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ABSTRACT: 
Alkyl diglycolamides (DGAs) are promising extractants for the separation of trivalent actinides from nitric 

acid medium. Molecular dynamic simulations using AMBER force field have been performed on various alkyl 

derivatives diglycolamides to understand the fundamental property and conformation of DGA responsible 

for extraction of trivalent metal ions. Since the amidic (O1 and O2) and etheric oxygen donor atoms in DGA  

molecule coordinates with metal ions, the linear distance between O1-O3 atoms and the dihedral angle 

associated with O1-C1-C2-O2 and O2-C3-C4-O3 bonds present in DGAs were determined by MD 

simulations.  The results obtained were correlated to the distribution ratio of americium (III). The average O1-

O3 distance increased with increase of chain length and branching of alkyl group attached to amidic 

nitrogen atom of DGA. The extractant underwent remarkable change in conformation, prior to coordination 

with metal ions, to adopt a suitable conformation necessary for efficient complexation.  Comparison of the 

results obtained from simulation and distribution ratios, our studies revealed that diglycolamides required an 

optimum O1 –O3 distance of 4.2 -5 Å and minimal reorientation of dihedral angles for efficient coordination 

with trivalent metal ions.   
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INTRODUCTION 

Partitioning of trivalent actinides (Am(III), Cm(III)) 

from high-level nuclear waste and transmutation of 

them in advanced fast reactors is essential for the 

safe-management of  nuclear waste. Partitioning is 

generally carried out by the actinide specific 

extractants such as carbamoylorganophoshorous 

compounds (TRUEX process) [1-2], diamides 

(DIAMEX process) [4,5], trialkylphosphine oxides 

(TRPO process) [6,7] and diisodecylphosphoric acid 

(DIDPA) [8,9] etc. In the recent past, alkyl derivatives 

of diglycolamides (DGA) are regarded as promising 

candidates for the separation of trivalent actinides 

from high-level liquid waste [10,11]. The structure of 

DGA is represented in figure 1. The presence of an 

etheric oxygen between the two amidic groups in 

DGAs, increases the extraction of minor actinides  

due to enhanced tridentate complex formation 

with trivalents.  

 

 

Depending upon the alkyl group attached to the 

amidic nitrogen atom, the DGA is classified in to 

symmetrical, if the alkyl groups are same (R1 = R2, 

figure 1), and unsymmetrical DGA if R1 and R2 are 

different.  The studies carried out so far on 

diglycolamides indicate that the extraction and 

stripping of trivalents, as well as the hydrodynamic 

and the tendency towards third phase formation 

are strongly dependent on the structure and 

properties of alkyl group attached to the amidic 

nitrogen atom [12].  Third-phase formation is an 

undesirable event namely the splitting of organic 

phase into two phases during the course of solvent 

extraction [13]. The recent studies on unsymmetrical 

diglycolamides [14] indicate that by proper 

selection of alkyl groups attached to amidic 

nitrogen atom, the extractive properties and third 

phase formation behavior can be tuned. Therefore, 
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it is imperative to investigate the fundamental 

property of diglycolamide that governs the 

extraction behavior.  

Molecular dynamic simulations have been 

extensively employed for understanding the 

conformations of organic molecules and insights of 

solvent extraction [15-18]. Molecular mechanics 

offers several advantageous over the quantum 

approach when dealing with bigger molecules and 

in simulating the solvent extraction phenomenon. 

Hirata et al. [18] studied structural stability of Eu3+ 

and UO22+ DGA complexes in vacuum, aqueous 

and in methanol phase. The authors reported that 

the Eu3+-DGA complex was dissociated in water, 

however, the complex was stable in methanol and 

it was attributed to the selectivity of the trivalent 

cation as complex to UO22+.  Charbonnel et al. [19] 

studied the speciation of some lanthanide (III) and 

water soluble tetraethyldiglycolamide (TEDGA).  The 

simulations confirmed that nitrate counter ions 

never enter in the inner sphere of the complex in 

aqueous solution water solution and that the 

stability of the complexe was dependent on the a 

function of the competition between water and 

TEDGA coordination toward the Ln(III) cation.  

