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Small-angle neutron scattering differentiates
molecular-level structural models of nanoparticle
interfacesf
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The highly anisotropic and nonadditive nature of nanoparticle surfaces restricts their characterization by
limited types of techniques that can reach atomic or molecular resolution. While small-angle neutron
scattering (SANS) is a unique tool for analyzing complex systems, it has been traditionally considered a
low-resolution method due to its limited scattering vector range and wide wavelength spread. In this
article, we present a novel perspective on SANS by showcasing its exceptional capability to provide mole-
cular-level insights into nanoparticle interfaces. We report a series of experiments on multicomponent
nanoparticles, where we demonstrate the ability of SANS to differentiate between competing structural
models with molecular- and A-scale differences. The results provide accurate quantification of organic
ligand chain lengths, nanoparticles’ heterogeneity, and detailed structures of surrounding counter-ion
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layers in solution. Furthermore, we show that SANS can probe subtle variations in self-assembled mono-
layer structures in different thermodynamic states. Our findings challenge the conventional view of SANS
as a low-resolution technique for nanoparticle characterization and demonstrate its unique potential for
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Introduction

Understanding the interfacial structures of nanoparticles is
key to the comprehension of a wide spectrum of their physical,
chemical, and biological properties." The interfaces, as the
boundary between the core and the surrounding media, are
characterized by sharp transitions of chemical potentials. Even
subtle changes in the interfaces can substantially alter the pro-
perties of nanoparticles.> For instance, the surface energy of
nanoparticles is found to be nonadditive at the nanoscale,®
and local structural variations can modulate both the charge
and hydrophobic profiles of their surfaces.* The importance of
interfaces is also manifested in the collective behavior of nano-
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providing molecular-level insights into complex nanoparticle surface structures.

particles, such as their self-assembly capability,” and the
charge transfer process within the sophisticated super-
structures.® Moreover, surface functionalities govern the inter-
molecular interactions between nanomaterials and small
molecules or biomacromolecules, and such an interplay forms
the basis for the sensing and biomedical applications of
nanoparticles.”

Despite the broad impact of nanomaterial surfaces, our
knowledge of their detailed structures is inadequate, especially
at an atomic or molecular level.® Typically, the surface is a
hybrid system that consists of both organic and inorganic
components. Hence, it is essential to obtain high-resolution
information that contains both spatial and chemical details in
order to form a complete picture of the surface.® However, it is
often challenging to simultaneously characterize these struc-
tures using a single type of technique. For example, trans-
mission electron microscopy (TEM), as the gold standard, is
able to capture accurate images of metal nanoparticle struc-
tures with sub-A resolution.® Nevertheless, fine details on the
thin organic layer that surrounds the core material’s heavy
elements are barely detectable. On the other hand, spectro-
scopic techniques, such as nuclear magnetic resonance
(NMR),"® X-ray photoelectron spectroscopy (XPS),"" Raman
spectrometry,'” and mass spectrometry,'® can sensitively probe
the molecular identities on the nanoparticles. As a result, spec-
troscopic and microscopic methods must be combined
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together to integrate the chemical information into a 3D
space, and this can be a formidable task given the distinct
working principles of different techniques.™

Small-angle neutron scattering (SANS) is a unique tech-
nique, as it can provide both dimensional and chemical infor-
mation on complex material systems.'>'® Although SANS has a
lower intensity compared to X-ray scattering, its strength lies
in its sensitivity to isotopes. Compared to X-rays, the scattering
cross-section of neutrons is not a monotonic function of the
atomic number and is sensitive to isotopes. This sensitivity
allows for selective deuteration to label organic molecules and
highlight them in the presence of heavy elements. The analysis
of SANS typically relies on simple form factor models (e.g:,
core-shell spheres and ellipsoids) and is routinely used to
determine the sizes, shapes, and compositions of various
nanoparticle systems.'” For example, Diroll et al. reported a
direct quantification of a series of gold nanoparticles protected
by ligands with varying lengths and rigidities, ranging from
small molecules to dendritic macromolecules."® The authors
calculated the ligand shell’s thickness ratios in solid and solu-
tion states, which could be used to define the softness of the
nanoparticle interfaces. Furthermore, SANS can locate specific
components on complex surfaces through contrast
variation.’®° As a notable example, Hammouda et al. discov-
ered that the surfactants on gold nanorods are not uniformly
distributed, which can be correlated to the retention of ligand
molecules on nanoparticles during the nucleation and growth
processes.”!

