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Abstract: Metal nanoclusters are a unique class of synthetic material,
as their crystal structures can be resolved using X-ray diffraction, and
their chemical formula can be precisely calculated from mass
spectroscopy. However, the complete structure determination by
these two techniques is often a challenging task. Here, we utilize small
angle neutron scattering (SANS) to directly quantify the key structure
parameters of a series of silver and gold nanoclusters in solution,
which correlates well to their crystallographic structures. Besides,
SANS also allows the quantification of the counterions layer
surrounding charged nanoclusters in solution. Furthermore, when
combining with X-ray scattering, it is possible to estimate the
molecular weight of both the metal core and the ligand shell of
nanoclusters. This work offers an alternative characterization tool for
nanoclusters without the requirement of crystallization or gas phase
ionization.

Introduction

Metal nanoclusters (NCs) are an emerging type of
nanomaterial with unique optical, magnetic, and catalytic
properties.[' NCs are atomically monodisperse, i.e., they can be
represented by definite chemical formulas and their structures
can be resolved by X-ray crystallography.? Also, the giant
polyoxometalate (POM) molecules formed covalently by
connecting transition metals and oxide polyhedrals share similar
properties with colloids.®® The characterization of NCs has
revealed different types of metal-organic coordination
architectures and uncovered the emergence of surface plasmonic
resonance.®! Understanding the structure-property relationships
of NCs is also of great importance for their potential applications
in various fields.?! For example, the core size and ligand shell
arrangement are critical for the in vivo fate of the NCs when acting
as drug carriers or imaging agents./! Similarly, the high surface-
to-volume ratio of the NCs results in efficient atomic utilization,
which is of great promise for the development of novel catalysts.®
15]

Due to their ultrasmall sizes and atomic-precision nature, the
characterization of NCs often follows that of proteins rather than
colloidal nanoparticles, with the latter typically relying on
techniques such as electron microscopy (EM), dynamic light

scattering (DLS) and SAXS.!"5-"8 In contrast, the atomic structure
of NCs is resolved using single crystal X-ray diffraction (XRD) and
their exact chemical composition is determined by mass
spectrometry.['®-28 Although the precise characteristics of many
NCs have already been resolved, there are clear limitations of
these two techniques. Specifically, obtaining high quality single
crystals for XRD is often a formidable challenge due to the size of
the NCs as well as the flexibility of the organic ligands, which
increases the disorder in crystals.?® For mass spectrometry, the
ionization of the samples, especially for larger NCs, tends to be
difficult, and ligand loss may also occur.% Moreover, so far, there
are only few techniques, such as nuclear magnetic resonance
(NMR) and analytical ultracentrifugation (AUC), that could be
used to directly study the properties of NCs in their native state in
solution.®" For instance, several studies have utilized DOSY-
NMR and AUC to determine their hydrodynamic size and the
heterogeneity of distinct NC sizes in the ensemble.®233 However,
the information extracted from these methods is limited. Another
potentially informative technique for NC solutions is the multi-
dimensional NMR techniques. Unfortunately, the heterogeneous
and dynamic chemical environment complicates the interpretation
of the spectra, making it often rather a complementary method
only.34

Small-angle neutron scattering (SANS) is a powerful
technique to study the structural arrangement of multicomponent
materials at the nanoscale.% Thanks to its sensitivity to isotope
labeling, especially deuteration, the scattering contrasts of
different constituents can be fine-tuned making it possible to
highlight the morphology of the organic ligand shell even in the
presence of the heavy metal core.l®®371 For instance, using a core-
shell model, the accurate structure parameters such as the core
size and distribution, the thickness as well as the solvation degree
of the ligands for various types of nanoparticles can be
extracted.[*8% Using selective deuteration and solvent contrast
variation techniques, it is possible to reconstruct the self-
assembled structures of binary ligand mixtures obtained by phase
separation on the nanoparticle surfaces.54%-*! Besides model-
based analytical methods, small angle scattering could directly
quantify several global parameters, such as the radius of gyration
(Rg), Porod volume (1;), surface-to-volume ratio, compactness
and correlation length (I,.). Recently, by defining a new scattering
invariant, i.e., volume of correlation (1), Rambo et al. developed



a method to accurately determine the molecular mass of proteins
or RNA ranging from 10 to 1,000 kilodaltons.!

