surfaces
are mostly all trans is supported by FTIR d&&he headgroup  of varying composition: as the OT fraction decreases so does
spacings on each nanoparticle were determined by measuringhe fraction of “high” domains.

(77) Whetten, R. L.; Shafigullin, M. N.: Khoury, J. T.. Schaaff, T. G.. vezmar, A feature that one should recognize in the image of the
I.; Alvarez, M. M.; Wilkinson, A. Acc. Chem. Resl999 32, 397-406. nanoparticles is that while in some areas the underlying gold

see Figure 15.
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2P

Figure 5. STM height images of an OT homoligand nanoparticle monolayer on Au foil illustrating consistency of headgroup spacing with tip velocity, but
also showing image resolution changes with tip velocity. (a) Image of a group of nanoparticles whose headgroups are clearly visible when inpaged at a ti
velocity of 0.695um/s. The headgroup spacing on the nanoparticle ranges from 0.57 to 0.6 nm. (b, c) Images of two different areas from a single scan image
that was imaged at 0.868m/s. (b) Same particles as in (a). In this case the imaging conditions are no longer optimal, and it is difficult to recognize
individual headgroups on the nanoparticle. The few headgroups which can be recognized show a spazi@gof. (c) A separate group of nanoparticles

whose headgroups are clearly visible, even at this increased scan speed, and that show spacings from 0.56 to 0.65 nm. The short, white linegin each imag
represent a single headgroup spacing measurement.
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Figure 7. (a) STM headgroup spacing data from three scan images of OT
homoligand nanoparticles as a function of core diameter: red circles, two-
phase-synthesized nanoparticles, imaged at Q:888; black squares, two-
phase-synthesized nanopatrticles imaged at Q«695S; green triangles, one-
Figure 6. STM scan images of OT homoligand nanoparticles: (a) 3-D phase-synthesized nanoparticles imaged at a tip speed of Q8&1 (b)
rendering of a homoligand nanoparticle in which the molecular headgroups Averaged data from (a) showing a slight increase in headgroup spacing
are clearly visible; (b) example of a single headgroup spacing measurement.with core diameter. The red line is a linear fit to the data. The regression
Several measurements were taken on each nanoparticle between clearlhas statistical significance with a 99% confidence le®= 0.299, DOF
visible headgroups near the center of the particle. The measurements were= 164, Rioo = 0.254); the slope of the fit (2.% 1072 nm/nm) is also
typically taken horizontally between headgroups to minimize the effects of significant with a 99.9% confidence level € 3.99, DOF= 164, t120 =

line scan artifacts or vertical drift during the imaging of the particle. 3.37). Inset: Histogram of the number of spacing measurements per
nanoparticle core diameter.

foil exhibits a curvature comparable to that of the nanoparticle result of the STM tip scanning over an area of high curvature.
core, no ripples are observed, indicating that ripples are not thelf one now examines an image of several nanopatrticles (Figure
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Figure 8. (a) STM height image of an OT/MPA (2:1) mixed-ligand nanoparticle monolayer on Au foil showing ripples in various orientations. (b) Enlarged
image of a single nanoparticle and (c) corresponding schematic drawing showing molecular domains that align into parallel ripples that éocspieahnd

around the nanopatrticles. The spacing of the phases, measured as the average spacing between two peaks, is 0.89 nm. (d) Enlarged image agd correspondi
schematic drawing (e) of a nanoparticle with ripples orientdd® to the fast scan direction. This rotation results in reduced visualization of the particle’s

ripples.
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Figure 9. (a) STM height image of an OT/MPA (2:1) nanoparticle monolayer taken &tsc&n angle. Inset: Enlarged image of a single nanoparticle
showing ripples running perpendicular to the fast scan direction. (b) STM height image of the same sample as in (a) imagedcanaad@le. Inset:
Enlarged image of the same nanopatrticle as in (a); however, the ripple direction is now difficult to discern. (c) Schematic drawing of STM ima&ging of th
ligand lattice on a nanoparticle where the blue and green dots represent a phase-separated “rippled” arrangement of two different ligandag The drawi
illustrates the resulting scan lines and ripple direction seen (shown in red) when ripples run perpendicular to the fast scan direction. (d)dsatvamgati

similar to that in (c). The ligand shell molecular lattice has been rotated hyr&8ulting in two possible ripple directions being seen and giving rise to the
characteristic crosshatched appearance on the particle when the two ripple directions are overlaid.

8), it is immediately evident that those particles with the most ~ When particles whose ripples are rotated so that they are not
clear ripples (that is, ripples whose direction is easy to discern) perpendicular to the fast scan direction are imaged, the imaging
almost always have domains which tend to run perpendicular, scan lines, when merged to form an image, can produce what
within £30°, to the fast scan direction (or, equivalently, parallel appear to be two sets of crossing ripple directions, resulting in
to the slow scan direction). However, there are several other a crosshatched appearance on the nanoparticle ligand shell. This
nanoparticles within the scan images that show nanostructuring,phenomenon is illustrated in Figure 9; we first imaged a sample
but whose ripples’ direction is difficult to discern (Figure 8d). at (* scan angle and obtained crisp images of a nanopatrticle
This disparity is likely due to how the tip scans across each whose ripples run perpendicular to the fast scan direction. We
ligand shell “lattice” and the resulting merging of scan lines. then rotated the sample by 3@nd found that the particle’s
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Figure 12. STM height images of a 4-aminothiophenol/hexanethiol
nanoparticle monolayer.