Although SANS is a highly versatile technique, it has an
intrinsically low resolution due to restrictions on the instru-
ment setup, such as wide wavelength spread, limited collima-
tion, area-sensitive detectors, and pinhole geometry.>*??
Meanwhile, the range of scattering vectors further limits the
length scale (typically corresponding to ~1 nm in real space)
that can be covered with SANS. Compared to small-angle X-ray
scattering (SAXS), the lower flux of the neutron beam often
requires the sacrifice of resolution for higher intensities on the
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sample. Consequently, SANS has even less resolving power
than SAXS, particularly when it comes to recognizing sharp
features like scattering maxima and minima.>* However,
depending on the desired intensity or power in resolving scat-
tering patterns like peaks or dips, the instrument parameters,
such as wavelength spread, collimation and pinhole geometry,
can be tuned within rather broad boundaries.*

In recent years, advances in computational methods have
made it possible to directly reconstruct 3D models from SANS
and SAXS data without the need for additional
information.”®*” Although such methods present inherently
low-resolution, they are often used to validate high-resolution
structures that have been resolved by cryo-EM, X-ray diffrac-
tion, or NMR,?® and can offer important insight into macro-
molecules’ conformational states in solution.>> When fitting
the scattering profiles to these atomic models, explicit atom
distances and water molecules are often required to achieve
high-quality fitting.>® For protein molecules, the scattering
data take into account the hydration layer’s excess scattering
density (~10% greater than bulk), and they can be fitted up
with a resolving power of about 5 A.>' SANS and SAXS are also
the preferred methods for analyzing flexible macromolecules,
providing a snapshot of the dynamic ensemble structures in
certain thermodynamic states without signal broadening.*?
Rambo et al. have proposed the super-resolution concept in
SAXS, as the analysis on flexible protein structures can be
extended to atomistic models.’*** The same authors have also
defined a new scattering invariant (the volume of correlation,
V), which can be used to accurately determine the molecular
mass of proteins and RNA, with only an ~4% average error.>>
This calculation has been applied to protein-like metal nano-
clusters and offers high precision, with deviations of only a
few atoms, as confirmed by crystallographic results.>®

In contrast to the conventional view of SANS as a low-resolu-
tion technique, herein, we present the potential of SANS in dis-
tinguishing between structurally similar models with mole-
cular-level differences. While the absolute resolution of SANS
measurements on nanoparticles is limited, we demonstrate
that highly accurate information can be extracted from the
scattering data and can be utilized to distinguish subtle struc-
tural differences at the A-scale. Our analysis of SANS data
reveals that even a difference of only two carbon-carbon bonds
in the length of the ligand shell on nanoparticles can be
readily captured and interpreted. The resolving power is
further highlighted by the possibility to directly probe the
detailed structures of the counter-ions that surround nano-
particles in solution. By using the contrast variation technique
and simultaneously fitting multiple SANS curves with different
contrasts using Monte Carlo-type calculations, we were able to
reconstruct 3D models to represent complex morphologies. We
further applied this modeling method to examine the structure
of self-assembled monolayers on nanoparticles before and
after a mild thermo-treatment. These findings emphasize the
exceptional resolving power of SANS and highlight its compe-
tencies in characterizing the molecular-scale properties of
nanoparticles. We believe that such capabilities of SANS are
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Fig. 1 A summary of key considerations when conducting SANS experiments. (A) Schematic representation of SANS analysis of nanoparticles. (B)
Calculated SANS curves of gold nanoparticles (with a core diameter of 10 nm and a ligand shell thickness of 1.2 nm) with core size polydispersities
of 0%, 10%, and 20%. (C) Calculated SANS curves of the same monodisperse gold nanoparticles under different pinhole smearing conditions, i.e.,
0%, 10%, and 20% instrumental resolution smearing (dg/q). Fitting parameters are given in Table S1.1 (D) Typical surface details of a nanoparticle that
can be probed by SANS. We also demonstrate that comparable data quality can be obtained using time-of-flight instruments on spallation sources

(Fig. S1B1).

often underestimated and can offer valuable insights for the
nanoparticle research field.