Although both SANS and small angle X-ray scattering
(SAXS) are typically regarded as low-resolution techniques that
cannot access atomic scale information, the structural parameters
retrieved from scattering patterns have been reported to be highly
accurate. For proteins, the heterogeneous hydration layer, whose
thickness is typically in the range of a few Angstrém, could be
precisely evaluated using SANS.“%47] The core-shell model based
analytical fitting of the SANS data from nanoparticles can also
provide dimensional parameters with Angstrém accuracy®® and
distinguish ligand shell structures that differ by only a few
molecules.P%! Utilizing SAXS and Monte Carlo type fitting, Dass
and co-workers investigated the metal core structure of several
NCs, such as Ausze and Au-940.?'*9 However, due to the low
contrast in X-ray scattering, the ligand shell structures of those
NCs were not accessible. So far, there are no reports that explore
the application of SANS in characterizing both ligand shell and
metal core arrangement of NCs in a holistic fashion.

Here, we report a systematic study on the neutron scattering
of atomically precise NCs in solution. Adopting an ellipsoid core-
shell model, we successfully fitted the SANS data of a series of
silver and gold NCs, including Ag1s, Agss, Agas, Ages, Ag13s, Agara
as well as Auss, Auios, Au14s. Both the size and geometry
parameters calculated from SANS were found to be consistent
with the crystallographic results for these NCs. Interestingly, for
some NCs that carry multiple intrinsic charges, such as Agas4, the
overall diameter appeared significantly larger than other NCs with
similar numbers of metal atoms. We attribute this observation to
the presence of counter-ions in solution. Therefore, SANS could
not only provide quantitative structure information without the
need of crystallization but also allow for the examination of the
surrounding molecules of NCs in solution. Furthermore, using the
contrast variation SANS, we also established a power-law
relationship between the scattering invariants and the molecular
weights of the NCs demonstrating the potential of SANS to serve
as a supplementary technique for mass spectrometry.

Results and Discussion

To date, most of the NCs discovered are composed of less
than ~1000 metal atoms and ~200 organic ligands, which
corresponds to an overall size of less than 5 nm for the majority
of NCs.*9 Therefore, all the SANS measurements in this work
were performed with a short sample to detector distance (1.2 m)
recording a g range of 0.04 to 0.8 A", corresponding to 7 A to 150
A'in real space. Thus, the scattering patterns contain the full form
factor information and cover the entire Guinier region. As the
scattering intensity at such high g angles is typically quite low, the
SANS measurements in this work were performed using solvents
with high deuteration contents to minimize the incoherent
scattering background. Depending on the core size and the ligand
chemical structure of the NCs, different deuterated solvents, such
as d-toluene, d-N,N-dimethylformamide (d-DMF), d-chloroform
(CDCl3), d-dichloromethane (d-DCM), were chosen to ensure
high solubility under good solvent conditions and minimize the
inter-particle interactions. The sample concentration was
approximately 10 mg/mL corresponding to a volume fraction of
NCs in solution of less than 0.1%. Due to the good solubility and
low volume fraction, the NC samples were found to be in the non-
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interacting regime and the structure factor contribution to the
scattering intensity could therefore be neglected. This was
confirmed with SAXS measurements characterized by a flat and
featureless pattern at the low scattering angles, as shown in
Figure S1.
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Figure 1. Schematic illustration of SANS measurement on NCs. One
dimensional scattering pattern is reduced from the solution scattering profile of
NCs. A core-shell model with three different stages of SLD contrasts (core,

shell, and solvent) is used to interpret the data.

While most of the NC structures are isotropic, a number of
NCs were found to be non-spherical. For example, the Auss is
known for its rod-like metal core®?*, and the Agsz4 and Agiss
feature an oblate disk-like structure.®® Therefore, instead of using
simple spherical models to fit the scattering curve as in the case
of colloidal nanoparticles, a core-shell ellipsoid model was found
to be a better representation of the NC structures (Figure 1).5%
The fitting analysis was performed multiple times using both
SASview (http://www.sasview.org/) and SASfit software®®'! to
cross validate the calculated results. The scattering length
densities (SLDs) of the metal core, ligand shell as well as the
deuterated solvents were calculated (Table S1) and given as the
fixed parameters during the fitting. As shown in Eq. 1, several
important structure parameters are extracted from the ellipsoid
model fitting to describe the overall structure of the NCs, i.e., the
equatorial radius (R,), the polar radius (Rp), and the thickness of
the shell (tsne)- A parameter x.,,.. was defined by the ratio of the
Ry, and R, acting as a measure of the axial ratio of the metal core
for the NCs.[3650]

