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Srikumar Banerjee
DAE Homi Bhabha Chair Professor

MESSAGE
December 31, 2014

Molecular modeling is becoming an increasingly important part of chemical research and
education as computers become faster and programs become easier to use. Molecular
modelling aims at undqrstanding and designing of novel molecules and materials in the field
of chemistry, material science, physics, chemical engineering, separation science, medical
science, bioscience, etc. It provides valuable information particularly in situations with

extreme conditions where experiments cannot be performed.

| am delighted to know that one day theme meeting on “Application of Molecular Modeling
in Separation Processes” (AMMSP-2015) is being organized by Chemical Engineering
Division, BARC, Mumbai on 16th January 2015.

| congratulate the organizers for planning this theme meeting which will help in further
advancement of this thrust area of research. | am sure the present theme meeting will
provide a platform for having close and fruitful interactions of various experimental and
theoretical research groups of BARC and other premier institutes of the country. This is
expected to generate new ideas and will give the young researchers an opportunity to

formulate their research in the frontier area of separation science.

| wish the theme meeting all success.

S:‘UQ.»M ﬂm.u,a.;

(Srikumar Banerjee)

4™ Floor, Central Complex, Bhabha Atomic Research Centre, Trombay, Mumbai — 400 085
Tel.: 022-25505333 « Fax: 022-25505333 « E-mail: sbanerjee@barc.gov.in
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Sekhar Basu Government of India Member, Atomic Energy Commission

MESSAGE

I am glad to know that the theme meeting on “Application of Molecular
Modeling in Separation Processes” (AMMSP-2015) is being organised by
Chemical Engineering Division, BARC, Mumbai on 16th January 2015.

Separation processes are very crucial in nuclear power programme. Use of
suitable extractants, chromatographic resins, membranes and precipitants
along with process equipment is basis of treatment and management of
radioactive waste. Molecular modeling, which encompasses all theoretical
methods and computational techniques to model or mimic the behaviour of
molecules, is emerging as important tool to design and simulate
extractants for solvent extraction processes, stationary phases for
chromatographic separation processes, polymeric network for membranes
and highly selective precipitants.

I congratulate the organisers for planning this theme meeting which will
provide BARC scientists a forum to learn and discuss the application of
advanced molecular modeling and simulation methods in separation
processes related to nuclear energy programme.

I wish AMMSP-2015 theme meeting a grand success.

Aol dan b

December 31, 2014 (Sekhar Basu)
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Message

| am delighted to know that Chemical Engineering Division is organizing one day
theme meeting on “Applications of Molecular Modeling in Separation Processes”
on January 16, 2015, which prospects to the understanding of classical and
advanced computational techniques along with their implication for tackling many
important problems in the development and design of chemical engineering
systems and separation processes. Today, power of molecular modeling is
growing rapidly with the continuing development of computer power, new and
robust algorithms, and the availability of software, which would be very
supportive to innumerable R&D works. Molecular modeling has resolved many
difficulties starting from the defining of structural morphologies to understanding
of driving factors associated to various chemical processes especially separation
sciences. Understanding of molecular modeling and simulations become very
important to provide useful estimates of the parameters and behavior needed to
do traditional chemical engineering process development & design.

| wish that theme meeting would provide participants an opportunity to interact
with the leading scientists in various fields of separation science and evolve
advanced computational approaches to address many challenges in separation

science.
I wish the theme meeting a great success.
g b
(P.K. Wattal)
January 6, 2015
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Molecular Simulation of Diffusion and Selective Complexation in

Separation Processes
Meena B. Singh, Jyotsna S. Arora and V. G. Gaikar

Chemical Engineering Department,
Institute of Chemical Technology, Mumbai-400019

Email: vg.gaikar@ictmumbai.edu.in

Abstract. The separation and purification of a single species from mixtures with similar compounds depends on factors such as
solution composition, concentration, pH and the nature of cosolutes. Molecular modeling (MM) tools help in understanding the
important properties of solutions and in designing new host molecules (ligands) which are extremely selective for the guest
molecule. Selectivity is determined by the chemical nature of these molecules and their overall size and shape. The MM
methodology has been used for complexation and diffusion of metal ions, purification of natural products, and adsorption of
CO,. Enhanced separation and selectivitycan be successfully achieved with the specific ligands.

Keywords: ligand, natural products, metal ions, CO,, salvation, molecular simulation

INTRODUCTION

Industrial wastes contain toxic metal ions' and
greenhouse gases® and hence a significant need exists to
separate them from both the environmental and industrial
process streams. Similarly, the extraction of natural
products using organic solvents results in a very complex
extract consisting of several unwanted components.® To
understand these systems, knowledge of solution
chemistry can be very helpful. Molecular modeling
studies provide perhaps the most powerful tool to
elucidate the molecular properties of these designer
ligands like the cavity shape, conformations, dimension
and available sites for interaction with the desired
species and the experimental selectivity with the ligands
can be assertively predicted.

COMPUTATIONAL PROTOCOLS

A GROMACS code and Forcite module in
Accelrys 4.0 have been used to perform the MD
simulations while the Dmol® module in Accelrys 4.0 and
Gaussian 09 were employed for the Density Functional
Theory (DFT) calculations.

Solvation studies of LiCl
Radial distribution function (RDF) and coordination
number (CN) of Li* ions obtained by the MD
simulations are useful for identifying the coordination
structures in the solutions and also provide information
of time dependent behaviour of each participating
species in the system (Diffusion coefficient, D). The D

of Li* ions decreases with an increase in LiCl
concentration which is influenced by the size and type of
coordination structure formed in the salt solutions (Fig.
1). The comparison of the density values for LiCl
solutions and predicted "D" of all species show a good
agreement with experimental values®.

Plot of Density vs Licl molarity
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Fig. 1. Diffusion coefficients of LiCl molecules are plotted as a
function of salt concentration and compared with the
experimental values*®.

Ligand designing for metal ion separation

A hexa-aza ligand (Fig. 2a) was designed using the DFT
for selective adsoprtion of Co(ll). The hexa-aza ligand
has two fused planar phenanthroline rings and provides a
suitable cavity size for Co(ll) to fit in. In the optimized


mailto:vg.gaikar@ictmumbai.edu.in

complexes, Co(ll) ion sits at the center of the ligand
cavity (Fig. 2b). Being larger in size, zirconium cation
cannot enter into the ligand cavity and lies above the
plane of hexa-aza ligand along with the counterions as
shown in Fig. 2c. The selectivity of the ligands toward
Co(ll) over Zr(IV) was analyzed by comparing
interaction energies (IE) of the ligands with the metal
ions.°

IE= -(E, .. +E_+nE.)

Ecomplex M2+

& 0
. ’. A\ 0 (,A
C .., ¢ ;-"~ 'i :
“,‘ ¢ 'g"" .a\.’.}' ¢
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Uncomplexed IE=-79.37 kcal/mol  1E=-67.68 kcal/mol

Hexa-aza ligand

Fig 2: DFT-optimized geometry of (a)Hexa-aza ligand with (b)
CoCl, and (c) ZrOCl, complexes

Separation of Natural Products

(a) (b)

IE= -1.5 kcal/mol IE = -32 kcal/mol

Fig. 3. DFT derived structure for the interaction of Artemisinin
with (a)PS-Lysine and (b)PS-Melamine

Lysine and melamine loaded polymers were
designed as selective adsorbents on the basis of their
specific interactions with  Artemisinin by DFT
calculations (Fig. 3). These studies in gas phase and
solvation in MeOH and EtOAc (Table 1) suggest the use
of melamine loaded polymer as a selective adsorbent for
Artemisinin.®

Table 1: DFT Interaction energy values of ligands

DFT studies for the adsorption of CO,
: 9

’A s

MESP of PS-Imidazole PS-Imidazole+CO,

Fig 4: (a) Calculated mapped electrostatic potential (MEP)
surface of PS-Imidazole and (b) DFT-optimized geometry of
PS-Imidazole+CO,

Table 2: DFT optimized Interaction Energy (I/E), charge
Transfer (Qr) and vibrational frequencies (v3) for adsorbent-
CO, complexes?

