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New insights are provided about the formation mechanism of 

PuO2 nanoparticles (NPs) by investigating an unprecedented 

kinetic isotope effect observed during their hydrolytic synthesis in 

H2O or D2O and attributed to OH/OD zero point energy difference. 

The signature of a Pu(IV) oxo-hydroxo hexanuclear cluster, 

appearing as an important intermediate during the formation of 

the 2 nm PuO2 NPs (synchrotron SAXS/XAS), is further revealed 

indicating that their formation is controlled by H-transfer 

reactions occurring during hydroxo to oxo-bridge conversions. 

Anthropogenic activities significantly contributed in the 

release of plutonium in the environment and related colloids 

are currently interrogated about their role in the migration of 

radioactivity in aquatic systems.
1–4

 Pu chemistry in aqueous 

solution involves complex processes including 

redox/disproportionation, hydrolysis and complexation 

reactions that can particularly compete for the (+IV) redox 

state.
5,6

 Pu(IV) is indeed highly prone to hydrolysis and the 

subsequent formation of oligomers that further condensate 

yielding intrinsic colloids and/or precipitates, even in acidic 

conditions.
7–9

 Meanwhile, disproportionation of Pu(IV) and 

Pu(V) significantly contribute in the accumulation of ionic 

Pu(VI), Pu(V) and Pu(III) species during their formation.
7,8,10

 

While recent investigations reach a consensus in describing 

intrinsic Pu colloids as ca. 2 nm PuO2-like NPs, much less is 

known about their formation mechanism.
11–14

 The description 

of Pu oxo-hydroxo clusters, with a characteristic size situated 

somewhere between the ones of ionic and colloidal species of 

Pu, highlighted the relation between their core structures 

revealing some striking similarities with bulk PuO2. This 

suggested that bigger clusters could be formed from the 

assembly of those smaller molecular fragments.
5,15–18

 A better 

knowledge about the underlying mechanism would help in 

understanding the behaviour of these species in 

environmental context and pave the way for pioneering 

approaches devoted to the control of the size-property 

relationship of Pu nanomaterials.
13

 Kinetic isotope effect (KIE) 

can be observed when comparing reaction rates in H2O and 

D2O.
19

 Primary KIE originates from the cleavage of O-H bonds 

and differs from solvent isotope effect which is related to 

differences in the physico-chemical properties of H2O and D2O 

solvents (pKw, polarity, viscosity…).
20

 In this work, H/D KIE was 

explored to probe the formation mechanism of colloidal PuO2 

NPs. 

 The formation kinetics of intrinsic Pu(IV) colloids was 

monitored by Vis-NIR absorption spectroscopy (Fig. 1a) by 

diluting a Pu(IV) concentrated solution in H2O or D2O (ESI). It is 

important to mention that the pH (pD) of the studied solutions 

is imposed by the acidity of the added Pu(IV) solution aliquot 

(the slight pKw difference resulting from self-ionization of H2O 

and D2O is not responsible for KIE described below, ESI). After 

a few minutes in H2O, the characteristic electronic signature 

from Pu(IV) colloids (resulting from Pu(IV) hydrolysis, Eq. 1) 

was observed with a main absorption band located around 616 

nm and several others at 578, 688 and 735 nm.
21

 The sharp 

absorption band at 830 nm was attributed to the additional 

presence of Pu(VI) in solution (PuO2
2+

 form, less than ca. 3% of 

total Pu) resulting from Pu(IV) disproportionation (Eq. 2-4).
9,22

  

 

[Pu
IV

(OH2)m]
n+

 →[Pu
IV

(OH)h(OH2)m-h]
(n-h)+

 + h H
+
  (1) 

2 Pu
IV

 + 2 H2O ⇄ Pu
3+

 + PuO2
+
 + 4 H

+
 (2) 

Pu
IV

 + PuO2
+
 ⇄ Pu

3+
 + PuO2

2+
 (3) 

3 Pu
IV

 + 2 H2O ⇄ 2 Pu
3+

 + PuO2
2+

 + 4 H
+
  (4) 
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 Pu(III) concentration should be ca. twice the one of Pu(VI) 

according to Eq. 2-4 but it is hardly observed due to low molar 

coefficient (33 M
-1

·cm
-1

) and the superposition of the various 

transitions in the 600-700 nm spectral range. The absorption 

spectra acquired in D2O for similar other conditions evolved 

differently. In particular, indisputable signatures of Pu(IV) 

(hydrolyzed forms, 470 nm and 653 nm) and Pu(III) (Pu
3+

 form 

at 601 nm and 566 nm) were observed contrasting with 

experiments carried out in H2O.
9,22

 Also, the determined 

amount of Pu(VI) at 830 nm was much higher in D2O (ca. 15% 

of total Pu) (Fig. 1b). After several weeks and despite strong 

kinetic differences, both aged H2O and D2O solutions of Pu 

converged to stable Pu(IV) intrinsic colloids as evidenced by 

characteristic absorption spectra (Fig. S3, ESI). Such a 

behaviour is attributed to KIE occurring during Pu(IV) 

hydrolysis and leading to slowdown of Pu colloid 

formation.
23,24

 

