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Complexation affinity of laurate ligands (C12H23O2) grafted

onto the surface of cerium(IV) oxide nanoparticles can be

probed and quantified in situ, by pulsed field gradient 1H NMR

through the dependence of the diffusion coefficient on the size

of a species.

Because of their size related physical properties (quantum

confinement, surface plasmon resonance, …) and their huge

surface-to-volume ratio (catalysis, nanofillers, components of

nanomembranes, …), nanoparticles represent a very important

academic and technological research topic.1 A fine understanding

of their surface chemistry is needed since the adjustment of their

size relies sometimes on the controlled poisoning of their growing

surface by complexing ligands,2 and their utilization often requires

the functionalization of their surface, simply to avoid aggregation

or to introduce new features such as hydrophobicity, protective

shells, selective binding, optimized transferability into organic

solvents or polymers.3 The evaluation in situ of complexation

affinities of organic ligands for inorganic nanoparticles is not an

easy task. Yet, measuring this affinity is of paramount importance

to gain a true control over the properties of hybrid organic–

inorganic colloidal dispersions. Therefore, the availability of a

convenient, fast and selective tool to probe and quantify the

ligands bound to the surface of nanoparticles, with reference to the

free ligands, is highly desirable. Pulsed field gradient (PFG) NMR

offers such a tool by providing, in addition to chemical

information through chemical shifts and scalar couplings, an

elegant way to measure diffusion coefficients which, in turn, enable

one to sort the species according to their size.4 The use of PFG

NMR is continuously expanding in bio-NMR, mixture analyses

and polymer characterization.5 It is also emerging as a powerful

tool in organometallic chemistry.6

This work demonstrates that PFG 1H NMR is also an efficient

tool in the field of hybrid nanoparticles. It deals with probing

and quantification of carboxylates at the surface of cerium(IV)

oxide (CeO2) nanoparticles. Such functionalized systems were

recently used to elaborate porous materials with hierarchical

structures.7

The cerium(IV) oxide nanoparticles used are spheroidal

nanocrystals with a diameter of 3–4 nm as checked by XRD

and TEM experiments.7a They can be readily dispersed in water,

where they exhibit a hydrodynamic diameter of 6 nm (determined

by quasi elastic light scattering), but cannot be dispersed in

chloroform. On the contrary, the solid obtained after reaction with

lauric acid is easily redispersed in organic solvents such as

chloroform.{ Its TEM observation (ESI){ indicates spheroidal

nanoparticles of similar size.

The 1H NMR spectrum in CDCl3 of the solid obtained by

reacting lauric acid with CeO2 nanoparticles exhibits three well-

resolved resonances (2.37, 1.66, and 0.90 ppm) for the a-CH2,

b-CH2, and CH3 moieties, respectively and a broader one

(1.29 ppm) for all other CH2 moieties (ESI). These four chemical

shifts are identical to those observed for free lauric acid in CDCl3.

The system was studied by PFG 1H NMR using a BPP-LED

sequence.§8 Fig. 1 shows the ln(I/I0) against (cHdg)2(D 2 d/3 2 t/2)

for each resonance (I: peak intensity for a given gradient strength,

I0: peak intensity for the minimum gradient strength, cH: proton

gyromagnetic ratio, d: gradient pulse length, g: gradient strength,

D: diffusion time, and t: time delay between the bipolar gradient

pulse pair).

Except for the a-CH2 group, the intensity of which is too weak

at high gradient strength to be measured accurately, all the

resonances show a fast and a slow attenuation regime, indicating

the existence of two diffusion regimes for the lauryl groups.

{ Electronic supplementary information (ESI) available: TEM pictures
and 1H NMR spectrum of the functionalized nanoparticles. See http://
www.rsc.org/suppdata/cc/b4/b411629a/

Fig. 1 Attenuation profiles for the resonances of lauric acid function-

alized CeO2 nanoparticles in CDCl3 (the full and dotted lines show the

linear attenuations calculated for D 5 9.4 10210 and 8.5 10211 m2 s21,

respectively).*fri@ccr.jussieu.fr
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Accordingly, the intensity damping was fitted with the sum of two

gaussians (eqn. (1)).

I/I0 5 (1 2 x) exp[2DF(cHdg)2j] + x exp[2DB(cHdg)2j]

with j 5 D 2 d/3 2 t/2
(1)

The results are reported in Table 1. The larger diffusion

coefficient (DF) compares well with the one of free lauric acid

which, in the same solvent, shows a pure mono-gaussian

attenuation profile associated with a diffusion coefficient of

8.9 10210 m2 s21.

