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Abstract

We report on the extraction of nitric acid from its aqueous solutions into organic

solutions of trioctylamine (TOA) in toluene, investigated with spectroscopic, X-ray

scattering, and computational tools to understand the molecular speciation in the or-

ganic phase and its relation to the nanoscale structure of the organic phase. Trends

in acid and water extraction clearly show two and three regimes, respectively, but the

speciation of nitric acid, water, and the amine in these regimes is not apparent. 1H-

NMR of the organic phase shows that there are at least two distinct acidic protons

in the organic phase while ATR-FTIR results show that the organic phase with ex-

cess acid extraction is a mixture of trioctylammonium-nitrate ion-pairs (TOAH.NO3),

and undissociated nitric acid molecules. IR spectra computed from DFT calculations

performed with clusters of undissociated nitric acid molecule hydrogen bonded with

the anion of the trioctylammonium nitrate ion-pair are consistent with the ATR-FTIR

results. We also show that the chain-like configurations of TOAH.NO3.HNO3.H2O are
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favored over TOAH.NO3.H2O.HNO3, i.e., direct interaction between the two extracted

nitric acid molecules is more favored compared to a water-mediated interaction. SAXS

results of the organic phases were modeled as sums of Ornstein-Zernike scattering and

a pre-peak feature at higher Q region, corresponding to features from density fluctua-

tions and extractant packing, respectively. The extraction of undissociated nitric acid

by the ion-pairs leads to an increased X-ray scattering contrast in the organic phase

without any significant change in the Ornstein-Zernike correlation length. These re-

sults show that the organic phase nanostructure is more sensitive to the concentration

of TOAH.NO3 and is relatively unaffected by excess acid extraction. These findings

will enable a molecular understanding of the mechanisms behind metal extractions

from acidic media with basic extractants.

Introduction

Liquid-liquid extraction, or solvent extraction, is the predominant method of metal separa-

tions in nuclear and metallurgical industries, making it a crucial component in the economy

of critical metals and the nuclear fuel cycle. Decades of research into the chemistry of sol-

vent extraction has revealed the complexity of the process ranging from the atomic scale,

where the electronic structure of the metal dictates metal-ligand binding, to the nanoscale,

where weaker intermolecular interactions play a significant role, both of which influence the

multicomponent phase equilibrium that governs the separation.1–8 The delicate balance of

these interactions is an active area of research at the confluence of coordination and colloidal

chemistry topics.

Metal extractions are typically carried out in highly acidic solutions to ensure solubility

of the metal, and to enhance the formation of extractable complexes by providing a high con-

centration of counteranions. Inorganic acids such as HCl, HNO3, and H2SO4 are commonly

used in these separation processes. Anion-specific effects are reported in metal extraction,

providing a route for metal-separations, but the mechanisms of such specificity is not under-
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stood. Anion-specific factors that can either hinder or promote metal extraction, such as acid

and water extractions, aggregation of the extractants, and aqueous/organic speciation of the

metal are thought to play a role in this phenomenon.9–13 Such anion-specificity in metal ex-

traction is observed with different classes of extractants, including solvating-type and anion

exchange-type extractants. Acid and water extractions with solvating extractants13–18 and

their influence on metal extraction have been well studied.19–21 Although amines show sim-

ilar extraction trends and anion-specificity,22–24 they have received relatively less attention.

Given that the amines are hypothesized to extract metals by anion-exchange mechanism, the

effect of acid and water extraction on the extraction and stability of such anionic complexes

is of interest. For example, in extraction of hexavalent actinides from HNO3 using TBP

or TOA, there is a maximum in extraction around 6M of aqueous acid.25,26 In both cases,

the dip in extraction at higher acid content is attributed to the competitive extraction of

HNO3, although an alternative explanation involving the formation of inextractable, aque-

ous nitrate complexes of the metal at high acid concentrations has also been put forward.27

In the case of TBP, IR spectroscopy and chemical equilibrium modelling studies have been

performed to support the competitive nature of acid extraction and have been extended

to explain the effect of background salts on extraction.28–30 Speciation and intermolecular

interactions in water-HNO3-TBP-alkane system have been studied using IR spectroscopy,

quantum mechanical calculations, and molecular dynamics simulations showing that water

is loosely held in the solution forming hydrogen bonds with other polar solutes that includes

a chain-like conformation of TBP.(HNO3)2.
31–33

In the context of the anion-exchange mechanism of extraction with amines, it is note-

worthy that aqueous solutions of HNO3 show concentration-dependent speciation, includ-

ing the formation of ion-pairs.34 Further, speciation of HNO3 at aqueous and liquid-liquid

surfaces have also been debated and its role in solvent extraction is currently being stud-

ied.35–39 Previously, HNO3 extraction with tertiary amines in different solvents has been

studied showing the formation of ion-pairs, and viscosity and conductivity measurements
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have been used to hypothesize the presence of colloidal structures depending on the sol-

vent used.40–43 Based on conductivity measurements, dipole-dipole interactions and hydro-

gen bonding have been hypothesized to cause aggregation of the ion-pairs.44 Cryoscopic

and ebullioscopic measurements in these solutions show that the aggregation of the organic

species passes through a maxima as the amine concentration is increased, but the data inter-

pretation is limited by the model assumptions.45 Acid and water extraction trends have been

studied with chemical equilibrium models under the assumption of constant aggregation of

the organic phase species.46 Clear pictures of organic phase speciation, the intermolecular

interactions, and the resultant organic phase nanostructuring are still lacking. The presence

of charged and polar protic species can also cause extensive non-covalent interactions which

can affect the nanostructure of the organic phase and metal speciation. Hydrogen bonding

networks have been found to be particularly important in nanoscale structuring,47–49 but in

the presence of charged species other interactions can also be significant.50–53 Aggregation

of amine and ammonium-based extractants has been related to metal extraction and sepa-

ration trends.12,54,55 This aggregation phenomenon has been principally studied using X-ray

and neutron scattering techniques and the data fit to colloidal models, wherein the polar

and non-polar species in the organic phase self-assemble into reverse-micellar structures.12,55

Recently, application of such colloidal models has been challenged, proposing instead that

scattering profiles are due to density or concentration fluctuations in the organic phase in

the vicinity of its critical point.33,56,57 Presumably, the two models imply different energetic

landscapes with regards to the nanoscale structuring of the organic phase, with differing

impacts on metal extraction. Hence, understanding the speciation of the extracted acid, its

interactions with other molecules in the organic phase, and the resulting nanoscale structure

is essential to understanding the mechanism of metal extraction from acidic solutions with

amines.