Figure 10. STM height image of a nonanethiol/mercaptohexanol (2:1)

. ing of approximately 0.7 nm, octanethiol/mercaptoundecanoic
nanoparticle monolayer.

acid (1:1), with an average spacing ranging from 0.8 to 0.9 nm,
and 4-aminothiophenol/hexanethiol (2:1), with an average ripple
spacing ranging from 0.6 to 0.8 nm.

3.4.2. Dependence of Ripple Spacing on Diametekn in-
depth study of ripple spacing as a function of core diameter
was undertook for OT/MPA (2:1) nanopatrticles as these particles
have shown the best contrast between ripples (probably due to
the fact that they present the largest ripple spacing observed to
date) and hence provide the most accurate spacing data.
Additionally, they have been imaged numerous times over a
period of three years. Here we analyze data from two synthetic
batches of the OT/MPA (2:1) nanoparticles (denoted as npl
and np2), synthesized using an identical two-phase procedure
by two individuals. The two syntheses, although identical, led
Figure 11. STM height images of an octanethiol/mercaptoundecanoic acid to nanoparticles with different polydispersities, with the core
(1:1) nanoparticle monolayer. diameters of npl ranging from 2 to 6 nm and those of np2

ranging from 3 to 8 nm. As shown in Figure 13a,b, we plot the
ripple direction was now difficult to discern and exhibits the STM-observed headgroup spacing as a function of core diameter
typical “crosshatching” of a rotated particle. We should state (determined assuming that the longer OT molecules in the ligand
here that the experiment just described is extremely challengingshell determine the STM-observed diameter) for one individual
because many elements must come together to make it possiblescan image of npl as well as a composite plot containing data
First, one needs to find an isolated nanoparticle in a condition from all individual scans. Overall we have noticed that when
where good images are achievable. Second, when the image iplotting the spacing from each individual scan image, clear
rotated, the always present sample drift must be minimal so trends are visible and that these trends stay qualitatively the
that the particle stays within the field of view. Third, the new same, even across images of nanoparticles synthesized on
approach direction to the particle must not contain different different occasions. Typically when these plots are combined,
topological hindrances to the STM tip. In general, rotated images the trends seem to be washed out, but still visible. At present
of nanoparticle films are hard to interpret, due mostly to the we believe that this is due to the increased number of outliers
fact that almost never does the same part of the image stay cleain the combined images and to the increased error bars of
throughout the rotation. Typically, once we obtain a clear image nanoparticles whose size is at the transition point (see the
of nanoparticles, our first priority is to obtain comparable images discussion below). Ripple spacing on the nanoparticles was
at different tip speeds; by the time this is achieved, often the measured near the center of each particle, averaging more than
tip quality has deteriorated to the point that further imaging is five measurements per particle. The average ripple spacing per
not possible or is unreliable. diameter in each scan image typically ranges from 0.9 to 1.1

To date, we have clearly observed ripple formation using nm. The composite plot shows an overall average spacing of
several binary mixtures of ligands on gold nanoparticles ranging 1.04 nm with an increase in spacing with diameter from 1.00
from 2.5 to 6 nm in core diameter. In all cases the chosen ligandsnm at 1.7 nm core diameter to 1.07 nm at 5.9 nm. However, it
contained a thiol end group to ensure significant mobility across should be noted that in all of the individual scans, and in the
the gold core and ability to undergo place exchange. Also, eachcomposite plot, there seems to be a decrease in ripple spacing
combination of ligands was chosen such that each constituent’sfrom approximately 3.1 to 4.1 nm and from 4.5 to 5.5 nm core
headgroup functionality and length differed significantly from diameters, with what appears to be a transitional jump in spacing
those of the other to help drive the phase separation. Variousbetween the two in the region of 44.5 nm.
rippled nanoparticles and their compositions are shown in  When the data from np2 are plotted in the same manner as
Figures 16-12. Ripples were observed for nanoparticles coated for npl, similar trends and values emerge (Figure 13c,d). The
with nonanethiol/mercaptohexanol (2:1), with an average spac-average spacing measurements from each scan image of np2
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Figure 13. STM-observed headgroup spacing (black squares) and corresponding-sulfur spacing (determined using the continuous representation)

