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ABSTRACT: Small-angle X-ray and neutron scattering provide powerful tools to selectively
characterize the inorganic and organic components of hybrid nanomaterials.
hydrophobic gold nanoparticles coated with several commercial and dendritic thiols, the
size of the organic layer on the gold particles is shown to increase from 1.2 to 4.1 nm. A
comparison between solid-state diffraction from self-assembled lattices of nanoparticles and the
solution data from neutron scattering suggests that engineering softness/deformability in
nanoparticle coatings is less straightforward than simply increasing the organic size. The
“dendritic effect” in which higher generations yield increasingly compact molecules explains

changes in the deformability of organic ligand shells.
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he combination of inorganic function with organic

specificity underpins many applications of nanotechnol-
ogy, including targeted biomedical therapies,'”
metamaterials,’ catalysis,6 and energy conversion.” Magnetic,
catalytic, radioactive, or optically active materials can now be
functionalized with a wide variety of surfactants, polymers,
covalently bound organic molecules, and biomolecules.””® As
might be expected from the functional orthogonality of
organic/inorganic hybrids, methods for characterizing each
elementary component of these hybrid materials are also
typically orthogonal.

Although transmission electron microscopy (TEM) is by far
the most common method for characterizing inorganic colloidal
nanoparticles (NPs), small-angle X-ray scattering (SAXS) is the
measurement par excellence to characterize the size and
monodispersity of inorganic colloids. Unlike TEM, SAXS
measures the ensemble properties: it is not prone to selection
and exclusion biases, and the measurement may easily describe
the material in colloidal solutions, rather than the solid state.
But due to the substantially lower contrast of organic material,
neither SAXS nor TEM are effective measurements for
observing nanometer-scale organic layers on the surface of
inorganic NPs. With neutrons, on the other hand, the contrast
is not tied to atomic number and can depend heavily on
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isotope. This isotopic sensitivity is often harnessed as a tool for
adjusting contrast, most notably by controlling the concen-
tration of protium and deuterium in various components of a
sample. This ability to vary contrast makes small-angle neutron
scattering (SANS) an ideal complementary measurement to
SAXS for the study of organic coatings and other mixed
organic—inorganic systems. A combined approach of SAXS and
SANS measurements provide valuable data for evaluating
ensemble size, shape, and polydispersity of hybrid colloids
including those used for biomedical applications in which there
is low tolerance for batch or vendor differences.

SANS has been heavily used to study the formation and
dynamics of micelles and polymers in solution. The
combination of SAXS and SANS measurements has been
used to analyze ligand dynamics, conformation, and thick-
ness.””'® Recently, Gomez-Grafia et al. demonstrated the use of
SAXS and SANS analysis to determine the thickness of
surfactant bilayers on the surfaces of gold nanorods.'® Other
work has used SANS exclusively to estimate the size,
morphology, and dynamlcs of surfactant layers and surface-
bound molecules.'®™>! Here, we extend the approach of
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Figure 1. (a) Ligands used in this study on Au NPs. Ligands are color-coded according to the corresponding data in parts b and c. (b) SAXS data in
open circles and fit lines for Au@L hybrids. Data are for L = DDT (black), L = OLAM (red), L = G1 (green), L = G2 (cyan), and L = G4 (violet).
(c) SANS data for Au@L hybrids in contrast-matched toluene. SAXS and SANS data are shown after subtracting the solvent background from the

data and the fitted background from fit curves.

correlated SAXS and SANS to study a series of hydrophobic
ligand-coated gold hybrid NPs (Au@L) in which the organic
monolayer thickness in solution is gradually controlled from 1.2
nm with the common commercial ligand dodecanethiol (L =
DDT) to 41 nm by the synthesis of disulfide dendritic
molecules with one (L = G1), two (L = G2), and four (L = G4)
generations. The synthesis of these thiol wedges was based on
2,2-bis(hydroxymethyl)propionic acid (bis-MPA) and each
branch was terminated with stearic acid groups, as described
recently.”” (See Scheme S1 and Figure S1 in the Supporting
Information.)

Previously, we demonstrated that these dendronized hybrid
materials offer systematic, tunable interparticle spacing in the
solid state and that they can be crystallized into single-
component and binary superlattice structures analogous to
atomic crystals.”> They are therefore an excellent system for
measuring variable organic coronae of inorganic NPs and for
comparing the dimensions of solvated species with those in dry
solids—i.e. to quantify the “softness” or deformability of the
organic component of a hybrid system. To synthesize Au@L
hybrid systems, oleylamine-stabilized Au NPs (Au@OLAM)
were first synthesized by reduction of chloroauric acid™*
followed, after purification, by ligand-exchange with disulfide
dendrimers. This procedure results in effective functionalization
of the Au NP with the desired ligand molecules, verified by
NMR.** Unbound ligands were removed through three steps of
precipitation and redispersion of the Au@L hybrids. Figure 1a
shows each of the molecules, which are used in this study. (Full
structures are shown in Supporting Information Figure S1.)
The corresponding SAXS patterns of Au@L hybrids are shown
in Figure 1b with a fit curve shown with a solid line. A standard
analytical model is used to fit the data:*®
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Here, S is a scaling factor proportionate to the number of
nanoparticles, V, is the volume of the Au core and not an
independent variable, and p, and p,,; are X-ray scattering length
densities (SLD) of the core (calculated as 125 A™%) and solvent
(calculated as 6.8 A™2). r, is the radius of a spherical core, which
is fit as a Gaussian distribution consistent with TEM (see
Supporting Information, Figure S2), and B is the isotropic
background. In the absence of precise definition of the SLD of
the core and solvent, this difference is subsumed into the
scaling prefactor, which is proportional to the volume fraction,
without affecting estimates of the NP size and polydispersity.
That is, the scaling factor and SLD difference in both X-ray and
neutron measurements are highly correlated and therefore only
scale is permitted to float in our fitting.