IE, QT V3a, V3 Cm'l
Adsorbents | kcal/ d; A cm™
mol
Co, 2333 | 2349°

PS-Imidazole | -11.85 | 2.8533 | -0.009 | 2326 | 2335

PS-Piperazine | -6.66 | 2.9933 | -0.012 | 2324 | 2336

PS-DMA -5.08 | 3.1346 | -0.005 | 2328 | 2348
2.9013 | -0.011 | 2333 | 2348
PS-DEA -2.67 | 2.2023
2.7061

Component DFT, IE, MM calculations, 1E
(kcal/mol) (kcal/mol)
Solvent
MeOH | EtOAc
Lysine loaded ligand
Artemisinin -1.5 -87 -76
Artemisinic acid -1.0 -35 -38
Melamine loaded ligand
Artemisinin -32 -95 -94
Artemisinic acid -15 -21 -36

The electrostatic interactions were responsible for the
complexation of CO, with the adsorbents. PS-Imidazole
shows the strongest interaction with CO, (AE =-11.85 kJ
mol-1) followed by PS-Piperazine > PS-DMA and least
for PS-DEA as evident from the interaction energies and
distance between CO,-donor atom of the adsorbent (d,).
H-bonding between —OH groups of DEA and ‘O’ of
CO2 occurs as ‘N’ atom of DEA is sterically hindered.
The calculated vibrational frequency values (v5?) clearly
indicate that CO, is slightly distorted from its linear
shape in the complex and these calculated frequencies
exhibit good correlation with experimental values (v5)®
(Table 2).
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Theoretical Prediction and Experimental Validation of New
Actinide Selective Ligands

Tapan K. Ghanty
Theoretical Chemistry Section, Chemistry Group
Bhabha Atomic Research Centre, Mumbai-400085

Email: tapang@barc.gov.in

Abstract. The conventional concept of selective complexation of actinides with soft donor ligands (either S or N donor) has been
modified here through exploiting the concept, “intra-ligand synergism”, where hard donor atom, such as, oxygen preferentially binds to
trivalent actinides [An(I11)] as compared to the valence iso-electronic trivalent lanthanides [Ln(Il1)] in presence of another soft donor
centre. We have theoretically predicted the selectivity of 1,10-phenanthroline-2,9- dicarboxylamide (PDAM) towards Am(lll) ion
through density functional calculations. Subsequently, several such amide derivatives have been synthesized to optimize the solubility of
the ligands in organic phase. Finally, solvent extraction experiments have been carried out to validate our theoretical prediction on the
selectivity of oxygen donor ligands towards Am(l11) as compared to Eu(lll), and a maximum separation factor of about 51 has been
achieved experimentally using 2,9-bis(N-decylaminocarbonyl)-1,10-phenanthroline ligand.

Keywords: Density functional theory, Americium, Europium, 1,10-phenanthroline-2,9-dicarboxylamide, Separation factor

INTRODUCTION

In recent years, considerable attention has been given to
understand the coordination chemistry of trivalent
lanthanide (Ln) and actinide (An) with various ligands
because of its close link with the nuclear waste
management steps. This is a challenging and difficult
task because of very similar chemical properties of these
two series of ions as they have similar ionic radii and
coordination numbers. The hard soft acid base principle
(HSAB)' classifies the Ln(lll) and An(lll) cations as
hard Lewis acids, consequently their bonding is
primarily ionic and mainly governed by charge density.
Despite this, there is a modest enhancement of covalency
in the bonding of An(lll) with various ligands as
compared to that in Ln(l1l) complexes due to the larger
spatial extent of the 5f shell of actinides as compared to
the 4f shell in lanthanides. Because of this, an
advantageous discrimination between An(lll)  and
Ln(I1) ions is possible while using ligands with soft
donor atoms like sulfur and nitrogen.? It is important to
note that efficiency of complex formation of either
Ln(111) or An(I11) with oxygen donors is much better as
compared to N or S donors because both the set of metal
ions are hard Lewis acids, however no selectivity is
observed with O donor ligands. We have proposed a new
concept, “intra-ligand synergism”,® and exploited* it for
the selective complexation of actinides with O donor in
presence of N donor available in the same ligand.

COMPUTATIONAL METHODOLOGY
All the geometries of the bare ligands and the metal-
ligand complexes have been optimized using DFT with
BP86 exchange-correlation functional without any

symmetry restrictions. We have used two different
program  packages, viz., Turbomole 6.3° and
ADF2010.01 to carry out the theoretical calculations.® In
Turbomole, 28 and 60 electron core pseudo potentials
(ECP) along with the corresponding def-SV/(P) basis sets
have been used for the lanthanide (Eu) and Actinide
(Am) ions, respectively. For the lighter atoms, all
electron def-SV(P) basis sets have been used. Solvent
effect has been considered using COSMO approach with
dodecane as solvent (epsilon=2). For ADF calculations
Slater type orbital (STO) basis set added with two
polarization functions (TZ2P) along with frozen core
approximations have been used. The frozen cores
considered for various atoms are 1s-4d for lanthanides,
1s-5d for actinides, and 1s for carbon, nitrogen and
oxygen. Bond critical point (BCP) properties (electron
density [p], Laplacian of the electron density [V?p]) have
also been calculated within the framework of quantum
theory of atoms-in-molecule (AIM) approach.’

RESULTS AND DISCUSSIONS

Here we have considered three different stoichometries
for  the  complexes, viz,  [M(PDAM),]*,
[M(PDAM),NO;]**  and [M(PDAM)(NO3);]. The
optimized geometrical parameters in the gas phase and
the complexation energies in both gas and solvent phases
are reported in TABLE 1. From the calculated metal-
ligand bond distances (M-O and M-N) it is clear that the
Am-N and Am-O bond lengths are slightly shorter as
compared to the corresponding Eu-N and Eu-O bond
lengths. It is also interesting to note that there are
considerable differences in bond length values between
the Am**and Eu®* complexes for the [M(PDAM),NO;]**



and [M(PDAM)(NO,);] compositions.

TABLE 1. Calculated M-L bond distances (A) and
complexation energies (V) in gas (AEy ) and solvent (AE;)
phases for Am** and Eu®* complexes

Complexes M-N M-O/M-S AEq AE
[Am-(PDAM),]* 2.605 2.408 -29.64 | -2.33
[Eu-(PDAM),J* 2.612 2.402 -30.33 | 0.86
[Am-(PDAM-Isobutyl) ,]** 2.604 2371 -28.97 | -1.16
[Eu-(PDAM:-Isobutyl) ,]** 2.603 2.363 -29.91 1.77
[Am-(PDAM-Decyl) ,J** 2.615 2.409 -30.32 | -2.30
[Eu-(PDAM-Decyl) ,]** 2.681 2.449 -31.46 | 0.78
[Am-(PDAM),(NO3) 1* 2.648 2527 -38.98 | -8.92
[Eu-(PDAM),(NO3) 1* 2.677 2.520 -39.72 | -5.65
[Am-(PDAM)(NO5) 4] 2.657 2.496 -48.38 | -6.53
[Eu-(PDAM)(NOQ3) 5] 2.713 2.537 -48.96 | -2.93

TABLE 2 Percentage electrostatic, Pauli, steric and orbital
interactions in the total bonding energy as obtained from
energy decomposition analysis

Complex % % Pauli | % steric %
Name electrostatic | interacti | interacti orbital
interaction on on interacti
on
[Am-DAM]** 77.40 -40.53 36.87 63.12
[Eu-PDAM]** 70.05 -31.00 39.05 63.95

TABLE 3. Calculated BCP properties (electron density [p],
Laplacian of the electron density [V®p]) of the M-N and M-
O/M-S bonds in Am** and Eu®* complexes

Bond M-N M-O/M-S
P (U4)Vvp p (U4Vvp
(e ao®) (e ac®) (ea®) (e a®
[Am-PDAM]* 0.0315 -0.0239 0.0461 -0.0410
[Eu-PDAM]* 0.0237 -0.0184 0.0340 -0.0337

TABLE 4. Calculated atomic charges on metal and donor
centers of Am®* and Eu® complexes

Complexes Owm Qors On
[Am-(PDAM),]** 1734 | -0659 | -0.522
[Eu-(PDAM),]* 1.659 -0.649 | -0.507

A higher percentage of orbital interaction component
(TABLE 2) and higher values of BCP p and V?p
(TABLE 3) imply that the Am*" complexes with amide
based ligands are more covalent in nature as compared to
the corresponding Eu®* complexes. At the same time,
higher charge on the Am centre (Table 4) indicates that
the Am®* complexes with amide based ligands are
slightly more ionic in character as compared to the
corresponding Eu®* complexes. Thus, it is expected that
the combined effects of higher orbital mixing, which
provides additional covalency to the Am-L bonds and the
larger ionic interaction provided by the hard donor
oxygen in the mixed donor ligands make the amide
ligands selective towards Am** over Eu®*.

Due to the solubility problem of the PDAM ligand in
organic diluents, we have alkylated the amide groups of
PDAM through which its solubility in organic medium
has been enhanced. Therefore, three amide ligands viz,
PDAM, PDAM-Isobutyl and PDAM-Decyl have been
synthesized. Subsequently, the extraction efficiency of

these ligands have been investigated using solvent
extraction technique and it has been found that all the
alkyl derivatives of PDAM ligand are Am®* selective. A
maximum extraction efficiency and separation of Am**
over Eu** has been observed experimentally using the
ligand PDAM-Decyl as compared to the other ligands
reported here (Figures 1 and 2).

PDAM-Decvl
FIGURE.1 Schematic depiction of structures of PDAM-Decyl.

770,

Dam or S.F.

pH
FIGURE.2 Effect of pH on the Distribution and separation
behavior of Am*" and Eu®" using PDAM-Decyl. Org. Phase: 8
x 10 M PDAM-Decyl in dodecane:octanol (5:1) mixture
Aqg. Phase: 2M LiCIQ, at different pH

TABLE 5. Distribution and separation behaviour of Am** and
Eu®* using the amide ligands

Ligand Dam Dey S.F.

