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Scanning tunneling microscopy and small angle
neutron scattering study of mixed monolayer
protected gold nanoparticles in organic solvents†
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Dmitri I. Svergun*e and Francesco Stellacci*a

When a binary mixture of ligand molecules is used to coat gold nanoparticles, stripe-like domains can

occur. These nanodomains confer nanoparticles unique structure-dependent properties. The domain

structure has been characterized primarily using scanning tunneling microscopy (STM) in air and in

vacuum. Here we show the first STM images of striped nanoparticles in a solvent, 1-phenyloctane. We

achieve stable imaging conditions on dodecanethiol–hexanethiol (C12 : C6) 2 : 1 protected gold

nanoparticles. These features are persistent across many images and retain their direction and overall

morphology when recorded at different scan angles. We also perform small angle neutron scattering

(SANS) on two hybrid C6 : C12 nanoparticle samples dissolved in chloroform. The hybrid nanoparticles

have the same composition and size distribution as samples imaged with STM, but one of the two

ligands (either C6 or C12) is deuterated. Low resolution models reconstructed ab initio by simultaneous

fitting of the SANS data reveal striped patterns of C6 and C12 on the gold surface. We use image analysis

to quantitatively compare STM and SANS data, achieving remarkable agreement. This is the first paper to

compare evidence of the existence of stripe-like domains for particles in solution using two independent

techniques, and we believe that a combination of STM and SANS could become a major approach to

characterize mixed ligand nanomaterials in solution.
Introduction

Self-assembled monolayers (SAMs) of thiolated ligand mole-
cules on gold substrates are ordered two-dimensional crystals
that spontaneously form upon immersion of a substrate in a
solution containing the molecules. These molecules assemble
through a dynamic process, and when a mixture of molecules is
used, as long as there is a sufficient enthalpic driving force to
lead to separation, domains spontaneously form.1–3 Gold
nanoparticles can be efficiently synthesized using SAMs as
stabilizing agents. These SAMs constitute the ligand shell of the
nanoparticles (NPs) and provide the NPs with a number of their
interfacial properties. Separation on a at Au surface and on the
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surface of Au NPs happens spontaneously in the ligand shell
when SAMs are composed of a mixture of di-like ligand mole-
cules.4,5 Scanning tunneling microscopy (STM) studies in air
have shown that this separation leads to the formation of stripe-
like domains when binary mixtures of some ligands are used.4–6

These domains in the ligand shell provide interesting proper-
ties to the particles, ranging from a structural component to
interfacial energy, unique solubility behavior, cell membrane
penetration, enhanced catalytic activity, and selective molecular
recognition.7–10 All of these properties occur with particles in a
liquid.

The presence of stripe-like domains on the ligand shell of Au
NPs has been identied through STM studies in air and in
vacuum. These studies have established that the morphology
and the width of these features are independent of the imaging
parameters (mainly tip velocity).5,6 In response to recent
critiques of the interpretation of the STM images of striped
nanoparticles,11 studies have shown that these images can be
reproduced effectively across laboratories, microscopes, and
operators.12 High-resolution images have been achieved allow-
ing the characterization of the molecular arrangement within
these domains.13 Evidence of domains on NPs has also been
established through FTIR, NMR, AFM, mass spectroscopy, and
EPR studies.9,14–17 The formation of these stripe-like domains is
This journal is © The Royal Society of Chemistry 2014
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due to a balance between the enthalpy of phase-separation
between di-like molecules and the conformational interfacial
entropy that takes place at the domain boundary between long
and short molecules. This has been established using coarse
grained and molecular dynamics simulations on NPs, as well as
on nanorods.18–21

