Multi-dimensional characterization of mixed ligand nanoparticles using
small angle neutron scattering

Zhi Luo™, Ye Yang*, Aurel Radulescu$, Joachim Kohlbrecher*, Tamim A. Darwish', Quy Khac Ong ¥,
Stefan Guldin*, Francesco Stellaccitv*

t Institute of Materials, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland.

f Department of Chemical Engineering, University College London, WC1E 7JE London, UK.

8 Jillich Centre for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ), Forschungszentrum Jiilich GmbH, 85748
Garching Germany.

* Laboratory for Neutron Scattering and Imaging, Paul-Scherrer Institute, 5232 Villigen, Switzerland.

'The National Deuteration Facility, Australian Nuclear Science and Technology Organisation, Lucas Heights, NSW, Australia.
v Institute of Bioengineering, Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland.

* Correspondence to: zhi.luo@pharma.ethz.ch and francesco.stellacci@epfl.ch

ABSTRACT: The properties of ligand protected gold nanoparticles are determined by the synergistic interplay of their structural
components, including the metal core, the ligand shell, and its solvation. However, the simultaneous characterization of all these
components remains a major challenge given their distinctly different chemical nature. In the case of mixed ligand nanoparticles, this
task becomes daunting due to the presence of intercorrelated additional parameters such as the ligand ratio, ligand spatial distribution,
and the solvation of the heterogeneous ligand shell. Here we show that small angle neutron scattering (SANS) is a tool capable of
simultaneously characterizing the core and the ligand shell of monodisperse mixed ligand gold nanoparticles. We systematically
examine how each parameter (e.g. the core size, the thickness and composition of the ligand shell, and the mixed ligand spatial
heterogeneity) affects nanoparticles’ scattering profile. Quantitative information on these parameters is retrieved using analytical
fitting as well as 3D modelling. Importantly, we show that SANS can evaluate the solvation degree of mixed ligand protected gold

nanoparticles, a challenging task for any other characterization methods.

Ligand protected gold metal nanoparticles (NPs) are core-
shell hybrid materials with unique structure-property
relationships!. The metal core of NPs is known to determine
their optical and electronical characteristics®*, while the ligand
shells play an important role on their interfacial properties™™. A
growing number of studies have pointed out that the
contributions of the metal core and the organic shell to
properties are cooperative!?!3. This phenomenon is magnified
for mixed ligand protected nanoparticles (MNPs). For example,
the size and shape of the gold core influence the spatial
organization of ligand molecules on the surface'*!*, which in
turn can modify the optical properties of the metal core'":'®.
Furthermore, the interactions between NPs and biomolecules
such as proteins and lipid membranes are a delicate interplay
involving both the core size and the mixed ligand composition
and morphology!%!317-20,

A comprehensive and simultaneous characterization of
various structural aspects for MNPs, e.g. the core sizes, the
thickness, composition and morphology of the ligand shell, is
therefore of great importance®'*. However, most of the
existing characterization techniques for NPs only focuses on
single component and treats their metallic and organic parts
separately. There are several reasons for the lack of a universal
technique. The first and most important one relates to the highly

different chemical nature of the core, the ligands and the
solvents. For gold NPs, the electron rich metal core allows
precise characterization by electron microscope and X-ray
scattering?%, However, it is challenging for both techniques to
probe the molecularly thin layer of organic molecules on the
metal surface’’. Similarly, approaches to characterize the
ligands typically come from analytical methods developed for
organic materials such as nuclear magnetic resonance (NMR),
Fourier-transform infrared spectroscopy (FTIR), Raman
spectroscopy, matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry and electron paramagnetic
resonance (EPR) and have little interaction with the metallic
core (that sometimes is even detrimental to the signal)?3!. It is
even more challenging to characterize the spatial distribution of
mixed ligand molecules co-assembling on the NP surfaces?'2,
In such cases, various types of nanodomains (stripe-like, patchy
and Janus) can form, which requires both spatial and chemical
resolution for a proper characterization®>°, Currently, many
characterization methods have to be combined to achieve a
holistic understanding of all structural components. For
example, a common practice is the combination of transmission
electron microscopy (TEM) for the determination of metal core
size together with NMR, MALDI mass spectroscopy or
scanning tunneling microscope (STM) for the ligand
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shell31343741 However, while microscopic techniques image a
few NPs with high resolution, spectroscopic methods such as
NMR and MALDI mass spectrometry measure the ensemble
average over the bulk sample®'®%° Therefore, due to the
diverse working principles of the techniques, the integration of
the results is not trivial. Moreover, beyond the structural
elements of the NP itself, its interaction with the surrounding
media such as solvents adds another level of complexity to
interpret the macroscopic behavior of NPs****, The solvation
degree of MNPs quantifies the volume fraction of solvent
molecules inside the ligand shell, which indicates the favorable
interactions between the NPs and solvents and leads to the
stability of the NPs solution. Even fewer methods are capable
of examining the solvation degree of MNPs in solution®*. A
method that could simultaneously measure these various
structural aspects could therefore greatly benefit the field.

