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N,N'-dimethyl,N,N'-dioctylhexylethoxymalonamide (DMDOHEMA) is used to 
separate An(III) and Ln(III) from fission products in several liquid-liquid 
extraction processes that aim at recycling actinides. The stochiometry of the 
extracted complexes is important for a complete understanding of the 
processes. The presented work focuses on the complexation of Cm(III) with 
DMDOHEMA studied by TRLFS in mono- and biphasic (solvent extraction) 
systems. The formation of [Cm(DMDOHEMA)n]3+ (n = 1–3) in 1-octanol 
containing 1.7 mol/L of water with logb’1 = 2.6 ± 0.3, log b’2 = 4.0 ± 0.5, log b’3 
= 4.3 ± 0.5 was confirmed. In addition, fluorescence lifetime measurements 
indicated the formation of a 1:4 complex. Furthermore, solvent extraction 
experiments were performed, varying the proton and nitrate concentrations. 
TRLFS measurements of organic phases confirmed the existence of two 
species, [Cm(DMDOHEMA)3(NO3)(H2O)1–2]2+ (dominant at high proton and 
nitrate concentrations) and [Cm(DMDOHEMA)4(H2O)]3+ (dominant at low 
proton and nitrate concentrations). To support the proposed stoichiometries, 
vibronic side-band spectroscopy (VSBS) was employed, allowing the 
observation of vibrations of functional groups coordinated to the probed 
metal ion. Clear differences between the vibronic side bands of the 1:3 and 
1:4 complex in the range of 900–1300 cm−1 were observed. Vibrational 
spectra calculated by DFT complimented the experimental data and 
confirmed the proposed stoichiometries. They revealed a monodentate 
coordination mode of the nitrate and two water molecules in the 1:3 
complex.  

Introduction 
Malonamides (Scheme 1) are bidentate chelating ligands that 
coordinate metal ions via the amide oxygen atoms.1 Their 
complexing properties depend on the substitution of the 
moieties on the amide groups (R1-R2) and the methylene unit 
(R3-R4).2, 3 Substitution of R1 and R2 with long alkyl moieties 
diminishes the complexing properties due to steric hindrance 
but improves solubility in organic solvents.4, 5 Substitution of R3 
and R4 with alkyl chains also improves the solubility in organic 
solvents. Yet, metal ion coordination becomes more difficult for 
monosubstituted malonamides and can even be impossible for 
disubstituted malonamides.2 

Malonamides have been developed as extracting agents for 
several solvent extraction processes for separating actinides 
from spent nuclear fuels.6 They extract tri-, tetra- and 
hexavalent actinides, lanthanides and some transition metals 
(e.g. Zr, Pd, Mo) from acidic, nitrate containing solutions.7-9  

N,N'-dimethyl,N,N'-dioctylhexylethoxymalonamide 
(DMDOHEMA) is highly soluble in kerosene and 1-octanol due 
to the octyl and hexylethoxy moieties.10 Additionally, the 
methyl moieties on the amides reduces steric hindrance so that 
metal-ion complexation and extraction are ensured. The ether 
oxygen does not coordinate to the metal ion.11, 12 

 DMDOHEMA has been chosen as an extracting agent for 
several solvent extraction processes for separating actinides 
from spent nuclear fuels. Among these processes are the 
DIAMEX (DIAMide EXtraction)13, EXAm (EXtraction of 
Americium)14 and GANEX (Grouped ActiNide Extraction)15, 16 
processes. 

 
Scheme 1 General framework of malonamides (left) and molecular structure of 
DMDOHEMA (right). 

Lipophilic malonamides extract nitric acid and water, 
forming the following adducts (L = malonamide): (HNO3)x·L (x = 
1,2), (HNO3)·L2 and (H2O)·L .17-20  

Furthermore, malonamides are reported to extract 
actinide(III) and lanthanide(III) nitrates from nitrate solutions as 
M(NO3)3·Lx (x = 2–4) complexes.2, 5 Extraction from nitric acid 
involves the formation of several additional complexes, 
M(NO3)3·(HNO3)x·Ly (x = 1–2 and y = 2–4) 4, 18 

The extraction of Am(III) from 0.1–7 mol/L HNO3 into 0.5–
1.0 mol/L DMDOHEMA dissolved in kerosene is reported to 
proceed through the formation of Am(NO3)3·L4, 
Am(NO3)3·HNO3·L3 and Am(NO3)3·(HNO3)2·L2.20 However, the 
formation of the aforementioned complexes was derived from 
slope analysis of solvent extraction experiments only; no further 
evidence for their presence was sought.  