Despite extensive studies, the persistence of stripe-like
domains against scan angle rotation has been tough to estab-
lish and indeed the prevalence of stripe-like domains perpen-
dicular to the fast scan axis has been pointed out as a weakness
in our images.11 STM images in air and in vacuum have shown
this rotation only a limited amount of times and for a small
subset of the particles imaged.5,22 Many are the reasons that
have made the characterization of stripe-like domains against
scan angle so hard. In order to establish the persistence of these
domains against scan direction it is necessary to identify the
exact same particles in images taken at different scan angles.
This is challenging, given the intrinsic variability in stripe
appearance and direction across nanoparticles. In addition, at
room temperature there are known movements of ligand
molecules on particles23,24 and there may be movements of the
tail-group of the molecules as a function of the interaction with
the approaching tip. Both these phenomena will lead to small or
large local variation in morphology of the stripe-like domains
that ultimately lead to complex image interpretation. Finally, as
one rotates the image, the tip approaches the sample from
different directions; this in turn leads to a change in image
resolution, due to variation in the convolution conditions and
the asymmetry in tip shape. This can in part be mitigated using
images that are the sum of the trace and retrace scan, but
cannot avoid all of the issues related with the tip approaching
the same particles from different angles.

Here we show, for the rst time, that when particles are
immersed in an apolar low-vapor pressure liquid (1-phenyl-
octane), the appearance of stripe-like domains becomes very
consistent and stable across multiple images. This improve-
ment leads to remarkable consistency in the stripe-like domains
imaged at different scan angles for a good fraction of the
nanoparticles imaged.

Small-angle neutron scattering (SANS) offers a unique
opportunity to use contrast variation in order to study the
nanoscale structures present at the surface of Au NPs thanks to
the signicant difference in neutron scattering contrast of
hydrogen and deuterium. Contrast variation is achieved by
selectively using deuterated and hydrogenous ligands. There are
several reports in the literature25–29 that describe the use of SANS
techniques to characterize gold nanoparticles but the main
focus of these studies was on the characterization of the
dimensions of the gold core and of the thickness of the ligand
shell. Von White et al.28 provided a complete characterization of
homoligand nanoparticles coated by either octadecanethiol
(C18) or dodecanethiol (C12), addressing the effect of the
solvent on the thickness of the ligand shell.

To the best of our knowledge, there are no reports of using
SANS techniques to characterize the domain formation on the
shell of thiolated nanoparticles. SANS has been used success-
fully to detect and characterize domains in multi-component
This journal is © The Royal Society of Chemistry 2014
lipid membranes of large vesicles.30,31 A combination of contrast
variation with specic deuteration in SANS is widely used to
obtain low-resolution structures of proteins and complexes of
biological macromolecules. Advanced computational methods
are available to reconstruct three-dimensional models by
simultaneous analysis of multiple SANS patterns,32,33 and these
methods were successfully applied to study objects such as
ribosomes34 and protein complexes.35 In the present work, these
methods are applied to analyze SANS data from coated nano-
particles with specically deuterated ligands to visualize
dodecanethiol and hexanethiol moieties on the surfaces of the
gold particles. The SANS models display a remarkable agree-
ment with the STM results and the joint use of the two methods
appears as a highly effective tool to comprehensively charac-
terize composite nanoparticles in solution.
Experimental
Materials and methods

Gold nanoparticles covered with mixtures of alkanethiols were
synthesized using a modication of the method described by
Zheng et al.36 0.25 mM chloro(triphenylphosphine)gold was
dissolved in 20 mL of benzene and 0.5 mmol of ligands
(0.33 mM of 1-dodecanethiol (C12) and 0.17 mM of 1-hex-
anethiol (C6)) was added and mixed for 10 min. Aer that, 2.5
mM of a borane tert-butylamine complex dissolved in 20 mL of
benzene was added to reduce the sample. Once added, the
solution was put immediately to reux at 150 �C and le to react
for one hour under strong stirring. The sample was precipitated
with methanol and the purication was made in several cycles
of centrifugation with methanol and acetone. 1H NMR experi-
ments performed in a Bruker 400 MHz were used to verify the
cleanness of particles. The composition of the ligand shell was
determined via 1H NMR of the ligands aer nanoparticle
decomposition (Table S1 and Fig. S1†).

TEM images were taken in a Philips/FEI CM12 operating at
100 kV. The images were analyzed using the Image J soware
package [http://rsbweb.nih.gov/ij/]. The default threshold was
used and the diameter was calculated with the area assuming
the particles were spherical. The average core diameter of
C12 : C6 2 : 1 NPs is 4.9 nm (Table S1 and Fig. S2†).