PDAM 214 29 74
PDAM-Isobutyl 4.62 1.05 4.4
PDAM-Decyl 10.3 0.2 51
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Molecular Modeling Guided Experiments for Separation of
Isotope and Metal lons

Sk. Musharaf Ali, A. Boda, A.K. Singha Deb, P. Sahu, K.T. Shenoy
Chemical Engineering Division,
Bhabha Atomic Research Centre, Mumbai-400085
Homi Bhabha National Institute

Email: musharaf@barc.gov.in

Abstract. DFT based electronic structure calculations were performed to evaluate the isotope separation factor of Gd with cyclic
polyethers and functionalized polyethers. The reduced partition function ratio (RPFR) and isotope separation factor () for hydrated Gd**
ion and complexes with ligands are computed using standard method. The calculated separation factor was found to be in good
agreement with the experimental data. Theoretical investigation of the extraction of Eu(lll) and Am(Ill) with diglycolamic acid
functionalized carbon nanotubes (CNT-DGA) has also been carried out using DFT. The calculated free energy of extraction, AGg, is
found to be higher with Eu®* over Am®" and same is confirmed from the experimental results.

Keywords: Gadolinium isotope, DB18C6, DFT, Separation factor, Free energy, Eu**, Am*", CNT-DGA.

INTRODUCTION

Molecular modeling that comprises Quantum
mechanics (QM), Monte-Carlo (MC) molecular
dynamics (MD) and ab initio MD (AIMD) simulation
has been emerged as a prospective tool for the
calculation of various molecular properties by capturing
the complex molecular interactions and is practiced in
the widespread fields of science and engineering [1]. In
that context, design and screening of suitable ligands for
efficient separation of metal ions is very imperative and
demanding in view of the safe removal of nuclear and
chemical waste employing the much practiced separation
methodologies namely:  solvent extraction and
chromatographic separation. In solvent extraction, metal
ions from the aqueous solutions are extracted by
ligands/extractants of the organic phase and in
chromatographic separation, functional group/ligand
fixed on a solid matrix captures selectively the metal
ions of interest which would be eluted in the next step.
Use of suitable ligand/extractants is necessary for
establishing efficient separation processes.

Macrocyclic crown ether ligands have been
tested for isotope separation in addition to its strong
affinity for metal ion complexation [2]. Natural
Gadolinium is currently used as a burnable poison in
nuclear fuel. Use of Gd-155 and 157 would create an
even more effective burnable poison. Gd-157 (254,000
barn) and Gd-155 (60,900 barn) has the highest cross
section for the capture of thermal neutrons. All the
remaining isotopes are having lower values Gd-152(735
barn), Gd-154 (85 barn), Gd-156 (18 barn), Gd-158 (2.2
barn), Gd-160(1.4 barn). Use of Gd-155/157 would
create more effective burnable poison. It will be

worthwhile to investigate whether cyclic crown ether can
also be used for isotope separation of Gadolinium.

Due to their large specific surface area and
small size, highly porous, hollow structures, low mass
density, high mechanical, thermal and chemical
stabilities, carbon nanotubes (CNTs) have drawn great
attention as a promising adsorbent for the separation of
various inorganic, organic and radioactive pollutants [3].
The adsorption capacity, efficiency and selectivity of
CNTs can be tailored by modifying its surface with
organic complexing functionalities. Diglycolamic acid
(DGA) derivatives, a CHON type anionic tridentate
ligand, are emerging as potential candidate for trivalent
lanthanide-actinide separation [4]. DGA modified CNTs
may be a viable sorbents for this separation.

THEORY

The gadolinium isotopic exchange for heavy
(H) and lighter isotope (L) between two phases is written
as
HGd¥ ag) +-Gd* omp) = - Gd** () +" GA** Gorpyy. (1)
The separation factor, o for the above exchange reaction
— Fr r
o= de3*(aq)/ de3*(compI) @)
can be written in terms of reduced partition function ratio
(RPFR, f) [5] as follows:

h |4 H 3+
Zvib HGg3 e
fro_ Ky T 3)
h Vi LGd3+
Zvib,"Gd3* HT



Here, Z is the vibrational partition function of

vib,HGd®
molecular species with "Gd** isotope and v; is the
harmonic frequency. The kg, h and T are the Boltzmann
Planck constant and temperature, respectively. The main
input required for the evaluation of RPFR is the
harmonic vibrational frequency, which can be obtained
either experimentally or computationally.

COMPUTATIONAL PROTOCOL

All the geometries of the free as well complexes are
optimized using Turbomole [6] package at BP86/SVP
level of theory [7]. Single point energy calculations were
carried out on optimized complexes at B3LYP/TZVP [8,
9] level of theory. The optimized structures of various
ligands and their metal ion complexes are drawn using
MOLDEN molecular visualization graphics programme.

Effective core potential (ECP) for both Eu and Am
was used where 28 electrons were kept in the core for Eu
and 60 for Am [10]. The spin of both Eu** and Am** ions
was taken as septet state. The zero point energy and
thermodynamic correction to the total energy were made
to compute the free energy at T=298.15K. The
geometries were optimized with BP86 functional but
total energies were calculated using B3LYP functional.
The solvent effect in the energetic was incorporated
employing conductor line screening model (COSMO)
[11]. One of the key properties to be calculated in the
metal ion-ligand complexation is the free energy of
extraction (AGey). The metal ion-ligand complexation
reaction is modelled using the following reaction as
follows:

AGeXt
M** )+3NO5 4 *CNT-DGAy — >  [CNT-DGA-M(NO3)s]ag),
(M=Eu/Am) 4

The change in Gibbs free energy of extraction, AGgy, in
Equation 4 can be obtained by the thermodynamic cycle
[12] (Born-Haber) (Fig. 1) in terms of the free energy
change in gas phase, AGp, and the solvation free
energies of the products and reactants, AAGy). The
overall complexation reaction is characterized by the free
energy of extraction, AGey; as

AGex; = AG(gp) + AAG o) ®)
Where, AG gy, is expressed as

AG(g = AE(qy + AZPE +AnRT -TAS  (6)
Here, AE(y) AZPE, An, and AS are the change in total
electronic energy, change in zero point energy, change
in number of molecules and change in entropy for the
reaction, respectively. R is the Universal gas constant.
The solvation free energies of the products and reactants,
AAG gy, is computed as:

AAG(sol) = AGCNT—DGA—M(NO3)3(50I) -
(AG + 3AG NO; (sol) + A(BCNT—DGA(SOI))
(7

Where, AGy is the solvation free energy of the
respective species.

M3 (sol)

AG,
M., +3NO; ) +CNT-DGA,, ——2 » CNT-DGA—M (NO,), 4,

%Gu“ (sol) lAGNO; (sob) \AGM—DGA(MI) lAGmmu(m),(mz)
M(a;i +3NO; (a0 +CNT _DGA(aa — = » CNT-DGA-M (NO,), @

Fig. 1. Thermodynamic cycle for calculation of free energy of
extraction for Eu** and Am*" ion with CNT-DGA.

RESULTS AND DISCUSSIONS

Most of the isotopic enrichment of the elements takes
place from aqueous feed solution. Therefore, it is of
primary importance to understand the
solvation/hydration sphere structure of the metal ion of
interest. For any quantum computation, the structure of
the system under study has to be considered first. Hence,
we have optimized the nonahydrated structure of
gadolinium metal ion (Gd**(H,0)s) and is displayed in
Fig. 1. The nonahydrated structure has been reported
earlier using EXAFS®™. The calculated Gd-O distance
(2.52A) is well matched with the EXAFS data (2.39A)
[13]. The corresponding IR frequency is presented in
Fig. 2. Three crown ethers namely DCH18C6, B15C5
and DB18C6 were used in the complexation studies of
Gd** ion.
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Fig. 2. Optimized complex of Gd** ion with water and
CMPS-DB18C6 and IR frequency of hydrated Gd** ion.

The RPFR of Gd (155/160) is found to be more than Gd
(157/160) in all the studied complexes as shown in
Table. 1. The reduced partition function ratio (RPFR)
and isotope separation factor (o) for hydrated Gd** ion
and complexes of Gd** with B15C5, DB18C6 and
DCH18C6 are computed. In the case of DOWEX resin,
observed separation factors are 1.000102 and 1.000086



for isotopic pairs of Gd (155/160) and Gd (157/160)
respectively which are close to the reported experimental
values of 1.000064 and 1.000040 respectively [14]. The
separation factor for Gd (155/160) is more compared to
Gd (157/160) due to larger mass difference (Am) in the
case of Gd (155/160). The results show that the
separation factor with DB18C6 is higher when compared
to B15C5, DCH18C6. In view of its comparatively
higher separation factor DB18C6 is considered to be
promising ligand for isotopic enrichment of gadolinium.
But, in order to get considerable amount of enriched
isotopes, the crown ether ligand should be grafted on
some solid matrix and then the isotopic separation can be
carried out in columnar mode. To meet these criteria,
DB18C6 is grafted on chloromethylated polystyrene
(CMPS) resin. In order to keep the molecular system
computationally tractable, only one DB18C6 was
anchored on one molecular unit of CMPS resin. The
optimized structures of Gd*" complexes with CMPS-
DB18C6 are displayed in Fig. 2 and the computed o
values are shown in Table 1. The predictability of the
computational protocol was validated by using the
reported results of commercially available DOWEX
resin with EDTA as complexing/enrichment agent.
Furthermore, the calculated separation factor for 152/160
pair for Gd**-DCH18C6 (=1.0012) was found to be in
good agreement with the reported experimental results
(¢=1.002) [15] and thus confirms the acceptability of the
present methods of modeling the isotope separation [16].
This will be discussed in details in the talk.

