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The properties of colloidal dispersions critically depend on the
nature and strength of particle—dispersant interactions.' These
intervene during the formulation and determine the stability of
dispersions but are also important to tune the dispersion properties
toward those desired for their application.> Fundamental and in-
depth knowledge of these interactions in situ remains therefore a
primary requirement in colloid chemistry research.®> Many of the
analytical techniques and surface characterization methods that are
commonly applied often perturb the dispersion and the chemical
equilibria involved and/or provide a macroscopic view on the
interaction.* These studies must therefore be completed with
information from techniques that provide a direct and detailed view
upon the underlying interactions at the molecular level.

Solution NMR spectroscopy is a method of choice to provide
such a view, due to its noninvasive character and unique ability to
monitor each species individually. Intermolecular interactions can
be studied through their effect on the chemical shift, relaxation
times, and translational diffusion coefficient of the various species
and their sensitivity to variables such as concentration, solvent,
and temperature.>® A host of specific NMR approaches are
routinely applied to screen for ligand binding to biomolecular
targets, such as protein receptors, providing detailed information
about the binding process and conformation.® These have
recently inspired NMR based approaches for the in situ
characterization of the interaction between capping ligands and
semiconductor nanocrystals.”

Saturation Transfer Difference (STD) spectroscopy is a powerful
technique to investigate ligand binding to biomacromolecules
ranging from proteins to viral assemblies or membrane embedded
receptors.®>® Working with an excess of ligand, it consists in
saturating some resonances of the protein target in a so-called on
resonance experiment taking care not to affect the ligand resonances.
This selective saturation subsequently spreads throughout the entire
network of dipolar-coupled protons in the protein via spin diffusion.
When a ligand binds to the protein, part of the saturation is
transferred onto its protons at a rate that is determined by the
dissociation rate ko and the protein—ligand complexation constant
K,. Since each protein undergoes multiple binding events during
the saturation time, a sizable fraction of the ligands is affected,
leading to a reduction of the ligand resonance intensity to g on-
This is most easily characterized by subtracting a reference, so-
called off resonance experiment wherein saturation is applied
outside the frequency range where ligand and protein resonances
occur, leaving the resonance intensities unperturbed at Iy, or. The
difference spectrum yields nonzero intensities Istp = (Zsatoft — Zsaton)
only for resonances of binding ligands.®'® As ligand protons in
close contact with the protein receive more saturation than more
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distant ones, the relative Istp values of the ligand resonances can
be interpreted in terms of a binding epitope.®>'!

Here, we demonstrate the potential of STD NMR for the
investigation of interactions between dispersant molecules and
molecular nanoparticles composed of water insoluble organic
compounds. Our investigations were performed using a dispersion
of pigment red 122 (PR122) particles and sodium dodecylsulfate
(SDS) as dispersant in D,O as a model. In the '"H NMR spectrum
of an initial 7%/5% (w/w) SDS-PR122 dispersion, two overlapping
sets of SDS signals with different line-width characteristics are
present that can most easily be distinguished by the o-methylene
SDS resonance (Figure 1).
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Figure 1. (a) Reference '"H NMR spectrum of an SDS-PR122 dispersion
containing 7% w/w SDS and 5% w/w PR122 in D,O. The SDS resonances
occur as indicated. The presence of micellar SDS is most easily recognized
from the sharp a-methylene triplet riding atop a much broader peak from
the same moiety in SDS molecules that interact with the pigment surface.
(b) STD NMR spectrum obtained by alternate 2 s selective irradiation at
20 ppm (on-resonance) and 300 ppm (off-resonance). Only the broadened
resonances appear, simultaneously demonstrating the adsorption of SDS
molecules on the pigment and the lack of interaction with micellar SDS
and citric acid.