Time-resolved laser fluorescence spectroscopy (TRLFS) is a 
sensitive and non-invasive analytical method to study the inner 
coordination sphere of fluorescent metal ions. TRLFS has 
become a valuable analytical method for speciation in solution 
for both lanthanides and actinides (Cm(III) being a 
representative for trivalent actinides due to its spectroscopic 
properties). Information about the number and type of ligands 
as well as the complex geometry is obtained by spectroscopic 
parameters such as shape, position, intensity of the emission 
bands and lifetime of the fluorescence emission.21, 22 

We present a TRLFS study on the complexation of Cm(III) 
with DMDOHEMA in mono- and biphasic (i. e. solvent 
extraction) systems, elucidating the stoichiometry of the 
complexes formed during extraction from acidic nitrate 
solutions. Furthermore, we apply vibronic side-band 
spectroscopy (VSBS) to support our findings. VSBS is a technique 
to study the near coordination environment of luminescent 
metal ions.23-28 Density functional theory (DFT) is employed on 
proposed complex geometries in order to complement 
experimental results and highlight the origin of changes in the 
vibrational manifolds. 
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Experimental section 
Chemicals 

All chemicals were used as purchased or provided without 
further purification. DMDOHEMA was provided by Dr. Rikard 
Malmbeck (European Joint Research Centre). Deuterated nitric 
acid was purchased from Deutero GmbH. All other chemicals 
were obtained from Sigma Aldrich. 
 
Preparation of monophasic samples  

For monophasic experiments 4.7 µL of a Cm(III) stock solution 
were dissolved in 995.3 µL of solvent, resulting in an initial 
Cm(III) concentration of 1 x 10−7 mol/L. 
 To study the influence of the water concentration in 
1-octanol on the emission spectra of Cm(III) aliquots of 
ultrapure water were added in 1.5 µL steps until saturation. The 
water concentration in water-saturated 1-octanol is 
approximately 2 mol/L29, 30. To avoid the formation of an 
aqueous phase when studying the complexation of Cm(III) with 
DMDOHEMA 1-octanol with 1.7 mol/L water was used as 
solvent. 
 A DMDOHEMA stock solution was prepared by dissolving 
1.524 g of DMDOHEMA in 1-octanol containing 1.7 mol/L water 
to a total volume of 2 mL, resulting in a DMDOHEMA 
concentration of 1.58 mol/L. This stock solution was diluted to 
0.1 mol/L and 0.01 mol/L DMDOHEMA by adding 1-octanol 
containing 1.7 mol/L water. 
 
Solvent extraction 

To compare the species formed in mono- and biphasic 
experiments, extraction experiments with Cm(III) and 
DMDOHEMA were performed as a function of the proton and 
nitrate concentrations. 
 Organic phase was 0.4 mol/L DMDOHEMA in kerosene. To 
study the influence of the proton concentration, aqueous 
phases were 1 x 10-3 mol/L – 6.0 mol/L nitric acid with a 
constant nitrate concentration of 6.0 mol/L. The influence of 
the nitrate concentration was studied using aqueous phases 
with nitrate concentrations of 1.0 mol/L – 6.0 mol/L and a 
constant proton concentration of 0.4 mol/L.  

500 µL of both aqueous and organic phase were shaken for 
20 min at 298 K in a 2 mL screw-cap vial on an orbital shaker 
(2500 rpm). Phases were separated by centrifugation 
(6000 rpm) and 300 µL aliquots of each phase were investigated 
by TRLFS. 
 
TRLFS 

All experiments were performed at 298 K with a Nd:YAG 
(Surelite II laser, Continuum) pumped dye laser system 
(NarrowScan D-R; Radiant Dyes Laser Accessories GmbH). 
A wavelength of 396.6 nm was chosen to excite Cm(III). 
A spectrograph (Shamrock 303i, ANDOR) with 300, 1199 and 
2400 lines per mm gratings was used for spectral 
decomposition. The fluorescence emission was detected by an 
ICCD camera (iStar Gen III, ANDOR) after a delay time of 1 µs 
using a gate width of 1 ms to discriminate short-lived, organic 
fluorescence and light scattering. 
 