(red circles) of OT/MPA (2:1) nanoparticles as a function of nanoparticle core diameter: (a) npl data from one individual scan image and (b)& composit
plot containing data from all individual scan images of np1; (c) np2 data from one individual scan image and (b) a composite plot containing data from al
individual scan images of np2; (e) combined data from npl and np2. The plots from single measurements show decreases in ripple spacing from roughly 2.9
to 4.5 nm and from roughly 5.3 to 6.7 nm, separated by discrete transitional increases in spacing. The trends in the plots from single imagesgre quite ea
to identify by the eye, and dotted lines have been superimposed to help guide the eye; they have not been calculated and should be considered as arbitrar
In the case of the statistically more relevant combined plots (b, d, e), the trend lines shown are supported by a statistical analysis. Theidiffezences
average sulfursulfur spacings in the regions identified with boxes are significant with a level of confidence of 99% or more. The regression and the slopes
of the trend lines in the headgroup spacing plots are significant with a level of confidence of 95% or more. Insets: histograms of the number of spacing
measurements per nanoparticle diameter.

typically ranged from 0.85 to 1.10 nm and show a complex OT/MPA (2:1) nanoparticles hold true for other ligand composi-
dependence on core diameter. The average ripple spacing fottions. As shown in Figure 14, both the individual and composite
the composite data is 0.98 nm with an overall increase in spacingspacing plots show spacings that have a clear dependence on
with diameter from 0.86 nm at 2.3 nm to 1.06 nm at 6.6 nm. diameter. As shown in the composite plot, there is an over-
Combining the data from np1 and np2 (Figure 13e) gives a more all increase in ripple spacing from 0.58 nm at 1.5 nm core
complete picture of OT/MPA (2:1) ripple spacing. The overall diameter to 0.75 nm at 5.7 nm and an overall average spacing
average headgroup spacing is 1.04 nm, increasing from 1.000f 0.69 nm.
nm at 1.7 nm to 1.05 nm at 7.5 nm. To demonstrate the independence (or better very shallow
We began a preliminary study of the dependence of ripple dependence) of ripple spacing on tip speed, we analyzed and
spacing on core diameter for rippled OT/MPA (1:1) nanopar- compared the spacing on nanoparticles from two scan images
ticles to examine whether those spacing trends observed forof OT/MPA (1:1) nanoparticles: one imaged at 0/5%/s and
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Figure 15. Comparison of the STM-observed headgroup spacing of
OT/MPA (1:1) nanoparticles for varying STM tip velocities. Plotted is the

0.8 T i observed headgroup spacing as a function of core diameter from two scan
{ T I T I I ’ images: one taken at 0.am/s (black squares) and the other at 0.8frfs
0.74 11 { { [ { ] I ! LT (red circles); the overall average spacing was found to be 0.7&18110
06d . I * 1 = nm and 0.74 nmt 0.05 nm, respectively. Note that the error bars-afe
' 22 1 3 standard deviation of the average of all of the average spacings for particles
E 0.5 ol lr1les ) of a given diameter. Inset: histogram of the number of nanoparticles
= - elT 1Y measured per nanoparticle diameter.
2 0.4+ T
| x 2 EE . . . .
2 0.3 ¢+ 2 of 5.0 A;"18%0n flat Au(100), the packing is still debated, with
02 ° ¢ p experimentally observed interchain distances ranging from 4.54
5 A, for a square latticé! to 5.77 and 4.81 A, for a distorted,
0.1 : hexagonal lattice. If the arrangements were the same, no
0.0 S . dependence of headgroup spacing on core diameter should have

1015 20 25 30 35 40 45 50 55 60 been observed. The case of homoligand nanoparticles is different
core diameter [nm] from the case of mixed-ligand ones, with the latter being more

Figure 14. STM-observed headgroup spacing and corresponding sulfur complicated to interpret (but easier to image) due to the
sulfur spacing of OT/MPA (1:1) nanoparticles as a function of nanoparticle

core diameter. (a) shows data from one individual scan image. (c) Combined formation of ribbonlike phases of molecular dimensions.
data from all individual scan images. Insets: histograms of the number of ~ 4.1. Homoligand Nanoparticleslmaging homoligand nano-

spacing measurements per nanoparticle diameter. The plot from a singleparticles is challenging; often good images can be obtained only

measurement (a) shows decreases in ripple spacing in the ranges ofi, 5 narrow tip speed range, and outside of that range images

2.1-3.1 and 3.3-4.9 nm core diameters separated by a jump in spacing in . .

the region of 3.+3.3 nm core diameter. The trends in (a) have been becom? blurry and_m0|eCU|ar resolution is lost. However, t.O

superimposed to help guide the eye; they have been not calculated andunambiguously assign the observed structure on a nanoparticle

thgu'd be C‘?”fr']dered as arblt@;y]fm the case of t?ﬁ Comb'”eddp'ot_f(_b)d theto molecular arrangements (as opposed to random noise), images

Irfrerences In the average su ultur spacings In tne regions laentitrie . . . .

with boxes are significant with a level of confidence of 99%. at dlﬁ,erem tip speeds need to be Obtamed'.For the particles

examined here, we have been able to do this on at least two

the other at 0.814m/s (Figure 15). As can be seen, the two Separate occasions. The plot in Figure 7 shows headgroup
plots of ripple spacing as a function of diameter are roughly SPacing as a function of core nanoparticle diameter. The
overlaid, with any deviation between the two likely due to yanatlon in individual headgroup spacing valyes per nanoparticle
measuring rotated particles and of noise erroneously interpreted due to the nature of the measurement. Itis often the case that
as real features. A total of 153 particles were analyzed, with an & néarest neighbor headgroup is missing in our images; this can
average of~5.9 measurements per particle, resulting in 902 P€ due to a defect in the monolayer or a problem in imaging.
spacing measurements analyzed. In this case, the error bars ar&nis results in measuring two headgroups that are not nearest
+1 standard deviation of the average of all of the average neighbors. To not bias our analysis, we included these larger

spacing measurements for particles of a given diameter, whichSPacings even if they were double the average ones. The
was typically~0.5 A observed average headgroup spacB®gnas 5.4 A and varied

with particle diameter from 5.1 A at 2.7 nm diameter to 5.6 A
at 5.5 nm core diameter (Figure 7).