The narrow line-width set can be attributed to SDS in micellar
form, based on its diffusion coefficient and the fact that it disappears
as the SDS concentration is reduced below the CMC. The second
set shows strong, concentration dependent line broadening consistent
with a fast exchange process involving a fraction of pigment surface
bound dispersant molecules (vide infra). Additional resonances are
contributed by citric acid, present for preservation reasons in the
SDS starting material. The pigment particles consist of two types
of quinacridone molecules present in a 3:1 ratio and regularly
stacked into box shaped particles of nanoscale dimensions (10 by
30 by 100 nm on average). The solid like environment leads to
efficient line broadening due to transverse relaxation processes,
thereby eliminating a measurable contribution to the 'H spectrum.
At the same time it provides the dense network of dipolar coupled
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protons required for saturation transfer. Figure 1b shows the result
of an STD experiment to the dispersion shown in Figure la. The
response in the STD spectrum is limited to those of the broadened
set of SDS resonances. This validates the assumption of fast
exchange with the pigment surface for this SDS species and also
demonstrates that micellar SDS does not participate in direct
interactions with the pigment. Also, no response can be seen for
the resonances of citric acid showing that it acts as a nonligand, as
expected. Direct irradiation of SDS resonances has been excluded
as no STD response was obtained in the absence of the pigment.
These results demonstrate the efficacy of STD to screen for pigment
surface binding species in the dispersion. For further investigations,
more dilute dispersions consisting of 0.25% (w/w) PR122 and 0.1
to 0.5% SDS were prepared, as these afforded considerable line
narrowing of the SDS resonances.

The intensity of the STD response critically depends on not
saturating the dispersant (ligand) or pigment molecules in the off-
resonance experiment.'® As no resonance contribution is apparent
for the pigment, we initially set the off-resonance frequency to 30
ppm. The signal envelope contributed by the molecules in the solid
pigment particles was subsequently established to extend from 60
to —70 ppm using the procedure described by Rademacher et al.'?
For all subsequent experiments, the on and off-resonance frequency
was therefore set to 20 and 300 ppm respectively, providing 2.5-
fold intensity enhancement. Additional parameters that were
determined to obtain optimal results include the 7 relaxation time
of the saturated pigment protons (~1.7 s) as well as the 7, values
of the dispersant molecules at the various concentrations used,"?
leading to an interscan delay of 20 s for total relaxation.
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Figure 2. (a) Buildup of the normalized STD intensity /stp/l, as a function
of the saturation time for dispersions of 0.1%, 0.3%, and 0.5% (w/w) SDS
with 0.25% PR122. (b) Detailed view of the first 600 ms of the initial
buildup for the 0.1% and 0.5% SDS dispersions, which clearly shows
the higher buildup rate for the 0.1% and the significant differentiation
for the methyl STD response for the 0.5% dispersion, as supported from
the regression fit to the data. (c) STD amplification factors as a function
of SDS concentration. The plot is obtained by multiplying the initial slope
of the buildup curves (b) with the dispersant weight percentage. (d)
Schematic representation of the reorganization of the SDS molecules at
the pigment surface, proposed to explain the differentiation observed in
STD amplification factors in (c).

The effect of the duration of the saturation time on the normalized
STD intensity Istp/ly is shown in Figure 2a for dispersions
containing 0.1, 0.3, and 0.5% (w/w) SDS and features the typical
profile well-known from the protein—ligand case.'* For each
individually resolved resonance, the initial rise in normalized STD
intensity, determined by k. and the dispersant concentration, levels