A closer look at the electronic spectra acquired during the 

first hour in H2O medium (Fig. 1a) allows observing an original 

transient species with principal absorption bands located at 

680 and 645 nm. The spectrum appears directly after Pu(IV) 

dilution in H2O (spectra at 2 min) and decreases in absorbance 

with time while the characteristic spectra of the Pu colloids 

appear. An isobestic point observed at 630 nm suggests a two-

component conversion. Deconvolution studies which consisted 

in the subtraction of reference spectra (Pu(III-VI) and Pucoll) 

from the experimental ones revealed an unprecedented 

signature (Fig. 1c) which offered striking similarities with a 

recently described oxo-hydroxo hexanuclear core of a Pu(IV) 

cluster [Pu6(OH)4O4]
12+

 decorated by acetate or DOTA 

ligands.
15,16

 Slight differences between both spectra were 

attributed to the decoration of the latter with acetate ligands 

(on-going efforts aim at stabilizing this specie during Pu(IV) 

colloid synthesis). A similar observation in D2O appeared more 

complicated due to the important contribution of other Pu 

ionic species originated from Pu(IV) disproportionation and 

hydrolysis. The deconvoluted spectrum revealed a noisy signal 

most likely attributed to low concentrated Pu(IV) polynuclear 

cores including the hexamer or Pu(IV) hydrolysed species (Fig. 

S4, ESI).  

 Kinetic curves were extracted from deconvolution 

(approach described in ESI) studies to understand the 

observed reactivity differences during the first minutes. Fig. 2a 

and 2b confirm the more important disproportionation of 

Pu(IV) (with a stronger accumulation of ionic Pu(VI) and Pu(III) 

in solution) and the lower concentration of the Pu cluster 

intermediate in D2O medium. Pu(VI) concentration is twice the 

one of Pu(III) in agreement with the Eq. 4. Note that Pu(V) was 

not observed during deconvolution but its presence in the 

process can’t be excluded. In both media, Pu(VI) quickly 

accumulated in solution during ca. 30 min before slowly 

decreasing with time (Fig. 2c). The initial accumulation rate of 

Pu(VI) was found to be slightly higher in D2O than in H2O (20.1 

vs. 5.2 mM·h
-1

, respectively).  

 After ca. 30 min, Pu(VI) consumption was explained by its 

reaction with Pu(III) (i.e. Pu(IV) comproportionation). A first 

order reaction law was used on Pu(VI) to compare both 

kinetics in agreement with the work of Rabideau and Kline (Eq. 

2, ESI).
25

 It is interesting to note that the logarithm function 

only fitted in the 30-120 min range for H2O medium which was 

attributed to the evolution of Pu species during 

comproportionation and a possible alternative mechanism 

when Pu(VI) and Pu(III) show a very low concentration in 

solution.
9
 Fig 2c evidences the significantly higher reduction 

rate of Pu(VI) observed in H2O (k
H
(-Pu

VI
)/k

D
(-Pu

VI
) = 6.8). The 

consumption of Pu(III) was not considered
 

due to its low 

absorbance and the interferences with the spectra of other Pu 

species. Deconvolutions also allowed to estimate the 

formation kinetics of Pu(IV) colloids at ca. 616 nm (Fig. 2d). 

Assuming a first order formation rate on the colloid (Eq. 5, ESI), 

it was confirmed that the latter accumulates at a much lower 

rate in D2O. The calculated ratio of the colloid formation 

kinetic constants k
H
(Pucoll)/k

D
(Pucoll) equalled 7.4. 

 Synchrotron measurements allowed the quasi-

simultaneous characterization of the aged (> 1 month) colloids 

by small-angle X-ray scattering (SAXS) and X-ray absorption 

spectroscopy (XAS) without altering the nature of the samples 

(Fig. S5, ESI). Normalized SAXS diagrams exhibited similar 

scattering profiles in both cases (Fig. 3), characteristic from 

sharp interfaces typical for 3D dense particles.
26

 Considering a 

simple model of spherical and homogeneous NPs with a slight 

polydispersity (0.15), the data adjustment provided a slightly 

higher radius for the colloid formed in D2O (1.1 ± 0.1 nm vs. 0.9 

± 0.1 nm in H2O). The determined scattering length density (ca. 