Here we focus on HNO3 extraction with TOA to understand the organic phase speciation

and nanostructure upon acid extraction. We will be addressing the chemical interactions,
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probed by molecular spectroscopy and DFT calculations, that stabilize the organic phase

species and relate them to the nanostructure of the organic phase probed by small-angle

X-ray scattering. We find that there are two distinct speciations of HNO3 in the organic

phase - at lower acid concentrations all the acid is dissociated, forming trioctylammonium

nitrate ion-pairs, and at higher acid concentrations a second undissociated HNO3 molecule is

also present. DFT calculations show shifts in IR frequencies resulting from hydrogen-bonding

between the ammonium cation and nitrate, and between nitrate and the undissociated HNO3

molecule. Water extraction trend shows that there is approximately one water molecule per

two TOA even when two HNO3 molecules are extracted. ATR-FTIR spectra and DFT

predicted IR spectra are consistent with the organic phase being a mixture of ion-pairs with

or without an associated nitric acid molecule. Water-mediated interaction between the ion-

pair and the acid molecule is disfavored compared to direct hydrogen bonding between the

ion-pairs and the nitric acid molecule. SAXS results show that the organic phase structure

upon the formation of ion-pairs is a combination of liquid structure at larger length scales,

showing Ornstein-Zernike scattering, and extractant packing at smaller length scales causing

the appearance of a characteristic peak. Colloidal models of the organic phase structure were

inadequate to explain the scattering profiles over the range of organic phase compositions.

Extraction of excess nitric acid does not significantly affect the solution structure, indicating

the non-effect of nitric acid on extended structuring in the organic phase.

Results and discussion

Organic phase composition with HNO3 extraction

Amines are known to react vigorously with acids, forming ionic ammonium salts. Figure 1(a)

shows the variation of total HNO3 in the organic phase ([NO3]org) obtained by the extraction

of HNO3 with varying concentrations of TOA in toluene. There are two distinct regimes in

acid extraction indicating multiple mechanisms. First, there is a rapid rise in acid extraction
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when total acid concentration is less than the amine concentration, corresponding to the

formation of the trioctylammonium nitrate ion-pairs. Upon completion of this reaction,

there is further extraction of HNO3 into the organic phase, which increases with increasing

aqueous HNO3 and TOA concentrations. At high aqueous HNO3 concentration a significant

quantity of HNO3 is extracted by toluene itself leading to a slow decomposition of toluene into

a bright yellow colored liquid. A linear dependence in aqueous HNO3 and TOA concentration

on the excess HNO3 extraction into the organic phase, after accounting for the acid extraction

by the solvent has been reported as summarized by Bac,58 and our results align with their

findings. However, it is not clear whether the acid extractions by toluene and TOA are

related or occur by independent mechanisms.

Water extraction trends with varying HNO3 and TOA concentrations are shown in Fig-

ure 1(b), showing three distinct regimes. The trioctylammonium nitrate ion-pair is more

hydrated than the amine. Upon further extraction of HNO3, water content decreases slightly

with a minimum around 4-6 M of initial aqueous HNO3 concentration. Except at very high

HNO3 concentrations (greater than 8 M), there is ∼ 0.5 water per TOA. Given the linear

increase in excess acid extraction, the appearance of a minima in water extraction indicates

multiple water extraction mechanisms. At high aqueous HNO3 concentrations, toluene also

extracts water (Figure 1(b)) which confounds a clear interpretation of these trends at high

acid content. Water extraction at 1:1 TOA:HNO3 shows a non-linear trend with TOAH.NO3

concentration as shown in Figure S1, with an initial slope of ∼ 0.7. The deviation at higher

TOAH.NO3 concentration could be related to the ion-pair associations in the organic phase,

indicating a complex mechanism of water extraction even without excess acid in the organic

phase.

Organic phase speciation probed by 1H-NMR

We studied the speciation of TOA and HNO3 in the organic phase by 1H-NMR and three

representative spectra are shown in Figure 2(a,b). Peak shifts associated with the methyl
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Figure 1: (a) Total concentration of HNO3 extracted in the organic phases as a function
of the initial HNO3 concentration in the aqueous phase. (b) Concentration of water in the
organic phases as a function of initial aqueous HNO3 concentration, after extraction of HNO3.
Different colors and markers correspond to different concentrations of TOA in toluene. The
dashed lines joining the markers are guides for the eye.

and the methylene groups on TOA vary upon acid extraction, with most prominent changes

being in the chemical shift of the α-CH2 group (A in Figure 2). This peak is a triplet

in unprotonated TOA and shows a complex splitting pattern with the formation of the

protonated TOA, possibly due to the overlap of unprotonated and protonated features.

When the concentration of acid extracted is less than that of TOA, there is a broad singlet

peak at δ > 5 ppm which gradually moves downfield with increasing acid extraction. We

assign this peak (B in Figure 2) to the H-atoms of the ammonium group on TOAH+ that are

constantly exchanging with water in the organic phase. Upon extraction of excess acid, a new

singlet peak (C in Figure 2) appears in the spectra which we associate with the extraction

of the second nitric acid molecule.

Variation of the three labeled chemical shifts in the spectra with [HNO3]org and the nor-

malized integrals of the peaks corresponding to the acidic protons are shown in Figure 3.

When the concentration of extracted acid is less than that of TOA, A and B peaks shift

downfield with the formation of TOAH.NO3 ion-pair. The normalized integral under peak
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Figure 2: 1H-NMR spectra of organic phases containing 0.25 M TOA and varying amounts
of organic nitric acid as labeled in the legend: (a) methyl and methylene protons, and (b)
acidic protons. Selected peaks are labelled and identified in the schematic (c). Spectrum
corresponding to [HNO3]org = 0.25 M is scaled up by a factor of 10 to show the feature B
clearly. This is a broad peak, possibly due to exchange with water, and the height of the
peak is relatively smaller.

B saturates to a value of ∼1 when [HNO3]org = [TOA]. Upon extraction of excess acid,

the C peak moves downfield with increasing excess acid extraction until there is almost 2:1

[HNO3]org:[TOA] after which it shifts upfield. The A and B peaks shift upfield upon increas-

ing acid extraction indicating the effect of excess acid extraction on the TOAH.NO3 ion-pair.