In this paper, we report the results of MD simulations 

performed on some diglycolamides using AMBER 

force field to understand the extraction behavior of 

various alkyl substituted DGAs.  The alkyl group 

attached to the amidic nitrogen atom was varied 

from octyl to dodecyl moiety. The distance 

between the two amidic oxygens (O1-O3) and the 

dihedral angle between the amdic and etheric 

oxygen (O1-C1-C2-O2 and O2-C3-C4-O3) were 

computed and correlated to the distribution ratio of 

americium in those DGAs. The conformation of DGA 

obtained in vacuum was compared with Eu(NO3)3-

DGA complex. 

 

EXPERIMENTAL 

2.1 Computational methods 

 All the molecular dynamics simulations and 

energy minimization calculations were performed in 

vacuum using the Assisted Model Building with 

Energy Refinement-11.0 (AMBER-11.0) package [20]. 

The Generalized Amber force-field (GAFF) 

corresponding to equation 1 was employed in the 

present study and the significance of each term is 

described elsewhere [21]. The force field 

parameters for Eu3+ were generated by using the 

input parameters reported by Wipff et al. [22]. The 

input parameters for energy minimization (.pdb files) 

were generated in chemsketch-12.0  [23] with the 

help of Avagadro package [24]. The trajectories of 

the structures were visualized by Visual Molecular 

Dynamics (VMD) package [25]. 
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2.2 Energy minimization 

 Energy minimizations were performed to 

optimize the equilibrium structure corresponding to 

nearest local minimum, by carrying out geometric 

corrections. During energy minimization, the 

molecules re-orient only with respect to its local 

environment. Energy minimization was performed 

for 10000000 cycles using a non-bonded cut-off 12 

Å by constant volume periodic boundary 

conditions. In the present study, the minimization 

was performed by steepest descent method for 

500000 cycles and then conjugate gradient method 

was switched on. An out-put file was written as 

coordinate information corresponding to each 

cycles.  

 

2.3 Molecular dynamics simulations 

 The geometry optimized structures obtained 

by using energy minimization were subjected to N-

body motion at a reference temperature (300 K) 

during molecular dynamics simulation. In molecular 

dynamic simulations the atoms and molecules are 

allowed to interact over a period of time and the 

forces between these particles are monitored as a 

function of time. The MD simulations are performed 

by using the energy minimized coordinates by 

applying a non-bonded cut-off 12 Å, at a 

temperature of 300 K.  The temperature scaling 

were performed by using a constant temperature 

canonical ensemble, with the help of Langevin 

dynamics with a constant collision frequency of 5 

ps-1. Constant volume periodic boundary conditions 

were applied for the MD simulations. Though, the 

temperature is assumed to be 300 K, it may change 

slightly during the course of simulations, due to rapid 

collisions of the molecules, as a result the kinetic 

energy also varies as a function of time. In the 

present study, the temperature, energy and 

coordinate informations were recorded at every 

1000 steps of the total MD simulations reference-

time scale.  
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2.4 Time evolution plots 

 The results of molecular dynamics simulations 

were monitored by the changes in the parameters 

such as O1-O3 distance and the dihedral angles 

corresponding to O1C1C2O2 and O2C3C4O3. 

These parameters were calculated by using a 

simple algorithm generated for finding out the these 

distances and dihedral angles from the coordinates 

generated at various time-steps.  These values were 

generated as separate files during the period of 

simulations. 

 

2.5 Population distribution plots 

 When molecular collisions are switched on 

by applying temperature, it undergoes various 

changes in the structure and energy.  Each 

molecule re-orients its geometry in accordance with 

its neighbors. Therefore, the bond angles and 

equilibrium distances of various atoms for example 

O1-O3 distance changed over a period time, 

leading to the distribution of various conformations. 

Populations of various O1-O3 distances and 

O1C1C2O2 and O2C3C4O3 dihedral angles were 

calculated from the distribution data obtained from 

the time evolution informations.  

 