The particles were placed by the Langmuir–Schaefer tech-
nique on Au (111) on a mica substrate (Phasis, Switzerland) pre-
modied with 1-butanethiol (C4) and hexadecanedithiol. A TEM
grid was also covered using the same Langmuir–Schaefer
technique used to prepare the STM samples. A representative
image is shown in Fig. S3.†

STM images were acquired using a Bruker Multimode
equipped with a Nanoscope IIIA using an E-scanner. STM tips
were mechanically cut from Pt/Ir wires. A sample substrate was
attached to a metal support disk using silver paint [http://
www.2spi.com/]. Electrical connection from the sample
surface to the base support was also made with silver paint.
Before images were acquired, the scope system was allowed to
run continuously for hours to equilibrate. It is particularly
crucial to perform this step aer 1-phenyloctane injection.
Chem. Sci., 2014, 5, 1232–1240 | 1233
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Fig. 1 STM topography images of the C12 : C6 sample. (a) Trace scan.
(b) Retrace scan. (c) Sum image of the images a and b. (d) PSD spec-
trum of image (a). (e) Enlargements of parts of image (c), indicated with
a colored box, each containing a particle showing stripe-like domains.
Each particle is shown twice, as indicated by the color frame, the top
image ismeant as a guide to the eye to better visualize the bottomone.
Dashed lines indicate the location and direction of stripe-like domains.
Scale bars are 2 nm. Note that all of these images contain many
horizontal streaks intrinsic to tip scanning. Bias Vb ¼ 1500 mV,
tunneling current It ¼ 300 pA, scan length 30 nm, scan rate 20 Hz, tip
velocity 1.22 mm s�1, integral gain 0.43, proportional gain 0.9.
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1-Phenyloctane (Sigma-Aldrich) was used without further
purication.

The following range of image parameters were used: bias
from 100–2000 mV, tunneling current setpoints from 50 pA to
2 nA, integral and proportional gains from 0.3–1, and tip velocity
from 0.2–1.5 mm s�1. Specic parameters for each image are
noted in the gure captions. All images were acquired at 512 �
512 pixels. Image analysis was performed using Gwyddion open
source soware version 2.31 [http://gwyddion.net]. The rst
operation performed on all images was a second order back-
ground subtraction.

Power spectral density (PSD) is the norm squared of the
Fourier transform of the STM topography images.11 The hori-
zontal PSD plots were obtained directly from the soware. Sum
and difference images were obtained using the soware aer
‘Mutual Crop’ of the trace and retrace images. Rotation of the
images was obtained using the soware with ‘b-spline’ inter-
polation. All of the topography images and the current images
used in this edge article are shown in the ESI (Fig. S4–S8†).

SANSmeasurements were conducted on the KWS-2 beamline at
the Jülich Center for Neutron Science at the FRM-II reactor, TU,
Munich, Germany. Measurements were performed at room
temperature, using 1.05 m sample-to-detector distance, at 5 Å
wavelength with a collimation setup of 8 m. The samples were
measured at a volume fraction of gold nanoparticles of 1.6� 10�4.

Results and discussion

Fig. 1 shows a representative image of the C12 : C6 NPs in
1-phenyloctane. Despite substantial attempts, we have not been
able to convincingly image stripe-like domains on these parti-
cles in air. A representative image of this sample recorded in air
is presented in Fig. S10.† Parts of the samples contained Janus
particles,37 but a signicant portion of the sample had no
identiable structure on the particle ligand shell. The majority
of particles were featureless. Prompted by this observation, we
thought that it was plausible that in air the C12 molecules
collapsed onto the much shorter C6 ones forming an almost
homogeneous cover that made imaging features impossible. To
address this problem and to remove the water condensate
between the sample and the tip known to negatively affect
imaging resolution, we decided to use 1-phenyloctane (a solvent
for the C12 : C6 nanoparticles, as proven by UV-Vis measure-
ments shown in Fig. S9†) to ‘wet’ the C12 and ‘open-up’ the
particle surfaces. The results (shown in Fig. 1) were stunning,
with clear stripe-like domains appearing in the images. Hori-
zontal PSD analysis of the images shows that the characteristic
spacing of these stripe-like domains is independent of tip speed
(Fig. S11†). The PSD shown in Fig. 1d presents a shoulder in the
region from �1.6 nm (k ¼ 4 nm�1) to �0.6 nm (k ¼ 10 nm�1)
consistent with our recent ndings on striped nanoparticles.12