Small angle neutron scattering (SANS) is a very powerful
technique for the characterization of the multicomponent core-
shell NPs**, There are several studies that have utilized SANS
to characterize different structural aspects of ligand shell
protected gold nanoparticles®. For example, Diroll et. al.
demonstrated that both the dimension of the core and ligand
shell could be quantified for various types of homoligand gold
nanoparticles (HNPs)’!. Thanks to the difference in sensitivity
of neutron and X-ray to organic and inorganic components, the
combination of these two techniques gives insights on the
deformability of the NPs. Kitchens and co-workers have shown
that it is possible to monitor the structural change of the ligand
shell on HNPs in response to anti-solvents using SANS*.
Furthermore, as the scattering pattern is very sensitive to the
shape and symmetry of an object, SANS has been used to study
the phase separation behavior of mixtures of small molecules or
of polymers on gold nanoparticles’>>. The spatial distribution
of mixed surfactant molecules on gold nanorods could be
analyzed and related to the synthetic pathways®’. Recently,
some of us reported that SANS can probe the morphology of
mixed ligand nanoparticles when combined with Monte Carlo
type modelling®”*’. The reconstructed 3D models could be
further used to extract quantitative information and compared
with other techniques, such as molecular dynamic simulations
and mass spectrometry’’3®, In summary, SANS has been
explored as a powerful method to characterize the ligand shell
of NPs. Nevertheless, no comprehensive methodology exists
that allows to interpret all the information contained in the
SANS and explore its capabilities in the simultaneous
characterization of the core, the ligand shell, and the solvation
of NPs, especially MNPs.

Here, we demonstrate the wide range of structural
information that can be accessed by SANS. First, by comparing
SANS data from various NPs, we show that SANS can
distinguish NPs that differ only a few A in their size, or only a
few molecules in their ligand shell composition. Such
sensitivity is comparable to that of TEM and 'H NMR
techniques. Through analytical fitting, it is also possible to
quantify the solvation degree of MNPs, a challenging task for
any other methods. Furthermore, the ability of SANS to capture
ligand shell heterogeneities is explored. In summary, we
establish here how SANS measurements can be used to meet a
full spectrum of characterization requirements for MNPs
covering a broad range of structural features and length-scales.

EXPERIMENTAL SECTION

Materials and Instruments. Deuterated alkanethiols 1-
butanethiol (BT-d), 1-octanethiol (OT-d) and 1-dodecanethiol
(DDT-d) as well as 3-mercaptopropionic acid (MPA-d) ligand
were purchased from CDN Isotopes, Inc. Deuterated 11-
mercaptoundecanoic acid (MUA-d) ligand is kindly provided
by the National Deuteration Facility at the Australian Nuclear
Science and Technology Organisation (ANSTO). All other
chemicals were purchased from Sigma-Aldrich and used as
received. TEM images were taken using FEI Tecnai Osiris
machine. TGA measurements were performed using the TGA
4000 instrument from Perkin Elmer.