Results and discussion
On the resolution, accuracy and precision of SANS analysis

SANS is a powerful spectroscopic technique that provides infor-
mation on the scattering length density fluctuations within a
sample solution (Fig. 1A), making it possible to extract multiple
structural parameters. These parameters include the dimensions
of the core, shell, and surrounding counter-ion layers, as well as
the spatial heterogeneity of the ligand assembly structures
(Fig. 1B). However, in practice, SANS analyses are often hindered
by low resolution due to limitations in the instrument’s perform-
ance. Several factors contribute to this problem, including the
wavelength spread of monochromators, collimation, area-sensi-
tive detectors, and pinhole geometry.”” Nevertheless, SANS ana-
lysis can still provide highly accurate information, particularly for
biological systems, such as the hydration and conformational
ensemble of protein molecules.*®?°

To fully understand the SANS results, it is important to
differentiate between the concepts of resolution, accuracy, and
precision. In this paper, the resolution in SANS refers to the
instrumental resolution, which is the uncertainty of the measured
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value of momentum transfer g, caused by factors such as wave-
length spread and limited collimation.” The resolution of SANS
determines its ability to distinguish sharp features such as
maxima and minima and is typically lower than that of SAXS due
to the relaxation of these features to gain intensity on the sample.
It is important to note that in some studies, the limits of the
g-range are also considered a measure of resolution, as it rep-
resents the length scale that can be covered with SANS. Accuracy
in SANS measurements refers to the degree of agreement
between the measured value and the true value. To ensure accu-
rate measurements, calibration of the instrument using standard
samples and careful preparation of the sample are required.
Precision, on the other hand, refers to the consistency and repro-
ducibility of measurements. Precisely controlled experimental
parameters, such as sample homogeneity and temperature, can
increase precision to a large extent. By optimizing these para-
meters, it is possible to retrieve highly accurate and precise struc-
tural information from SANS data, even with a limited g-range.
Overall, clarifying these concepts is crucial for the proper
interpretation and analysis of our SANS measurements.
Furthermore, the quality of scattering data in SANS is also
largely dependent on sample quality, including factors such as
purity and polydispersity. To illustrate the impact of sample
quality on scattering data, we conducted simulations on
ligand-protected gold nanoparticles with a core diameter of

This journal is © The Royal Society of Chemistry 2025
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10.0 nm and a ligand shell thickness of 1.2 nm, varying the
degree of core size polydispersity from 0% to 20% (Fig. 1C). The
oscillating patterns typical of spheres became increasingly
smeared with higher polydispersity and could even become com-
pletely featureless, as shown in Fig. S1Af when nanoparticles
with 35% polydispersity were measured. Such effects are similar
to those caused by instrument smearing. Using the same gold
nanoparticle system with no size dispersity, we calculated SANS
curves under varying degrees of pinhole smearing conditions,
including 0%, 10%, and 20% dgq/q, and obtained fitting para-
meters from Table S1t (Fig. 1C). As the smearing increased, the
resolution of the scattering data deteriorated, similar to the
effects caused by sample polydispersity. We also demonstrate that
comparable data quality can be obtained using time-of-flight
instruments on spallation sources (Fig. S1BY).

In summary, the quality of the scattering data in SANS is
significantly affected by both instrument resolution and
sample quality. Optimizing both factors can improve the accu-
racy and precision of SANS measurements, leading to more
reliable and informative structural information (Fig. 1D). As a
result, prior characterization of nanoparticles using TEM and
SAXS is often crucial for accurate SANS analysis, providing
additional information that helps prevent misinterpretation of
the data. Thus, all the following SANS results are based on
highly monodisperse gold nanoparticles with a robust chemi-
cal synthesis as model systems, and the SANS experiments
were performed on instruments with A1/A = 10% or 20% (as
set by the mechanical selector). Other parameters such as the
effective sample’s diameter (0.2 cm), the collimation setup
(6 m) and the sample detector’s distance (1.5 m) were also
optimized in order to balance the resolution, the g-range, and
the scattering signal’s intensity.