RESULTS AND DISCUSSIONS 

The DGAs investigated in the present study have 

different alkyl substitents.  The nature of substituents 

attached to the amidic nitrogen atom and their 

abbreviations are shown in table 1. The distribution 

ratio of Am(III) reported for these DGAs are also 

shown in table 1. It is observed that the distribution 

ratio of Am(III) in 0.1 M DGA/n-DD is dependent on 

the nature of alkyl group attached.  For instance, 

the diglycoalmides such as C8-C8, C8-C8’ and C8’-

C8’ are chain isomers, differing only in the structure 

of alkyl group attached to the amidic nitrogen 

atom.  However, the distribution ratios obtained in 

those systems are remarkably different and it 

decreases with increase of branching of alkyl group 

in the order C8-C8 > C8-C8’ > C8’-C8’. Similarly, the 

distribution ratio of Am(III) decreases with increase 

of chain length of alkyl group attached to the 

amidic nitrogen atom of DGA in the order C8-C8 > 

C10-C10 > C12-C12.  This indicates that the alkyl 

group attached to the amidic nitrogen atom plays 

a profound role in determining the distribution ratios, 

even though the co-ordinating site is oxygen in all 

DGAs.  This shows it is quite likely that the alkyl group 

attached to the amidic nitrogen would be deciding 

the conformation responsible for the formation of 

stable Am(III)-DGA complex and therefore, their 

distribution ratios. To understand the conformational 

behavior of DGAs and metal-DGA complex, MD 

simulations were performed and the results are 

discussed below.  Since the AMBER force field for 

Am(NO3)3 was not available in literature, Eu(NO3)3 

was employed for simulation in the present study as 

the extractive properties of Am(III) and trivalent 

lanthanides were quite similar [22].  Therefore, the 

distribution ratio trend observed for Am(III)  and 

Eu(III) were similar. 

 
Table1. DGAs investigated in the present study and the 

distribution ratio of Am(III) in 0.1 M DGA/n-dodecane from 

1.0 M nitric acid at 298 K 

 

It is well-recognized that extraction of Eu(III) 

by diglycolamides results in the formation of co-

ordinate complex of Eu(NO3)3 with DGA through 

oxygen donor atoms.  Therefore, it is necessary to 

understand the changes that could occur in O1-O3 

distance, and dihedral angles associated with O1-

C-C-O2 and O2-C-C-O3 bonds in DGAs upon 

changing the nature of alkyl substitutes (figure 1).  

Therefore, molecular dynamic simulation was 

performed to determine the linear distance 

between the O1-O3 atoms of DGA to understand 

the effect of alkyl substitutes.  During MD simulations, 

the molecule undergoes various kinds of 

conformational changes before reaching a stable 

conformation at equilibrium.  The time evolution plot 

for the attainment of equilibrium conformation is 

shown in figure 2. The MD simulation was performed 

for 100 ns. It is observed that the molecule achieves 

Abbreviation 

Alkyl substutient on amidic 

nitrogen atom 

 

N
O2

N

O1 O3

R
2

R
2

R
1

R
1

 
 

DAm(III) 

[Referen

ces in 

parenthe

sis]  

R1 R2 

C8-C8 Octyl Octyl 24 [26] 

C10-C10 Decyl Decyl 10 [27] 

C12-C12 Dodecyl Dodecyl 6 [27] 

C8-C8’ octyl 2-Ethylhexyl 
2.3 [14] 

C8’-C8’ 2-Ethylhexyl 2-Ethylhexyl 

0.2 [28] 
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equilibrium in 10 ns.  After 10 ns, the changes in 

conformations are insignificant there after.  

 

Figure1. Alkyl derivatives of diglycolamide indicating O1-

O3 distance and dihedral angles α1 and α2. R1=R2 is 

Symmetral DGA, R1≠R2 is Unsymmetrical DGA.  

 
Figure 2. Time evolution of O1-O3 distance of C8-C8 and 

C12-C12 

 
 The conformations obtained from 10 ns to 

100 ns were recorded and the O1-O3 distance was 

determined in the last ~1000 conformations, which 

were obtained after establishing equilibrium.  The 

results indicate that O1-O3 distance measured in 

vacuum for DGAs is distributed over various O1-O3 

distances as shown in figure 3.  It is observed that 

the average linear distance increases with increase 

in chain length of alkyl group attached to amidic 

nitrogen in the order C8-C8 < C10-C10 < C12-C12. 

These results are exactly opposite to the distribution 

ratio order observed for Am(III) extraction, which 

decreases in the order C8-C8 > C10-C10 > C12-C12.  

Figure 3 also shows the distribution of O1-O3 

distance measured for various diglycolamides in the 

presence of Eu(NO3)3 and nitric acid.  Similar to the 

previous case obtained in vacuum, the O1-O3 

distance increases with increase in the chain length 

of alkyl group attached to amidic nitrogen in the 

order C8-C8 < C10-C10 < C12-C12.  Since the 

distribution ratio reported for C8-C8 is higher than 

other DGAs and comparing the results observed in 

figure 3 with distribution ratios in table 1, the study 

shows that diglycolamides seem to require an 

optimum O1-O3 distance of 4.2 to 5 Å for efficient 

coordination.  Any deviation from this optimum 

value could result in decrease of distribution ratio.  