2

P, aF% [f(q' Re, R - xcore_;—t‘j:e:'];(sz;lf;’)“' tshews Re " Xcore ]
+background Eq. 1
where,

(@ R Ry ) = 30pV (sin[qr(R,, R., )] — cosB[qr(Rp,Re,a)])
[ar(Ry, Re, )]
and,

(R, R, ) = [RZ(sina)? + R2(cos a)z]l/z

A series of silver NCs with different sizes including, Ag1e, Agss,
Agas, Ages, Agiss, and Agsra, were synthesized as previously
reported.?3%-281 For all the NCs, a measurement time of 30 min
was found to be sufficient to collect SANS curves with an
acceptable signal-to-noise ratio. As shown in Figure 2, the
scattering curves of Agsz4 and Ag1ss present at high q angles the
oscillations typical of nanoparticles, given that their sizes are



close to that of conventional colloids. In comparison, the rest of
the NCs demonstrate much less defined oscillation patterns due
to their smaller sizes. The structure parameters extracted from the
core-shell ellipsoid model fitting are summarized in Table 1. The
core radii were found to be 5.2 + 0.1 A, 5.6 + 0.3 A, 6.4 + 4.5 A,
83+0.1A 115 £0.3A, and 15.1 £ 0.2 A for Ag1s, Agss, Agas4,
Ages, Ag13s, and Agasz4, respectively. Such values agree well with
what were measured from the crystal structures of these
NCs.[2326-28] Moreover, the x.,,. from the fitting results for these
six NCs were 0.8, 1.0, 0.9, 0.7, 0.7, , and 0.7 for Ag1s, Agss, Aga4,
Agss, Ag13s, and Agas7s, respectively. As suggested by the crystal
structures, while the shapes of Agi and Ags may be
approximated as spherical, Agss displays a half-cube shape and
Ages is nearly cubic. The remaining NCs, Agi3s, and Agasr4, are
disk-like and deviate further from a perfect spherical shape.
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As the NCs were not protected by the same ligands, different
values for the tg,,;; were also observed from the fitting. For Agas
and Ages with the same main component of the ligands, 3,4-
difluorobenzenethiol (SCesHsF2), the tg.; was found to be 1.9 +
0.3Aand 6.5 £0.1 A, respectively. A shell thickness (4.6 £ 1.2 A)
was found for Ag1e, which is protected by a mixture of SCsHsF2
and 1,2-bis(diphenylphosphino)ethane (DPPE). In comparison,
the 4-tert-butylbenzenethiolate (4-tBuPhSH-) protected Ag13s and
Ags7s feature a shell thickness of 8.9 + 0.4 A and 7.0 + 0.3 A,
respectively. All the differences in shell thickness calculated from
SANS fitting were confirmed by crystal structures. Similar
capability in resolving the small structure variations were reported
in the evaluation of the hydration profile of proteins using
SANS."8 This result proves again the accuracy of SANS analysis
and its A-scale sensitivity in distinguishing small structure
differences.
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Figure 2. Comparison between the single crystal structures of Ag NCs, their SANS data and corresponding P(r) analysis for (A) Ag16(DPPE)4(SCeHsF2)14, (B)

Agss(SPhF2)26(P"Bus)s, (C) Agaa(SPhF2)s0, (D) Ages(SPhF2)s6(P"Bus)s, (E) Ag13s(SPhtBu)s4ClsPPhs, and (F) Ags74(SPhtBu)113Br2Clz. The single crystal structure

plots were reproduced from data retrieved by the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC-916463 for Ag1s, CCDC-

1530606 for Agss, CCDC-953878 for Agas, CCDC-1530604 for Ages, CCDC-1496142 for Agizs, CCDC-1496141 for Ags74.2326-281 Grey spheres represent silver

atoms while green sticks are organic molecules. The SANS data for Aga74, Ag13s and Age were collected using CDCls as solvent and for the Agss and Agie the

solvents were d-DMF and d-DCM, respectively.