Our images show that the arrangement of molecules in the 10 correlate the STM-observed headgroup spacing to the
3-D self-assembled monolayers that constitute the nanoparticlesctual packing arrangements of ligands around the core, we
ligand shell is different from what has been shown in the considered two basic models. First we used the simplest model
literature to be the arrangement of those same molecules on®f ligand packing-the crystallographic model (Figure 16a).
flat Au(111) and Au(100) surfacéd’® For Au(111), the Gold nanocrystals typically have surfaces composed of small

molecules pack in a hexagonal lattice with an interchain spacing (111) and (100) facet&.Locally the facets are flat, so it could
be assumed that the molecular arrangement of alkanethiols on

4. Discussion

(78) Pairier, G. E.; Tarlov, M. J.; Rushmeier, H.l[Eangmuir1994 10, 3383-
3 (80) Poirier, G. E.; Tarlov, M. JLangmuir1994 10, 2853-2856.

(79) Ulma{n, A.; Eilers, J. E.; Tillman, N.angmuir1989 5, 1147-1152. (81) Strong, L.; Whitesides, G. M.angmuir 1988 4, 546-558.
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S = STM observed spacing -Increasing nanoparticle diameter.
X= adjacent sulfur-sulfur -No increase in sulfur-sulfur spacing.
distance ) -Decrease in observed headgroup
D = STM observed np diameter spacina.

S/D = x/d

—
4
—

=

Figure 16. (a) Simplest representation of ligand packing for homoligand nanoparticles. Ligands pack on each nanoparticle facet as they would on a
crystallographically equivalent flat 2-D gold surface, with a headgroup spacing corresponding exactly to thesalfliurspacing of the ligands at the
nanoparticle core. (b) Schematic illustration of a ligand-coated nanoparticle relating the STM-observed headgroup Spatcithg (eriphery to the
corresponding sulfursulfur spacingX) at the nanoparticle core. (c) Ligands have essentially two configurations that they can assume on the faceted core:
(i) they can assume their optimal tilt angle with regard to each facet (left), or (ii) they can assume a global tilt angle (middle). The first comfigpolat

to high-energy defects at the crystal edges, while the second does not take advantage of the particle curvature. Hence, the true configuyation is like
compromise between the two, with the ligands roughly conforming to a global tilt angle, but relaxing, and splaying outward as shown in the rightmost
drawing in (c).

these facets would resemble that on corresponding flat surfacesas the ratio of ligands to surface gold atoms) is 33%. Murray
In this case, the STM-observed headgroup spaci®gof found that on nanoparticles the coverage was consistently larger
adjacent ligands should equal the sutfsulfur spacingX) of (up to 66%). This is not surprising in the continuous model as
the ligands at the nanoparticle core and should (to a first tighter packing is allowed at the core surface by the larger area
approximation) not be dependent on nanoparticle diameter.that is available for the headgroups due to splay of the
Alternatively, one could represent the particles as spheres withmolecules. In the crystallographic model, the larger coverage
molecules that radially extend out of the core shell with their could be explained assuming 33% coverage on the crystalline
sulfur groups packing tightly at the core and their headgroups facets and 100% coverage at the facet edges. Thus, here we
loosely packed at the particle’s outer boundaries (see Figurerefine our previous description of the crystallographic model
16b for a drawing adapted from Luedtke and Landnfafhis to include ligands at facet edges, the presence of which leads
representation will be referred to hereafter as the continuousto an increase in the monolayer density (and consequently
model, as done by Murray and co-workétddere, headgroup  surface coverage).

spacing §) is related to the spacing of the corresponding sulfur  considering the continuous model, headgroup spacing should
atoms ) at the gold nanocrystal surface by a simple geometric gecrease with diameter, ultimately becoming identical to the
relation: §D = x/d, whered is the particle diameter and is sulfur-sulfur spacing, i.e., the headgroup spacing on flat
the ligand length. In the case of our experimental data, the STM gy;rfaces. Importantly, in this model, sulfesulfur spacing
images contain botd andS, while d andx have to be derived.  ghqy1d be independent of diameter. For the crystallographic
L was determlneq by assuming an all-trans configuration of the model, it is not true that thewerage headgroup spacing is
alkane chains, in agreement with IR data and molecular jnqependent of diameter if it is assumed that all edges are

modeling result§® Unlike in the cryst_allographic mod_el, here occupied by ligands. Indeed the observed average headgroup
the STM-observed headgroup spaci® ¢f adjacent ligands  gpacing will be a weighted average of the spacing on facets

should be larger than the sulfusulfur spacing) of the ligands 54 that at facet boundaries (i.e., edges), which are highly
at the nanoparticle core and should be dependent on nanopartlclecrowded' and it should increase (not considering curvature

diameter. o effects) with diameter toward its value on flat (edgeless)
Murray and co-workers tested nanoparticle ligand coverage surfaces

data, obtained through the combination of thermal gravimetric . .
g g Our data are not in full agreement with either of these models.