VSBS 

Samples for VSBS were prepared by extraction (see Solvent 
extraction). Organic phases consisted of 0.4 mol/L DMDOHEMA 
in kerosene. Aqueous phases were 6.0 mol/L NH4NO3 
or10−3 mol/L HNO3 in 6.0 mol/L NH4NO3. Deuterated aqueous 
phases were prepared using NaNO3, D2O and DNO3. For vibronic 
side-band detection Cm(III) emission spectra were recorded in 
a wavelength range of 620 nm – 800 nm with a 1199 lines per 
mm grating. The aforementioned wavelength range was 
scanned by gradually shifting the central wavelength of the 
grating in 10 nm steps as the detection width of the grating is 
limited to 40 nm. The depicted vibronic side-band spectra 
resemble sequences of several Cm(III) emission spectra. 
 
Theoretical model 

DFT computations on the BP8631, 32/def2-TZVP33 level were 
performed for various 1:3 and 1:4 Cm(III)-DMDOHEMA 
complexes. The Cm(III) ion was described by a ECP60MWB34 
small-core pseudo potential. Vibrational modes were computed 
to verify true minima of the optimised structures using the 
TURBOMOLE35 program package. For comparison with the VSBS 
data all vibrational intensities were scaled by r-6 for each atom 
depending on its contribution to the mode, with r being the 
atom distance to the central Cm(III) ion. Resulting vibrational 
spectra were obtained using Gaussian line broadening on the 
determined frequencies and intensities.  

Results and Discussion 
Cm(III) emission spectra in 1-octanol 

Figure 1 shows the evolution of the Cm(III) fluorescence spectra 
(6D7/2 à 8S7/2) with increasing water concentration in 1-octanol. 
The fluorescence spectra of Cm(III) in 1-octanol show a strong 
dependency on the water content. 

 
Fig. 1 Normalized fluorescence spectra of Cm(III) in 1-octanol in dependence of the 
added amount of water (c(Cm(III))ini = 1 x 10-7 M). 

Cm(III) in 1-octanol (as received) has an emission band at 
601.2 nm with a shoulder on the bathochromic side at 
607.2 nm. Sequential addition of water results in a gradual 
hypsochromic shift of the Cm(III) emission band. The shoulder 
on the bathochromic side of the spectrum disappears. After 
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adding 27 µL of water no further changes of the Cm(III) emission 
band are observed. The emission band is located at 594.3 nm 
with a shoulder at 597.3 nm. The emission spectrum is identical 
to the spectrum of Cm(III) dissolved in water-saturated 
1-octanol. 
 These results indicate that the solvation of Cm(III) changes 
with increasing water concentration in 1-octanol. In water-
saturated 1-octanol Cm(III) is almost exclusively coordinated by 
water molecules. The Cm(III) emission band is close to that of 
the Cm(III) aqua ion (lmax = 593.8 nm)36-38. Decreasing the water 
concentration in 1-octanol results in a pronounced coordination 
of 1-octanol molecules, causing a bathochromic shift. These 
findings are supported by Cm(III) fluorescence lifetime 
measurements. The fluorescence lifetime of Cm(III) in 1-octanol 
(without addition of water) is t = (108 ± 9) µs, whereas in water-
saturated 1-octanol a lifetime of t = (77 ± 7) µs is observed. As 
the fluorescence of Cm(III) is mainly quenched by water 
molecules longer fluorescence lifetimes correlate with fewer 
coordinated water molecules.37 

Similar trends are also observed for Cm(III) solvent spectra 
in binary, miscible solvent mixtures (H2O + MeOH, iPrOH, tBuOH, 
Me2CO, DMSO or CH3CN) in which Cm(III) is mainly coordinated 
by water. Bathochromic shifts of the Cm(III) emission band and 
longer fluorescence lifetimes due to replacement of water by 
other solvent molecules are observed solely at very low water 
concentrations.39, 40  

 
Complexation of Cm(III) with DMDOHEMA 

Figure 2 shows the normalized fluorescence spectra of Cm(III) in 
1-octanol containing 1.7 mol/L water in dependence of the 
DMDOHEMA concentration. In absence of DMDOHEMA an 
emission band at 594.3 nm with a shoulder at 597.5 nm is 
observed. The addition of DMDOHEMA leads to a bathochromic 
shift that becomes more pronounced for higher DMDOHEMA 
concentrations. At the highest ligand concentration 
(0.829 mol/L) an emission band at 602.7 nm is detected. 