Fig. 1. Vis-NIR absorption spectra acquired during the synthesis of Pu(IV) colloids in (a) H2O and (b) D2O in the 2-60 min range. (c) Vis-NIR absorption spectrum acquired 2 min 

after dispersion of concentrated Pu(IV) in H2O (without contributions of Pu(III), Pu(VI) and Pucoll) compared to Pu(IV) acetate hexanuclear cluster, with courtesy of C. Tamain.15 
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69 10
10

 cm
-2

) and the volume fraction were very close to the 

estimated parameters (Table S3, ESI). This simple model, with 

few but consistent parameters, is well representative of the 

scattering signal variation in absolute scale.  

 X-ray absorption near-edge structure (XANES) spectra 

acquired at the Pu L3 edge on the colloids formed in both 

media exhibited a white line (18067 eV) at similar positions, 

agreeing with the strong predominance of the (+IV) oxidation 

state for Pu (Fig. S6, ESI).
27,28

 A slight difference observed on 

the spectra at ca. 18080 eV was attributed to the significant 

contribution of Pu(VI) ions in D2O. In order to compare the 

data obtained in H2O and D2O, a XAS spectrum of Pu(VI) was 

subtracted from the experimental data obtained in D2O.
27,28

 

The resulting EXAFS spectrum was found to be similar to the 

one acquired in H2O (Fig. S6, ESI). Both FT showed two main 

peaks at R-ϕ = ca. 1.84 and 3.68 Å, agreeing with Pu(IV) 

colloids
11,26,29

 and crystalline bulk PuO2 (CFC, Fm-3m).
7,30

 The 

structural parameters of the fits demonstrated that local 

structures of the colloids prepared in this study are similar and 

close to bulk PuO2 (Table S5, ESI).  

 As a first conclusion, the observed strong KIE only shows 

little influence on the final shape, size and local structure of 

the NPs which can be described as 2 nm spherical NPs with a 

PuO2-like local structure.
7,11,14,26,31,32

 The physico-chemical 

property differences reported for H2O and D2O at room 

temperature and originating solvent isotope effects in some 

cases cannot explain the observed KIE.
20

 As well, it has been 

demonstrated that quantum tunnelling observed for electron 

or H atom transfer is more important in H2O than in D2O.
33

 

Such a phenomenon could have been invoked to explain a 

faster disproportionation of Pu(IV) in H2O which is not the case 

in our study (Fig. 2c). By contrast, the KIE can be explained by 

the zero point energy difference between O-H and O-D bonds 

(ΔE = 5.89 kJ·mol
-1

).
19,34

 As a consequence, more energy is 

required to break the latter bonds favouring 

disproportionation of Pu(IV) in D2O medium instead of the 

cluster formation. Therefore, O-H bond ruptures appear as 

rate-limiting steps during the colloid formation. The calculated 

theoretical isotopic separation factor α(H/D) equals 10.6 at T = 

300 K (Eq. 6, ESI) which is in good agreement with the k
H
/k

D
 

ratios observed for Pu(VI) reduction and Pu colloid formation. 

Interestingly, kinetic studies related to hydrolysis in D2O are 

scarce in the literature. We only found one recent publication 

describing the hydrolysis of Ce(IV) and subsequent formation 

of CeO2 NPs with a close ratio k
H
/k

D
 = 10.

35
  

 It has been argued that Pu(IV) disproportionation is 

preceded by Pu(IV) ions hydrolyses and the generation of  

polynuclear hydroxo complexes.
36

 The slightly higher 

accumulation rates observed for Pu(VI) in D2O after 

disproportionation suggest that hydrolysis of Pu(IV) (Eq. 1) is 

poorly affected by KIE. By contrast, both the cluster core and 

Pu colloid formation are limited in D2O. The presence of 

Fig. 3. SAXS diagrams of Pu(IV) colloids formed in H2O and D2O and corresponding fits. 

Inset: k3-weighted FT for Pu(IV) colloids (H2O and D2O, without Pu(VI) contribution). 

Fig. 2. (a,b) Kinetics related to Pu species in H2O and D2O after deconvolution. (c) Evolution of Pu(VI) concentration during the synthesis of Pu(IV) colloids in H2O and D2O. A special 

care should be given to scale bar differences. Dashed lines represent linear regressions used to determine kinetic rates (corresponding values given in ESI). (d) Evolution of the 

colloid absorbance (λ = 616 nm) as a function of time after deconvolution of the absorbance spectra. Insert: plot of the natural logarithm of Pu colloid absorbance against time. 
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hydroxo-bridges in the hexanuclear cluster and their absence 

in the final oxo-NP demonstrates that the Pu colloid formation 

involves a succession of olation and oxolation reactions 

confirming that PuO2 NPs formation is limited by H-atom 

transfer reactions (scheme 1).
6,18

 This observation further 

discards classical crystal nucleation theory for PuO2 NPs in 

aqueous media where crystal growth occurs through the 

addition of monomeric units
37

 but rather suggests the stacking 

of metastable and structurally well-defined oxo-hydroxo Pu(IV) 

clusters as a favoured mechanism,
17

 as also suggested for U(IV) 

cluster analogues.
38,39
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