Peak integrals for the B-peak stays around ∼1, consistent with our assignment of the peak

to the acidic proton in TOAH+, while those for the C-peak increase with increasing excess

acid extraction. Peaks B and C are confounded by the water protons which complicates

a direct assignment of the peak integrals to the concentration of different acidic protons.

This is apparent in the integral of the C peak being close to ∼1 at almost zero excess acid

extraction. Nevertheless, trends in the peak shifts and the integrals clearly show that there

are at least two distinct protonated species in the organic phase, aligning with the formation

of TOAH.NO3 ion-pair at lower acid concentrations. They also reflect complex interactions

between the extracted species and TOA, but the speciation at higher acid concentrations in
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the organic phase is not apparent from these spectra.

Figure 3: (a) Variation of 1H-NMR peak-shifts with increasing HNO3 content in the organic
phase containing 0.25 M TOA in toluene-D8. A : α-CH2 groups in TOA or TOAH+, B:
proton in TOAH+, and C: proton associated with the second HNO3 molecule. The dashed
lines through the points are only guides to the eye. (b) Variation of the integral under
selected peaks in the 1H NMR spectra of the organic phase, normalized per TOA using
integral of the terminal methyl protons on TOA. The vertical dotted lines at 0.25 M in (a)
and (b) indicate the equivalence point of TOA.

ATR-FTIR and DFT study of TOAH.NO3 ion-pairs

1H-NMR is an important tool in understanding organic phase speciation due to its general

applicability with a variety of extractants and acids. However, as seen in the 1H-NMR results

shown above, interpreting the nature of extracted acid is confounded by the presence of co-

extracted water. When the acid contains multiple molecular vibrational features that are

key signatures of its speciation, vibrational spectroscopy can be very valuable. Vibrational

spectroscopy can clearly distinguish between a dissociated (via the vibrational features of

nitrate) and an undissociated nitric acid molecule. The speciation of the excess acid can be

probed by FTIR spectroscopy, but first we need to understand the spectra of TOAH.NO3

ion-pairs. So, we conducted ATR-FTIR study to better understand the speciation in the
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organic phase after HNO3 extraction. The ATR-FTIR spectra of trioctylammonium-nitrate

ion-pairs (obtained by contacting equimolar TOA and aqueous HNO3 solutions) at varying

concentrations are shown in Figure 4(a). Peaks at 826 cm−1, ∼ 1290 cm−1, and ∼ 1415 cm−1

are attributed to the δ2,NO−
3
and split ν3 modes of the NO−

3 groups. The spectra around

1040 cm−1, the region corresponding to the ν1 mode, the symmetric ONO stretching, is

also affected by the conversion of the amine to the ammonium nitrate but this region is

confounded by the vibrational modes of toluene and TOA. The splitting of the ν3 mode

(asymmetric stretching of the ONO moiety) and the appearance of the ν1 mode in IR have

been attributed to the symmetry breaking of the planar nitrate ion due to hydrogen bonding

with the cation (TOAH+).59,60 While the δ2,NO−
3
peak appears to be relatively unshifted with

TOAH.NO3 concentration, the splitting of the ν3 is decreasing with increasing TOAH.NO3.

This could be due to the weakening of the hydrogen bond between the organic cation and

the nitrate with increasing TOAH.NO3 concentration due to aggregation of TOAH.NO3.

DFT calculations performed with HNO3 and tripropylamine show a complete proton

transfer to the amine and the formation of hydrogen bond between the tripropylammonium

and nitrate. The calculated IR vibrational spectrum for the organic ammonium nitrate is

compared with the FTIR of 1M TOA and 1M TOAH.NO3 in figure 4(b). The optimized

geometry of the ion-pair is shown in the inset (Figure 4(c)). The predicted spectrum of

the ion-pair matches the experimental results reasonably well, but the peaks are relatively

blue shifted. This is a common artefact when comparing gas-phase calculations to solutions

spectra. Major peaks in the FTIR of TOAH.NO3 and the DFT calculations and their

assignments are listed in table 1. The splitting of the ν3 mode is well reproduced in the

calculations.

Water extraction trends show that the ion-pair solutions contain< 1 water per TOAH.NO3

(Figure S1). To probe whether the organic phase contains clusters of TOAH.NO3 with wa-

ter, we included a water molecule in the DFT calculations and the optimized structure is

shown in Figure 4(d) wherein it is hydrogen-bonded to the nitrate. Upon addition of a water
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Figure 4: IR spectra of (a) TOAH.NO3 in toluene showing the wavenumber region for the
prominent nitrate vibrational modes. Legend entries refer to the concentration of TOAH.NO3

in toluene. (b) Comparison of computed (black vertical bars indicating the position and
relative strength of vibrations) and experimental spectra for TOAH.NO3. Experimental
results are shown for unprotonated TOA at 1 M and TOAH.NO3 at 1M, both in toluene,
whereas the calculations were performed for a tripropylammonium nitrate. The solid black
vertical lines are the DFT-predicted peaks for TOAH.NO3 (c), and the dashed vertical lines
are the DFT-predicted peaks for TOAH.NO3.H2O (d), both in arbitrary units.
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molecule solvating the ion-pair (TOAH.NO3.H2O), the predicted spectra (dashed vertical

lines in Figure 4(b)) appear similar to that for the bare ion-pair (TOAH.NO3), with slight

frequency shifts. There is an extra peak predicted at 1653 cm−1 corresponding to the bend-

ing vibration of water, but this peak is not apparent in the experimental results. The OH

stretch mode is predicted to be around 3300 cm−1, but this is also absent in the data. Thus,

we conclude that TOAH.NO3.H2O clusters are not significant in the organic phase when all

the TOA molecules are protonated.