 
Fig. 2 Normalized fluorescence spectra of Cm(III) in 1-octanol containing 1.7 mol/L water 
at increasing DMDOHEMA concentrations (c(Cm(III))ini = 1 x 10−7 mol/L). 

By subtracting the emission spectrum of the Cm(III) solvent 
species from the spectra at 1.0 x 10−3 mol/L, 1.2 x 10−2 mol/L 
and 1.0 x 10−1 mol/L DMDOHEMA, single component spectra 
for the [Cm(DMDOHEMA)n]3+ complexes (n = 1–3) are obtained 

(Figure 3) with emission bands at 596.5 nm, 598.5 nm and 
601.9 nm, respectively. The decreasing signal to noise ratio of 
the single component spectra of the 1:2 and 1:3 complex is due 
to their small contribution to the total peak area in the 
deconvoluted spectra. The bathochromic shifts of the single 
component spectra relative to the solvent spectrum are due to 
the increased ligand field splitting and support the gradual 
complexation of Cm(III) with DMDOHEMA. The shifts of the 
emission bands are small compared to shifts observed for other 
oxygen based extracting agents such as TODGA.41  
 The relative fractions of the single component spectra in the 
experimental spectra are obtained by peak deconvolution. To 
determine species concentrations the relative fractions are 
corrected by fluorescence intensity (FI) factors. FI factors 
denote the fluorescence intensity of single component spectra 
relative to the intensity of the solvent spectrum. The FI values 
are FI1 = 1.4 ± 0.1, FI2 = 1.2 ± 0.3 and FI3 = 3.9 ± 0.8. 

 
Fig. 3 Single component fluorescence spectra of [Cm(solv.)]3+ and the 
[Cm(DMDOHEMA)n]3+ complexes (n = 1-3) in 1-octanol containing 1.7 mol/L water. 

Figure 4 shows the resulting speciation diagram. Formation of 
the 1:1 complex starts at 1 x 10−4 mol/L DMDOHEMA and has a 
maximum at approximately 1 x 10−2 mol/L DMDOHEMA with a 
fraction of almost 70 %. Formation of the 1:2 complex starts at 
1 x 10−3 mol/L DMDOHEMA and has a maximum share of 65 % 
at approximately 0.1 mol/L DMDOHEMA. Formation of the 1:3 
complex occurs at 0.05 mol/L DMDOHEMA. Due to the small 
fraction relative to the total peak area no single component 
spectrum of the 1:4 complex is obtained. Nevertheless, lifetime 
measurements indicate the existence of a 1:4 complex as they 
display lifetime components exceeding the fluorescence 
lifetime expected for a 1:3 complex (t1:3 complex ≈ 170 µs). 
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Fig. 4 Relative concentration of [Cm(Solv.)]3+ and the [Cm(DMDOHEMA)n]3+ complexes 
(n = 1–3) as a function of the free DMDOHEMA concentration in 1-octanol containing 
1.7 mol/L water. Dots, experimental data. Lines, calculated with log b'1 = 2.6, 
log b'2 = 4.0 and log b'3 = 4.3. 

To verify the stoichiometry assigned to the single component 
spectra, slope analyses according to equation (1) are 
performed. 

(ML!"#)$% + 𝐿	 ⇌ (ML!)$% 

log
𝑐((𝑀𝐿!)$%)
𝑐((𝑀𝐿!"#)$%)

= 𝑙𝑜𝑔	𝑐(𝐿) + log𝐾!& 	(1) 

Equation (1) describes a linear correlation between the 
logarithms of the free ligand concentration and the 
concentration ratio of c((MLn)3+)/c((MLn−1)3+. The slopes shown 
in Figure 5 confirm the stepwise addition of DMDOHEMA to 
form the 1:1, 1:2 and 1:3 complexes. 
 Conditional stability constants are calculated according to 
equation (2). 

𝛽!& =
𝑐((𝑀𝐿!)$%)
c(M$%)(𝑐(𝐿))! 	(2) 

The resulting conditional stability constants are log b'1 = 2.6 ± 
0.3, log b'2 = 4.0 ± 0.5 and log b'3 = 4.3 ± 0.5.  