analyses with TEM images, against both the crystallographic _. L L
y i 'mag gal y graph First, headgroup spacing increases with diameter (as expected

and the continuous representations described alfolteis f th all hi del). but it is al | th
known that alkanethiols form commensuraié3x+/3R30° fom the crystallographic model), but it is always larger than
that of ligands on flat surfaces. Second, sutfaulfur spacing

latti flat Au(111 facé$thus, thei defined
atices on flat Au(111) surfaceSihus, their coverage (define (X) is not independent of diameter; however, when it is plotted

(82) Zanchet, D.; Hall, B. D.; Ugarte, 0. Phys. Chem. R00Q 104, 11013~ against particle diameter (for the OT nanoparticles, see Figure
11018. . ; ; ;

(83) Landman, U.: Luedtke, W. DFaraday Discuss2004 125 1-22. 17), _|t is possible to see two regions of relatively constant

(84) Ulman, A.Chem. Re. 1996 96, 1533-1554. spacing emerge. It should be noted that the average sulfur
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a explain with a simple 2-D-like packing. Additionally, a known
060 property of SAMs is that molecules arrange themselves with a
0.554 ‘ tilt angle relative to the surface normal to maximize packing
050+ a PO (i.e., van der Waals interactions between chaifi®)ssuming

£ gﬁ PR 'mﬂj.g that the packing on flat surfaces and on nanopatrticle facets is

2 0,351 10 . ‘%l-:—.:{j—i the same would mean that on each facet the molecules arrange

£ 0301 —;—.-—At—a’i‘-i o= !g‘“;«' . with a given tilt angle, generating a large number of line defects

Sozs] gt 1T at the facet edges (Figure 16a). A large number of high-energy

3 0.20] - . defects would then be generated, something that goes against

g 0.154 basic thermodynamic intuition. Landman and co-workers pre-

® 0.10 dicted that below the molecules’ melting temperature a global
0.054 molecular arrangement results with ligands assuming a single
O e a0 35 a0 45 5o 55 oo tilt angle relative to a single diameter of the core (per topological

core diameter [nm] hemispherép as shown in Figure 16c. Other molecular dynam-
ics simulations have also found that thiol molecules, coating

b ~5 nm gold nanoparticles, induce an isotropic surface energy,
0604 resulting in a somewhat rounded shape of the parfcle.
g'z Furthermore, our STM images of nanoparti€lesnd those of
0451 other§48586 show spherical objects with no hint of facets,

E 0.40] gmmmmmmmmmmemageen ]— ‘ indicating that the molecular arrangements average out the

1P [ } } * } } } crystallographic nature of the core, suggesting a global relaxation

8 530l ! { } F ! 1 i of the ligands on the particle core.

E 0.25] f__i ______ A In considering the second representation, a stiuffur

2 0.20 2 spacing X) independent of nanopatrticle size should be observed.

£ 0.15] 12 Our data do not seem to conclusively show this. This repre-

? 0.104 8 sentation also has the flaw that the particles are simply not
0.05+ : . spheres. However, nanoparticles are topological spheres, and
0.00 - " -

20 25 a0 35 40 45 50 &5 60 indeed, molecules feel them as 3-D closed obféetsirguaply
. more so the smaller the particles. Hence, molecules will tend
core diameter [nm] . R N
to “splay” and find more space for their headgroups (relative
Figure 17. (a) Sulfursulfur spacing (calculated using the continuous to their sulfurs) the smaller the diameter, even if the core has a
_feDfese”ta“Of”) of OTfhomO'Cijga”d ”ano%aft_ic'les from tﬂfee ST'V'h scan crystalline polyhedral shape. This is probably the reason for
images as a function of core diameter: red circles, two-phase-synthesize :
nanoparticles, imaged at 0.8681/s; black squares, two-phase-synthesized the extremely Sh,aHOW erendence(crfn diameter and for the
nanoparticles imaged at 0.688/s; green triangles, one-phase-synthesized headgroup spacing being larger than that on flat surfaces.
nanoparticles imaged at a tip velocity of 0.86th/s. (b) Averaged data At present, we believe that the most probable equilibrium
from (a) showing an increase in sulfusulfur spacing with core diameter. f tion for the i d shell struct - binati f
The dotted rectangular boxes outline two possible flat regions of sulfur coniormation tor .e 'gand s e. structure I1s alcom mg on o
sulfur spacing in the regions of 2:3.3 and 3.5-5.5 nm core diameters.  the crystallographic model, with all of the ligands in one
The difference in average spacing in these two regions is statistically hemisphere assuming a similar tilt angle, and the continuous
significant with a level of confidence of 99%. Inset: histogram of the model, with some splay implicit in the curvature of the core, as
number of spacing measurements per nanoparticle core diameter. ' . . . ’
shown in Figure 16c. In this case headgroup spacing should
increase with diameter as the ratio between facet area and edge
length increases and should always be larger than that on flat
surfaces. Note that this ratio should linearly increase as the
diameter increases, but changes in the crystallographic shape