The only significant deviation of the fitting results from crystal
structures was the shell thickness of Agas (11.6 4.6 A from SANS
compared to 6.9 A in crystal). Such a difference may be attributed
to the presence of counter-ions in the solution. In fact, among all
these silver NCs, Ags4 is the only one that carries four negative
charges. During its synthesis, a positively charged molecule,
tetraphenylphosphonium (TPP), was added and acted as the
counter-ion. Therefore, the ~5 A difference represents the space
occupied by the TPP counter-ions in solution, which indeed
agrees well with the crystal structure of TPP. Noteworthily, there
are several reports that emphasize on the effects of counterions
on the properties of NCs. In colloid systems, the size of
counterions is orders of magnitude smaller than that of the
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particles and hence they are often regarded as point charges.5
However, in the case of NCs, the dimension of counterions and
particles becomes comparable and could not be neglected, as
they play a decisive role in many unique interfacial properties of
the NCs. For example, Yao et al. reported that the geometry of
Agas NCs supracrystals can be varied by altering the
concentration and types of the counter-ions.®® Zheng and co-
workers reported that the counter-ions of NCs not only act as
stabilizing agents for charged NCs but could also promote the
crystallization of chiral NCs.® Therefore, the capability of SANS
in determining counter-ion layer structures may contribute to the
future application of NCs in solution phase.

Table 1. Fitting parameters for different nanoclusters NCs employing a core-shell ellipsoid model as described in Eq 1. R, and tg,,; represent for the radius of metal
core and the thickness of the ligand shell, and x,,. is the ratio of thickness of shell at pole to that at equator.

Drax (A) R. (A) tsneu (A) Xcore
P(r) Crystal Fitting Crystal Fitting Crystal Fitting Crystal

Ag1e 22.0 21.9 5.2 5.8 4.6 6.1 0.8 1.0
Agss 28.0 27.3 5.6 7.2 1.9 5.9 1.0 0.9
Agas 47.0 32.0 6.4 8.2 11.6 6.9 0.9 1.0
Ages 28.0 26.8 8.3 8.3 6.5 5.2 0.7 0.8
Ag13e 44.0 40.5 11.5 12.0 8.9 71 0.7 0.5
Agsra 43.0 42.0 15.1 156.7 7.0 7.5 0.7 0.7
Auss 28.0 27.3 4.6 4.8 9.3 7.9 0.9 0.8
Au1o4 32.0 * 9.6 * 8.8 * 0.8 *

Au1ag 35.0 28.1 9.4 8.7 6.9 6.1 1.2 0.9

* The crystal structure of Au1o4 has not been reported yet.

Besides the analytical fitting, some global properties can be
directly extracted from SANS curves. As shown in Figure 2, the
pair distance distribution function, P(r), was calculated using
GNOM package. A typical bell shape was observed with the
P(r) for Agss, Agss and Ages, confirming again the spherical
structure of these NCs. A shoulder in P(r) at the small distance
range can be observed for Ag13s and Agar4, it qualitatively agrees
with their disk-like shape feature. Similarly, the P(r) of Agss is
characterized by a two-peak profile, which is typical for rod-like
structure.?” The D, calculated from P(r) represents the largest
pair distance in the scattering object, which equals to the outmost
diameter of the NCs including the ligand shell. The determination
of the overall sizes of NCs from the D,,,, value was performed
and quantitatively compared to that measured from the crystal
structures (Table 1). The deviation of D,,,, values from SANS
was found to be less than 10 % representing only a few A
discrepancy for most NCs. Again, in the case of Aga, the
Dax Values were significantly larger than the sole core-shell size
of the NCs, with 4.4 nm and 3.2 nm, respectively. Accordingly,
this shows that the counter-ion layer accounts for 0.8 nm
thickness in solution.

We also performed SANS analysis on three different sizes of
gold NCs, i.e., Auss, Au1os, and Au14s. As shown in Figure 3, the
Dimax Were found to be 3.5 nm, 3.2 nm, and 2.8 nm, respectively.
The fitting parameters of the core-shell ellipsoid model can be

referred to Table 1. For gold NCs with known crystal structures,
i.e., Auss and Auiss, quantitative agreement between the fitting
results and the single crystal structures was achieved. Specifically,
the equatorial radius R, of metal core for Auss and Au14s4 are 4.6
+6.1 Aand 9.4 + 0.6 A, respectively, with corresponding shell
thicknesses tg,.; 0f9.3+6.2 Aand 6.9+ 1.0 A. It should be noted
that the single crystal structure of Au104 has not been reported yet.
According to our fitting results, the suggested global shape of
Au1o4 appears to be an ellipsoid with an x,,. value of 0.8. The
calculated Au+o4 crystal structure composes of a metal core of 9.6
+ 0.7 A and the ligand shell of 8.8 + 0.7 A. Essentially, such
prediction is close to the structure of its neighbor Au103.®®! The
result demonstrated the advantage of SANS in providing
structural information without the need for crystallization.
Hopefully, such data could act as a reference for future
experimental and theoretical analysis of Au1oas.