When TOA is protonated to form the TOAH+ cation there should be an IR peak corre-

sponding to the N-H stretching mode which can inform about the hydrogen bonding between

nitrate and the trioctylammonium cation. The N-H stretching band of trioctylammonium

was identified by comparing nitrate salt of TOA with protonated versus deuterated nitric

acid solutions and the results are shown in Figure 5(a). The broad feature in the 2000-3000

cm−1 region is assigned to the NH stretch which shifts to around 1700-2600 cm−1 for the

ND stretch. The broadness of the peak is in line with the extensive hydrogen bonding of the

protonated amine with the nitrate anions. This broad feature increases with TOAH.NO3

concentration as shown in Figure S2. Gas-phase DFT calculations show a single N-H stretch-

ing frequency at 2674 cm−1, well within the experimental result. We probed far-IR region to

seek indicators of hydrogen bonding interactions and these spectra show an increasing fea-

ture in the 100-200 cm−1 region (5(b)), possibly originating from the stretching and bending

vibrations of the NH–O hydrogen bond.61 DFT calculations with TOAH.NO3 show a stretch-

ing mode with the cation and the anion vibrating about their mean bond center, indicating

multiple energetic contributions to this mode. For the solvated ion-pair TOAH.NO3.H2O a

peak is predicted at ∼ 305 cm−1 that corresponds to rocking of the hydrogen-bonded water

molecule concomitant with a bending motion of the H2O–NO−
3 hydrogen bond, but this

feature is not apparent in the experimental results.

In summary, the presence of IR characteristic peaks for nitrate, protonated amine, and the

absence of characteristic IR peaks for an undissociated HNO3 at ∼950 and ∼1650 show that
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the extraction of HNO3 and TOA up to the equimolar concentration lead to the formation of

TOAH+-NO−
3 ion-pairs in solution with complete dissociation of HNO3. Further, there are

clear indicators of extensive hydrogen-bonding interactions between the ammonium cation

and the nitrate anion. DFT-predicted features associated with ion-pairs being solvated by a

water molecule are not apparent in the experimental results. This suggests that the ion-pairs

are solvated by other molecules in the solution, possibly by other ion-pairs with aggregation,

and agrees with the deviation in water extraction with increasing TOAH.NO3 concentration

as shown in Figure S1 .

Figure 5: (a)ATR-FTIR of the organic phase with 1M TOA in toluene and after contacting
with 1M of HNO3 or DNO3, showing the N-H(D) stretching region and the CH stretch region;
(b) Far-IR spectra of 1M TOA in toluene before and after contacting with nitric acid, showing
the vibrations of the hydrogen bond between the protonated amine and nitrate. The solid,
black vertical lines in both the panels are the DFT-predicted peaks for TOAH.NO3, and the
dashed vertical lines are the DFT-predicted peaks for TOAH.NO3.H2O, both in arbitrary
units. The legend entries refer to the total concentration of nitric acid extracted into the
organic phase.
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Aggregation of TOAH.NO3 ion-pairs in toluene

Amines and ammonium salts are hypothesized to be extensively aggregated although the

nature of the aggregation is understudied. There are indications of the aggregation effects

in water extraction as mentioned above. To understand the nanoscale structure in these

solutions we performed SAXS measurements of the organic phase and the resulting SAXS

profiles of TOA and the TOAH.NO3 ion-pairs are shown in Figure 6. SAXS of the tertiary

amine dissolved in toluene is essentially featureless in the small angle region. At 1M TOA the

profile is slightly different at high Q, possibly due to the packing of TOA molecules. SAXS

of the TOAH.NO3 ion-pairs, without any significant excess HNO3, show a much greater

variation. At 0.1 M TOAH.NO3 there is mainly an increase in overall scattering without

much Q-dependence in the low-Q region. At 0.25 M TOAH.NO3 there is an increase in

low-Q scattering, indicating longer length-scale heterogeneity in the sample. This feature is

reduced with 0.4 M TOAH.NO3 and is absent in 1 M TOAH.NO3. Concomitant with the

reducing low-Q feature, there is an increasing pre-peak feature centered around 0.3 Å−1. We

have used a sum of Lorentzian centered at Q = 0 Å−1 corresponding to Ornstein-Zernike

(O-Z) scattering, and a Gaussian peak corresponding to the pre-peak to fit the data, and we

refer to the model as the L-G model. Details of the model selection are given in the methods

section.

The L-G model corresponds to a fluid made of TOAH.NO3 or its aggregates in toluene

with density and/or concentration fluctuations in the vicinity of the critical point of the fluid.

Separating structural heterogeneity in such complex fluids arising from density fluctuations

and molecular associations as particles is challenging,62 and it is likely that both contribute

to the heterogeneity in the TOA-HNO3-toluene system as probed by SAXS. As the L-G

model provided the best fits to the data, we attribute the low-q scattering to be primarily

due to critical fluctuations, i.e., the dynamic heterogeneity. The O-Z correlation length

(ξ) is ∼ 15.2 Å for 0.25M, and ∼ 14.6 Å for 0.4 M of TOAH.NO3 in toluene. At 0.1

M and 1 M of TOAH.NO3, the O-Z scattering is weak and we could not obtain useful

14

https://doi.org/10.26434/chemrxiv-2023-nnnf2 ORCID: https://orcid.org/0000-0003-0213-5796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-nnnf2
https://orcid.org/0000-0003-0213-5796
https://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 6: SAXS profiles for (a) binary solutions of TOA in toluene, and (b) TOAH.NO3 in
toluene obtained by near-equimolar reaction of TOA with nitric acid. Legend entries refer
to the concentration of TOA or TOAH.NO3

fits to the L-G model. This behavior of ξ passing through a maximum with the solute

concentration corresponds well with the scattering due to critical fluctuations,57,63,64 with

the critical TOAH.NO3 concentration being between 0.25 and 0.4 M. We note that none of

the samples showed phase splitting even at temperatures as low as -19 ◦C in line with the

suppression of phase separation with aromatic solvents. This implies that the theoretical

critical temperature is out of the experimentally accessible temperatures and thus we could

not ascertain whether the phase behavior of the samples follow the SAXS trends.

In Figure 6(b), the pre-peak is strengthened with increasing TOAH.NO3 concentration

without a significant shift in the peak position. We did not fit the pre-peak region for the

0.1 M TOAH.NO3 sample as the peak is subdued and significantly affected by the solvent

features appearing at >0.5Å−1. The pre-peak is centered at 0.03 Å−1 with 0.25 and 0.4 M

TOAH.NO3 and 0.035 Å−1 at 1 M TOAH.NO3. This peak is likely due to the aggregation of

TOAH.NO3 rather than individual TOAH.NO3 molecules. An approximate measure of the

size of TOAH.NO3 can be obtained as ∼ V
1/3
m where Vm is the molecular volume obtained
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by the density of the solutions (∼ 0.86 to 0.89 g/mL) and assuming ideal mixing, yielding

a d ∼ 12 Å, after including the water contribution. This is less than the length-scale

corresponding to the pre-peak, d = 2π
q
∼ 18− 21 Å. This discrepancy suggests that the pre-

peak originates from the packing of aggregates of TOAH.NO3. A similar pre-peak feature

due to the aggregation of amphiphiles has also been reported in ternary mixtures in water.65

and in ionic liquid mixtures due to the ordering of ions of the same charge.66 These results

indicate that the solutions of protonated amine salts in toluene are aggregated and show a

dynamic and/or structural heterogeneity at larger length-scales.