Table 1. Calculated values of RPFR and separation
factor values of Gd in different complexes.

Complex RPFR(f)
of Gd®* 0155/160 157/160
Gdiss/160 Gdis71160

Ow 1.0024 1.0014

1.000102 1.000086
EDTA 1.00151 1.000914 (1.000064) | (1.000040)
DCH18C6 1.001890 | 1.001083 | 1.000509 1.000317
DB18C6 1.000647 | 1.000391 | 1.001752 1.001009
B15C5 1.002016 | 1.001213 | 1.000383 1.000187
CMPS-DB18C6 | 1.001191 | 1.000712 | 1.0012 1.00068

We have considered one DGA unit anchored on the open
pore of the (8,0) zig-zag CNT with 4 unit cells as earlier
studied for one unit of carboxylate anchored on CNT
[17]. The optimized geometries of CNT-DGA and their
complexes with trivalent Eu** and Am** ions in absence
of nitrate ions and the calculated structural parameters
pectively.

CNTs

Both the Eu®" and Am*®' ions are found to be directly
coordinated to the three donor O atoms of the DGA
moiety. All three donor O atoms and the coordinated
metal ion are lying in the same plane. It is interesting to
mention that though the metal ions and three donor O
atoms are lying in the same plane, the M-O bond length
with three O atoms are not same in length. The M-O (O
of C=0 group) bond length was found to be 2.292 and
2.391A and one M-O (ethereal O) bond length was found
to be 2.520A for Eu®* ion, whereas for Am** ion it was
2.324, 2.419 and 2.596A respectively. The shorter M-O
bond length for C=0 group compared to M-O bond
length of ethereal O suggest that former has stronger
interaction ability than the later. The shorter bond length
of Eu®" compared to Am*" ion in absence of nitrate ion
might be due to the higher covalency in Eu-O bond
compared to Am-O bond. The larger C=0 distances and
smaller M-O distances for Eu®* compared to Am®" points
towards strong interaction of the former with the CNT-
DGA than the later. The optimized structure of Eu®" and
Am®" ion in presence of nitrate ion is displayed in Fig. 4.
Both the Eu®* and Am*" ions are found to be nona
coordinated through 3 donor atoms from DGA and six
donor atoms from three nitrate ions in bidentate mode.
The Eu-O (oxygen of NOs) is found to be varied from
2.449 to 2.534A whereas Am-O (oxygen of NO;) is
found to be varied from 2.425 to 2.515A. The Eu-O
(carbonyl oxygen of DGA) is found to be varied from
2.566 to 2.694A and for Am-O (carbonyl oxygen of
DGA) is found to be in the range of 2.457 to 2.665A
indicating asymmetrical nature of bonding from the
identical carbonyl bonding. The Eu-O (etheric oxygen of
DGA) is found to be 2.611A and for Am* it is
determined to be 2.618A. The close M-O bond distance
bears the fact that trivalent lanthanides and actinides
have similar chemical properties. The calculated Eu-O
bond distances of hydrated metal ions were found to be
varied from 2.454-2.539A, whereas, the same Am-O
bond distance were found to be varied form 2.508-
2.589A suggesting that the hydration energy of Eu®" ion
should be more than that of Am*®* ion due to shorter bond
length of Eu-O over Am-O. Further, the M-O bond
length in hydrated species was found to be larger than
the M-O bond length of C=0 group of DGA ligand. The
M-O bond distance of NO;z™ ion is found to be smaller
than the M-O of H,0 indicating the stronger interaction
of metal ions with NOj3™ ion group than H,O.
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Fig. 4. Optimized structures of nitrate complexes of Am
and Eu with DGA-CNTSs.



Table 2. Calculated structural parameters of complexes
of Eu** and Am3* with CNT-DGA at BP86/SVP level of
theory.

dwzo (A)of  with Nitrate without Nitrate
Am3+ Eu3+ Am3+ Eu3+
NO(l) 2448 2450
2425 2.449
NOs(2) 2456 2475
2463 2534
NOs(3) 2457 2475
2515 2483

DGA-C=0 2457 2566 2419 2.391
2665 2694 2324 2.292
DGA-C-O-C 2618 2611 2596 2.520

Table 3. Calculated value of thermodynamic parameters
(kcal/mol) for the extraction of Eu®* and Am®' ions
with CNT-DGA at B3LYP/TZVP level of theory

M AGyp  AGgy  AGgso) AG(soly AGext
M) (CNT-DGA) __ (CNT-DGA-M(NO3)3)

Eu -1015.0 -820.2 -34.6 -46.8 -44.3

Am -993.2  -7994 -34.6 -43.8 -40.3

From Eq. 5, it is seen that the free energy of extraction,
AGey has two contributory components, one is assigned
from the gas phase and other one is from the solvent
phase. The calculated values of AAGg, is presented in
Table 3. From the Table, it is seen that in presence of
nitrate ion, the value of AG, supersedes the positive
value of AAG, for both Eu®* and Am** leading to
negative value of AG., (Table 3). The free energy of
Eu®* ion was found to be higher than that of Am*®* ion by
3.98kcal/mol. Experimental adsorption of Eu** and Am**
from aqueous solution by synthesized DGA-
functionalized-MWCNTSs have also showed that CNT-
DGA have higher sorption capacity values for Eu®* than
that of Am®" ions. It is interesting to note that using the
simple complexation reaction in solution phase where all
the energy calculations are done using implicit solvation
leads to higher selectivity for Am** ion over Eu** ion in
the presence of nitrate ion, whereas using more reliable
thermodynamic cycle the selectivity order becomes
reversed i.e. EU®" ion is extracted preferentially over
Am*®* ion. The suitability of the methodology can be
validated by performing the adsorption experiments and
same will be discussed in details in the talk.
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INTRODUCTION

R-phenylacetylcarbinol  (R-PAC) is an
intermediate in the manufacture of pharmaceuticals such
as pseudoephedrine and ephedrine which find extensive
use in cold and influenza medication. Industrially, R-
PAC is produced by a whole cell bio-catalysis process
with benzaldehyde as the substrate [1]. The product (R-
PAC) which is formed in the aqueous phase, is extracted
to the organic phase. Current industrial practice employs
toluene as the solvent, but efficiency of extraction of the
product in toluene is often low and hence, there is need
to design a solvent with better extraction properties. To
design a solvent with extraction properties which are
superior to toluene, we have developed a computational
scheme based on the computer aided molecular design
(CAMD) algorithm where we have employed the
molecular simulation approach to estimate the
thermodynamic properties of R-PAC (limited to the
vapour pressures at three temperatures including the
normal boiling point in literature) required for process
design and also, to verify the results obtained from
CAMD using molecular simulations.

Scheme 1. Structure of PAC. 1-5 CH(aro), 6 C(aro), 7
CH , 8 O(hydroxyl), 9 H(hydroxyl), 10 C(carbonyl), 11
O(Carbonyl), 12 CH,

COMPUTATIONAL METHOD

The knowledge of thermodynamic properties of
R-PAC is essential to improve the process involving the
separation of R-PAC from the organic solvent, used in
the biotransformation to extract R-PAC from the
aqueous broth. In spite of its importance, limited
experimental vapour pressure data is available on R-PAC

in literature. Hence, the physical and thermodynamic
properties of R-PAC are predicted using structure
property correlations combined with equations of state
(E0S), and also molecular simulations as the first step to
optimize the process design for the production of R-
PAC. To achieve a better separation of R-PAC, it is
essential to have knowledge of certain thermodynamic
properties such as normal boiling point (T,), vapour
pressure, density (p), critical temperature (T¢), critical
pressure (Pc), heat of vaporization (AH), etc.
Experimental vapour-liquid equilibria (VLE) data of R-
PAC reported in literature [2] are limited to vapour
pressures at three different temperatures, including the
Tp. In general, experimental data on property
determination exists primarily for low molecular weight
compounds or for larger molecules at low temperature;
as at higher temperatures many compounds undergo
thermal  decomposition.  Additionally, performing
experiments to determine vapour liquid coexistence
properties is expensive and time consuming because of
the high pressures and temperatures involved. As an
alternative, the properties that are of interest to a
molecule can be found through quantitative structure
property relationships [3] combined with EoS [4]; and
also using the Gibbs ensemble Monte Carlo (GEMC)
simulation technique [5]. This GEMC technique is
combined with transferrable potentials for phase
equilibria — united atom (TraPPE-UA) force field where
parameters for the torsions not reported in literature are
determined using the density functional theory (DFT).
After determination of the properties of R-PAC,
we have used CAMD to find organic solvents with
extraction properties superior to toluene. As numerous
solvents exist, performing experiments to find solvents
suitable for specific applications require substantial
amount of time and also, experiments may be expensive.
The CAMD framework [6] is a reverse engineering
approach that can shortlist candidate molecules with
specific target properties, by employing structure
property correlations and, generally, an optimization
technique. Although, the correctness of the estimates of
CAMD are solely based on the accuracy of the property
estimation method (such as group contribution (GC),
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which is “inherently approximate™), the derived
molecules from CAMD can be the starting point to
further experimentation.  Since, solvents may also be
expensive, the trends predicted by CAMD can also be
verified using the molecular simulation approach
whereby the solubility parameter of each of solvents can
be determined and compared with the value for R-PAC;
with solvents for which the values are close to that of R-
PAC being the better solvent.