A-scale resolving power on the dimension of nanoparticles

To thoroughly demonstrate the capability of SANS in different
similar models with an A-scale accuracy, we prepared two
binary ligand-protected gold nanoparticles as model systems.
Both nanoparticles were synthesized according to the Stucky
protocol in order to obtain highly monodisperse samples (see
the Materials and methods in ESIt).** A TEM analysis con-
firmed that the metal core’s size distribution was less than
10% (4.7 £ 0.4 nm, as shown in Fig. S2t). The first binary
ligand system is composed of 2-phenylethanethiol (PET) and
1-octanethiol (OT) with a ratio of 2: 3, as determined by NMR
(Fig. S21). Two batches of nanoparticles with the same core
sizes and ligand ratios were synthesized with one fully deute-
rated ligand in each sample (i.e., dPET-OT and PET-dOT com-
binations). It should be noted that we add a “d” to the front of
the acronyms when we refer to the fully deuterated version of
molecules in this manuscript. As all the experiments on PET-
OT nanoparticles were performed using deuterated toluene
(dTol) to match the deuterated ligands’ contrast, only one
ligand component (nondeuterated) is visible by neutrons in
each scattering experiment.

As shown in Fig. 24, in all the SANS measurements, the
highest scattering vector g was 0.35 A™*. This implies that the

This journal is © The Royal Society of Chemistry 2025
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resolution (in terms of the length scale covered) of the dataset
is only ~1.8 nm. Under such experimental conditions, the
recorded scattering patterns of the PET-OT nanoparticles were
still significantly different under the two ligand contrasts.
Specifically, the first minima of oscillation, which correlated
with the size of the spherical objects, shifted from ~0.13 A™*
(~48.3 A in real space) for the dPET-OT nanoparticles to
~0.15 A™* (~41.9 A in real space) for the PET-dOT nanoparticles.
This suggests that the overall size of the latter nanoparticles was
smaller than the former’s, and that the difference arose solely
from the length of the two organic molecules’ chains. According
to the calculated pair distribution function, P(r), the Dy, value of
the dPET-OT nanoparticles was 71 A, while the Dy, value of the
PET-dOT nanoparticles was 63 A (Fig. 2B). The Dy, values corre-
sponded to the nanoparticles’ diameters, including the ligand
shell and the metal core. Since the core’s diameter was 4.7 +
0.4 nm (as was measured by TEM), the organic ligands’ thick-
nesses were calculated to be 8 A and 12 A, indicating that the OT
ligand was ~4 A longer than the PET ligand on the nanoparticles.
As shown in Fig. 21, the theoretical difference between the fully
extended conformation of the OT and PET is approximately two
C-C bonds, which agrees well with the above-calculated values.
Additionally, by comparing the experimental curves and the simu-
lated curves, subtle changes can be detected based on the shift
and size of peaks and the slope of the curve. Therefore, the
results demonstrate that SANS is capable of discerning A-scale
variations in ligand length between nanoparticles with similar
structures and it also suggests that toluene is a good solvent for
the PET-OT nanoparticles since both ligands adopt an extended
conformation on the surfaces.

To further investigate whether SANS has the ability to differen-
tiate between nanoparticles with similar structures, nearly
identical lengths and sizes, we tested another system in which
the binary ligands had almost the same chain length, ie., 11-mer-
captoundecanoic acid (MUA)- and 1-dodecanethiol (DDT)-pro-
tected nanoparticles. The same as the experiment above, we used
two ligand contrast conditions (i.e., AIMUA-DDT and MUA-dDDT
nanoparticles), and both were measured in deuterated methanol
(MeOD). According to Fig. 2D, there was no clear difference in
the minima or peak positions of the scattering patterns under
the two contrast conditions. The D, values of both nano-
particles were 90 A, as was calculated for P(r), which indicates
that the overall sizes of the dMUA-DDT and MUA-dDDT nano-
particles were almost identical (Fig. 2E). Also, the TEM images
and NMR in Fig. S31 confirm the diameter of the MUA-DDT gold
nanoparticles and the ligand ratio of the MUA-DDT gold nano-
particles, respectively. While there was a subtle difference in the
length of the chain in DDT (17.0 A) and MUA (17.1 A), it was
indistinguishable by SANS (Fig. 2G), and the result shows that the
two ligands adopted similar conformations in methanol solution.