Nanoparticle synthesis and purification. Mixed ligand
gold NPs were synthesized using the Stucky protocol®®
followed by ligand exchange reaction as reported previously®”.
First, homo-alkanethiol protected NPs were synthesized as
following: 123 mg triphenylphosphinegold (1) chloride and 0.25
mmol alkanethiol ligand (e.g. DDT) were dissolved in the 20
ml chloroform and 20ml toluene mixtures. The solution was
heated to 70 °C for 10 minutes before 217 mg borane t-
butylamine complex was added under rapid stirring. The
reaction proceeded for 1 h before cooling down to room
temperature. Excess amount of methanol (50ml) was added to
guench the reaction and precipitate the NPs. Black pellets of
gold NPs were first collected by centrifugation (Thermo Fisher
Sorvall ST 16R, at 4000 RPM) and then re-dispersed in 40ml
anti-solvent, acetone, using vortex mixer (IKA) at fully speed.
The vortex mixing was performed for more than 3 minutes in
order to make sure that the pellets were broken into small pieces.
The suspension was then precipitated using centrifugation at
4000 RPM. The anti-solvent purification step was then repeated
for 2 times using acetone and 2 times using methanol. The final
solid product was dried in vacuum overnight. A typical
synthesis yielded 40 mg gold NPs, corresponding to 90%
conversion in terms of gold element.

The ligand exchange reaction was performed using the
following protocol: 30 mg of DDT or OT protected gold NPs
were dissolved in 15 ml chloroform. Different amount
exchanging ligand molecules were added to the solution under
stirring at room temperature. Specifically, for MPA-OT NPs,
3mg of MPA molecules were used. The reaction was quenched
at 0.5 h, 3 h and 10 h respectively in order to achieve different
ligand ratios, i.e. around MPA: OT =1:9, 1: 4 and 1: 1.5. For
MPA-DDT NPs, the reaction time is adjusted to be 12 hours
yielding MPA: DDT=1: 1.5. For MUA-OT NPs, 5mg of MUA
ligand was added into the chloroform solution of gold NPs
(30mg), the reaction proceeded 12 hours in order to achieve a
ligand ratio of MUA: OT around 1:1. After the exchange
reaction, nanoparticles formed suspensions featuring black
color instead dark red indicating the solubility change that the
NPs become insoluble in chloroform (except the MPA: OT =
1:9 sample, which is still soluble in chloroform). Excess amount
of hexane (20 ml) was added in order to fully precipitate the
nanoparticles. The black precipitate was collected using
centrifugation at 4000 RPM. The NPs were then re-dispersed
using hexane and chloroform mixture (1:1) to form suspensions
with the help of vortex mixer before centrifugation at 4000
RPM. The washing procedure was repeated for 3 times before
the black pellets were dried under vacuum overnight. A typical
ligand exchange reaction yielded 26 mg gold NPs,
corresponding to 87% vyield.

NMR measurements. *H NMR spectra were taken using
Bruker 400MHz spectrometer using methanol-d as the solvent.



In order to determine the ligand shell composition, the gold core
was etched using iodine before *H NMR measurement. Briefly,
a stock iodine methanol solution with a concentration of 20
mg/ml was first prepared. Then 0.6 ml of the stock solution was
added to 5 mg of gold nanoparticles in a glass vial. The vial was
then capped, sealed with parafilm and sonicated for 10 minutes.
The supernatant was then taken for *H NMR measurement.

SANS/SAXS measurements. SANS measurements were
conducted on the KWS-2 at Jiilich Center for Neutron Science
and SANS-I instrument at Paul Scherrer Institute.
Measurements were performed at 20 °C, using 1.5 m sample-
to-detector distance, at 5 A wavelength with a collimation setup
of 6 m and a q range covering 0.04 A-1 to 0.4 A-1. The sample
concentration was approximately 10 mg/ml corresponding to a

volume fraction of gold nanoparticles solution of less than 0.1%.

The two-dimensional scattering data were processed and
reduced using QtiKWS software at KWS2 and BerSANS
software at PSI including radial averaging, background
subtraction, empty cell and transmission correction, and
normalization to an absolute scale. The choice of deuterated
solvents was based on the solubility of different NPs.
Specifically, for MPA-DDT NPs, THF-d was used as the
solvent; for BT-OT-DDT NPs, the solvent was toluene-d; for
MPA-OT NPs, the solvent is ethanol-d or a mixture of ethanol
and ethanol-d to adjust the contrasts; for MUA-OT NPs, the
solvent is THF-d.

SAXS data were recorded using SAXSLAB Ganesha
300XL at 20 °C with a 2 mm beam stop and a g range of 0.015
A1100.65 A, Glass capillaries with outside diameter of 1 mm
was used for the measurement. The solvent was the same as
used in SANS measurements. Data reduction was performed
using SAXSGUI software.