RESULTS & DISCUSSION

The modelling of VLE is an important source of
uncertainties in chemical industry for the design of
various separation processes such as distillation,
stripping and solvent extraction. The thermodynamic
properties of R-PAC, determined using structure
property correlations and GEMC simulations, in the
absence of extensive experimental data have been
determined. In structure property correlations, Marrero-
Gani (MG) method [7] reported parameters have been
utilized to determine the critical properties and the
boiling point of R-PAC. Further, VLE has been
determined by the use of various EoS by making use of
the predicted critical property data. Alternatively,
GEMC-NVT simulations have been carried out to
determine VLE and the critical point, where unknown
torsions of the PAC molecule (modelled using TraPPE-
UA force field) have been determined from the DFT
approach. There is an excellent agreement in the
coexistence vapour densities from molecular simulation,
Peng-Robinson (PR) and volume translated Peng-
Robinson (VTPR) EoS. The estimated coexistence liquid
densities from molecular simulation match well with the
predictions of VTPR EoS using the MG parameters.
However, the coexistence liquid densities as predicted by
the MG parameters in the VTPR EoS show larger
deviation from GEMC results at low temperatures. The
normal boiling point temperature determined from
GEMC is found to lie in between the predictions of the
MG method and the experimentally reported data. The
vapour pressures as predicted by GEMC simulations are
comparable to the experimental data with increase in
temperature.
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Fig. 1: Comparison between vapor pressures from Gl
correlation, EoS and GEMC simulations obtained in this
work with experimental data

Then, we have employed CAMD as a cost
effective tool to design a solvent to extract, R-PAC,
efficiently from an aqueous phase. The acyclic aliphatic
solvents recommended as superior to toluene from the
CAMD method include amyl acetate, methyl pentanone,
ethyl pentene and methyl methoxy benzene. Preliminary
molecular simulation studies to calculate the solubility
parameters indicate that all the above solvents (with the
exception of amyl acetate) are superior to toluene.
Experiments are on-going to confirm the results.
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Non-covalent interactions control the three dimensional structure of macromolecules and the way in which
different molecules interact with each other. Atomic level understanding of condensed phase structure will aid our ability to
develop understanding the factors which control the selectivity of one species over the other. In most cases of separation it
is usually mediated by various non-covalent interactions. In our efforts to employ rigorous computations on the molecules
of medium sizes which involve non-covalent interactions several interesting features were unraveled. In this talk we
describe the studies on stacking interactions of buckybowls, the metal ion interactions in chemical and biological systems
and the ion transport in the membrane proteins. The alkali and alkaline earth metal interactions in biological system is
analyzed using computational methods and also through analyzing databases. The role, range and relevance of cation-n and
n—n interactions in determining the macromolecular structure will be explained. We also introduce how contrasting is the
perspective of physicists and chemists in dealing with the non-covalent interactions. Further, we focus our attention on how
a pair of non-covalent interactions mutually influences each others strength, through computational and structural analyses.
The extent of cooperativity among the non-covalent interactions is analyzed and its effect on controlling the 3D-structure.

In this talk, the relationship between separation science and understanding non-covalent interactions is delineated.
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Structure of polymers and nanoparticles in melts, blends or solutions can range from nanometer scale to microns or even
larger. Similarly, the corresponding time scales of the dynamical processes relevant for different material properties span
over a wide range, from femtoseconds to milliseconds, and even greater for large scale ordering processes such as phase
separation, segregation and self-assembly. In this talk, I will describe the use of mesoscale simulations to address some of
the important polymer problems such as DNA segregations using microchannels,phase diagram of nanoparticle dispersion
in a polymer matrix, and rheology of polymer nanocomposites.

The dynamical properties of polymeric materials are greatly influenced by the presence of nanoparticles in them.
Addition of nanoparticles in a polymer matrix changes the mechanical, rheological, and thermal properties of the composite
material dramatically, which are largely due to the spatial organization of nanoparticles in the polymer matrix. The spatial
distribution of nanoparticles in a polymer matrix largely depends on nanoparticle-polymer interaction. We demonstrate
how entropy and enthalpy compete to generate different distribution of nanoparticles in a polymer matrix. The self-
assembly of anisotropic nanoparticles has potential applications in optoelectronic and memory devices. However, the
fabrication of such ordered structure is very sensitive to chemical and thermodynamics conditions. We demonstrate that the
depletion force in a polymer solution could be used to generate the self-assembly of cubes and tetrahedrons into
multidimensional structures. The size, shape and energy landscape of self-assembled structures of cubes and tetrahedrons in
a polymer matrix are analyzed. We present phase diagrams, which show the spatial distributions of cubes and tetrahedrons
in a polymer matrix for variable particle-polymer interaction and particles’ volume fraction. Furthermore, the impact of
nanoparticles on the rheology of polymer melt is also studied. We show that the viscosity of a polymer nanocomposite
depends on the distribution of nanoparticles in it. The aggregation of nanoparticles in a polymer matrix leads to the
decrease of the composite’s viscosity.
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Abstract. Transport of water through nanotubes and nanochannels is of fundamental as well as technological importance due to
its relevance in biology, material science, chemistryand chemical engineering. Interplay of nano-confinement and inter-particle
interactions makes the nanochannel-fluid system complex and intriguing. In the present work, based on our molecular dynamics
simulation results, we shall discuss fundamental differences in structural and dynamical (transport) aspects of polar and nonpolar
fluids when confined in or transported through carbon nanotubes. Current status of applicability of such nanochannels as gated

channels or nano-filters will also be discussed.

Keywords: Flow through carbon nanotube, molecular dynamics simulation, translocation probability, conduction burst.

INTRODUCTION

Understanding  behavior of fluids in
nanochannels and nanopores is of fundamental as
well as technological importance. Nanoconfinedfluid,
because of its unusual properties that differ from
those of bulk liquid and gaseous phases, has been the
subject matter of intense research. Nanochannel-
water system due to its wide applicability in
nanofluidics,  including  electrophoretic  and
thermophoretic channels, membranes, sensors, filters,
and gating devices, has been of prime technological
importance. Central to many of these applications is
the ability of these channels to transport fluids and
other molecules with a molecular leveltunability and
nanoscale precision. Atomistic molecular dynamics
(MD) simulation, which has femtosecond temporal
and Angstrom level spatial resolutions, is one of the
most useful and valuable tool to investigate such a
nanoscale system. Earlier pioneering investigation of
CNT-water system using MD simulation has shown
[1] many interesting features. Here we discuss
various subtle issues relating to structural and
dynamical (transport) aspects of polar and nonpolar
fluids when confined in or transported through
carbon  nanotubes.  Applicability  of  such
nanochannels as gated channels or nano-filters will
also be discussed.

MODEL AND SIMULATION DETAILS

Extensive molecular dynamics simulations have
been carried out by using the AMBER96 force-filed
parameters for sp? carbon atoms of the carbon nanotube
(CNT), the Extended Simple Point Charge (SPC/E)
model for water and the Optimized Potentials for Liquid
Simulations-United Atom (OPLS-UA) model for
methane.

RESULTS AND DISCUSSIONS

In Figure 1, normalized density of fluid in and
around the CNT has been shown for methane as well as
water. It is observed that packing of methane inside the
CNT is more as compared to that of water. In order to
get further insight, we have also shown instantaneous
number of fluid molecules inside the CNT as a function
of time. Despite its hydrophobic character, the nanotube
channel remains occupied on an average with 5-6 water
molecules or 3-4 methane molecules (Figure 2, top
panel) during 20 ns simulation. Effect of solute-water
van der Waals interaction has been investigated by
reducing the solute-water interaction energy parameter «.
When ecois reduced, transitions between filled (around 5
molecules) and empty (almost zero molecule) states are
observed in case of water (Figure 2, left, bottom
panel)but not in case of methane. Instead, the average
number of methane molecules inside the CNT gradually
decreases with the decrease in fluid-CNT interaction
parameter eccq(See Fig 2(b)all the panels).
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Figure 1. (a) Normalized density ~ Figure 2. Number of fluid
profile, p(r)/po, Of fluids as a molecules inside the
function of radial distance, r, nanotube as a function of
measured from the center of the time for different carbon-
nanotube. The same for (b) water fluid interactions for (a)
and (c) methane within CNT. (d) CNT-water and (b) CNT-
Snapshots of methane (upper panel) — methane systems.

and zigzag orientation of water

(lower panel) inside CNT.