 
Fig. 5 Double logarithmic plot of the concentration ratio of [Cm(DMDOHEMA)n]3+ / 
[Cm(DMDOHEMA)n−1]3+ as a function of the free DMDOHEMA concentration.  

Solvent extraction experiments 

To determine the stoichiometry of the complexes formed upon 
extraction of actinides(III) from acidic nitrate solutions into 
DMDOHEMA dissolved in kerosene, solvent extraction 
experiments are performed. The influence of proton and nitrate 
concentrations on the formed complexes in the organic and 
aqueous phases are investigated by TRLFS. In the following, only 
the Cm(III) emission spectra of the organic phases are shown. 
Emission spectra of the aqueous phases and data of lifetime 
measurements are given in the supplementary information 
(Figures S 2-4 and Tables S 1-2). 
 Influence of proton concentration. Extraction experiments 
are performed with proton concentrations in the range of 1 x 
10−3 mol/L – 6.0 mol/L at constant nitrate and DMDOHEMA 
concentrations. The organic phase Cm(III) emission spectra are 
shown in Figure 6.  

Depending on the proton concentration, two different 
species are observed. Species I, exhibiting an emission band at 
601.3 nm with a hot band at 595.6 nm, is present at high proton 
concentrations. Species II shows an emission band at 604.2 nm 
with a hot band at 596.8 nm. It is observed at low proton 
concentrations. An isosbestic point is found at 602.4 nm, 
indicating the direct transformation of species I into species II 
with decreasing proton concentration. 

 
Fig. 6 Normalized fluorescence spectra of Cm(III) in the organic phases from solvent 
extraction experiments at varied aqueous phase proton concentration. c(Cm(III))ini = 
1 x 10−7 mol/L, c(NO3-)ini = 6.0 mol/L), c(DMDOHEMA)ini = 0.4 mol/L. 

 Influence of nitrate concentration. The influence of the nitrate 
concentration is studied at constant proton (1 mol/L) and 
DMDOHEMA (0.4 mol/L) concentrations. The Cm(III) emission 
spectra are shown in Figure 7. Again, two species with the same 
emission maxima are observed (cf. Figure 6). Species I 
(601.3 nm) is dominant at high nitrate concentrations whereas 
species II (604.2 nm) is dominant at low nitrate concentrations. 
The influence of the nitrate concentration on the position of the 
emission band of Cm(III) is weaker than that of the proton 
concentration. The most pronounced change of the emission 
spectra is found between nitrate concentrations of 2 mol/L and 
5 mol/L. No substantial change is observed between 1 mol/L 
and 2 mol/L nitrate and between 5 mol/L and 6 mol/L nitrate.  
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Fig. 7 Normalized fluorescence spectra of Cm(III) in the organic phases from solvent 
extraction experiments at varied nitrate concentration. c(Cm(III))ini = 1 x 10−7 mol/L, 
c(H+)ini = 1 mol/L), c(DMDOHEMA)ini = 0.4 mol/L. 

 Interpretation of the solvent extraction experiments. 
Depending on the experimental conditions (i. e. proton and 
nitrate concentrations), two Cm(III)-DMDOHEMA complexes 
are identified.  

• Species I, having an emission maximum at 601.3 nm, 
prevails at conditions of high proton and nitrate 
concentrations;  

• Species II, having an emission maximum at 604.2 nm, 
prevails at conditions of lower proton and nitrate 
concentrations. 

The number of DMDOHEMA molecules in species I is 
determined by comparison of the single component spectra of 
the [Cm(DMDOHEMA)n]3+ (n = 1–3) complexes in 1-octanol 
(Figure 3) with the spectra of the solvent extraction 
experiments. Figure 8 shows the spectrum of the 1:3 complex 
from monophasic experiments and the spectrum of species I. 
The position of the emission bands are in excellent agreement, 
confirming species I to be a 1:3 complex. Six coordination sites 
are occupied by three bidentate DMDOHEMA molecules. This 
leaves three sites of the typically ninefold-coordinated Cm(III) 
ion36 vacant for further ligands. 