Figure 7: SAXS profiles for 1 M TOA contacted with various concentrations of HNO3.
Legend entries refer to the concentration of HNO3 in the organic phase

When [HNO3]org is less than [TOA], the organic is a mixture of TOA and TOAH.NO3

in toluene where TOA can interact with the ion-pairs. Figure 7 shows the SAXS patterns

for such mixtures obtained with 1 M TOA where a varying portion of the amines are unpro-

tonated. Interestingly, these mixtures show Ornstein-Zernike scattering depending on the

extent of protonation of TOA, indicating that the mixtures of unprotonated amines and the

protonated ion-pairs show density fluctuations. The correlation lengths with 0.1 and 0.5 M

of [HNO3]org are 16.3 and 11.0 Å, respectively. The pre-peak feature also depends on the
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extent of TOA protonation, increasing with increasing protonation. This suggests enhanced

fluctuations exist in the presence of mixtures of protonated and unprotonated TOA, such

that full protonation of all TOA suppresses this structuring. More detailed study of these

mixtures is needed to understand if this corresponds to a second critical point, or some

complicated interplay of ion-pair formation, aggregation, and water extraction.

ATR-FTIR and DFT study of excess HNO3 extracted with TOAH.NO3

Excess HNO3 is extracted into the organic phase containing TOA when the aqueous phase

HNO3 concentration exceeds that needed for complete protonation of TOA. At 6M HNO3

in aqueous phase, the organic phase contains nearly 2 HNO3 per TOA at all TOA concen-

trations. FTIR spectra of these organic phases with one excess HNO3 molecule are shown in

Figure 8(a). New peaks appear in the spectra in addition to those identified for TOAH.NO3.

There are peaks appearing at 940, 1250, 1330, and 1690 cm−1, and we assign these to vibra-

tional modes of undissociated HNO3 as listed in Table 1. The peak at 1690 cm−1 is assigned

to the asymmetric stretch of ONO in undissociated HNO3 as this peak is not detected in

TOAH.NO3 without excess HNO3 (Figure 4).

DFT optimized geometries for TOAH.NO3 and HNO3 (Figure 10(c)) and the predicted

IR spectra also show that the second HNO3 is undissociated in the organic phase and is

interacting primarily with the nitrate anion of the ion-pair via a hydrogen bond between the

proton of the undissociated HNO3 and the oxygen of the nitrate anion. Interestingly, in the

case of excess HNO3 extraction with TBP, two peaks are observed in this region, attributed to

the first and second HNO3 molecules with the latter being hydrogen bonded to the former in

a chain-like conformation.31,32 In contrast, with TOA the first HNO3 molecule is completely

dissociated and the second HNO3 molecule is undissociated and hydrogen bonded to the

nitrate.

The peaks corresponding to the nitrate anion associated with the TOAH+ also show

interesting changes with the extraction of excess HNO3. The out-of-plane bending mode
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of nitrate, δ2,NO−
3
gets red-shifted, shifting by around 8 cm−1. The asymmetric stretching

mode (ν3) of the nitrate also changes, with the 1420 cm−1 peak diminishing and the 1290

cm−1 peak red shifting to 1250 cm−1 with increasing acid extraction. These changes in

the vibrational modes corresponding to the nitrate anion also show that the second HNO3

molecule is interacting with the nitrate anion bound to the protonated TOA. The calculated

spectra are also qualitatively consistent with the experimental results, as shown in Figure

8(b).

Figure 8: IR spectra of (a) Excess HNO3 with TOAH.NO3 in toluene showing the wavenum-
ber region for the prominent NO−

3 and HNO3 vibrational modes. Legend entries refer to
the concentration of TOAH.NO3.xHNO3, where x is nearly 1. The samples were obtained
by equilibrating TOA solutions with 6M of aqueous HNO3 and the final organic phase was
found to contain a total of nearly 2 HNO3 per TOA (1), i.e., approximately one excess
HNO3 molecule per TOAH.NO3 ion-pair . (b) Comparison of the computed (black vertical
bars indicating the position and relative strength of vibrations) and experimental spectra for
TOAH.NO3. Experimental results are shown for unprotonated 1M TOA and 1M TOAH.NO3

with an excess of x ∼ 0.8M HNO3, both in toluene, whereas the calculations were performed
for a tripropylammonium nitrate. The solid, black vertical lines are the DFT-predicted
peaks for TOAH.NO3.HNO3, and the dashed vertical lines are the DFT-predicted peaks for
TOAH.NO3.HNO3.H2O, both in arbitrary units

There is nearly one water molecule per two TOAH.NO3 in the organic phase when ex-

tracting from 6M HNO3, raising the possibility that some of the TOAH.NO3 ion-pairs, or the
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undissociated HNO3,org molecules, are hydrated. When HNO3 is hydrated the N-OH stretch-

ing and the NO-H bending are expected to be blue-shifted to 990 cm−1 and ∼ 1400 cm−1,

respectively.67,68 Our result indicates that the undissociated HNO3 extracted into the organic

phase is not significantly hydrated. This is also confirmed by DFT calculations as follows.

Given 1:2 water:TOA composition in the organic phase, the organic phase can be considered

as a mixture of TOAH.NO3.HNO3 with and without a water molecule. There are two main

configurations for including a water molecule in TOAH.NO3.HNO3: TOAH.NO3.HNO3.H2O

or TOAH.NO3.H2O.HNO3, i.e., the ion-pair TOAH.NO3 interacting with the second HNO3

directly or mediated by water. These configurations are represented in Figure 9(a) and (b).