Data analysis. The SasView software (version 4.1) was
used for the analysis of the SANS data of mixed ligand
nanoparticles. Core-shell sphere models were used for the
analytical fitting in order to obtain parameters such as the
thickness and contrast of the ligand shell. During the fitting, the
parameters for the size and contrast of the gold core was fixed
as characterized from TEM and SAXS data. The P(r) function
was calculated using the GNOM package in the ATSAS
software®,

For ab initio fitting and 3D model reconstruction from the
SANS data, the MONSA program® in ATSAS software®® was
used as described before®. In brief, a spherical search volume
composed of close packed small beads with 2 A radius was
generated according the Dmax value in the P(r) function. As the
core radius is 28 A, the beads within the central 24 A radius
were fixed to gold in order to reduce the calculation time and
act as physical constraints. Between 30 and 38 A radius, the
bead assignments were limited to the MUA and DDT ligands or
solvent, while All other beads were free to be assigned to all
four possible components. Simulated annealing algorithm
implemented in MONSA then searches for the best bead
assignments, i.e. 3D model that fits simultaneously all the
SANS curves and minimize the overall discrepancy between the
experimental data and fits based on the theoretical spectra of the
multiphase bead model. The fitting was run multiple times
always starting from random bead assignments and the results
were all similar.

RESULTS AND DISCUSSION

We first present an overview of SANS pattern for mixed
ligand nanoparticles in solution. As shown in Figure 1, there are
several different q-range regions in the SANS profile that are
dominated by specific structural features of mixed ligand
nanoparticles. The low q regions are affected mainly by the
inter-particle interactions??. Figure 1A represents the scattering
of ideal non-interacting nanoparticles, which is the case for
dilute samples. The structure factor of the sample equals to 1 as
the scattering in the low angle region in the figure is rather flat
and featureless, indicating an ideal gas like status of the
particles (region 1). In contrast, Figure 1 B shows two examples
of NPs with significant inter-particle interaction potential.
When the ionic strength of the solvent is low and the repulsive
interactions between the NPs are not screened, a broad peak
could present in the region 1 as shown by the red curve, which
corresponds to the concentration dependent mean nanoparticle
distance®. If the interaction potential is attractive, the black
curve in Figure 1B shows that scattering intensity increases
towards lower q angles. In both cases, it is challenging to
retrieve the shape and size of the nanoparticles without proper
knowledge of the structure factor. Therefore, all the NPs
discussed below were measured in non-interacting conditions,
achieved by choosing the suitable solvents and keeping the
nanoparticle concentrations low.
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Figure 1. Theoretical SANS data of mixed ligand nanoparticles
under different inter-particle interaction potential. (A) The
scattering profile (blue curve) of non-interacting NP samples
(form factor). The nanoparticle model has a core diameter of 5
nm and presents stripe-like morphology in the ligand shell. (B)
SANS pattern of NPs with attractive (black) and repulsive (red)
inter-particle interactions. The inset cartoon represents the
idealized stripe-like NP model that was used to calculate the
SANS curves. All the theoretically calculated data in this work
are plotted using cross symbols.

The intermediate and q region (named 2 and 3 in Figure 1)
is the focus of the current study, from which detailed
information on the nanoparticle form factors could be extracted.
As discussed below, we show that these two regions are affected
by the composition of the ligand shell as well as the degree of



solvation®. For multicomponent ligand shells, the high g
regions are further affected by the geometry of nanoscale phase
separation of ligands. In the following sections, we will
examine how each of the q region reveals different mixed ligand
nanoparticles structures.