Unveiling the structure of the counter-ion layer and ligand
solvation

An interesting property of the MUA-DDT nanoparticles is that
their solubility can be tuned by changing the charge states of
the carboxylic acid group of MUA ligands. For example, when

Nanoscale, 2025, 17, 3798-3808 | 3801
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Fig. 2 SANS data, P(r) functions, and 3D models of a series of nanoparticles. (A) SANS data and (B) calculated P(r) functions of the dPET-OT (pink
solid line) and PET—dOT (dark blue solid line) nanoparticles. In all the SANS plots, the dots represent the experimental data and the full lines show
the fitting results. (C) A 3D model of the PET-DDT nanoparticles generated using the MONSA program. The parameters that define instrument
resolution are listed in Table S2.1 The green, blue, and pink beads represent the gold, PET, and OT phases, respectively. (D) SANS data and (E) calcu-
lated P(r) functions of the MUA—-dDDT (pink solid line) and dMUA-DDT (dark blue solid line) nanoparticles. (F) A 3D model of the MUA-DDT nano-
particles generated using the MONSA program. The green, blue, and pink beads represent the gold, DDT, and MUA phases, respectively. (G) SANS
data and (H) calculated P(r) functions of the dMUA-DDT—-dTEA (cyan) and dMUA-DDT-TEA (orange) samples. (I) Chemical structures and lengths of
the PET, MUA, TEA, OT and DDT molecules. (J) SANS data and (K) calculated P(r) functions of the MUA-dDDT-dTEA (cyan) and MUA-dDDT-TEA
(orange) samples. (L) Scattering length density (SLD) curve representation of TEA counter-ions surrounding the MUA-DDT nanoparticles.
“Nanoparticles” are abbreviated as “NPs” in all figures.
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we added an organic base, triethylamine (TEA), the nano-
particles became highly soluble under aqueous conditions.
Based on the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory,*" the positively charged TEA molecules, in principle,
form a counter-ion layer through electrostatic interactions.
This would stabilize the nanoparticles in water. Therefore, we
investigated whether SANS could characterize the difference in
the presence of the counter-ion cloud that was formed by the
small organic base, as well as the difference in the solvation of
the ligand shell. The two sets of nanoparticles were mixed
with either TEA or its deuterated form (dTEA), and the result-
ing four samples (i.e., dAMUA-DDT-TEA, dMUA-DDT-dTEA,
MUA-dDDT-TEA, and MUA-dDDT-dTEA) were all dissolved in
D,O for the SANS experiment. Each of the four sets of contrast
conditions highlighted different components in the nano-
particles, e.g., the MUA ligand, the DDT ligand, or the TEA
counter-ions (Fig. 2G and ]).

As shown in the P(r) plots in Fig. 2H and K, when the
dTEA’s contrast matched that of the D,O solvent, the overall
sizes (Dpax) of the dMUA-DDT and MUA-dDDT nanoparticles
were 82 A and 86 A, respectively. As discussed above, the Dyax
values of both nanoparticles in MeOD were ~90 A; therefore,
the SANS data in D,O suggest that the MUA-DDT ligand shell
adopted a more collapsed conformation (~2-4 A thinner)
under aqueous conditions. While the two ligands had identi-
cal chain lengths in MeOD, a small difference in the Dj,ay
value could be observed in D,0O: the DDT molecule is ~2 A
shorter than the MUA molecule. Considering the hydrophobic
nature of DDT and the charged MUA head group, such a
subtle variation is reasonable and could be related to the
different hydration degrees of the two ligands. Therefore,
these results further prove that SANS has the capability to dis-
tinguish between closely resembling structures at the A-scale
while simultaneously detecting subtle changes in the confor-
mation of ligand molecules on the surfaces of nanoparticles in
various solvent environments.