Optimized structures obtained by DFT calculations for the two configurations are shown

in Figure 9(d) and (e), respectively, and the predicted IR spectra are shown alongside the

experimental results in Figure 9(c). We note that the IR spectra predicted by DFT for

TOAH.NO3.HNO3 and TOAH.NO3.HNO3.H2O are very similar to each other, with differ-

ences being only in small shifts in peak positions and the appearance of intramolecular

vibrations of water (Figure 8(b)). In fact, the interaction between the second nitric acid

molecule and water appears to be weaker than the nitrate-nitric acid interaction based on

the distance between the hydrogen bond donors and acceptors . However, these are gas-

phase calculations and the solvation and aggregation present in these solutions may play a

role in stabilizing the extracted water molecule as well.

The TOAH.NO3.H2O.HNO3 configuration shows a significantly different spectra (Figure

9(c)), with peaks corresponding to combined vibrations of water and the second nitric acid

molecule appearing at ∼ 849.5 and ∼ 1188 cm−1. The OH stretch of the second nitric

acid molecule is predicted to be at ∼ 2413.6 cm−1. As these features do not match the

experimental data, we eliminate the TOAH.NO3.H2O.HNO3 shown in Figure 9(b) as a sig-

nificant species in the organic phase. From these results we infer that the dominant species

in the organic phase upon excess acid extraction are TOAH.NO3, TOAH.NO3.HNO3, and

TOAH.NO3.HNO3.H2O. This is in contrast to the water-mediated extractant-acid interac-
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tion proposed for HNO3 extraction with malonamides.69

Figure 9: (a,b) Possible interaction modes of water and nitric acid with TOAH.NO3 shown
with hydrogen-bonds based on DFT calculations, (c) predicted IR spectra for the two modes
shown in a and b, along with experimental ATR-FTIR results for 1 M TOA without any
HNO3,org and with a total of 1.8 M HNO3,org, i.e., 0.8M of excess acid. (d, e) DFT-optimized
geometries for a and b configurations. The solid, black vertical lines are the DFT-predicted
peaks for TOAH.NO3.HNO3.H2O, and the dashed vertical lines are the DFT-predicted peaks
for TOAH.NO3.H2O.HNO3, both in arbitrary units

Figure 10 shows the FTIR spectra for the organic phases as a function of amine and

excess nitric acid concentration. In all the sub-panels, spectral signatures of undissociated

HNO3 increase monotonically with increasing acid extraction. The extra peaks appearing at

1300 cm−1 and 1675 cm−1 at high acid concentrations are due to HNO3 extracted by toluene

as shown in Figure S3. These results show that throughout the concentration ranges of

HNO3 and TOA the dominant species in the organic phase are limited to TOA, TOAH.NO3,

and TOAH.NO3.HNO3, with water possibly interacting with the nitrate or the HNO3 in a

peripheral manner.
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Figure 10: ATR-FTIR spectra of TOAH.NO3 with excess HNO3 extraction showing the
prominent peaks corresponding to vibrational modes of NO−

3 and HNO3 in the organic phase.
The four subpanels correspond to the four TOA concentrations studied here. The dotted
lines in the subpanels are placed at 940 cm−1 and 1665 cm−1, corresponding to undissociated
HNO3 vibrations, and 1250 cm−1 and 1330 cm−1, corresponding to NO−

3 vibrations. The
legend entries correspond to the total [HNO3]orgz.
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Table 1: Experimental and calculated IR-active vibrational modes of trioctylammonium ni-
trate and the excess HNO3 in toluene. Features obscured by signals from TOA and toluene
are labeled as obscured in the table. Abbreviations: ”na” = not applicable, expt = experi-
mental, calc = calculated by DFT methods.

Description TOAH.NO3,
calc

TOAH.NO3,
expt

TOA.2HNO3,
calc

TOA.2HNO3,
expt

TOAH—NO3 stretch 173.9 ∼ 170 179.8 ∼ 170
TOAHNO3—HNO3

stretch
na na 210.5 obscured

ONO in-plane
bending

713.1 obscured 711.6, 720.4 obscured

NO−
3 out-of-plane

bending (δ2,NO−
3
)

818.8 826 816 818

NO−
3 out-of-plane

bend, 2nd HNO3

na na 784.8 770, 785

ONO—OH stretch na na 973.3 940
NO–H bending na na 1027.9 1330
NO−

3 symmetric
stretch (ν1)

1065 obscured 1083.9 obscured

ONO asymmetric
stretch (ν3)

1323.3, 1349,
1473.9

1290, 1420 1313, 1376.4,
1452.4, 1461.8

1250, 1330,
1420

NH in-plane bend 1567.6 obscured 1544.3 obscured
NH out-of-plane bend 1594.3 obscured 1567 obscured
ONOH asymmetric

stretch
na na 1690 1650

NH stretching 2674 2000-3000 2916 obscured
OH stretch (HNO3) na na 2743.7 obscured

SAXS study of aggregation of TOAH.NO3 with excess acid extrac-

tion

Having established the major speciation in the organic phase upon excess acid extraction,

we now turn to the aggregation of the TOAH.NO3.HNO3 species in the organic phase.

Increasing the concentration of polar solutes in a non-polar liquid can be expected to cause

changes in the nanoscale structure of the fluid. We probe this using SAXS and the results

for organic phases with increasing HNO3 content obtained by the excess acid extraction

is shown in Figure 11 along with the fits obtained by the L-G model (equation 3). At all

four TOAH.NO3 concentrations, increasing acid extraction appears to significantly affect the

22

https://doi.org/10.26434/chemrxiv-2023-nnnf2 ORCID: https://orcid.org/0000-0003-0213-5796 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-nnnf2
https://orcid.org/0000-0003-0213-5796
https://creativecommons.org/licenses/by-nc-nd/4.0/


low-q scattering and, to a lesser extent, the pre-peak. At all TOA concentrations I(q = 0)

increases with increasing excess acid content, although we cannot ascertain this at 1M TOA

where the OZ scattering is too weak to be fit. The fit parameters for the SAXS patterns

shown in Figure 11 are shown in Figure 12.

We could not obtain reliable fits for the 0.1 M TOA samples as the pre-peak feature

is not easily distinguished from the background, and this in turn affects fitting the low-Q

scattering. We found that the correlation length, ξ, in particular is very sensitive to the

choice of fitting range, and has a high error estimated from the fits, even larger than the fit

value itself. L-G model fits to the 0.1M TOA-HNO3 data at various fixed ξ values are shown

in Figure S5, showing that ξ values above 12 Å produce good fits to the data. Trends in

the variation of I0 are not affected by the choice of fixed ξ value (Figure S6). The fact that

we get reliable fit values for I0, but not ξ indicates that I0 is affected by factors other than

critical fluctuation, namely enhanced contrast due to the extracted nitric acid molecules. All

the other samples with higher concentrations of TOA were fit with all the model parameters

being free to vary.