The pulse like transmission or the conduction burst (as
shown by peaks in Figure 3) has been observed for both
water and methane, showing this feature to be
independent of polarity or hydrogen-bond forming
ability of the fluid molecules [2-3]. It contradicts the
explanation given by Hummer et. al. who attributed the
conduction burst of water to the tight hydrogen-bonding
network inside the nanotube [1]. If this is the case, then
such a pulsed transmission should not have been
observed in case of methane-CNT system. Hence, we
conclude that the pulse-like conduction of fluid
molecules does not have any relation with the polarity or
hydrogen bond forming ability of the fluid molecules. It
may be attributed to the single-file nature of the CNT-
fluid system. The higher probability of translocation for
methane (0.162) than that for water (0.092) indicates that
the diffusivity of methane is higher than that of water.
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Figure 3. Number of Figure 4. Residence time
translocate ion events of fluid  correlation function and MSD
molecules per nanosecond  for water (blue curves) and
through the CNT. Conduction  methane (red curves) molecules
bursts as shown by the peaks  inside the nanotube along the
have been observed in both  CNT axis (Residence time -
the CNT-methane and the  dotted line, MSD - full line).
CNT-water systems.

The diffusion constant along the axis of the CNT is
obtained from the slope of a linear fit of the respective
mean squared displacement (MSD) data calculated from
simulation trajectory (Figure 4). The steeper slope of
linear portion of the MSD curve for methane again
indicates higher diffusivity of non-polar methane as
compared to polar fluid (water) inside the CNT for the
same CNT diameter.The residence time plots (not shown

here) show the reverse trend, that is, the residence time
of a molecule inside the CNT is higher for water than for
methane and this trend is consistent with that of MSD
results.Also the estimated lower activation energy for the
diffusion and lower value of force due to CNT cage in
case of methane as compared to that for water supports
faster transport of methane molecules than that of water
molecules through the nanotube [4].

Effect of many parameters such as wall charge,
pressureetc. on the flow of ions and water through CNT
[5] and graphene based artificial channels will be
discussed.
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Figure 5. Snapshot of the
simulation system, where the
box size is about 5.1 x 5.1 x 6.1
nm®, The two membrane sheets
are charge neutral and the
channel (green) is positively (or
negatively)  charged.  The
channel diameter and length are

Figure 6.Water and ion flow
as a function of the charge
density forpositively and
negatively charged channels,
respectively. Error bars are
shown for two data points
and are smaller than the
symbols.

2.02 and 2.56 nm, respectively.
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Abstract. The term "hydrogen economy" refers to the vision of using hydrogen as a low-carbon energy source — replacing, for
example, gasoline as a transport fuel or natural gas as a heating fuel. This comprises of three primary steps; (i) production (ii)
storage and (iii) transportation of hydrogen. Density functional theory in combination with molecular dynamics simulation
approach has shown promising potential to model novel catalyst for these purposes. Here we present a brief summary of our
recent works on the modeling of a catalyst for hydrogen production through S-1 thermochemical route and hydrogen storage in C

based materials.

Keywords: Hydrogen economy, DFT, Nanocatalysis

INTRODUCTION

Hydrogen is a fascinating energy carrier for clean environment.
On reaction with oxygen, hydrogen forms water. This
exothermic reaction yields 232 kJ/mol of water formed. The
water is returned to nature where it originally came from. But
hydrogen, the most common chemical element on the planet,
does not exist in nature in its pure form. It has to be separated
from chemical compounds, by electrolysis from water or by
chemical processes from hydrocarbons or other hydrogen
carriers. Both the production and the use of hydrogen have
attracted highest attention during the past decade.

Density functional theory is an extremely successful approach
for the description of ground state properties of metals,
semiconductors, and insulators [1]. The success of density
functional theory (DFT) not only encompasses standard bulk
materials but also complex materials such as bio-molecules and
nano-materials. In this article we provide an overview of the
key concepts and recent developments in computational
modelling of complex materials with a focus on applications in
the field of catalytic materials.

COMPUTATIONAL APPROACH

All calculations have been carried out using the plane
wave based pseudo-potential approach. While the total energy
calculations were carried out under the DFT formalism, the
geometrical search to locate the lowest energy structures has
been carried out employing simulation tools [2].

RESULTS AND DISCUSSIONS

I.  Modelling of Catalyst for Hydrogen Production:
Thermochemical cycles have the greatest prospect for
hydrogen production from water in the large scale. The sulfur—
iodine (S-1) thermochemical cycle for water splitting has
attracted increasing attention because it can be efficiently used
for mass scale production of hydrogen without CO, emissions.

The decomposition of H,SO, is the most energy demanding. In
particular, the second part of the H,SO, decomposition, where
SO; is decomposed into SO, and O, requires very high
temperature (between 750 and 900 °C) and does not occur
without a catalyst.

With a view to design a novel-catalyst for SO;
decomposition, we have investigated the interaction of SO;
with supported noble metal clusters. The results showed that
the interaction of the SO; molecule undergoes via metal—
oxygen bond formation[3]. Other configurations with metal—
sulfur connections are found to be higher in energy. It may be
noted that the situation is different when we consider the
interaction of SO; molecules with gas phase metal clusters,
where Pd4 and Ag,Pd, clusters bind with SO; through metal—
sulfur bonds.Moreover, for both deposited and gas phase
clusters, the elongation of the S-O bond is greater for the
isomers where the SO; molecule is connected to the metal
clusters through metal-oxygen bonds. For the interaction of
SO; with Ag,@Al,03, Pd,@Al,03, and Ag,Pd,@AIl,O3, it was
found that the S-O bond elongates up to 1.52, 1.54, and 1.64
A, respectively. We note that the S—O bond length of 1.64 A is
14% more than the corresponding gas phase values. Further it
is noticed that, for configurations with metal-oxygen bonds,
the M—M bond of the M, cluster becomes longer or weaker
than the situation where the SO; molecule connects through a
metal—sulfur bond. A representative figure for the interaction of
SO; with supported metal clusters is shown in figure 1.
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Fig.1(a) Ground state geometries of My cluster after deposition
on Al,O3 surface. (b) Lowest energy structures of SOz molecule
interacting with M,;@Al,O3 complex.

Hydrogen Storage in C based or similar systems

The storage of hydrogen posesthe biggest challenge
in a new hydrogen economy because thestorage medium must
meet the requirements of high gravimetricand volumetric
density, fast kinetics, and favorable thermodynamics
[4].Magnesium-based systems are considered to be very
promising hydrogen storage materials because of their low
cost and high hydrogen storage capacity. With this
motivation we have investigated the hydrogenation
behavior of clean and doped Mg. The results suggest that
the stabilization of Ni on the surface layer gives significant
reduction in the dissociation barrier of thehydrogen molecule
on the doped Mg surface [5].

We have also worked on the hydrogenation
behaviour of C based nanomaterials [6]. It is seen that doping
of nanotubes and layered sheets by transition metal atoms
significantly enhance the storage capacity. Unlike transition
metal decorated carbon fullerene, which suffers from the metal
clustering, metallo-carbohedrenes (Met-Cars) are stable
systems with transition metal atoms as part of the carbon
nanostructures. The hydrogen storage properties of selected
met-cars (MgCy,, M = Sc, Ti, V) have been compared [7]. The
results revealed that when the M = Ti, the cluster can take up
total 16 hydrogen molecule by physisorption where the
hydrogen molecules gets absorbed reversibly on the Ti atoms.
The effective storagecapacity of the partially hydrogenated
met-car with reversible adsorption-desorptionbehaviour is
estimated to be 10.96 wt.% albeit total hydrogen loading
capacity of 15.06wt.% foran isolated TigC, cluster. On the
basis of the results, it is inferred that the partially
hydrogenatedmet-cars are very promising high capacity
reversible hydrogen storage materials.

<o [ = 9

(b)

Spillover of hydrogen
to C atom
2
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10.96 wi%. =
(%] v
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Fig. 5A schematic representation of the hydrogen adsorption-
desorption process in the TigCy, cluster.

Conclusion:

In summary, we have attempted to illustrate how
DFT formalism can be utilized to develop a detailed molecular-
level picture of catalytic materials. In particular, we have
emphasized modelling of materials for use in the field of
hydrogen economy. Through this brief review we have
demonstrated that theoretical modelling provides new insight
that can play a significant role in the design of advanced
materials. Moreover, DFT opens exciting prospects for the
discovery of new catalysts, a learned alternative to blind
search. There is a long way to go before we have a general
theoretical description of heterogeneous catalysis. Catalysts are
complicated, multiphase materials, and there are an enormous
number of interesting catalytic processes. We are just at the
beginning of an era where DFT calculations contribute a new
perspective to the many important experimental tools that have
been developed to understand surface reactivity.
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Abstract. Detailed dynamical landscapes of propylene adsorbed in ZSM5 and Na-Y zeolites and acetylene adsorbed in CuBTC
metal organic framework (MOF) as studied by molecular dynamics (MD) simulation are discussed here. Zeolites represent a
class of technologically important materials because of their characteristic properties of molecular sieving and catalysis, which
makes them indispensable in the petroleum industries, while MOF has demonstrated remarkable storage capabilities for
hydrocarbons at atmospheric pressure. Aim of these studies is to investigate the correlation of the host topology towards the
diffusion of guest molecules. Several unusual dynamical features of guest hydrocarbons inside the porous host structures have
been explained on the basis of MD simulation results which shed light on the complex diffusion processes of guest molecules

inside porous host matrices.