According to the Stokes–Einstein formula and chloroform

viscosity (0.56 1023 kg s21 m21 at 25 uC), the smaller value (DB y
8.5 10211 m2 s21) can be associated with species having a

hydrodynamic diameter of y 9 nm, in good agreement with the

hydrodynamic diameter of the CeO2 nanoparticles prior to

functionalization (6 nm). The main finding is that the PFG 1H

NMR clearly distinguishes the free ligands from those bound to

the nanoparticles, even though a single chemical shift is found for

each 1H multiplet of the lauryl chains. Moreover, as two distinct

diffusion coefficients are observed, the exchange rate between the

free and bound ligands must be slow on the DOSY NMR time

scale, its upper limit being estimated to be y8.3 s21 (1/D). Fitting

the attenuation profiles gives also access to the relative molar

fractions of free and bound ligands. The results (Table 1) suggest

these molar fractions to apparently depend on the resonance under

investigation, the bound ligands being even not observed for the

a-CH2 group (2.37 ppm). This feature is most likely related to

unavoidable T2 decrease, as the associated rotational correlation

time becoming increasingly long, parallels the methylene groups

getting closer to the nanoparticle surface, tending to the value

associated with the size of the particle (tc 5 4pgr3/3kT).9

Therefore, their signals get broader and contribute to a lesser

extent to the intensity of the observed resonance that becomes

increasingly dominated by the diffusional behaviour of the free

ligands. The inability to quantify the diffusional behaviour of

bound ligands through the a-CH2 resonance can also be due to the

fact that the resonance observed at 2.37 ppm is only related to the

free ligands. The a-CH2 resonance of the bound ligands could

appear at higher frequency but should also flatten out into the

spectrum noise because of the dramatically slower reorientational

dynamics of the nanoparticles. Accordingly, the molar fraction

determined for the most remote moiety, the methyl groups

(0.90 ppm) is believed to be most relevant and reliable.

According to the overall sample composition (lauryl/Ce 5 1.6),

to the 5% of bound ligands and to the presence of about 40% of

the cerium atoms on the surface of a spheroidal particle exhibiting

a diameter of 3 nm and a cerium(IV) oxide structure, the ratio of

the bound ligands to the surface cerium atoms is estimated to be

ca. 20%. This coverage appears high enough to render the particles

dispersible in chloroform.

Additional work is underway to vary the overall carboxylic acid

to cerium ratio in order to determine the full adsorption isotherm

and the surface bonding constant.

Moreover, the work presented in this communication can be

extended to many other non paramagnetic inorganic nanoparticles

(SnO2, TiO2, ZrO2, Al2O3, AlOOH, CdS, CdSe, …) complexed by

a large variety of organic ligands (phosphonates, phosphine oxides,

b-diketonates and analogues, a- or b-hydroxyacids, polyols, …).

Therefore the present results have a strong and wide interest for

the expanding community of scientists involved in nanoscience.
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CeO1.8(NO3)0.4?(H2O)1.1 according to the elemental analyses (found
[calculated], Ce: 67.0% [65.6%], C: 0.0% [0.0%], N: 2.8% [2.6%], H: 1.1%
[1.0%]). To be functionalized, they were dispersed in water (500 mg in 10 ml)
and then reacted with lauric acid dispersed in warm water (60 uC) under
vigorous magnetic stirring. A solid was recovered by centrifugation
(10000 rpm for 10 min) and dried at 60 uC. According to elemental
analyses, it corresponds to CeO1.9(NO3)0.2(H24C12O2)1.6 (found [calculated],
Ce: 28.0% [27.8%], C: 45.0% [45.8%], N: 0.7% [0.6%], H: 8.0% [7.7%]).
§ NMR: Pulsed field gradient NMR experiments were performed at 25 uC
in CDCl3 on a Bruker Avance 250 spectrometer with a BPP-LED (Bipolar
Pulse Pair - Longitudinal Eddy current Delay) sequence (Te 5 5 ms,
t 5 1 ms).8 Diffusion time (D) and gradient pulse length (d) were set to 60
and 3.2 ms, and 120 and 4 ms for lauric acid and functionalized
nanoparticles, respectively. For each sample, 32 experiments were carried
out with sine shaped gradient pulses ranging from 0.5 to 90% of the
maximum gradient intensity (56 G/cm).
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