Dimensional Information. As the size of a NP is always the
primary question in its characterization, we first focus on
demonstrating the sensitivity of SANS to the dimension of both
the metal core and organic shell. Two series of gold NPs were
synthesized according to previous literature® %%, First, three
MNPs with different core sizes but the same ligand shell coating
were produced using a ligand exchange protocol®s%”. TEM
analysis (Figure S1) shows high degree of monodispersity for
all three NPs with the core radius being 1.9 + 0.2 nm, 2.2 + 0.2
nm, 2.7 £ 0.3 nm, respectively. The error bars represent the
standard deviation of core radius based on the analysis of more
than 500 NPs using ImageJ software. The metal core size as
well as monodispersity were further confirmed with small angle
X-ray scattering (SAXS) showing good agreement with the
TEM results (Figure S2). All the nanoparticles were protected
with a mixture of 3-mercaptopropionic acid (MPA) and 1-
dodecanethiol (DDT) with a ligand ratio of 40%: 60% as
controlled by the ligand exchange time and reaction
stoichiometry!*". The ligand ratio was determined using H
NMR after etching the gold core using iodine?%2, as shown in
Figure S3. Ligand densities were calculated to be 13%, 11% and
8% for the 1.9 nm, 2.2 nm and 2.7 nm nanoparticles,
respectively, as calculated from TGA data.
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Figure 2. SANS data of mixed ligand nanoparticles with
different core sizes and ligand chain length. (A) SANS data and
(B) corresponding P(r) data of three MPA-DDT NPs with the
same ligand shell but different core sizes, i.e. 1.8 + 0.2 nm, 2.1
+ 0.2 nm, 2.7 = 0.2 nm based on fitting using a core-shell
spherical model. The solvent is THF-d for these NPs. The
intensities of the three data were scaled for the sake of clarity.
(C) SANS data and (D) corresponding P(r) data of three
nanoparticles with same core size and ligand shell composition

but highlight molecules of different chain length. The solvent is
toluene-d for these NPs. The red curve stands for the
nanoparticles with both DDT and OT ligands deuterated; the
blue curve stands for the nanoparticles with both DDT and BT
ligands deuterated; the black curve stands for the nanoparticles
with both OT and BT ligands deuterated.

SANS data was recorded using deuterated tetrahydrofuran
(THF-d) as solvent. As shown in Figure 2A, although the
variations in the core size are less than 5 A, the scattering profile
of the nanoparticles are clearly different. The position of the
oscillation valley shifts to lower g values with the increase of
the core radius. The same trend is also clearly shown in the pair
distance distribution functions, P(r), calculated using GNOM
package®®, see Figure 2B. The Dmax values in P(r), the maximum
distance in the scattering object, indicate that the overall
diameter of the three nanoparticles are 77 A, 83 A and 89 A,
respectively. The shape of the black curve in P(r) function
deviates from the bell shape. This could be due to the
specific combination of ligand length and composition as
well as spatial distribution of the ligands deviating from
random mixing. However, it is difficult to directly correlate
the peak in P(r) to structural features in this case. The SANS
data were further fitted with a core-shell sphere model using
SasView software in which the shell thickness, solvent and core
contrasts were fixed. The fitted core radius results agree very
well with the TEM analysis being 1.8 £ 0.2 nm, 2.1 + 0.2 nm,
2.7 £0.2 nm, respectively. While the spatial resolution of SAXS
on NPs has been reported to reach sub-5A%, the resolution of
SANS data is often compromised due to the smearing effects
such as neutron wavelength spread, aperture size, detector pixel
sizes, etc®. Nevertheless, here we confirm that similar to
SAXS, SANS can also efficiently distinguish NPs with core
radius differences of less than 5 A, a dimension comparable to
the diameter of a single gold atom.

The second series of mixed ligand NPs feature the same
core size (2.7 £ 0.3 nm, as confirmed with TEM and SAXS
shown in Figure S1 and Figure S2). A mixture of three different
alkanethiol ligands were used to co-protect the NPs, i.e. 1-
butanethiol (BT), 1-octanethiol (OT) and DDT. On each of the
NP, two of the three ligands were deuterated in order to match
the contrast of the solvent (toluene-d), while the other ligand
was non-deuterated and thus has large negative contrast. It has
been shown previously that ligand deuteration does not affect
the composition as well as the spatial heterogeneity of the
ligand shell*’. Three mixed ligand NPs were synthesized using
a modified Stucky’s protocol followed by ligand exchange
under the same synthetic protocol (e.g. temperature, solvent,
reagent concentration and time) to make sure that they have the
same core size and ligand shell composition. As shown in
Figure 2C, clear differences in the scattering profiles of the
three nanoparticles could be captured. The oscillation valley
shifts to higher q with the decrease of the overall alkane chain
length of unmatched ligand molecules, indicating that the size
of the NPs become smaller. The P(r) plot, Figure 2D, confirms
the trend with the Dmax values being 72 A, 74 A and 78 A for
BT, OT and DDT highlighted NP respectively. Core-shell model
fitting indicates that the thickness of the BT, OT and DDT
ligand layers are 6.9 + 1.0 A, 8.8 £ 0.9 A, 12.2 + 1.2 A,
respectively. Such chain length profile agrees quantitatively
with the previous reports’**! and again highlighting the
sensitivity of SANS on the monolayer of ligand molecules
down to only a few A.