SANS data were fitted with a spherical core/shell model in
which the radius and size dispersion of the core are fixed by
SAXS measurements. Experiments were performed at contrast
matching conditions in toluene, in which the neutron SLD of
the solvent and core are matched at the SLD of gold (4.5 X
107% A72). The core/shell model takes the form™

3V(ip — sin|gr.| — gr. cos|gr
I(q)=%[ (n = n)( ([:rc)]3 qr, cos(qr,])
o 3o = p)Ginlar) — o cos[qrsn]z B
(gr,)

in which terms for the SLD (p,), volume (V,), and radius (r,) of
the spherical shell are added. During fitting, p, was fixed at —1
x 1077 A72 the SLD of stearic acid dissolved in a deuterated
benzene solution.”® This SLD represents the average SLD of
solvated stearic acid, which represents the majority of the
organic ligand shell in our dendritic systems, and therefore is a
reasonable approximation of the SLD expected from the
organic ligands on the NP surface. The assumed SLD value is
not precisely accurate for each ligand, but if the scaling factor S
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Table 1. Sample Fitting Results and Geometrical Data

graft density
coating, L . (nm)“ t. (nm)” 7" cystal a (nm)“? (nm™?)¢
DDT 20+ 03 1.2 +0.2 0.6 fec 8.1 5.8
OLAM 32 +02 1.7 £ 0.2 0.5 th 8.8 42
Gl 32+ 02 33 +04 1.0 hep 11.1 2.5
G2 33 +02 3.7 £ 0.6 1.1 hep 119 1.6
G4 32 +03 41+ 02 1.3 hep 13.6 0.7

linear contraction  Voronoi volume/solution

peripheral alkyl density
o

(%)% volume
22 26 0.99
1.8 29 0.97
1.2 31 0.79
1.4 27 0.82
2.2 13 1.09

“Au core radius, from SAXS. “Shell thickness, t, = r, — r,, calculated from SAXS and SANS. = t./r..>> “Unit cell a parameter. “Values deduced from
thermogravimetric analysis measurements.”” fChain density (number/area) at the periphery of the organic shell in solution. #Percent difference of
edge-to-edge spacing and t,. "Volume of organic Voronoi polyhedron in the solid state (minus inorganic sphere) divided by the volume of the
organic shell in solution. Explanation of the calculation is given in the Supporting Information. The +/— values represent 1 standard deviation in

error.

is permitted to float in the fitting process, it is sufficient that the
SLD of the organic shell is distinct from solvent (4.5 X 107¢
A™?) to obtain information on the size of the organic layer.
Both the scale and background terms are refit for SANS data
with fixed SLD values and fixed core size and polydispersity.

The findings of this correlated fitting procedure are shown in
Figure 1, parts b and c. In Figure 1b, X-ray patterns for five
samples of Au NP are shown in colored scattered plots offset
for clarity with fits in solid lines. The average inorganic
diameter of the NPs obtained from the fitting procedure is
included next to the plot and in Table 1. SANS data is shown in
the same colors for the same samples in Figure 1c. Comparing
the SAXS and SANS data shows a clear shift of the oscillatory
features to lower g values, indicating that the size of the species
scattering neutrons is larger than the structures analyzed by
SAXS measurements.

The extent of this shift depends on the organic coating.
Figure 1lc shows data in which the organic coating is
progressively larger. DDT and OLAM, common commercial
reagents for hydrophobic NPs with only a single alkane chain,
show organic coatings of 1.2 and 1.7 nm, respectively, which are
very similar to previous measurements of dodecanethiol and
octadecanethiol ligands on Au NPs in good solvents and oleic
acid ligands on PbSe/CdSe core/shell NPs.'*'®*' The
dendritic ligands with two (G1, 3.3 nm), four (G2, 3.7 nm),
and 16 stearate chains (G4, 4.1 nm) generate progressively
thicker organic coatings. Using the same size of Au core (e.g., 6
nm), the solvated volume of the Au@L hybrids can be
increased by a factor of 5 across the series of ligands used in this
study.