As a consequence we take the middle point (1.1 nm) as the
characteristic width of the stripe-like domains on the particles.
The Fourier transform of the image shown in Fig. 1a is shown in
Fig. S12.†

Interestingly, when imaging in 1-phenyloctane (PO) we
immediately observed a remarkable stability of the features in
1234 | Chem. Sci., 2014, 5, 1232–1240
the STM images. This is probably because the PO molecules
when wetting the C12 molecules provide them with a stable
environment preventing substantial molecular movements
during imaging. Additionally, the crispness of the images and
their richness in detail may be due to PO dissolving, at least
partially, some free ligands from the ligand shell of the parti-
cles. In air these free ligands would interact with the tip and
blur images. Fig. 1a and b are the trace and retrace scans
acquired as part of the same image. In Fig. 1c and S13† we show
the sum and difference images between these two images. It is
immediately evident that the difference image is almost
featureless, showing signicant differences only at the nano-
particle edges (where the direction of the tip-approach is very
important). The sum image shows clearly the stripe-like
domains with virtually no blurring of the features, indicating
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 STM topography images of the C12 : C6 sample acquired at
different scanning angles. All images shown are the sum of the trace
and retrace scan. They are shown in the same order they were
acquired. (a) Scan angle (SA) ¼ 0�. This is the same image shown in
Fig. 1c. (b) 30�. (c) 60�. (d) 90�. (e) 0�. Large white and green arrows
denote rows of particles sharing a general directionality in their stripe-
like features (note the rows are made of the particles just to the right of
the arrows, not below them). The red circles and white asterisks mark
particles with clearly persistent stripe-like domains. Green circles mark
an individual particle having stripes in a different direction from those
nearby indicated by large arrows. All of these images were recorded
with the same parameters described in the caption of Fig. 1. All images
were recorded at 512 � 512 pixels; the images shown contain all those
pixels with the exception of the few removed by the ‘Mutual Crop’. (f)
Enlargement of the particles marked by red circles in images (a), (c), (d),
(e). Red straight lines serve to indicate the overall direction of stripes.
Scale bars are 2 nm.

Edge Article Chemical Science

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 F
or

sc
hu

ng
sz

en
tr

um
 J

ul
ic

h 
G

m
bh

 o
n 

06
/0

2/
20

14
 1

3:
47

:0
4.

 
View Article Online
the little movement happening for the ligand on the particles
while imaging. Sum images also have the advantage of blurring
the noise in the image; for these reasons hereaer we use them
for image comparison. It should be pointed out that, while
imaging, there is a certain amount of thermal dri of the
sample relative to the tip position. This and the small offset that
can be present between the trace and retrace scans of an image
were corrected (in part) using the automatic feature “Mutual
Crop” in Gwyddion.

Prompted by the remarkable stability in our imaging in PO
we decided to test the persistence of our stripe-like features
against scan angle. Fig. 2 shows ve images taken as part of a
sequence of images recorded at different scan angles. All
images shown are the sum images of the trace and retrace
scans. The single scans are shown in ESI, Fig. S4–S8.† In order
to ease the comparison across different images, in Fig. 3 we re-
show the same set of images shown in Fig. 2 digitally rotated
according to the scan angle to display all of the particles and
features in the same physical direction. It is evident, from a
visual inspection of Fig. 2 and 3, that a large number of particles
maintain the same morphology of the stripe-like domains
across multiple images, with their direction clearly rotating
according to scan angle. There are two characteristics of the
images that we point out. First there is one particle, circled in
red that keeps crisp stripe domains as a function of rotation.
Second, there are rows of particles whose stripes are mostly
aligned along the main axis of the row, as indicated by the white
and green arrows at the le of these NP rows. As the row
direction rotates so does the average directionality of the stripe.