Keywords: Diffusion, Zeolite, Metal Organic Framework, Molecular Dynamics Simulation

INTRODUCTION

The problem of diffusion of molecules in
confined geometries can be found in a large variety of
physical situations. Common examples that impose
spatial restriction include zeolites, metal organic
frameworks, clays, etc. Confinement appears in variety
of phenomena, starting from the case where atoms,
molecules, liquids or solids are enclosed in 3-
dimensional pores, to cases where atoms or molecules
are restricted within a 2 dimensional space, like in
variety of clays, thin films or at surfaces.
Experimentally, a significant change of the properties
due to spatial restriction vis-a-vis their bulk is now well
established [1]. Nevertheless, the influence of the
confining materials e.g., the geometry of pores and the
role of the interaction with interfaces are yet to be
understood in detail. Zeolites and metal organic
frameworks (MOFs) have attracted a great deal of
attention during recent years because of their high
specific pore volume, which opens up prospective
applications such as gas storage, heterogeneous catalysis,
gas separation, and purification. While these properties
depend upon many factors including the acidity and the
temperature stability of these porous materials, dynamics
of guest molecules also play a major role. In order to be
able to tailor make these materials for use in industry, it
is important to understand the dynamical properties of
guest molecules adsorbed in these porous materials. The
results of our molecular dynamics (MD) simulation
studies on propylene adsorbed in Na-Y and ZSM5
zeolite and acetylene adsorbed in MOF showed some

unusual dynamical behaviour of guest molecules which
are discussed here.

ZEOLITE AND MOF

ZSM5 and Na-Y are the two zeolitic systems in
which the dynamics of adsorbed hydrocarbons have been
studied quite extensively. ZSM5 zeolite is typified by a
network of intersecting channels. In ZSM5 zeolite there
are straight channels with an elliptical cross section of
approximately 5.7-52 A and parallel to the
crystallographic axis b. The sinusoidal channels are
nearly circular cross section of 5.4 A in the a—c plane.
Na-Y zeolite has a network of almost spherical
supercages (surrounded by sodalite cages connected on
their hexagonal faces), which are interconnected with
each other in a tetrahedral manner by 12 membered
oxygen rings forming windows. The diameter of these
windows is about 7.8 A while the supercages have a
diameter of 11.8 A.

Copper 1, 3, 5-benzenetricarboxylate (CuBTC)
MOF consists of the metal corners of the Cu®* ions
coordinated to each other with benzene 1, 3, 5
tricarboxylate (BTC) organic ligands. Its structure
exhibits a complex trimodal pore distribution [3], with a
topology resulting in connectivity between some but not
all of the pores. Out of three different types of pores, one
is relatively small in size (~5 A) and like side pockets of
tetrahedral-shape. The other two are comparatively large
pores and can be designated as L1 and L2. Pore L1 is
cuboctahedral and approximately 10.7 A across. Pore L1
is connected via square window to a secondary pore
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system (pore L2), size of which is ~ 12.7 A. Pore L2 is
connected to the tetrahedral pockets via triangular
windows. Schematic of Na-Y and ZSM5 zeolite and
CuBTC MOF are shown in Fig. 1.

MD SIMULATION

MD simulation of propylene molecules
confined in ZSM5 and Na-Y zeolite and acetylene
molecules adsorbed in CuBTC MOF have been carried
out in micro-canonical ensemble. Atomic positions of
ZSM5, Na-Y zeolite and CuBTC MOF are taken from
the work reported by Koningsveld et al. [3], Fitch et al.
[4] and Peterson et al. [2] respectively. Atomic positions
of propylene and acetylene molecules are considered as
rigid molecules and therefore the bond angle and bond
lengths between the sites are kept constant throughout
the simulation. Intermolecular interactions were
modelled by Lennard-Jones (6—12) potential [5]. An all-
atom model was used for propylene, i.e., the hydrogen-
atom interactions are taken explicitly. Acetylene
molecule is modelled as two interacting sites under
united atom model. MD simulations are carried out for
three different concentrations (4, 10 and 14 molecules)
of acetylene molecules per unit cell of CuBTC MOF.
Eight propylene molecules per unit cell of ZSM5 zeolite
and 3 propylene molecules per Na-Y supercage are used
for the simulation.

RESULTS AND DISCUSSION

Translational motion of any molecule can be monitored
from the center of mass (COM) trajectories obtained
from MD simulation. Diffusion constants estimated from
the slope of the COM mean square displacement (MSD)
curves are found to be 5.4 x 10° cm%sec and 1.0 x 10°
cm?/sec in case of Na—Y and ZSM5 respectively. This is
a clear manifestation of the effect of topology of the host
zeolites since the restriction imposed by the channel
structure of the ZSM5 on propylene molecules is much
more than that by Na-Y zeolite. Intermediate scattering
functions corresponding to translational motion revealed
that it consists of three components with different time
scales. At short time and small length scales, a molecule
does not interact with other molecules and therefore acts
as a free particle (ideal gas). In case of zeolite, dynamics
is determined by its pore topology and it is found that at

(c)
Fig. 1 Schematic of (a) ZSM5 zeolite and (b) Na—Y zeolite and (c) CuBTC metal organic framework

long time and large length scales, dynamics is occurring
in two different time scales. On the other hand, rotational
dynamics of propylene adsorbed in ZSM5 is found to be
anisotropic in nature as the molecule does not have full
freedom to rotate in all directions in a particular channel.
However, at sufficiently long time, the molecule can
diffuse to another channel and so cover all the different
orientations. This is in contrast to Na—Y zeolite where
the large size of the host cages leaves the isotropic
rotation of propylene unhindered even at short times. It is
also found that the propylene molecules prefer its
orientation along the channel direction during diffusion
through the ZSM5 zeolitic channels unlike that in Na—Y
zeolite [5].

MD simulation study has revealed interesting
results towards dynamical pathways of acetylene in the
complex structure of CuBTC metal organic framework.
Diffusivity of acetylene molecules inside CuBTC MOF
is found to increase with concentration which has been
explained on the basis of the trajectories and the free
energy map. At low concentration, most of the molecules
are found to be trapped in the tetrahedral pockets
whereas at high concentration relative population in the
large pore increases and more number of molecules
diffuse through the large pores. Since the acetylene
molecules experience less energy barrier while passing
through large pores, the average diffusivity increases at
higher concentration. It was concluded that the pathways
followed by the guest molecules decide diffusion process
within CuBTC framework [6].
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Abstract. Multicomponent diffusional mechanisms in ternary systems LiCI-KCl and LiF-BeF2 are elucidated
using the Green—Kubo formalism. We observe a sign change and a divergent—like behavior for the MS diffusivity of
the K—Li ion pair at a temperature of 1095K for the eutectic composition, and at a KCI mole fraction of 0.48 at
1043K. For molten coolant LiF-BeF2 MS diffusivity shows strong composition dependence with negative MS
diffusivity even between positive-negative pairs for low LiF%. Negative MS diffusivities while unusual are
however, shown to satisfy the non-negative entropic constraints. Local structure of solutes Sr and U in LiCI-KCI
make more bonds with Cl ions for higher oxidation states and the first peak radial distribution function is greater.

Keywords: Molten salt, Nuclear Waste Separation, Coolant, LiCI-KClI, Flibe, MS Diffusivity

INTRODUCTION

The separation of actinides and fission products is a
central step in closing the nuclear fuel cycle. In the
pyrometallurgical recycling process, the spent nuclear
fuel is dissolved in a molten salt such as LiCl and/or KCI
followed by the extraction of actinides by electrorefining
and/or electroreduction processes [1, 2]. Knowledge of a
number of basic thermokinetic properties of salts and
salt-fuel mixtures is necessary for optimizing present and
developing new approaches for pyrometallurgical waste
processing.

Molten salt LiF-BeF2 is a potential candidate
for coolant in High Temperature Reactor [3].The
structure and dynamics of the molten salt at operating
temperature and pressure has impact on the performance
of the reactor. Considering the importance of LiCI-KCI
and LiF-BeF2 in nuclear industry, here we present the
dynamical correlations and Maxwell-Stefan (MS)
diffusivity for LiCl-KCl and LiF-BeF, at various
temperature and composition. Local structure of various
actinides Sr, La and U ions in the LiCI-KCl molten salts
were also studied.