The slight deviations between the spectra of the mono- and 
biphasic systems arise from those three positions. In the 
monophasic system, only 1-octanol and water are possible 
ligands besides DMDOHEMA. In the biphasic system nitrate and 
water have to be considered. 

The number of water molecules present in the first 
coordination sphere is estimated from fluorescence lifetime 
measurements according to the equation of Kimura et. al37. For 
conditions with prevailing presence of species I, the calculated 
number of inner sphere water molecules is in the range of 1.4–
1.6 (see supplementary information Tables S1–S2). This implies 
species I being either [Cm(DMDOHEMA)3(NO3)(H2O)]2+ with a 
bidentate nitrate anion or [Cm(DMDOHEMA)3(NO3)(H2O)2]2+ 
with a monodentate nitrate anion.  
 Species II is shifted bathochromically with respect to 
species I. The stronger ligand field splitting of species II is 
explained by coordination of a further DMDOHEMA molecule. 
Slightly longer fluorescence lifetimes are observed for 
conditions at which species II prevails. The calculated number 

of water molecules is 1.2–1.4, confirming species II to be 
[Cm(DMDOHEMA)4(H2O)]3+. 

 

 
Fig. 8 Comparison of emission spectra of the [Cm(DMDOHEMA)3]3+ complex (red line) 
and of species I (black line). 

The effect of the nitrate concentration on the organic phase 
speciation is obvious considering the equilibrium (3) (L = 
DMDOHEMA),  
 

[𝐶𝑚𝐿']$% +𝑁𝑂$" 	⇋ [𝐶𝑚𝐿$(𝑁𝑂$)](% + 𝐿	(3) 

 
With increasing nitrate concentration, a DMDOHEMA 

molecule is replaced by a nitrate anion. To understand the 
effect of the proton concentration on the organic phase 
speciation, the nitric acid extraction equilibrium (4) has to be 
considered. 
 

𝐻% +𝑁𝑂$" + 𝐿 ⇋ (HNO$) · L	(4) 

 
With increasing proton concentration the DMDOHEMA 
concentration decreases, shifting equilibrium (3) to the right, 
i.e. towards species I.  
 
Vibronic side-band spectroscopy 

To support the proposed stoichiometries of the Cm(III)-
DMDOHEMA complexes formed during solvent extraction, 
vibronic side-band spectroscopy (VSBS) is performed on the 1:3 
(species I) and 1:4 (species II) complexes. This technique allows 
the investigation of the vibrations of functional groups 
coordinated to the probed metal ion. The recorded spectra 
include the zero phonon line (ZPL) originating from the Cm(III) 
6D’7/2 à 8S’7/2 transition and the side bands. Side bands result 
from changes in the dipole moment of the ligand field due to 
internal vibrations upon excitation of the probed metal ion. The 
energy of a vibration is calculated from the position of the side 
band relative to the ZPL:  

𝐸(𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛) = 𝐸(𝑍𝑃𝐿) − 𝐸(𝑣𝑖𝑏𝑟𝑜𝑛𝑖𝑐	𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑)	(5) 

Due to the inner-sphere coordination of a nitrate anion in 
the 1:3 complex, different vibronic side bands should be 
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obtained for the 1:3 and 1:4 Cm(III)-DMDOHEMA complexes. To 
avoid possible superposition of N-O stretching and H-O-H 
bending vibrations, additional samples are prepared by 
extracting from deuterated aqueous phases. 

Figure 9 displays the vibronic side bands of the 1:3 (top) and 
1:4 (bottom) complexes extracted from deuterated aqueous 
phases. The zero phonon lines are located at ZPL1:3 complex = 
601.3 nm and ZPL1:4 complex = 604.2 nm. The vibronic side-band 
spectra of the 1:3 and 1:4 complexes show distinct differences 
between 900 cm−1 and 1300 cm−1. Bands at 1435 cm−1 with a 
shoulder at 1590 cm−1 and at 2958 cm-1 are observed in both 
the 1:3 and the 1:4 complex. Furthermore, the 1:3 complex 
shows a band at 2380 cm-1 while the 1:4 complex displays one 
at 2224 cm-1.  