The PSD plots shown in Fig. S14† basically overlap indicating
a substantial consistency of the length scales of all of the features
imaged. The white and green arrows in Fig. 2 and 3 indicate a
certain average directionality in the stripe domains of the parti-
cles right close to them. In all of these images striped domains
tend to have noticeable variability, with single particles showing
domains that vary in direction and thickness in a single image.
Yet, in the rows indicated there is a tendency of themain features
of the domains to be mostly aligned with the direction indicated
by the arrows, that is also the main axis of these particles' rows.
We believe that the directionality present is probably due to some
form of interdigitation between the ligands.38 Indeed, the
particle circled in green, that should have less dened interac-
tions with surrounding NPs as it seems to lie below the others,
has stripes roughly perpendicular to the arrows' direction (see
Fig. S4, S5 and S8†). As a part of the row of particles that is
indicated by the green arrow (Fig. 3), we notice a particle—
marked with a white asterisk—that has a specic stripe
morphology. It shows stripes aligned along the row main axis in
the part of the particle pointing towards the red circled particle.
In the other half of the particle, the images in Fig. 2d and e (and
equivalently Fig. 3d and e) show a clear feature perpendicular to
these stripes. This T-shaped motif rotates solidly when the scan
angle is rotated 90�. This particle is a good example of the stable
imaging condition that we achieved in PO as well as the complex
patterns that can be imaged on this NP sample.

We can now focus on the particle that is highlighted using a
red circle. This particle maintains its features across a large
This journal is © The Royal Society of Chemistry 2014
number of images and shows the same features when imaged
again at zero scan angle seven images aer the initial one. The
persistence of the features is remarkable as is their crisp nature
even when imaged at 90� from the original scan angle. It should
be noted that this particle does not show equally crisp features
in all images. In particular when imaged at a 30� scan angle the
features become faint (but still identiable when looking at line
proles). As the tip approaches the particles from different
directions, the approach condition and the convolution effects
Chem. Sci., 2014, 5, 1232–1240 | 1235
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Fig. 3 Digital rotations of the STM images shown in Fig. 2. (a) Rotation
angle (RA) ¼ 0�. (b) �30�. (c) �60�. (d) �90�. (e) 0�. (f) Line profile
analysis of the particle marked by red circles with legend numbers
indicating the scan angles. The large white and green arrows are the
same as shown in Fig. 2.

Table 1 Contrasts of the phases in the hybrid particles (in units 10�6

Å�2) (a) and discrepancy of the fits (b)

(a) Contrasts C6 : d-C12 d-C6 : C12

Phase 1 : gold 1.4 1.4
Phase 2 : C12 2.5 �3.4
Phase 3 : C6 �3.4 1.9

(b) Discrepancy
valuesa C6 : d-C12 d-C6 : C12

Striped particle 1.2 1.1
Janus particle 15.2 7.7
Randomly mixed
particles

1.8 4.2

a Chi squared.
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change as the tip does not have a symmetrical shape. Hence the
specic and local conditions should not be expected to be
exactly the same for all imaging directions. To better highlight
the persistence of the stripes across images we undertook a
prole analysis. We dened a line prole (30 pixels thick) in the
direction we identied as roughly perpendicular to the stripes
present in Fig. 3a. Using soware features we maintained the
same length and direction of the line prole and transferred it
to the other four images shown in Fig. 3. We show in Fig. 3f the
resulting ve line proles offset in height for clarity. The line
proles were aligned so that the rst peak present would coin-
cide (as indicated in the gure by a dashed black vertical line).
The dashed orange lines are guides to the eye showing the
remarkable persistence of the peaks in the line proles. The
inter-peak spacing that we nd is 1.2 nm. We should point out
that the images we are using were not dri corrected, hence
each nanoparticle presents a distortion that obviously changes
depending on the scan angle (and scan direction). The results
shown in Fig. 3f have a remarkable consistency; we believe that
1236 | Chem. Sci., 2014, 5, 1232–1240
the alignment of the peak substantially mitigates the dri
effects. The exact line proles used are shown in Fig. S8.†