Moreover, we explored the possibility of combining SAXS
and SANS in determining the molecular weight (My,) of NCs.
According to Rambo et. al., a new scattering invariant, the volume
of correlation (V) can be utilized to accurately evaluate the My, of
biomacromolecules, such as proteins and RNAs.*5! As described
in Eq 2, V. is independent of the concentration of the samples and
can avoid systematic errors of concentration measurements in the
conventional Guinier methods. They also defined Q which is the
ratio of the squared of V, to R, with a unit of 3.9 Explicitly, I, is



per self-correlation length and V; is particle’s volume. It has been
found that Qj follows a power-law with the mass of a protein,
which is shown in Eq 3. Using these invariants in SAXS, a
previous study has reported less than 4% error in the evaluation
of the mass of proteins.®%
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Figure 3. SANS data and P(r) plots of Auss(A), Au104(B) and Au144(C) NCs. All SANS data was collected using deuterated toluene as solvent. The Power-law

relationship (D) between the @ and the core and ligand shell mass of the nanoclusters was calculated using the ScAtter software.5”-59 The differences of the

exponent coefficient originates from different contrast conditions. The exponent for the gold core was calculated from SAXS data while for the case of ligand shell,

it was determined from contrast matching SANS data. The single crystal structures of Auss (E) and Auiaa4 (F) were reproduced from the reference.?*29 Yellow

spheres are the gold core and green sticks are the organic ligand shell. And the single crystal structure plots were reproduced from data retrieved by the

Cambridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC-785582 for Auss, CCDC-1873120 for Au14a4.

Here, to calculate the My, of the metal core and the ligand
shell separately, we performed both SAXS and contrast variation
SANS measurements on three gold NCs. A mixture of deuterated
(79 %) and non-deuterated (21 %) toluene was used as solvent,
which exhibits a SLD that matches the contrast of the gold core.
Therefore, the scattering intensity solely comes from the ligand
shell. In comparison, in SAXS measurements, the contrast of the
organic shell is close to that of the solvent and thus the scattering
patterns only contain information from the gold core.
Consequently, a separate power-law relationship between the
Qr and molecular weight for both the core and ligand shell of NCs
could be established as presented in Figure 3 with the core weight

and the ligands weight being calculated respectively (Sl figure 11).
Similar to the case of proteins, a highly linear trend of the power-
law relationship was observed for the NCs, confirming the
accuracy of the My, analysis using SANS and SAXS.

Conclusion

In conclusion, we have demonstrated the capabilities of
SANS in the characterization of NCs in solution. Although the
dimension of NCs is small, accurate core and ligand shell
structure information can be readily evaluated by this method.



Different from solid state analyses such as X-ray crystallography,
SANS measurements could capture the presence of counter-ion
layers in solution. The knowledge on the presence of counter-ions
is important for understanding the electronic structure and
interfacial properties of NCs. Additionally, for NCs whose
crystallographic data is unavailable due to difficulties in
crystallization, or when the My, is challenging to be determined,
the contrast-matching SANS method and SAXS offer a reliable
way to estimate the structural parameters. For structure biology
and biophysics, SANS and SAXS has contributed greatly to the
study of biological samples in their native solution state.
Compared with conventional colloidal nanoparticles, atomically
precise NCs have much in common with proteins. We therefore
envision that solution-based SANS will obtain growing attention in
the field of NCs for the analysis of structural properties and
interactions in solution and thus hold great promise as a unique
characterization tool for NCs.
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Small angle neutron scattering (SANS) can directly quantify the overall structure parameters of nanoclusters in solution. By adopting a
core-shell ellipsoid model, the scattering patterns of a series of silver and gold nanoclusters can be correlated with their crystallographic
structures. When combining with X-ray scattering, the molecular weight of both the metal core and the ligand shell can be es




WILEY-VCH
RESEARCH ARTICLE

4

e
L
A

49,
&