Monodisperse Au@L hybrids can be used as the building
blocks for single-component and binary superlattices by slow
evaporation of colloidal solutions.”” TEM images of single-
component superlattices are shown in Figures 2, parts a and b.
Figure 2c shows the SAXS patterns of the dried films for the
five hybrids for which solution data are shown in Figure 1. In
addition to the oscillatory patterns also apparent in Figure 1, an
additional structure factor can be observed from many peaks in
the SAXS patterns. The fitted structures, either hcp layers,
formed from epitaxy on the surface, or fcc crystals are reported
in Table 1 with the relevant unit cell parameters. In some cases,
both close-packed structures are possibly in evidence, but only
one is reported here.

Previous work by Boles and Talapin suggested that “softer”
systems—defined as those with larger organic volume
fractions—facilitate packing of self-assembled structures.”
One mechanism proposed for the improved packing behavior
of softer ligands was that the organic coatings of hydrophobic
NPs can deform from the spherical core/shell structure
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Figure 2. TEM micrographs of superlattices composed of (a) Au@G1
and (b) Au@G2 hybrids. (c) SAXS data of dried Au@L films.

observed of the solvated state to a Voronoi polyhedron in
the solid state (Wigner—Seitz cell), yielding a higher packing
fraction. Other recent work has claimed that the formation of
bee-type superlattices of NPs in such systems is due to a
minimization of ligand packing frustration.”” Interdigitation of
ligands should also be noted as a potential mechanism of
enhanced packing. A comparison of the solid-state SAXS data
with the solvated SANS data for the samples of our study
suggests that this may be less straightforward than previously
thought. Table 1 offers three figures of merit for the “softness”
of a NP-ligand hybrid. For comparison, we have listed the
softness parameter (y) defined by Boles and Talapin, but
measured based upon a comparison of solution SAXS and
SANS data, in Table 1. Assuming an incompressible Au
fraction, the contraction or softness of spheres from the
solvated state when dried into a NP superlattices is attributed
solely to contraction of the organic shell. This contraction may
be evaluated in one dimension—changes in the near-neighbor
spacing reflecting bending of ligands from the interface of two
spheres—or three dimensions, from the perspective of space-
filling.

The linear contraction of the samples is reported in Table 1
as a percentage change of the organic shell length from the
solvated state measured in SANS experiments to edge-to-edge
spacing measured in the solid state. The largest dendron, with
16 stearate chains, shows the smallest contraction (13%) of the
organic shell. Each of the other samples shows very similar
contractions, between 26 and 31%. Contraction and
deformation is described in three dimensions by comparing
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the relative size of the Voronoi polyhedron of each Au NP with
the size of the organic volume in solution. This ratio does not
necessarily imply that space-filling reaches 100% (or higher),
but it provides a measure of relative deformability or softness.
Lower values of this ratio imply that the ligand shell deforms
more effectively to fill space. Au@DDT and Au@OLAM
hybrids have very similar values close to 1. The Au@Gl and
Au@G2 hybrids show greater deformability, consistent with
their lower peripheral alkyl chain densities. Again, Au@G4
stands out as particularly “hard”: unlike other samples, the
solvated size of the organic shell is smaller than the organic
volume of the polyhedron necessary for complete space-filling
in the solid state.

These measurements indicate that “softness” defined by the
relative size of the organic material does not necessarily lead to
greater flexibility of the organic ligands in the solid state.
Rather, the route by which softer materials are obtained is also
important: linear extensions of alkyl groups for molecules with
similar graft densities lead to an organic Iazer with
comparatively lower density and greater flexibility.””*® This
effect is observed particularly in the relative deformability in
three dimensions of the Au@G1 and Au@G2 hybrids, which
have the lowest peripheral alkyl chain densities. But using a
dendritic ligand, in which branching of alkyl chains extends the
organic coating but retains or even increases the density, can
yield diminishing or even negative returns in the softness or
deformability of the organic layer, as seen in the Au@G4
hybrid. In fact, this phenomenon is already well-known as a
“dendritic effect”: although the particulars depend on the
terminating group and branching connectivity (degree of
branching, junctions, and spacing), higher generations of
dendrimer typically demonstrate more dense, less compressible
structures than lower generations or linear analogs.””>* We
conclude from these experiments that the tendency for higher
generations of dendrimers toward reduced compressibility is
also operative in the packing of surface-bound dendritic ligands
of Au@L hybrids and that this congestion effect can even drive
self-assembly into more open structures overall.

The combination of SAXS and SANS measurements not
only provides Angstrom-scale size resolution for hybrid
nanomaterials but also offers a window to study the response
of each element of a hybrid system to external stimuli. Our
findings suggest that many of the heuristics for the swelling and
mechanical properties of polymer chemistry can be applied to
complex “soft” ligands grafted on to colloidal NPs. Although
demonstrated here for a hydrophobic material with dendritic
ligands, these techniques and analysis can be applied to a wide
variety of hybrid systems with molecular, polymeric, or
biological coatings in both aqueous and nonaqueous environ-
ments.
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