From the SANS data, it is obvious that for both the dMUA-
DDT and MUA-dDDT nanoparticles, when the nondeuterated
TEA was used, the valley of oscillation in their scattering pat-
terns shifted toward a lower g region than the dTEA contrast.
This indicates that the overall sizes of the nanoparticles sig-
nificantly increased due to the scattering contribution from
the counter-ion TEA. The SANS data were then fitted using a
core and multiple shell structure model with the core and the
first ligand shell having fixed scattering length density (SLD)
values, while the SLD of the second shell features an exponen-
tial function of the radius (Fig. 2L). This analysis indicates that
the first ligand shell, which is composed of MUA and dDDT,
has an average thickness of ~10 A. The thickness of the
second diffused layer of the counter-ions is found to be ~18 A,
while within this range, the SLD value gradually increases
from 4.1 x 107 A~ to 6.4 x 107° A™2, It should be noted that
while the electric double layer theory is central to surface
science, the direct characterization of its structure is highly
challenging with most of the techniques. The present findings
provide compelling evidence that the exceptional sensitivity
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and resolving power of SANS validate physical models that
contain molecular-scale details, paving the way for a compre-
hensive study of the interfacial structures of nanoparticles.

Probing the spatial heterogeneity at the molecular scale

In addition to extracting parameters such as the core-shell’s
diameter, it has been previously demonstrated that 3D models
can be readily reconstructed using programs such as MONSA
in the ATSAS package.'®*> This program utilizes a three-phase
bead model (a metal core and two ligands) to represent the
structures of the nanoparticles. Starting from randomly
assigned phases, the Monte Carlo-type calculation fits multiple
SANS curves simultaneously and minimizes the overall discre-
pancy between the experimental data and the fitting results. A
detailed description of the algorithm and the fitting procedure
can be found in the ESILj As shown in Fig. 2C and F, the
models that were generated from MONSA allowed the phase
separation structure of the binary ligands on nanoparticle sur-
faces to be directly visualized. Both the PET-OT and MUA-
DDT ligand shells featured small phase separation domains
that were similar to the ones in previous reports and molecular
dynamic simulations."® It should be noted that, being a Monte
Carlo method, the fitting from each run would generate a
different model. Thus, we performed multiple fitting tests,
starting from different random configurations, and all the
resulting models from the repeated calculations were very
similar to each other (Fig. S4t). Furthermore, Fig. S4} shows a
direct comparison with theoretical scattering patterns for the
ideal stripe-like, patchy or Janus type of morphology, and they
clearly deviate from the experimental curves.

The Stuhrmann plot and contrast variation are often used
to analyze the inhomogeneity of nanoparticles. As shown in
eqn (1), the a coefficient in the Stuhrmann equation describes
the relative distribution of scattering length density radially
from a particle’s center of mass. The « value is positive when
regions with a higher density are close to the periphery and
vice versa. The value of f# is a measure of the distance of the
center of mass of the particle to the center of scattering length
density of its heterogeneous components. f = 0 when they
coincide; otherwise, f # 0.

R> =R +alp — Aipz (1)

where Ap = py — psolv, Which is the difference between the

contrast of the scattering object and that of the solvent. R. is

the radius of a particle’s gyration at an infinite contrast (i.e. if
it were homogeneous).