Kannan et al [29] studied the single crystal structure 

of La(NO3)3-C8-C8 complex. It was reported that the 

O1-O3 distance in the complex was 4.35 Å, which 

was in good agreement with the simulated values 

of 4.2 to 5 Å obtained, in the present study.  

 
Figure 3. Variation in the distribution of O1-O3 distance in 

DGAs as a function of alkyl chain length. 

 

The results on the O1-O3 distances determined for 

isomeric diglycolamides containing the octyl moiety 

is shown in figure 4.  It is observed that the average 

O1-O3 distance increases upon branching of alkyl 

group attached to the amidic nitrogen atom.  

Comparing these observations with the distribution 

ratio of Am(III) tabulated in table 1, the study 

confirms that the deviation from the optimum O1-

O3 distance of 4.2 to 5 Å results in lowering of 

distribution ratio.  When the simulation was carried 

out in the presence of Eu(NO3)3 the O1-O3 distance 

is distributed in the region of that obtained in 

vacuum only in case of C8-C8 and C8-C8’. This 

indicates that the changes in the O1-O3 distance 

upon complexation with Eu(NO3)3 is insignificant.  

However, the O1-O3 distance is shifted to some 

extent from 5.8 Å to 5.2 Å in case of C8’-C8’ upon 

complexation with Eu(III). This shows that the 

diglycolamide, C8’-C8’, undergoes reorientation of 

molecule to same extent to adopt a specific 

conformation for complexing with Eu(NO3)3. Since 

this kind of reorientation involve strain in the 

molecule, the distribution ratio of Am(III) observed in 

C8’-C8’ is quite low as compared to other isomeric 

diglycolamides.   

Reorientation of DGA molecule can be 

verified by the examining the dihedral angle of O1-

C-C-O2 (α1) and O2-C-C-O3 (α2) bonds (figure 1) in 
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DGAs determined in vacuum and in Eu(NO3)3 

complex.  The dihedral angle α can have any value 

from 0° to 360° as shown in figure 1.  Figure 5 shows 

the comparison of dihedral angles determined for 

some DGAs in vacuum and in Eu(NO3)3 complex.  

Similar to the O1-O3 distance, the dihedral angle is 

distributed over various values.  It is observed that 

the change in dihedral angle upon complexation 

with Eu(NO3)3 is insignificant in case of C8-C8.  This 

indicates that this diglycolamide can form a 

complex with Eu(III) with out much reorientation of 

bonds and bond angles.  Higher disitrbution ratio 

obtained for C8-C8  also comprehends well with this 

observation. For other diglycolamides, shown in 

figure 5, the dihedral angle changes to different 

value to for complexation with Eu(NO3)3. Since this 

kind of reorientation involves strain in the molecule, 

the distribution ratios observed for other DGAs are 

less.  

 
Figure 4. Variation in the distribution of O1-O3 distance in 

DGAs as a function of alkyl chain length. 

 

 
Figure  5. Population distribution of O1-C1-C2-O2 and O2-

C3-C4-O3 as function of alkyl chain length 

 

CONCLUSIONS 

Molecular dynamic simulation was performed on 

some diglycolamides containing different alkyl 

groups.  The spatial arrangement of the two amidic 

oxygen atoms (O1 –O3) and the dihedral angles 

O1-C-C-O2 (α1) and O2-C-C-O3 (α2) bonds in 

DGAs were determined in vacuum and in Eu(NO3)3 

complex. The distances thus obtained were 

correlated to the distribution ratio of americium (III). 

The average linear O1 –O3 distance increased with 

increase in chain length in the order C8-C8 < C10-

C10 < C12-C12 and with branching in the order C8-

C8 < C8-C8’ < C8’-C8’.  The diglycolamides required 

an optimum O1 –O3 distance of 4.2 to 5 Å for 

efficient coordination with trivalent metal ions.  Any 

deviation from this optimum value required 

reorientation of the molecule to adopt a suitable 

conformation for coordinating with metal ion.  Such 

reorientation seems to result in strain in the molecule 

and thus lowers the distribution ratio of Am(III).   
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