Compositional Heterogeneity and Solvation. The next
important parameter for MNPs is the ratio of the two different
ligand molecules. Many important interfacial properties of the
NPs are determined by the surface composition, such as the
solubility®, interfacial energy®>®, sensing and interaction with
biomolecules®®. Currently the most accurate way to determine
the ligand ratio is '"H NMR?'. Recent studies also suggest that
MALDI-TOF mass spectrometry is an alternative way of
determining ligand ratio®®%%, Unfortunately, both methods
have limitations. For 'H NMR analysis, the core of the NPs
needs to be decomposed using harsh chemical or thermal
treatments to release ligand molecules®, while MALDI-TOF
analysis may have difficulties once the molecular weight
differences between the two molecules are too large or too small.
On the contrary, SANS measures the intact NPs in the native
solution and can be applied to ligands of varying chain lengths
as demonstrated above. By selectively deuterating one of the
ligand molecules, one can generate large difference in the
contrasts of the two ligands. Importantly, as the ligand shell
contrast also depends on the degree of solvation®, by varying
the contrast of solvent (deuteration content), it is possible to
quantify the solvation amount together with ligand ratio at the
same time.
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Figure 3. SANS data of mixed ligand nanoparticles with
varying ligand ratio and solvation. (A) SANS data and (B)
corresponding P(r) functions of MPA-d and OT mixed ligand
protected nanoparticles. The ratio of MPA-d: OT are
lypa: lor = 1:9 (red), 1: 4 (blue) and 1: 1.5 (black), respectively.
(C) SANS data and (D) P(r) functions of 20% MPA-d mixed
ligand NP under different solvent contrast conditions. The SLDs
of ethanol solvents are 5.8 x 107 A2 for the blue curves and 4.6
x 107° A2 for the red curves.

To first examine the effect of ligand ratio on the SANS
profile of NPs, three gold NPs protected with deuterated MPA

(MPA-d) and OT with varying ligand ratios were prepared. The
ligand exchange protocol was adopted to control the NPs with
the same core size: 2.9 + 0.3 nm in radius as measured by TEM
and SAXS, Figure S1 and S2. To determine the ligand shell
composition, NPs composed of non-deuterated ligands with
exactly the same synthesis procedure were synthesized. The
MPA: OT ratios were measured by 'H NMR after iodine
decomposition (Figure S3)to be lypa: lor =1:9, 1:4and 1: 1.5,
respectively. As shown in Figure 3A, the higher the surface
fraction of MPA-d ligands, the lower the intensity at high q. This
is due to the fact that the scattering length density of MPA-d is
close to that of the solvent resulting in less contrast and hence
lower scattering intensity. Furthermore, the P(r) profile shows
that the Dmax values slightly decrease with increasing fraction of
MPA-d due to the chain length differences of the two ligands.

In order to quantify the ligand ratio and solvation using
SANS, we performed the measurements on the same NP under
two different contrast conditions. The scattering length density
(SLD) of ethanol solvent (pg,;), 5.8 x 107° A2, matched that of
the deuterated ligands. The second solvent contrast ( pg,,;), 4.6
x 10 A2 was generated by mixing ethanol with deuterated
ethanol to match the SLD of gold core. As shown in Figure 3C,
significant changes in the scattering patterns under these two
contrast conditions can be observed. The differences can be
better rationalized from the P(r) function, Figure 3D. As the
gold core is contrast matched, the overall form factor of the NP
is close to a hollow spherical shell. Therefore, while both the
P(r) functions have bell shapes, the one with solvent-core
contrast matching condition is more asymmetric with the peak
position shifts to larger distances.