off into a plateau, indicating that a steady state is reached due to
competition with 7 relaxation induced loss of saturation of the
SDS molecules. In protein—ligand interactions, the so-called group-
epitope map is obtained by interpreting differences in saturation
transfer intensities for the various 'H resonances as the result of
protein—ligand proximity, with higher intensities reflecting a closer
proximity of a ligand hydrogen to the saturated binding surface.
To take care of the possible interference of variations in T
relaxation times in the dispersant, the initial slopes for saturation
times up to 0.6s of the STD intensity buildup (Figure 2b) rather
than the STD intensities at a specific saturation time were used for
our analysis of the PR122:SDS dispersion. For the 0.1% SDS
sample, the initial slopes for all resonances are seen to be identical
within error, indicating equally efficient transfer of saturation to
the SDS chain from the pigment. As expected, the slope of the
STD intensity buildup steadily decreases with concentration, since
the fraction of noninteracting dispersant also decreases when
constant binding site concentration is assumed. Interestingly, this
decrease is less pronounced for the methyl group which becomes
clearly differentiated from the various methylene chain resonances.
To directly compare the STD responses of samples with different
ligand concentrations, the slope of the normalized STD intensity
buildup is multiplied by the ligand to binding site concentration
ratio to yield the amplification factor Agrp (Figure 2c). Since the
total pigment binding surface is unknown we multiplied /srp with
the SDS concentration expressed as weight percent. For all
resonances, Astp rises with SDS concentration, eventually leveling
off toward a maximum value, which is similar to the typical
protein—ligand case. This is interpreted as the result of a Langmuir-
type absorption behavior: beyond a certain SDS concentration, the
surface will be completely covered preventing any further increase
in Agrp. Second, the methyl group is confirmed to behave distinctly
from the remainder of the methylene chain as the SDS concentration
increases. At the lowest SDS concentrations (up to 0.25%), the
various Agrp are identical throughout the SDS chain. From 0.30%
SDS and onward, the methyl group Asrp value increases more
rapidly, resolving it from the methylene groups. At the highest
concentration studied Asrp is 25% larger for the methyl than for
the methylenes. Since initial slopes of the Istp buildup are used,
concentration dependent changes in the ligand 'H T} relaxation rate
are an unlikely source for this. Finally, we note that no resonances
for micellar SDS species are apparent throughout the concentration
range studied, excluding possible interference from this species
which in any case acts as a nonligand as presented in Figure 1.
A major difference with respect to the protein—ligand paradigm
for the interpretation of STD NMR data comprises the fact that we
do not have a ‘one molecule binds one protein binding site’
relationship, but rather a hydrophobic surface area that is large with
respect to the individual molecules, providing many locations and
modes for binding. Considering this we propose that the data
indicate an evolution in the saturation transfer efficiency that could
be linked to a reorganization of the SDS molecules on the pigment
surface (Figure 2d). At low concentrations, the available hydro-
phobic surface area on the pigment is large and flat-on adsorption
of SDS molecules occurs. The entire chain interacts directly with
the saturated surface leading to identical /srp buildup slopes. With
increasing concentration the SDS molecules reorganize into hemi-
cylindric shaped micellar structures, with sulfonate directed toward
the solvent. Thus, the methyl chain ends obtain their saturation
mostly from direct contact with the surface while most methylene
chain protons receive their saturation indirectly via intra- and
interchain spin diffusion pathways. Such concentration dependent
reorganization is in line with the work of Wanless et al.,'> who
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demonstrated the concentration dependent emergence of hemicyl-
inder SDS micelles on hydrophobic graphite surfaces using AFM,
for SDS concentrations above 0.08%. Unfortunately, a direct
demonstration of such structures on the surface of PR122 using
AFM has so far proven elusive due to the challenges to obtain high
quality images of such systems in situ.
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Figure 3. (a) Reference '"H NMR (top) and corresponding STD NMR
(saturation time 2 s) spectrum (bottom) of a PR122 dispersion (2% w/w)
in acetone stabilized with 2% (w/w) octyl terminated poly-&-caprolactone-
d-valerolactone. (b) Normalized STD intensity Istp/ly plotted as a function
of the saturation time for individual polymer resonances.

The application potential of STD NMR was also investigated
beyond this simplified model system, using a dispersion of PR122
with low molecular weight copolymers of e-caprolactone (12 units)
and O-valerolactone (2 units) terminated by octyl chains (1 unit),
both present in 2% w/w in acetone-de. The polyester macromonomer
represents the pigmentophilic part, whereas the octyl chain should
prefer the solvent environment, based on Hansen solubility param-
eters.'® This prediction is confirmed from the STD NMR spectrum
where a clearly weaker STD response is obtained for the octyl chain
ends compared to the polyester unit and aCH; of the octyl chain
(Figure 3). This holds for all concentrations investigated and is in
line with the expectation that the polyester chain should directly
interact with the surface, while the octyl chains should extend into
the solvent, thus receiving far less saturation than the polyester unit.

In conclusion, we have shown that STD NMR is a valuable
addition to the in situ solution characterization techniques available
for the characterization of particle—dispersant interactions. It allows
detection of binding ligands and discrimination of ligand from
nonligand and can provide a qualitative view on the organization
of the ligand on the surface. The approach should be generally
applicable as long as the particle is comprised of a dense network
of hydrogens, implicating almost all organic molecular nanopar-
ticles, and provides a novel investigative window on dispersions
that is highly complementary to existing ones.
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