Variation in all the parameters can be broadly divided into two regimes: one where the

organic phase is a mixture of the amine and its protonated salt, and another where the

amines are completely protonated and there is a gradual excess acid extraction. The first

regime was briefly discussed in the previous section (Figure 7). Since most of the data was

obtained with excess acid extraction, we focus on the second regime. Here both TOAH.NO3

concentration and excess acid concentration significantly affect the nanoscale structure of

the fluid. I0 appears to have a maximum between 0.25M and 0.4M (∼ 0.1 to 0.17 volume

fraction of TOAH.NO3), which is lower than the corresponding extractant concentration for

neutral extractants such as TBP and DMDPMA in the absence of acid.57,63,64 The origins

of this difference is not clear, but it could be characteristic of TOA, the presence of acid, or

some combination thereof.

With increasing excess acid extraction, ξ does not vary significantly while the I0 increases
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Figure 11: SAXS data for various concentrations of TOA equilibrated with varying concen-
trations of nitric acid - (a) 0.1 M TOA, (b) 0.25 M TOA, (c) 0.4 M TOA, and (d) 1 M TOA
in toluene. Legend entries refer to the initial HNO3 concentration in the aqueous phase
([HNO3]aq0). Black solid traces in all the panels are fits to the data obtained using the L-G
model (equation 3). Fits to the 0.1M TOA dataset in panel (a) were obtained with a fixed
correlation length of 12 Å.
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monotonically with organic acid content. This indicates that the excess acid extracted mainly

increases the scattering contrast and not the nanoscale structure of the fluid. Given that

the solutions are far from the critical point (as we did not observe any phase separation

at temperatures as low as -19 ◦C), a change in ξ due to the effect of extracted acid on Tc

would be slight.57 Similarly, change in I0 due to a change in Tc would be slight, but it can be

significantly affected by the change in scattering contrast. Similar phenomena is observed

with binary mixtures of alcohols and toluene where an interplay of density and concentration

fluctuations (clustering) was hypothesized to affect the I0 and correlation length differently.70

We also note that there is no distinguishing feature corresponding to the excess nitric acid

extracted with toluene, again reinforcing the fact that excess acid mainly increases the

scattering contrast regardless of the specific interactions it has in the organic phase. Similar

phenomenon is reported with nitric acid extraction with diglycolamides, where extracted

acid disrupts hydrogen-bonding networks,48 and is also reminiscent of the SAXS features in

quaternary ammonium nitrate solutions.12

The pre-peak feature also shows a dependence on TOAH.NO3 and excess acid concen-

tration. The trends in pre-peak amplitude and center with increasing excess acid extraction

differ for 1 M TOAH.NO3 from those for 0.25 and 0.4 M TOAH.NO3. There is no appar-

ent pre-peak feature for 0.1 M TOAH.NO3 solutions. For 0.25 and 0.4 M TOAH.NO3, the

pre-peak amplitude increases slightly with acid concentration while the pre-peak position

decreases, suggesting a swelling of the aggregates. At 1 M TOAH.NO3 with increasing ex-

cess acid concentration the amplitude of the pre-peak slightly decreases but position does

not change. These trends could be rationalized by considering that the scattering contrast

in these fluids is reversed at 1 M of TOAH.NO3, and increasing HNO3 in the fluid decreases

the concentration of the scatterers, but more studies are needed to understand the nature of

these aggregates. Role of extracted water in the nanoscale structure of these organic phases

is also unclear. In solvating extractants water is found to facilitate extend hydrogen-bonded

networks, leading to the formation of long-range structures.32,48,49 However, here there is
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Figure 12: Variation of the parameters obtained from fitting the SAXS data shown in Figure
11 with the L-G model. Panels (a), (b), and (c) show the variation of I0, correlation length,
and the background terms in the fits. Panels (d), (e), and (f) show the variation of the pre-
peak amplitude, center, and width in the fits. The x-axis is the total nitric acid extracted
into the organic phase ([HNO3]org) divided by the concentration of TOA. The dotted line
in each of the panels refers to x = 1 where the amine is completely protonated. Values to
the left of this line correspond to mixtures of TOA and TOAH.NO3 (SAXS data in Figure 6
and Figure 7), and to the right are the solutions with excess acid extraction (refer to SAXS
data in Figure 11). Markers (colors) of the scatter data in the three panels correspond to
different concentrations of TOA in the organic phase - circle (blue): 0.1 M TOA, diamond
(orange): 0.25 M TOA, square (green): 0.4 M TOA, and triangle (red): 1 M TOA.
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no clear trend in the relationship between the organic phase structure and water content

(Figure S7). This indicates that the organic phase structure is driven mainly by extractant

and acid molecules, aligning with the weak association of water with the ion-pairs as seen in

the previous sections.

Conclusions

Using a combination of analytical, spectroscopic, X-ray scattering, and computational tech-

niques, we have investigated the speciation of HNO3 in the organic phase after extraction

with TOA in toluene and the resulting changes in the nanoscale structure of the organic

phase. Acid and water extraction trends show multiple extraction regimes, and we have

demonstrated the existence two distinct speciation of extracted HNO3, first as a dissoci-

ated acid leading to the formation of trioctylammonium nitrate ion-pair, and second as an

undissociated HNO3 molecule hydrogen bonded to the nitrate. Solvating extractants like

TBP also show similar acid and water extraction trends, but acids appear to be undissoci-

ated throughout the extraction regime. While 1H-NMR spectroscopy shows the presence of

multiple acidic species in the organic phase with TOA, ATR-FTIR spectroscopy, in combi-

nation with electronic structure calculations provides a clearer picture of the speciation of

the acid. Water appears to be loosely bound to the ion-pairs and the undissociated HNO3

molecules with the ion-pairs preferring to form hydrogen bonds with the undissociated HNO3

rather than with water. Modelling of the SAXS data across the organic phase compositional

space show that the organic phase structure is a combination of liquid structure at larger

length scales, described by the Ornstein-Zernike scattering equation, and extractant packing

as aggregates. SAXS behavior with respect to the concentration of ion-pairs of protonated

amines resembles scattering due to critical fluctuations. Interestingly, an increase in hy-

drogen bonding moieties with increasing excess acid extraction did not significantly change

the Ornstein-Zernike correlation length. The pre-peak feature, assigned to aggregates of the
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ion-pairs, shows a complicated trend with acid extraction, depending on the concentration

of the ion-pairs in solution. These findings show that the acid extraction uniquely affects

speciation and nanoscale structure with basic extractants. Mechanism of water extraction

and its role in metal extraction is still not easily explained. In light of our results, the role

of non-covalent interactions including ion-ion interactions, hydrogen bonding, and ion-dipole

interactions in metal extraction with basic extractants need further study. Differences in

such non-covalent interactions can play a role in separation of metals as anionic complexes

with these basic extractants.