A series of SANS experiments were conducted under various
contrast conditions using a mixture of H,O and D,O (100/0,
50/50, 25/75, 0/100), as shown in Fig. 3C. A binary ligand com-
bination of 11-mercapto-1-undecanesulfonate (MUS) and dOT
(Fig. 3A) was used (90.9% MUS and 9.1% OT), which resulted
in the nanoparticles being highly soluble in water. The OT
ligand was fully deuterated but the MUS ligand was nondeuter-
ated so that there would be a sharp contrast between the two
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Fig. 3 A normalized Stuhrmann plot, P(r) function, and SANS data of the nanoparticles. (A) Schematic representation of the MUS—OT nanoparticles.
(B) 3D models, generated using MONSA, of the MUS—-OT nanoparticles. All four phases, i.e., the solvent (white), MUS (pink), OT (blue), and gold
(green), are shown. (C) SANS data of the MUS—OT nanoparticles. (D) A normalized Stuhrmann plot of (Rg/Rc)2 vs. pm/ Ap at four different contrasts:
D,0/H,0 = 100/0, 75/25, 50/50, and 0/100. (E) Calculated P(r) function of the MUS—dOT nanoparticles at different solvent contrasts. (F) 1o°° vs. Ap

at four contrasts: D,O/H,O = 100/0, 75/25, 50/50, and 0/100.

ligands. As shown in Fig. 3D, an R. value of 9.1 nm was
obtained, and the values of a and f were —432.7 and 87.6,
respectively. The negative and large absolute value of a indi-
cates that the high contrast component was enriched at the
core of the nanoparticles, which is in line with the convention-
al core-shell structure of the nanoparticles. As the metal core
of the nanoparticles can be regarded as uniform and sym-
metric, the value of f reveals the structure of the ligand shell.
The non-zero and large value of § indicates that the binary
ligand shell had a highly axisymmetric structure in which the
particle’s center of mass did not correspond to the center of
scattering length density. A large degree of eccentricity is also
indicated by the narrow parabolic shape of this curve.
Therefore, the Stuhrmann plot confirms the overall core-shell
structure of the nanoparticles as well as the heterogeneous
ligand structure on the surface.

Moreover, calculating the Stuhrmann Plot required measur-
ing the particle’s radius of gyration at an infinite dilution, and

3804 | Nanoscale, 2025, 17, 3798-3308

it was measured with at least three different solvents (Fig. 3F).
The contrast match point was also measured, and it can be
considered an important characteristic of the nanoparticles.
The dependence of zero-angle scattering on the contrast is
given by eqn (2):

10) = (4p)*V™. (2)

From this equation, a linearization \/7@ vs. Ap yields the
contrast match point of the particle at 7(0) = 0. At this point,
Pm = Psolv- Therefore, the average density level within the par-
ticle can be readily determined. The inclination of the line is
related to the volume of a particle. As shown in Fig. 3F, the
experimentally determined contrast match point was found to
be pm = 0.3 x 107 A™> and the inclination was 0.2, agreeing
with the ligand ratio measurement from NMR (Fig. S57).

The Dy,,x value of the MUS-dOT nanoparticles was 9.2 nm,
as determined from P(r) in Fig. 3E. The shape of the black
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curve in the P(r) function deviates slightly from the bell shape,
which might be due to the specific combination of the
ligand’s length and composition as well as the spatial distri-
bution of the ligands that deviate from the random mixing. To
further resolve the nanoparticles’ structure, the scattering
curves were fitted using MONSA (Fig. 3B), and the ligand shell
heterogeneity was visualized using the reconstructed 3D
model. As shown in Fig. 3D, the OT ligands seem to form rela-
tively large domains, and the heterogeneity of the ligand shell
is large. Nanoparticles that are protected with an amphiphilic
ligand shell have many interesting interfacial properties, and
similar nanoparticles have shown great potential in various
fields such as sensing, drug delivery, and antivirals.*>** Thus,
the information retrieved from SANS can hopefully help estab-
lish their structure-property relationships in biomedical
applications.

Distinguishing structures in different thermodynamic states

For the binary self-assembled monolayers on nanoparticles,
previous studies have established that various morphologies
could arise as a result of the balance between the enthalpy of
ligand packing and chain conformational entropy.*® Therefore,
in principle, the morphology of a binary ligand shell may
evolve as it goes through the thermo-treatment process.*®*” To
assess the ability of SANS to differentiate variations in the
ligand organization in similar thermodynamic states, dPET-
DDT-protected nanoparticles were prepared using the ligand
exchange reaction at room temperature (Fig. 4B). Under such
conditions, the self-assembled patterns were influenced by the

>

Intensity (a.u.)

Intensity (a.u.)