The contrast of the ligand shell has the following
relationships with the volume fraction of the two ligands in the
ligand shell and the degree of solvation (y):

Pshett = Pupa * fupa + Por * for + Psat * X (1)

Here, fypa and fppr are the volume fraction of MPA and
OT ligands in the ligand shell respectively. pypas and por are
the contrast of the two types of ligands calculated from their
chemical formula and density. A core-shell model is used to fit
the scattering curve in order to calculate the overall ligand shell
contrast, psner;- By applying the second solvent contrast, one
obtains a similar relation:

Psneu = Pupa * fupa + Por * for + Psa * X (2)
Hence two measurements in two solvents depend solely on
three parameters, fyps and fyr , and y , yet only two of these
parameters are independent, As the y value is the volume
fraction of solvents inside ligand shell, consequently the
following relationship holds by definition:

X=1=fupa—for ()

For example, from equations (1) and (2), it is
straightforward to calculate the solvation value, y and hence the
fupa and for:

__ Pshell=Pshell
x= Psol_P_;gl (4)

At this point one has two measurements and two parameters,
that can be readily derived. It should be noted that the volume
fraction can be converted to the ligand ratio through the
equation (5) and therefore can be readily compared to ratio
derived from 'H NMR measurement.

My, MPA Mwy,oT
fupat for = lupa * Hlop = Q)
dmpa dor




Both SANS curves under two solvent contrast conditions
were fitted with the core-shell sphere model. During the fitting,
the contrast of the gold core, solvent and the radius of the core
were fixed allowing only the thickness of the ligand shell (7yp,¢;;)
and the ligand shell overall contrast (pspe;;) to be optimized.
Table 1 shows a summary of all the resulted parameters from
the fitting and calculations. Notably, the calculated ligand
shell composition agrees well with the results from 'H NMR,
indeed when subtracting the percentage composition for one
ligand derived from SANS to that derived from !H NMR one
obtains a number whose absolute value is always lower than
10%. Due to the longer chain length of OT than MPA, as the
fraction of MPA ligands in ligand shell increases, the averaged
thickness of the ligand shell, 7y, decreases slightly. On the
other hand, the degree of solvation, y, increases significantly
from 15% to 23% as the fraction of MPA increases from 10%

to 38%. The increase in solvation volume is due to the fact that
the MPA ligands are more polar than OT and thus are better
solvated in the polar solvent, ethanol. The trend is also
supported by the fact that NPs coated with OT molecule alone
are not soluble in ethanol at all. It should be noted that it has
been reported that the interfacial properties of nanoparticles
coated with a mixture hydrophobic and hydrophilic ligands are
very complex!®%. For example, the solubility of the MPA-OT
NPs deviates from monotonic dependence on composition in
various solvents®. Similarly, the interfacial energy of NPs
protected with a mixture of 6-mercaptohexanol and OT ligands
features sizeable non-additive behavior'®. To the best of our
knowledge, quantifying the degree of solvation and correlating
it with the composition of the ligand shell has not been reported
before. The analysis method described here could thus bring
new insights into the wetting phenomena of MNPs.

Table 1. List of SANS fitting results. The same nanoparticles were measured in two different solvent contrast (p,,;) conditions
and the contrasts of ligand shell (p;n.;;) Were obtained by fitting the SANS patterns using core-shell sphere model. The
solvation parameters as well as ligand ratios were then calculated using the equations above.

Sample Ty (A) Py (10°A)  popey (10 A7) X fupa fupa (HNMR)
(SANS)
Lupa: lop 147 5.8 0.85 14.9%  10.4% 13%
1:9 4.6 0.69
Loon lop 145 5.8 151 209%  17.4% 24%
1:4 4.6 1.28
Loon: lor 132 5.8 245 29%  37.7% 41%
1: 1.5 4.6 2.19

Spatial Heterogeneity of Ligand shell. As it has been
demonstrated recently, SANS combined with multiphase bead
modelling can reconstruct various morphologies of mixed
ligand structures in a quantitative way>’*’. While previous
works have found that the oscillations of the form factor were
related to the overall symmetry of the ligand organization,
qualitative guidelines for the interpretation of the spectra have
not been established yet. Here, to better understand this
correlation, we first calculate and compare the theoretical
SANS pattern of NPs with different idealized spatial
distributions and nanodomain sizes. As shown in Figure 4, five
idealized ligand organization geometries (Random, Janus,
Patchy and different stripe thicknesses) were generated and
their theoretical scattering profile was calculated using the SLD
condition of the MPA-DDT nanoparticles. The SANS data were
properly smeared using experimental parameters of KWS2
instrument’. Figure 4A and 4B show that while the four NPs
have the same core sizes and ligand ratio, their scattering form
factors are distinctively different. The low q regions of all the