Experimental

Tri-n-octylamine (TOA), D2O (99 atom% D), concentrated DNO3, and toluene were pur-

chased from Millipore-Sigma Aldrich LLC. Concentrated HNO3 was purchased from Fisher

Chemicals. All the chemicals were used as received without any purification. HNO3 solu-

tions were prepared by volumetric dilutions of concentrated HNO3. TOA solutions in toluene

were prepared by dissolving a known mass of TOA in toluene in volumetric flasks. Acid ex-

tractions were conducted in glass tubes with phenolic caps by contacting equal volumes of

aqueous HNO3 solutions and organic TOA solutions. The two liquid phases were contacted

for five minutes and separated by centrifugation. The phases were then manually separated

with plastic pipettes for further analysis. All the samples were prepared under ambient

conditions of T = 20 ◦C.

Extraction of HNO3 was studied potentiometrically. The aqueous solution was diluted

with deionized water and the pH was measured, both before and after extraction. Water

extraction was studied by measuring the concentration of dissolved water in the organic

phase after acid extraction by the coulometric Karl Fisher method. Densities of the organic

solutions were measured with the help of a calibrated balance with a 0.1 mg precision.

Samples for 1H-NMR measurements were made with deuterated toluene. 1H-NMR spec-
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tra were recorded on a 500 MHz Bruker spectrometer. All the spectra were referenced to

the toluene peak in the uncontacted TOA-toluene(D8) solution. ATR-FTIR measurements

were performed on a Nicolet iS50 FTIR spectrometer equipped with an diamond crystal -

ATR accessory. A small droplet of the sample was placed on the ATR crystal and covered

with a plastic cup to prevent evaporative losses during measurement. An air background

was measured and subtracted from the sample spectra. All measurements were averaged

over 32 scans with zero-fill factor.

Small-angle X-ray scattering measurements were conducted at Sector 12-ID-C beamline of

Advanced Photon Source, Argonne National Laboratory with a Pilatus 2M detector having a

pixel size of 0.173 mm. Following parameters were used in obtaining the SAXS data: incident

photon energy = 12 keV, sample to detector distance = 2206 mm, and the exposure time =

1 s. The samples were held in a 1.5 mm outer-diameter quartz capillary. Same capillary was

used for all the samples to keep a constant capillary background and sample thickness. Five

shots were collected per sample to improve the data statistics. Air background was measured

to obtain the background scattering and water scattering was used for intensity calibration.

The capillary was rinsed multiple times with a soap solution and water in between the

samples. The 2-D data were processed at the beamline using standard procedures to obtain

1-D averaged scattering profiles.

SAXS model selection

We tested three models: (a) Tuebner-Strey model (T-S, equation 1) which is used in describ-

ing the structure of microemulsions,71 (b) a sum of Guinier scattering and a Gaussian peak

to describe the low-q features and the pre-peak, respectively (G-G model, equation 2), and

(c) a sum of Ornstein-Zernike scattering (Lorentzian centered at q=0) and a Gaussian peak

to describe the low-q feature and the pre-peak (L-G model, equation 3). Ornstein-Zernike

shape is used to describe the dynamic fluid structure due to thermal fluctuations while the

Guinier shape is generally used to describe SAXS from dilute solutions of particles with
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ill-defined shapes but possessing a characteristic length scale called the radius of gyration.

A comparison of the fits obtained by the three models is shown in Figure 13 with the SAXS

data for 0.25 M TOA equilibrated with ∼ 12 M HNO3. For all the conditions studied in this

article the L-G model lead to best fits with the least reduced chi-squared values. Equations

for the different models are as below.

Teubner-Strey model (T-S):

I(Q) =
1

a+ c1Q2 + c2Q4
+B (1)

Guinier-Gaussian model (G-G):

I(Q) = I0e
−(Qξ)2 + αe

−(Q−QG)2

σ2 +B (2)

Lorentzian-Gaussian model (L-G):

I(Q) =
I0

1 + (Qξ)2
+ αe

−(Q−QG)2

σ2 +B (3)

T-S model was the worst performing model of the three, possibly because it simultane-

ously fits the low-Q and the pre-peak features whereas the other two models are more flexible

and additively decouple the low-Q feature from the pre-peak feature. Best fits to the data

using the T-S model are shown in Figure S4, wherein it is clear that this model does not

adequately capture the trends in the organic phase SAXS. The G-G model performs well

for most of the samples, except for those with a high low-Q scattering. The G-G model can

be thought of as corresponding to a large cluster with the pre-peak describing the internal

packing of the constituents in the cluster (either the TOA.HNO3 molecules or their molecular

aggregates). Based on this analysis we have chosen the L-G model to describe the SAXS

data.
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Figure 13: Comparison of different models used to fit the SAXS data for 0.25M TOA equili-
brated with 12M nitric acid. Panel (a) shows the experimental data in dotted line, a combi-
nation of Guinier and Gaussian peak (red trace), fit obtained with Teubner-Strey model for
microemulsions (blue trace), and (b) the fit obtained with the Lorentz-Gaussian model. The
reduced chi-squared values associated with the fits are shown in the subpanels. L-G model
was found to produce the best fits for the SAXS data
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Computational

Cluster geometries were optimized with density functional theory (DFT) using the B3LYP

functional and 6-31+G(d,p) basis set, followed by a frequency calculation. Solvent effects

of toluene were modeled using the conductor-like polarizable continuum model. All DFT

calculations were performed in Gaussian 16.72
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(11) Dourdain, S.; Déjugnat, C.; Berthon, L.; Dubois, V.; Pellet-Rostaing, S.; Dufrêche, J.-
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