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Surface functionalisation with organic modifiers of multi-layered
zirconium phosphate (ZrP) nanoparticles used as polymer fillers can
be directly probed by dynamic nuclear polarisation NMR, which
provides unambiguous evidence of the presence of P-O-C
chemical bonds at the surface of the ZrP layers, thereby confirming
successful functionalisation.

o-Type monohydrogen zirconium phosphate (ZrP) particles are
made by the packing of planes of zirconium atoms sandwiched
between monohydrogen phosphate groups (hereafter referred
to as ZrP layers), which are held together by weak van der Waals
interactions. ZrP particles are promising inorganic polymer
fillers that can be used either with charged or neutral polymers
depending on the chemical properties of the surface of their
constituting layers. Precisely, the presence of POH groups on
the surface of the layers favours the use of ZrP particles with
polymers possessing polar groups (e.g. starch),’ whereas the
surface of the layers must be organically functionalised when
using ZrP particles with neutral polymers, so as to promote stronger
interactions with the polymer matrix.>* Accurate chemical charac-
terization of the surface of the ZrP layers is hence tantamount to
controlling the ultimate properties of the ZrP patrticles, and this is
usually achieved indirectly through a combination of techniques,
such as infrared spectroscopy, thermogravimetric analysis, and
solid-state NMR (SSNMR). In principle, SSNMR alone could
provide the required information with almost atomic resolution,
but its intrinsically low sensitivity precludes direct analysis of
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diluted signals, such as those arising from the surface of materials.
Therefore, direct (and unambiguous) assessment of surface
functionalisation of nanosized ZrP polymer fillers remains highly
challenging. Dynamic nuclear polarisation surface enhanced
NMR spectroscopy (DNP SENS)* could potentially circumvent this
difficulty. DNP enhances the sensitivity of SSNMR experiments
through the microwave driven transfer of polarisation of unpaired
electrons to nuclei.’® The particularity of the DNP SENS approach
lies in its ability to probe the surface species. By incipiently
wetting the solid with a radical containing solution, the polar-
isation gets transferred upon microwave irradiation from the
unpaired electrons of the radicals (the so-called DNP polarising
agents) to the nearby protons of the solvent molecules. This
enhanced "H magnetization then spreads out through the medium
by spin diffusion and eventually reaches the vicinity of the material
surface, where it is transferred to a heteronucleus of interest by
cross polarisation techniques. While DNP SENS has already been
used in a range of applications," including for the investigation of
nanoparticles,'®" it has never been applied, to the best of our
knowledge, for probing the presence of chemical covalent bonds on
the surface of nanoparticles.

Herein, DNP SENS was used to characterize nanosized ZrP
polymer fillers obtained by reacting ZrP gels with 1,2-epoxydo-
decane,"® which holds promise as a mechanical strengthener
for polymer electrolyte membranes.™* Specifically, the sensitivity
enhancement provided by DNP allowed two-dimensional (2D)
#1p-13C dipolar correlation experiments'” at natural **C abundance
(~1%) to be carried out on diluted ZrP samples (the amount of
alkyl chains grafted onto ZrP nanoparticles was ~3.5 pmol mg %),
experiments that are unfeasible using conventional SSNMR
instrumentation due to lack of sensitivity. Dipolar correlation
experiments directly evidence dipolar contacts — hence, spatial
proximities — between the nuclei under investigation. Combin-
ing these data with the observation of specific chemical shifts
in the DNP-enhanced "*C and *'P CPMAS spectra is shown here
to provide direct and unambiguous evidence for the presence
of P-O-C bonds at the surface of the ZrP layers. In particular,
the ZrP sample functionalised with 1,2-epoxydodecane was
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Fig. 1 DNP-enhanced (A) 3P and (B) C CPMAS spectra of the function-
alised ZrP sample with the microwave field on and off.

prepared by incipient wetness impregnation'® (see ESIt) using
a 14 mM aqueous solution of a recently described dinitroxide
(i.e. PyPOL)." Dinitroxides are currently the most efficient DNP
polarizing agents for high-resolution DNP SSNMR experi-
ments."”"'® The first indication of the sensitivity gain afforded
by DNP is illustrated in Fig. 1, where the DNP-enhanced *'P and
13C CPMAS spectra of the functionalised ZrP sample are reported.
Comparing the signal intensities of the spectra obtained with the
microwave field on (Ioy) and off (Iorr), led to a sensitivity increase
(ex.cp = IontIorr, where X is *'P or °C) of 6 and 8, respectively.i
Precisely, upon comparing the signal-to-noise ratio (S/N) per
unit of time of the DNP SSNMR experiment with the S/N per
unit of time of the SSNMR experiment without DNP (at room
temperature), the so-called absolute sensitivity ratio (ASR),**>°
an ASR value of 10 was obtained, which translated into a time
saving factor of 100. This substantial sensitivity enhancement§
allowed us to perform the *'P-'*C SSNMR dipolar correlation
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experiment shown in Fig. 2 within a realistic experimental time
frame (~2 days), while the same experiment would have prohibi-
tively required more than 200 days on comparable SSNMR instru-
mentation without DNP and at room temperature.