of the nanoparticle core will result in a discontinuous increase

(here calledk) on the (111) facets was broad, with a peak at in such a ratio and should be reflected in a discontinuous
~4 R, and skewed toward larger values, the average SI:)acil,]gincrease in the observed headgroup spacing. Our data have a

being 4.4+ 0.4 A. On the (100) facets of the crystalline core noise level that do not allow for a conclusive picture of the
the averlage S.u|fU1.’SU|fUI’ distance was 4t 0.3 A. The present " molecular arrangements; however, the trends observed (see also
agreement could be coincidental. A systematic study of homo- the d|scu.ssmn .for mixed "ga”‘?'s) support this C.OI’]C|L.JSIOI’1.
ligand nanoparticles coated with alkanethiols of different lengths ~ 42 Mixed-Ligand Nanoparticles.When certain mixtures
that could provide insight into this matter is under way. of thiolated molecules assemble on flat surfaces, phase separa-
To develop an appropriate model for ligand packing around tOn QCCWSG-EHO‘W_ This is the case for many molecular
the nanoparticle core, it is useful to consider our data in light COmbinations but is not a general property of mixed SAMs. It
of the two proposed ligand shell representations in more detail. IS aSy to envision cases in which entropy-dominated assembly
Neither representation is realistic, and while our data do not
agree with either completely, they could be qualitatively (8 Osman H. %%h";idﬁéﬂao%‘aeggzoq; K.: Palmer, R. E.; Shigeta, ¥.; Wilcoxon,
“forced” to agree with either as well. The observed average (86) Gusev, A. O.; ¥a'|eb, A.; Silly, F.; Charra, F.; Pileni, M. &Rdv. Mater.
headgroup spacing is larger than the spacing of the same,,, 2000 12, 1583-1587.

. . . (87) Laibinis, P. E.; Nuzzo, R. G.; Whitesides, G. M .Phys. Cheml992 96,
molecules on flat surfaces, something that is not possible to 5097-5105.

sulfur spacings&0), ranging from 2.8 to 4.2 A, are in close
agreement to those found by Landman and co-workend)o
used molecular dynamics simulations to model the equilibrium
assembly of dodecanethiol-coated 1444 nanoparticles 3.3
nm) and found that the distribution of sulfusulfur spacings
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would lead to homogeneous mixtures. Phase separation does

occur for octanethiol and mercaptopropionic &Citivhen these 1.2
molecules assemble on gold nanoparticles, they still phase 1.1 {
separate as they do on flat surfaces, but they form much smaller 'g 1.0 ] { { { - { } { {{
domains characterized by highly ordered arrangenf@rtds o 09 ; T i
better to clarify that, at this scale, it is not possible to apply a £ i
rigorous thermodynamic definition of “phase” anymore, and the 3 0.81 ) T + . :
arrangements in the particle ligand shell could easily be ; 0.7 - [44 H'{ _ Poele {;+-_ ’
classified as the formation of ordered heterogeneous mixtures. & g i T $ | TTT7. T4k
We prefer to use the term “phase separation” to relate to the & . ] “ ‘l‘ adadlitila
literature of mixed monolayers on flat surfad&s’? It is too 3 Lt 5
\ o 1

early to say whether all the mixtures that phase separate on flat -E’ 041
surfaces form these ordered domains on gold nanoparticles, but @ 0.37
as Figures 10 to 12 show, this seems to be the case for the 0.2 —+—1—"———1r—"7—r"—r-"—T1"—"—"—"1""—""17"
particles studied to date. 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 55 6.0 6.5

We started to study the dependence of phase thickness core diameter [nm]

(domain spacing) on core diameter. As discussed above, domain
spacing measurements are affected by the uncertainty caused

. . . . . 0.94
by the unknown angle of the domain axis relative to the imaging ]
fast scan direction. As this angle decreases (that is, as ripples D-Bj
run closer to parallel to the fast scan direction) image quality — 0.7
deteriorates. Thus, the majority of the particles measured have E 061
domain angles that are typically close to normal to the scan o
direction and so have clearly defined ripples. By looking at 8 0.51
Figures 13 and 14, it can immediately be noticed that, for both ﬁ 0.4
OT/MPA (2:1) and OT/MPA (1:1) nanoparticles, (i) the overall % 03]
ripple spacing increases slightly with diameter and (ii) in most 2
plots (mainly the ones from a single image) regions of negative = 0-2'_
slope separated by discontinuous jumps in spacing can be 3 1]
observed. Typically, at, or close to, the diameters where spacing 1