To better investigate the structure of the ligand shell we
complemented the STM studies with small angle neutron
scattering (SANS) on diluted solutions of these particles in
deuterated chloroform (see Experimental details in ESI†). Two
different particles were synthesized alternately replacing the C6
and C12 ligands with their perdeuterated analogues. The
synthetic methods were kept identical so as to obtain particles
with the same size, size distribution, and ligand shell compo-
sition. Table S1 in the ESI† compares the size distribution data
for the three particles used in this edge article (C6 : C12,
d-C6 : C12, C6 : d-C12). Given the very small effect of deutera-
tion on the assembly properties of molecules, one can safely
assume that the three particles have similar ligand shell orga-
nization. In the conditions of the two SANS experiments, the
deuterated ligand had positive contrast close to that of the gold,
whereas the protonated ligand had a strong negative contrast
(Table 1). The SANS data in Fig. 4a recorded for the two
specically deuterated particles displayed signicant differ-
ences indicating that neutron scattering is sensitive to the
deuteration of the ligands. The differences are even more
pronounced in the distance distribution functions of the
particles computed from the experimental data by Fourier
transformation using GNOM39 (Fig. 4b). Both hybrid particles
have the same maximum size (Dmax ¼ 75 � 5 Å, i.e. diameter of
the spherical search volume), and this observation agrees with
the TEM data indicating that the particle size does not change
upon specic deuteration (Table S1†). Note that the difference
in size between the Dmax and the TEM values has to be ascribed
to the fact that SANS measurements provide the size of the
whole particles, while TEM measures only the gold core size.
The distance distributions as calculated from SANS data are
drastically different for the two hybrid particles (Fig. 4b)
yielding also signicantly different radii of gyration (29.7 � 0.5
Å for C6 : d-C12 and 34.2� 0.5 Å for d-C6 : C12), This difference
reects the contrast ratios of the two major components, gold
and C12. For C6 : d-C12 particles, contrasts of gold and C12
moieties are positive and close to each other (Table 1) and the
p(r) function is bell shaped, which is typical for rather
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) SANS data recorded for the C6 : d-C12 and d-C6 : C12
particles on diluted solutions in deuterated chloroform (C6 : d-C12
red circles, d-C6 : C12 blue triangles). Solid lines correspond to the fits
calculated from the ab initio multiphase model whose result is
depicted in Fig. 5 accounting for the appropriate contrasts of the gold,
C6 and C12 moieties. (b) Distance distribution functions computed
from the experimental data by indirect Fourier transformation using
the program GNOM.
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homogeneous globular bodies. For d-C6 : C12 particles, gold
contrast stays positive and that of the C12 moiety is strongly
negative (Table 1), leading to two peaks in the p(r), the one for
shorter interparticle distances corresponding largely to the gold
core, the one for larger distances corresponding to the shell,
dominated by protonated C12. Analysis of the model-indepen-
dent overall parameters of the SANS data can therefore already
provide insights into the spatial organization of the monolayer
protected gold nanoparticles.

To obtain a more detailed low resolution model of the gold
nanoparticles and the ligand shell from the SANS data, a
multiphase version MONSA of the ab initio program DAMMIN40

was employed. The program represents the entire particle as a
collection of M [ 1 densely packed beads of radius r0 inside a
spherical search volume with diameter Dmax. To distinguish
between the gold, C12 and C6 moieties the beads may have
different contrast, which is related to the bead index. For this,
each bead can be assigned either to the solvent (index ¼ 0 and
This journal is © The Royal Society of Chemistry 2014
zero contrast) or to one of distinct components in the particle
(index ¼ 1, 2 and 3, corresponding to gold, C12 or C6 moieties).
Given the xed bead positions, which are dened by the packing
grid, the structure of this dummy atom model (DAM) is
described by a string of length M z (Dmax/2r0)

3 containing the
phase index.

The modeling algorithm aims at simultaneous tting of
multiple data sets recorded in conditions where the phases have
different contrasts. Given the contrasts, the scattering intensity
from the given conguration of beads is rapidly obtained using
a spherical harmonics expansion (see ESI†). Starting from a
random string, simulated annealing (SA) is employed to search
for a model composed by interconnected compact phases,
which simultaneously ts multiple scattering curves from the
constructs Ik(q) to minimize overall discrepancy:

c2 ¼
X
k

1

Nk � 1

XNk

j¼1

"
I ðkÞexp

�
qj
�� ckI

ðkÞ
calc

�
qj
�

sðkÞ�qj�
#2

Here the index k runs over the scattering curves, Nk are the
numbers of experimental points, ck are scaling factors and
Icalc(qj) and s(qj) are the intensities calculated from the subsets
of the beads belonging to the appropriate phases and the
experimental errors at the momentum transfer qj, respectively.