The reaction between 1,2-epoxydodecane and the POH groups of
crystalline ZrP may lead to the formation of 2 types of functional
groups (Forms a and b in the inset of Fig. 2A)."> For ZrP nano-
particles, spectral deconvolution of the DNP-enhanced *'P CPMAS
spectrum (Fig. 1A) confirmed the presence of two main forms in an
approximate 2:1 ratio (at —23 and —24 ppm, respectively), and
revealed the presence of a few minor *'P resonances due to the
unreacted species (see ESIT). Based on the assignment of organically
modified crystalline ZrP," these *'P resonances could be attributed
to Forms a and b, respectively. Most importantly, the correlation
between 5(*'P) —23 ppm and §(**C) 71 ppm (Fig. 2A), and the
correlation between §(*'P) —24 ppm and §(°C) 79 ppm (Fig. 2B),
were clear indications of the presence of covalent P-O-C bonds,
thereby unambiguously proving the successful grafting of the
alkyl chains onto the surface of the ZrP layers of the nano-
particles. Moreover, because the dipolar interaction falls off
very quickly with the internuclear distance, correlations invol-
ving shorter internuclear distances are typically predominant in
dipolar correlation experiments. As a result, these correlations
must be related to the '*C nuclei that are closest to the
1P nuclei, which allowed us to assign the **C chemical shifts
at 71 and 79 ppm to carbons 1a and 2b, respectively. This
partial assignment was confirmed and completed by the "H-'*C
HETCOR experiment reported in Fig. 3 (recorded without DNP
because sensitivity was not an issue in this case). The values
of 'H chemical shifts observed in this spectrum allowed us
to confirm the above assignment and to assign the last two
13C signals at 71 ppm (due to a CH group, hence carbon 2a) and
at 65 ppm (due to a CH, group, hence carbon 1b). Overall, the
resulting assignment was found to be in full agreement with
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(A-C) DNP-enhanced 2D *'P-3C dipolar correlation spectra obtained for the functionalised ZrP sample at natural *C abundance. With respect

to (A), the vertical scale in (B) and (C) has been increased by a factor of 2 and 4, respectively.
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Fig. 3 H-3C HETCOR spectrum of the functionalised ZrP sample.

the spectral deconvolution of the 50-100 ppm region of the DNP-
enhanced >C CPMAS spectrum shown in Fig. 1B (see ESIY).
Finally, in Fig. 2C, another correlation involving Form b at §(**C)
31 ppm could be detected, which was due to the "*C signal of the
first CH, group of the alkyl chain. This correlation was not
observed for Form a. This is consistent with the fact that the
distance between this CH, group and the *'P nuclei of the P-O-C
bonds (at the surface of the ZrP layers) is shorter in Form b than
in Form a. More importantly, no other *'P-"*C dipolar correla-
tion involving the '*C nuclei of the alkyl chains could be
observed. This suggested that the alkyl chains were not lying
on the surface of the ZrP layers but exhibited an extended
conformation that spreads away from the surface of the layers.
This point is critical because it indicates that the grafting has
potentially rendered the (originally polar) surface of the ZrP
layers more hydrophobic, a necessary prerequisite when using
ZrP nanoparticles as fillers for aliphatic polymers.

In summary, DNP allows the surface of polymer fillers to be
characterized, and hence appears to be highly relevant for
studying the filler/polymer interface in polymeric nanocompo-
sites. This technique is clearly not limited to ZrP nanoparticles
and should be useful for characterizing the surface function-
alisation of other types of phosphate materials.
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Notes and references

i These values are substantially lower than those expected with this
DNP polarising agent,'” which could be related to the possibly inhomo-
geneous glass formed upon cooling the sample at ~100 K (presence of
water crystals in this case) and/or to a nonuniform dispersion of the
radicals in the sample, which are both deleterious to an efficient DNP
transfer. In fact, 'H relaxation data reported in the SI suggest that
biradicals were not homogeneously dispersed in the sample.

§ This sensitivity enhancement might even be further increased using
alternative double cross-polarisation®" and/or detection strategies.*”
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