The bands at 2380 cm-1 (1:4 complex) and 2224 cm-1 (1:3 
complex) are assigned to the O-D stretching mode by comparing 
the vibronic side-band spectra of [CmL3(NO3)(H2O)]2+ with 
[CmL3(NO3)(D2O)]2+ and [CmL4(H2O)]3+ with [CmL4(D2O)]3+ (see 
supplementary information, Figure S5). Moreover, the O-D 
stretching mode of the 1:3 complex is red-shifted by 
approximately 160 cm-1 relative to the 1:4 complex. 

 

 
Fig. 9 Comparison of the experimental and calculated VSB spectra of the 1:3 (top) and 
1:4 (bottom) Cm(III)-DMDOHEMA complexes extracted from deuterated aqueous 
solutions. Experimental conditions: c(Cm(III))ini = 1 x 10−7 mol/L; 
c(DMDOHEMA) = 0.4 mol/L; c(NO3−)ini = 6.0 mol/L), c(D+)ini = 6.0 mol/L (1:3 complex) and 
10−3 mol/L (1:4 complex) 

To assign the other observerd vibrational modes and to explain 
similarities and differences in the vibronic side-band spectra, 
the structures of the proposed 1:3 and 1:4 complexes are 
optimised and vibrational spectra are calculated using density 
functional theory (DFT). 
 
Computational results  

The results of the structure optimisation of the 1:3 complex 
reveal a preferred monodentate coordination of the nitrate 
anion. In addition, two water molecules bind to Cm(III), forming 
hydrogen bonds to the non-coordinating nitrate oxygens (see 
Figure 10). For the 1:3 complex with a bidentate nitrate no 
energy minimum is found. Therefore, according to DFT 
calculations the stoichiometry of the 1:3 complex is 
[Cm(DMDOHEMA)3(NO3)(X2O)2]2+ (X = H, D). 

For the 1:4 complex, the DFT results suggest one remaining 
water molecule in the first coordination shell, which is in 
excellent agreement with the measured fluorescence lifetimes. 

 
Fig. 10 Calculated structure of the [Cm(DMDOHEMA)3(NO3)(H2O)2]2+ complex. Hydrogen 
bonds are indicated by dotted lines. 

Using the optimised structures of the 1:3 and 1:4 complexes, 
vibrational spectra are computed and shown in Figure 9. 
Calculated D2O vibrations occur in the range of 2217 cm−1 – 
2388 cm−1. The hydrogen bonding to the coordinated nitrate 
anion in the 1:3 complex results in a red-shift of the O-D 
stretching vibration compared to that of the 1:4 complex. D2O 
bending or scissoring modes are located around 1103 cm−1 – 
1143 cm−1. Symmetric and asymmetric carbonyl stretching 
vibrations are found at 1410 cm−1 and 1582 cm−1 in both 
complexes. The vibrations in the range of 2906 cm−1 – 
3043 cm−1 result from C-H stretching. The lower bands in the 
range of 900 cm−1 – 1300 cm−1 correspond to stretching and 
twisting modes of the malonamide frame. 

These modes are dependent on the steric hindrance of the 
coordinating ligands, which increases from the 1:3 to the 1:4 
complex. In particular, the C(1)-C(2) and C(2)-C(3)stretching 
vibrations at 957 cm−1, 1040 cm−1 and 1256 cm−1 increase in 
intensity for the 1:4 complex (see Figure 11 for C atom 
assignment). The out-of-plane motion of the C(2) atom is red-
shifted by 50 cm−1 in the 1:4 complex compared to the 1:3 
complex. 
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Two different vibrational modes of the 1:4 complex are 
shown in In Figure 11. They are more pronounced due to steric 
hindrance and, therefore, are one of the contributing factors to 
the differences observed for the 1:3 and 1:4 complex (for clarity 
only a part of one DMDOHEMA molecule is shown). 

 
Fig. 10 Visualisation of the vibration modes of the [Cm(DMDOHEMA)4(H2O)]3+ complex 
at 957 cm−1 (left, C(1)-C(2)) and 1040 cm−1 (right, , C(2)-C(3)). 

Finally, the nitrogen N-O stretching vibration is calculated at 
1046 cm−1. The energy and the assignment of the peaks in the 
calculated vibrational spectra are given in Table 1. 

Table 1 Assignment of the vibrating functional groups and atoms in the calculated 
vibrational spectra.  