In the present case, two SANS patterns were available, from
C6 : d-C12 and d-C6 : C12 particles, where the C6 and C12
moieties had opposite contrasts, as indicated in Table 1. The
search volume of the model was a sphere of radius 38 Å, lled
with over 4700 beads with the radius r0 ¼ 2 Å. To include the a
priori information, beads with the radial distance from the
center below 20 Å were xed to be gold, those with the radial
distance between 20 and 30 Å could belong to any of the three
phases, and those with the radial distance exceeding 30 Å could
belong to either C6 or C12. To test the hypothesis of having a
Janus-type particle, the allowed bead assignments were modi-
ed in such a way that only beads belonging to a spherical cup
of an appropriate volume could belong to a C6 moiety. To test
the randomly mixed morphology, the beads representing C6
and C12 molecules were randomly generated in the shell in
such a way that the total volumes of the C6 and C12 moieties
were equal to those expected from the chemical composition of
the composite particle.

The calculated patterns from the model at each SA step were
appropriately smeared using the instrumental conditions of the
KWS-2 beamline employing the analytical resolution function
as introduced by Pedersen et al.41 All MONSA calculations were
repeated several times to verify and ensure reproducibility of the
results.

Several MONSA runs starting from different random
approximations were performed, yielding consistent and
repeatable models and providing very good ts to the SANS
data as illustrated in Fig. 4 (see the discrepancy values in
Table 1). Fig. 5 displays a typical model with yellow beads
indicating the gold regions, magenta beads the C6 regions,
and cyan beads the C12 regions. One should note that the
beads in the model are not meant to represent atoms and/or
molecules; instead, they act as low resolution place holders
Chem. Sci., 2014, 5, 1232–1240 | 1237
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to depict the space occupied by the gold, C6 and C12 moie-
ties. In the model, 1128 beads represent the gold nano-
particle, whereas the C6 and C12 moieties contain
390 and 2801 beads, respectively. The volume fractions of
gold : C6 : C12 in the model are therefore 0.26 : 0.09 : 0.65, in
excellent agreement with the volume ratio of the three
components computed from the chemical composition
(0.24 : 0.09 : 0.67). The centers of mass of all moieties are
close (within 1 Å) from the origin. The gold moiety has
Rg ¼ 18.2 Å, those of C6 and C12 are 27.2 Å and 32.1 Å,
respectively, indicating that, on average, C6 molecules
occupy the space closer to the gold surface than the C12
molecules. The variation of the values of the overall param-
eters in different MONSA reconstructions was within 1–2%
and the models had an overall appearance very similar to that
in Fig. 5.31,32,39 It is immediately evident that the model
captures very well the facetted structure of the gold core, and
also that the C6 regions form elongated domains within the
bulk of the C12 phase, in excellent agreement with the model
of striped nanoparticles. The arrows in Fig. 5 indicate
domain boundaries (between C6 and C12) that the STM
would image, and these boundaries are spaced at roughly 1
nm. To further verify that the SANS data are highly sensitive
to the distribution of C6 and C12 in the shell, alternative
models of ligand shell morphologies were also tried, specif-
ically the Janus morphology as well as randomly mixed C6
and C12 molecules in the shell. The two models displayed in
Fig. S15 and S16† had the same volume ratio of the compo-
nents as the model in Fig. 5 and the same parameters of the
gold core. For the random model, the radii of gyration of C6
and C12 moieties were practically identical (Rg ¼ 31.8 and
32.2. Å) reecting their random distribution in the shell
surrounding the gold core. The Janus particle had a signi-
cant separation of 32 Å between the centers of mass of the C6
moiety (Rg ¼ 21.5 Å) and C12 moiety, (Rg ¼ 31.2. Å). For both
random and Janus particles the best ts showed rather poor
agreement with the experimental data (Fig. S15 and S16† and
Table 1). In particular, the Janus morphology with a clear
Fig. 5 Four different projections of a typical multiphase 3D low-resolutio
data. Yellow beads indicate the gold nanoparticle core regions, the mage
The beads in the model act as low-resolution place holders to depict the
right has the cyan beads in a lower transparency mode to highlight the C
the C12 phase in excellent agreement with the model of striped nanopar
roughly align along a preferential direction. These features would provide
by about 1 nm).