four scattering curves perfectly overlap up to 0.08 A’l,
corresponding to the Dimax dimension (80 A), confirming that the
NPs have practically the same radius of gyration (Rg). The
differences in the high q regions therefore can only be ascribed
to the ligand shell organization. In fact, for the stripe-like NPs
with different stripe widths and random NP, the scattering
curves overlaps up to ~0.15 A”!, while the Janus NP gives a
scattering profile that deviates the most from the rest. The
scattering pattern of the NP with the thinnest MPA stripe width
(~6 A), shown in the blue curve in Figure 4A, is closest to a
spherical scattering object. When the stripe width is ~10 A, the
SANS profile of the NP (red curve) deviates significantly from
the power law of spherical NP in the q range higher than 0.5 A-
I, Therefore, the scattering form factors of these NPs are highly
affected by the stripe-like domain sizes especially at high q
angles. Considering that the overall radius of the NPs is around
50 A, a difference of 5 A in stripe width would significantly
affects the overall sphericity of the ligand shell.
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Figure 4. Effect of ligand shell organization on the scattering form factors of mixed ligand nanoparticles. (A) Theoretical SANS
pattern and (B) the corresponding morphologies of random, ideal stripe-like nanoparticles with different stripe width as well as Janus
nanoparticles. The colors of the curves in (A) correspond to different models in (B). The smearing effects were taken into
consideration when calculating the SANS data. In the theoretical SANS data in (A), the SLD of the solvent matches the longer ligand
(DDT) in deuterated form while the shorter ligand has a contrast of hydrogenated ligand form. (C) Experimental SANS data (symbol)
and the fit (full line) of MUA-OT nanoparticles. The triangle symbolled data stands for SANS measurements on MUA-(OT-d)
nanoparticles; the square symbol is for (MUA-d)-OT nanoparticles. The inset shows the multiphase bead model generated using the
MONSA program. The blue beads in the model correspond to the MUA ligands while yellow beads are OT ligands.

Based on the calculated SANS pattern of various
morphologies, we have furthermore screened and compared
a large amount of experimental data. In this way, similar
scattering features of the theoretical idealized stripe models
in the experimental data of some synthetic MNPs were found
for the first time. For example, we synthesized gold NPs
protected with 11-mercaptoundecanoic acid (MUA) and OT
ligands. Two batches of NPs were prepared using each with one
ligand deuterated and another hydrogenated, i.e. MUA-(OT-d)
NP and (MUA-d)-OT NP. SANS data (Figure 4C) of the two
NPs in THF-d solvent were recorded and thus in each scattering
pattern the contrast of the deuterated ligands is matched with
the solvent, highlighting the other ligand. The square symbolled
curve in Figure 4C, corresponding to (MUA-d)-OT NP, shows
high similarities with theoretical pattern of the thin stripe-like
morphology (red curve in Figure 4A). This indicates that the OT
ligands form thin stripes within the ligand shell. Multiphase
bead model was then built by simultaneously fitting the two
scattering curves using the MONSA program utilizing
simulated annealing algorithm as described previously*’*. The
inset in Figure 4C shows the bead model of the MUA-OT NP.
The reconstructed model shows that both MUA and OT ligands
form stripe-like domains with stripe thickness being around 10
A, which is determined as described previously using the
averaged value of the distance between the two boundary lines
in the MONSA model*’. Indeed, both the structural features and
dimension of the stripe-like domains in (MUA-d)-OT NP model
resembles the model in Figure 4B. Furthermore, applying the
same principle in the previous section, we could quantify the
degree of solvation of the MUA-OT NP to be 22%. Therefore,
by combining analytical fitting with multiphase bead modelling,
it is possible to extract both ligand shell spatial heterogeneity
and solvation degree from the same set of SANS experiments.

CONCLUSION

We demonstrate here that SANS can act as a technique to
simultaneously characterize various different structural aspects

of MNPs. A combined analysis using analytical fitting and 3D
multiphase bead modelling yields quantitative information
about the dimension, composition and morphology of NPs with
A length scale and molecular accuracy. The contrast variation
approach helps to highlight different components of ligand
shells and allows for the extraction of characteristic length
scales and compositions. There are still several limitations for
the SANS including the requirement of deuterated ligands,
access of the instrument as well as well as the data analysis
procedures that are computing time demanding. Nevertheless,
the method is versatile and almost without constraints on the
size and morphology of the MNPs. Therefore, we believe that
SANS could become an important technique in establishing the
structure-property relationships of MNPs.
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