. . . 00 LA DL DL DL DL L B B LN L L |
jumps are observed, the error in the measurement increases. 101520 25303540 45 5.0 55 6.0 6.5
Overall changes in ripple spacing are fairly small, suggesting
that the domain molecular composition, i.e., the number of ) ) )

Figure 18. (a) Headgroup spacing as a function of core diameter for all

,m0|eCUIeS that dgtermlne ,the ,”ppl,e thickness, does not Chamgenanoparticle compositions. Gray areas indicate regions of transitional
in the range of sizes studied in this work. changes in spacing. (b) Sulfasulfur spacing as a function of core diam-
OT/MPA (1:1) nanoparticles exhibit a behavior that is less eter for all nanoparticle c_ompositions_._Boxes outline regions of constant
pronounced as compared to that shown by OT/MPA (2:1) ?grafal?.g for each nanoparticle composition. Gray areas are the same as those
particles, likely due to the decreased width of the ripples, making
imaging and subsequent spacing analysis more difficult. When suggests that there is an effect driven by the shape/crystal-
the continuous representation for both types of particles is lographic nature of the metallic core. Indeed, it is known that
applied (Figures 13 and 14), a steplike pattern in the sulfur when particles exceed a diameter 6f2nm, the predominant
sulfur spacing plot seems to be present. Hence, this representaicosahedral shape of the particle core tends to become less
tion holds in the ranges of diameters where susulfur frequent at the expense of the truncated dodecahedral one; for
spacing is constant. Transitional jumps in behavior were also particles larger than 4 nm the truncated octahedral shape is the
observed by Murray and co-workers, who studied dodecanethiol- most commor§?8 As discussed for the homoligand case, the
coated gold nanoparticles ranging in diameter from 1.5 to 5.2 spacing of the ligands is determined by the fraction of ligands
nm22 They found, using TGA and FTIR, that the ligand shell that are on a flat facet relative to the fraction on the edges. As
monolayer underwent a transition in packing at a “critical” core shape changes occur, this ratio has discontinuous jumps that
diameter of~4.4 nm, with the larger particles exhibiting a more can lead to discontinuous jumps in the ligand spacing. This effect
ordered, 2-D-like monolayer structure. The agreement betweentranslates from homoligand to mixed-ligand particles. (ii)
nanoparticles of the trends described above is remarkable, notHeadgroup/ripple spacing overall increases with diameter.
only qualitatively, but also in the size ranges where the dis- Increases in particle size lead to decreases in the fraction of
continuous upward transitions occur. Specifically, these particles edge atoms on the core surface and to the consequent decrease
and the OT homoligand ones have shown spacing jumps for of ligands on edge atoms. These latter ligands are the ones that
core diameters in the ranges of 23.3 and 4.75.1 nm. occupy crowded regions of space and lead to smaller headgroup
Some preliminary conclusions can be drawn from these plots. SPacing, so as their fraction decreases, the headgroup (and
In all the particles studied here similar trends were observed CONSequent ripple spacing) increases. (3) There are ranges in
(Figure 18). (i) Changes in ripple spacing occurred at similar diameter where apparently ripple/headgroup spacing decreases.

diameter ranges, namely’ in the ranges of B3 and 4'7__5'1 (88) Cleveland, C. L.; Landman, U.; Shafigullin, M. N.; Stephens, P. W.;
nm. The fact that these changes occur at similar diameters Whetten, R. L.Z. Phys. D: At., Mol. Cluster4997, 40, 503-508.

core diameter [nm]
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In those regions, the sulfuisulfur spacing, obtained using the  mg, 0.9 mmol), and the resulting mixture was stirred for 10 min. The
continuous model, seems to be constant. Thus, we believe thathiolated molecule (or a mixture of thiolated molecules) (0.9 mmol)
this effect could be due to the curvature-driven splay of ligands Was injected into the solution and allowed to react for 20 min. A 200

that decreases as size increase. (iv) In the ranges of diameter81L Portion of a supersaturated solution of NagH ethanol was then
studied ripple composition is not dependent on size added slowly dropwise until the solution became a deep red color, and
’ then the drop rate was increasecdktb drop/s. After complete addition,

4. Conclusions the solution was stirred f®2 h and then transferred to the refrigerator

| . ™ h b bl . to slowly precipitate. The particles were then isolated and cleaned as
n summary, using STM, we have been able to attain yoscribed for two-phase synthesis.

mo'ec%"af level resolgtion .images of the ligand §he|ls of 513 Octanethiol-coated nanoparticlesvere synthesized using
homoligand OT and mlxed-!lga_nd OT/MPA nanopartlcles. We poth the one-phase method (128.3 mg) and the two-phase method
have shown that there are significant differences in morphology (131.55 mg).
and packing density between the monolayer that constitutes the 5.1.4. Nonanethiol/mercaptohexanol (2:1)-coated nanoparticles
ligand shell of nanoparticles and monolayers of identical were synthesized using the one-phase method with nonanethiol (96.2
composition assembled on flat surfaces. We find that, for mg, 0.60 mmol) and mercaptohexanol (40.3 mg, 0.30 mmol).
homoligand and mixed-ligand nanoparticles, headgroup spacing 5.1.5. Octanethiol/mercaptopropionic acid (2:1)-coated nano-
and domain spacing, respectively, are dependent on nanoparticl@articles were synthesized using the one-phase method with OT (87.8
core size, increasing with particle diameter. Mixed-ligand M9: 0.60 mmol) and MPA (31.8 mg, 0.30 mmol).
particles show jumps in headgroup and domain spacing at 5:1.6. OctanethloI/mercaptoproplonlc acid (2:1)-coated nano-
critical nanoparticle core diameters in the ranges of-3.3 particles (np2) were synthesized using the two-phase method with OT