0.1 0.2 0.3

q A"
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exchange kinetics, and thus nonequilibrium structures could
be observed.*® A heating treatment was then performed on the
nanoparticles’ dTol solution at 50 °C for 24 hours. As shown in
Fig. S6, both NMR and TEM analyses were performed, and
they showed that the ligand ratio and core size of the nano-
particles were the same before and after the thermo-treatment
process. This was further confirmed by the SANS spectra,
which overlapped in the Guinier region (Fig. 4A), suggesting
that the R, value of the nanoparticles remained unchanged.
Similarly, the P(r) values (Fig. S7t) of the two nanoparticles
appeared almost identical, with the Dy, values being 8.2 nm
and 8.3 nm respectively.

Combined with the information from the other supporting
techniques discussed above, the overlapping scattering curves
at a low g value confirm that the overall size and composition
of the nanoparticles remained constant during the heating
process. An observable deviation in the form factor could be
seen from 0.08 A™" to 0.39 A™" (Fig. 4C), as the oscillation fea-
tures in the scattering profiles became sharper for nano-
particles after thermo-treatment. Such a difference can be
attributed to the ligand shell rearrangements on the nano-
particle surfaces. The 3D models were then reconstructed
using MONSA fitting with the same procedure described above
and are shown in Fig. 4D. Although the overall structures of
the binary ligand assembly were similar, the two nanoparticle
models differed slightly in terms of the nanoscale domains.
The phase separation domains of the PET ligands became
thinner after heating. This observation might be explained by
the conformational entropy contribution at higher tempera-

N N N NN
S DDT
S
% PET
D Before thermo-treatment

After thermo-treatment

Fig. 4 SANS data, a scheme of the nanoparticles, and 3D models of the nanoparticles. (A) SANS data (dots) and fitting (full lines) for the PET-DDT
nanoparticles before (red) and after (gray) the thermo-treatment. (B) Schematic representation of the PET-DDT nanoparticles. (C) SANS data in a
high g region highlighting the subtle changes of the form factors of nanoparticles due to the heating process. (D) 3D models of the PET-DDT nano-
particles under different thermostatic conditions generated using MONSA. All four phases, i.e., the solvent (white), DDT (pink), PET (blue), and gold

(green), are shown.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 3798-3808 | 3805


https://doi.org/10.1039/d4nr04365k

Published on 20 December 2024. Downloaded on 3/19/2026 11:20:00 PM.

Paper

tures, which favors smaller and more elongated domain struc-
tures. Similar behavior has been reported previously on other
binary ligand-protected nanoparticles.”” Although further
experimental and simulation studies are required to validate
the proposed structural models, to the best of our knowledge,
SANS is presently the sole technique that can effectively detect
such subtle morphological alterations on nanoparticle
surfaces.

Conclusions

In summary, this study has demonstrated the exceptional
resolving power of SANS in analyzing the surface structures of
nanoparticles. Despite being constrained by the range of scat-
tering vectors and instrument resolution, SANS can dis-
tinguish similar structural models at the molecular scale. We
have shown that SANS is particularly powerful in investigating
the dimensions of ligand shells on nanoparticle surfaces, a
task challenging for both TEM and X-ray scattering. Moreover,
we have demonstrated the capability of SANS to examine the
intricate details of the counter-ion layer. Additionally, by utiliz-
ing advanced computational tools like MONSA, we can recon-
struct 3D models that effectively describe the surface mor-
phologies of nanoparticles in various thermodynamic states.
The structural information is crucial for applying nano-
materials across a broad spectrum of fields, including drug
delivery, diagnostics, and catalysis, where surface structures
and interactions with other molecules are key. Consequently,
we believe that SANS is a premier technique and will play an
increasingly vital role in nanoscience. Future research should
concentrate on developing new, dedicated data analysis algor-
ithms to enhance the interpretation of SANS results for
complex nanomaterial systems. Additionally, integrating SANS
with other complementary techniques is crucial for fully
exploiting its capabilities to probe the dynamic behavior of
nanomaterials. This integration will enable more effective
in situ and in operando analyses in future studies.
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