 
Comparising the experimental and calculated spectra the 

energy of the vibrational modes of the 1:3 and 1:4 complex are 
in very good agreement. The deviations in the intensities are 
due to the theoretical approach (Figure 9). Nevertheless, the 
energies of all observed vibrational modes, including the 
differences between the 1:3 and 1:4 complex, are very well 
described by the DFT calculations. The calculations elucidate 
the coordination mode of the nitrate anion in the 1:3 complex 
and support the proposed stoichiometries of the Cm(III)-
DMDOHEMA complexes.  

Conclusions 
The stoichiometry of the complexes formed upon extraction of 
Cm(III) from acidic nitrate solutions into DMDOHEMA dissolved 
in kerosene has been studied using TRLFS, VSBS and DFT. 

Monophasic experiments with DMDOHEMA in 
1-octanol containing 1.7 mol/L water have been performed. 
The formation of the [Cm(DMDOHEMA)n]3+complexes (n = 1-3) 
has been proven and stability constants have been derived: log 
b'1 = 2.6 ± 0.3, log b'2 = 4.0 ± 0.5 and log b'3 = 4.3 ± 0.5. The 

stability constants show that DMDOHEMA is a rather weak 
ligand in comparison to other oxygen based extraction agents. 
Moreover, the existence of a 1:4 complex has been indicated by 
fluorescence lifetime measurements. 

In liquid-liquid extraction experiments the formation of two 
different species has been observed in dependence of the 
proton and nitrate concentrations. The two species have been 
identified as the 1:3 and 1:4 Cm(III)-DMDOHEMA complexes by 
comparison with the single component spectra of the 
monophasic experiment. The 1:3 complex is present at high 
proton and nitrate concentrations while the 1:4 complex is 
formed at low proton and nitrate concentrations. This is 
explained by the reduction of the free DMDOHEMA 
concentration due to the extraction of nitric acid.  

To support our proposed stoichiometries VSBS and DFT 
calculations have been performed. Both the 1:3 and 1:4 
complexes exhibit characteristic, distinguishable vibronic side 
bands. Calculated energies of the vibrational modes are in very 
good agreement with the experimental data, supporting the 
proposed stoichiometries. 

In conclusion, the DMDOHEMA complexes that form when 
extracting Cm(III) from acidic nitrate solutions have been 
determined using a combined approach of TRLFS, VSBS and DFT: 

• [Cm(DMDOHEMA)3(NO3)(H2O)2]2+ (prevailing at 
high proton and nitrate concentrations, hence the 
free DMDOHEMA concentration is low) 

• [Cm(DMDOHEMA)4(H2O)]3+ (prevailing at low 
proton and nitrate concentrations, hence the free 
DMDOHEMA concentration is high). 

The solvent extraction equilibrium model20 postulates the 
extraction of Am(III) as 1:4, 1:3 and 1:2 complexes, with 
increasing nitric acid concentration (see Table 2). Considering 
the minute differences in the chemical properties of Am(III) and 
Cm(III), the spectroscopic results provide evidence for the 1:3 
and 1:4 complexes. No evidence for the existence of a 1:2 
complex has been found. The solvent extraction equilibrium 
model will be revisited, accounting for the findings of this study. 

Table 2 Comparision of the stoichiometry of the An(III)-DMDOHEMA complexes 
determined by a solvent extraction equilibrium model20 and TRLFS (L = DMDOHEMA). 

 SX equilibrium model TRLFS  

1:4 AmL4(NO3)3 [CmL4(H2O)]3+ Low [H+] and [NO3−] 

1:3 AmL3(NO3)3(HNO3) [CmL3(NO3)(H2O)2]2+ High [H+] and [NO3-] 

1:2 AmL2(NO3)3(HNO3)2 Not observed  
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[Cm(DMDOHEMA)3(NO3)(D2O)2]2+ 

(1:3 complex) 
[Cm(DMDOHEMA)4(D2O)]3+ 

(1:4 complex) 

Energy [cm−1] Vibration Energy [cm−1] Vibration 

694 N-O; scissoring   

853–1024 Malonamide 
framework 705–1108 Malonamide 

framework 

1127 O-D scissoring   

1264 C(2)-C(3) dihedral 
twisting 1214 C(2)-C(3) dihedral 

twisting 

1410–1582 C=O stretching 1410–1582 C=O stretching 

2217–2388 O-D stretching 2237–2309 O-D stretching 

2906–3021 C-H stretching 2907–3043 C-H stretching 
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