. . - e 2. . | MPA (34.2 .32 ).
and 4.75.1 nm in the three particle types studied, indicating (92.3 mg, 0.63 m”?") and (3. me. 93 r_nmo)
fundamental chanaes in lioand packing. These measurement 5.1.7. Octanethiol/mercaptopropionic acid (2:1)-coated nano-

g g p g. Pa

. . . rticles (npl) were synthesized using the 2-phase method with OT
are a first step toward developing a complete picture of the 2-D (g7 5 mg, 0.60 mmol) and MPA (37.4 mg 0.35 mmol).

molecular arrangement present within the 3-D ligand shell of 5 7 g 4-Aminothiophenol/hexanethiol (2:1)-coated nanoparticles
nanoparticles. Combined with the ability to control morphology were synthesized using the 2-phase method with 4-aminothiophenol
through composition, they represent an achievement toward(74.83 mg, 0.6 mmol) and hexanethiol (35.65 mg, 0.3 mmol).
developing a curvature-based phase diagram for monolayers of 5.1.9. Octanethiol/mercaptoundecanoic acid (1:1)-coated nanopar-
various compositions. ticles were synthesized using the one-phase method.

5.2. Formation of the Au on Glass SubstrateAu(111) thermally
evaporated on mica (Molecular Imaging) was attached to a clean glass
All of the chemicals and gold foils were purchased from Sigma- microscope slide, gold side down, using a thin layer of epoxy glue.
Aldrich and used as received. Au(111) thermally evaporated on mica The mica/gold/epoxy/glass sandwich was cured overnight at’C50
was purchased from Molecular Imaging. Epoxy glue, Epo-tek 377, was and then immersed in a 2@ ethanolic solution of octanedithiol for

5. Experimental Section

purchased from Epoxy Technology. 2 h. The mica could then be cleaved from the underlying gold, resulting

5.1. Nanoparticle Synthesis. 5.1.1. Two-Phase MethodAuCl,: in a flat, monolayer-coated gold surface supported on glass. The gold
3H,0 (354.45 mg, 0.9 mmol) was dissolved in 50 mL of water and 0N glass was reimmersed into the dithiol solution for several more hours
the resulting solution stirred for 10 min. A 4-fold excess of (BrN(@&H to further complete the monolayer formation. Afterward, the substrate

CHa)s (2.187 g, 4 mmol) was dissolved in 80 mL of toluene, the Wwas washed repeatedly with ethanol and dried under nitrogen.
resulting solution added to the aqueous phase, and the mixture allowed 5.3. Formation of a Nanoparticle Monolayer on Au on GlassA

to stir for 30 min, or until the color due to the gold salt had transferred 2 mg portion of nanoparticles was dissolved in 10 mL of an appropriate
completely to the organic phase. The thiolated molecule (or a mixture solvent (ethanol or toluene depending on solubility), and a few drops
of thiolated molecules) (0.9 mmol) was injected into the solution and of the solution were cast onto the gold substrate and allowed to slowly,
allowed to react for 20 min, after which the solution typically attained but not completely, evaporate in saturated solvent vapor overnight. The
a white color. A 30 mL portion of a 0.33 M water solution of NaBH  substrate was then rinsed with toluene and ethanol and dried under
was added slowly dropwise until the solution became a deep red color, nitrogen.

and then the drop rate was increasee-iodrop/s. Afte 2 h of stirring,

the phases were separated, and the organic phase was washed three ACknowledgment. We are extremely grateful to Vincenzo
times with water, then reduced to 10 mL, and diluted w80 mL of Vitelli and David Nelson for helpful discussions and to Andrea

ethanol. The solution was left in the refrigerator overnight to allow for Centrone and Jacob W. Myerson for the synthesis of some of
the nanoparticles to slowly precipitate. The particles were collected by the particles shown. The financial support of the National
vacuum filtration using a quantitative paper filter and washed exten- Science Foundation (Grant NIRTDMR-0303973) and of the
sively with water, ethanol, acetonitrile, and acetone. Typically the Petroleum Research Fund are kindly acknowledged. F.S. is
collected black powder weighet100 mg. Nanoparticles that were  grateful to 3M and to DuPont for young faculty awards. A.M.J.

solub_le in ethanol were c_oII(_ected _by vacuum evaporation of the ethanol acknowledges support from the Collamore Fellowship for
solution and extensive rinsing with water, acetone, and toluene. graduate students.

5.1.2. One-Phase MethodThe entire reaction was performed at 0
°C. To 500 mL of absolute ethanol was added HA«®&H,0 (354.45 JA061545H
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