1238 | Chem. Sci., 2014, 5, 1232–1240
segregation between the C6 and C12 moieties, is not
compatible with the SANS data. The reason is that
pronounced maxima/minima in SANS patterns can only be
observed for overall symmetric and close to concentric
distributions. If one separates the phases asymmetrically,
like in the Janus particle, the maxima/minima are signi-
cantly smeared. This effect is obvious in Fig. S15† leading to a
dramatic worsening of the ts, as also evident from the
discrepancies in Table 1.

The model presented in Fig. 5 shows elongated domains
that have some degree of parallelism but has many C6
regions that run roughly perpendicular to these domains.
Also, while most domains are right on the gold region, some
seem to be far from it. One could be tempted to compare
directly the model with the STM images, assuming that
the STM will image mostly domain boundaries and miss in
the images domains perpendicular to the main direction.
The particle marked with an asterisk in Fig. 2 and 3 shows
this very type of arrangement. This comparison might not be
fully adequate, as the model derives from the t of a poly-
disperse sample, with polydispersity in size and ligand shell
morphology. To ensure a more reliable comparison we
decided to use the model to produce an image close to the
one we had in STM. We imported in a 3D rendering soware
the coordinate system from the model, used the C6 regions as
the markers for the domain boundaries that we image in
STM, replaced the gold region with spheres of equivalent
size, and generated a layer of these particles randomly
oriented (Fig. S17†). We then produced a grayscale image
with the same number of particles acquired in the image
shown in Fig. 1 and produced a PSD plot of this ‘simulated’
image in the same way used for STM images. As shown in
Fig. 6 the PSD of the STM image and the one derived from the
SANS data show the same features, indicating a quantitative
agreement between the results in the two techniques. We do
not believe that each feature in the PSD should be over-
interpreted as the stripe like domains are complex but the
agreement is certainly solid.
n model of the C6 : C12 particles obtained from the fitting of the SANS
nta beads represent the C6moiety, and the cyan beads the C12moiety.
space occupied by the gold, C6 and C12moieties. The image (d) on the
12 moieties. The C6 regions form elongated domains within the bulk of
ticles. Scale bar, 5 nm. The arrows indicate elongated C6 domains that
aligned domain boundaries in the STM images (the arrows are spaced

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 PSD plots derived from the STM image (blue) shown in Fig. 1a
and from the image simulated from the SANS data (red) shown in
Fig. S17.† The PSD plots show evident similarities. In particular the
dotted lines (4.3 and 6 nm�1 corresponding to 1.5 and 1 nm respec-
tively) are at spatial frequencies where both plots present a small peak.
For the STM derived plot these fall within the shoulder region (dis-
cussed in the text) that is due to the presence of stripe-like domains in
the image.
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Conclusions

In conclusion, here we have shown the presence of stripe-like
domains for mixed ligand gold nanoparticles in organic
solvents. STM images capture stripe-like domains on a few
nanoparticles, whereas SANS averages over a large population.
We show here that the two techniques converge to very similar
models of the shell morphology. STM images acquired in PO
show stripe-like domains that persist over a few images and
maintain their direction against scanning angle rotation. SANS
data on particles with alternatively deuterated ligands were
simultaneously analyzed to provide a model, which also
consistently displayed stripe-like domains. The SANS analysis
procedure we used was initially developed for monodisperse
systems, but it was demonstrated that these methods can be
successfully employed for moderately polydisperse nano-
composites.42,43 The qualitatively similar STM and SANS results
were compared by creating a simulated image from the SANS
derived model. The PSD of this image shows a remarkable
quantitative agreement with the PSD of one STM image.
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