THEORY

In the MS framework, the driving force for diffusion of
component i is balanced by the frictional force bewteen
the component i and other components [4]

where MS diffusivity Dij has the physical significance of

an inverse drag force. The Onsager coefficients (Ajy) are
evaluated from the linear response theory using
equilibrium MD simulations in barycentric referrence
frame [10] given by

0 _ 1 Tat/5003%0)) = LT drw?
Aik = 3N (J;dt<‘§| (t)Jk (0)> = 3N (.Edtlylk (t)

where N is the total number of atoms/ions and W(t)
denotes the ensemble average of the diffusive mass flux
correlation.The volume averaged diffusive flux is given

by

(1) = Li(rt)= INZ Ul ()-V(1)]

And finally, the MS diffusivities can be expressed as
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Where x;, are the mole fraction and B matrix is obtained
from Ay [5].
COMPUTATIONAL PROTOCOL

To compute the Onsager phenomenological coefficients
for ternary systems we have developed various modules
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using and incorporated these modules to MD code
DL_POLY_4 [6]. MD simulations are performed in a
cubic cell with periodic boundary conditions where the
ions interact through a long-ranged electrostatic
potential and a Born-Mayer—Huggins (BHM) short—
ranged potential, originally developed by Fumi and Tosi
[7].
RESULTS AND DISCUSSIONS

Fig. 1 delineates the variation of MS
diffusivities for LiCI-KCI with temperature at eutectic
composition.Interestingly we observe negative and
divergent MS diffusivity between the positive-positive
ion pair Li-K. At eutectic mixture the MS diffusivity
between ion pair Li-K diverges at around 1095 K.
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FIGURE 2. MS diffusivities for different compositions at

1043K. (Inset) Experimental MS diffusivities in an ion

exchange membrane [5].

In Fig. 2 we show the MS diffusivities as a
function of composition at 1043K. As observed with the
variation for temperature, the MS diffusivity for the K—
Li ion pair tends to portray a diverging behavior at a KClI
mole fraction of 0.48, approximately. The variation of
By strikingly similar to those observed in experiments;

the inset shows a MS diffusivity data set for like—like
ions in an exchange membrane system [5]. We have
verified that negative and diverging MS diffusivity
satisfies the non-negative entropy production rate
governed by 2" law of thermodynamics [4]. Fig. 3
shows the strong composition dependence of MS
diffusivity for LiF-BeF2 where the MS diffusivity between
the positive-negative pair also becomes negative at small mole
fraction of LiF. Local structures of Sr and U solutes in Licl-
KCI are presteed in Fig. 4. When solute has higher oxidation
states, it will make more bonds with Cl ions and the first peak
is of radial distribution function is greater.
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FIGURE 4. Local structures of Sr and U solutes in Licl-KCl
with SrCl, and UCl,
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Abstract. Carbon nanotubes (CNT) and fullerenes (e.g. C60) are the carbon nanomaterials (CNMs) that have recently attracted
the attention of scientists and technologists for their applications in diverse field owing to their unique physical and chemical properties.
Functionalized CNMs have been shown to be more sensitive and selective for removal of inorganic and organics from aqueous medium
compared to pristine one. DFT calculation that carried out for Th*" binding with carboxylic acid functionalized CNT and C60 in gas and
aqueous phase showed that former has higher adsorption than the later. From DFT aided energetic and thermodynamic calculations it
was seen that the crown ether (benzo-15-crown-5, B15C5) functionalized CNT extracts Na* more preferentially than other alkali metal
ions (Li*, KY), whereas batch adsorption studies show that B15C5-CNT have no adsorption for Li* and higher adsorption for K™ over
Na®*. Theoretically guided modeling of various functionalized CNMs along with experimental verification will lead to development of

super nanoadsorbent for environmental application.

Keywords: DFT modeling, Carbon nanomaterials, Functionalization, actinide adsorption, alkali metals adsorption

INTRODUCTION

Amongst other carbon nanomaterials (CNMs), carbon
nanotubes and fullerenes have been coming out as
efficient sorbent material for environmental application
as they have sorbent friendly properties like large surface
area, porous network layered structures along with their
decreasing production cost with the time [1, 2]. CNMs in
pristine form lacks in sensitivity and selectivity for a
particular metal ion/organic matter adsorption. The
selectivity of CNMs can be grown by introducing
appropriate functional groups on the surface, by covalent
of non-covalent means [3].

DFT modeling can model the energetic and

thermodynamic parameter of adsorption after optimizing
the structures of the CNMs and functionalized CNMs
molecules and their metal ion complexes using quantum
mechanical calculations with proper basis set and
functional.
Carboxylic acid functional groups (-COOH) are well
known for their strong binding interaction with various
metal ions of environmental, catalytic and biological
importance. Crown ethers have unique ability to
selectively chelate alkali metal ions from solutions.

Selective separation of thorium from aqueous
solution is important as it acts as an alternate fuel of
future nuclear reactor and its presence in living organism
is deleterious. The lithium which is used for various
applications in nuclear and aeronautical industry must be
in suitable state of purity and in particular it must contain

very little alkali metals such as sodium and potassium as
these elements downgrade the performances of lithium.

In this article, DFT calculations was performed
for the Th** binding with carboxylic acid functionalized
CNTs ( CNT-COOH) and C60 fullerene (C60-COOH).
The computed extent of adsorption values by these
CNMs were compared with available experimental
values. DFT aided energetic and thermodynamic
calculations were carried out for the interaction of alkali
metals (Li*, Na* and Cs") ions with crown ether (B15C5)
functionalized CNTs. The calculated trend in energy of
interaction was verified with the experimentally obtained
adsorption capacity values of synthesized B15C5-CNTs
for alkali metal uptake.

COMPUTATIONAL DETAILS

All the geometries of the free as well complexes are
optimized using Turbomole [4] package at BP86/SVP
level of theory [5]. Single point energy calculations were
carried out on optimized complexes at B3LYP/TZVP [6]
level of theory. The zero point energy and
thermodynamic correction to the total energy were made
to compute the free energy at T=298.15K. The solvent
effect in the energetic was incorporated employing
conductor line screening model (COSMO) [7].
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METHODS
The complexation ability of functionalized CNMs
with metal ions can be evaluated from the gas phase
binding energy (BE). The BE (AE) of the metal ion (M™)
and CNTs (L) complexation reaction,

M™+L=M"L (1)
is defined by the following general relation,

AE = EM”*—CNM _(EM"+ + ECNM) O]

where, E and Ecy,, refer to the

M"™ _CNM ’ EMn+
energy of M™-CNM complex, M™ ion and the free
CNM system respectively.

The thermal correction to the electronic energy (Eey),
enthalpy (H) and free energy (G) of the optimized
structures has been performed to predict the
thermodynamic parameters*". The thermal and zero point
energy corrected binding energy is

AU :U _(UM'H +UCNM) (3)

M"™-CNM

where , U and Uy represent

M"™—CNM ’ UM”*
the internal energy of the M™ -CNM complex, M™ ion
and the free CNM system respectively.

The binding enthalpy (AH) and binding free energy
(AG) for the metal ion-CNT complexation reaction in
Eq. (1) are calculated using the following standard
thermodynamic relations

AH = AU +AnRT 4)
AG = AH - TAS (5)

RESULTS AND DISCUSSIONS

Th** adsorption on CNM-COOH: The CNT considered
here is a (8, 0) zigzag single-walled CNT which consists
of four unit cells with tubular length of 5.78 A width of
6.40 A [8]. The fullerene unit consist of sixty carbon
atoms with twenty hexagons and twelve pentagons.

We have considered one -COOH on the surface of CNT
and C60. For CNT, the carboxyl group has been attached
to the open edge carbon atoms (with dangling bonds) of
the tube and for C60, one double bond has been
substituted with one carboxyl and one hydrogen.
Thorium in tetravalent state has been complexed with
each of the -COOH functionalized CNMs, first, in
absence and then, in presence of nitrate and water
molecules. The optimized geometries of Th complexes
with CNT-COOH and C60-COOH in presence of nitrate
and aqua co-ligands and the calculated structural
parameters are displayed in Fig. 1 and Table 1,
respectively. In the optimized structures, the C-C and C-
H bond distance of both CNT and C60 unit was found to
be 1.44A and 1.11A which confirms the sp® carbon
network. This is also same for optimized structure of Th
complex of graphene-COOH (Fig 1c). The Th-O
distance with nitrate ion is smaller than that of water
molecule. It is also clear from Tablel that CNT-COOH
form stronger complex with thorium compared to C60-
COOH as the carbonyl oxygen to metal distance is
shorter for the former. That carboxyl group of CNT
binds more strongly to Th than that of C60 is also
evident from the more C=0 distances of the former; due
to the strong interaction of donor O to metal ion, C=0
bond weakened. This also is supported by the electronic
and and thermodynamic energy parameters values of the
interaction shown in Table 3. The binding energy (AE) of
CNT-COOH is higher than C60-COOH by 22 kcal/mol.
The free energy of Th adsorption by CNT-COOH both in
gas and solvent phase was found to be higher than that of
C60-COOH. Hence, it can be concluded that CNT-
COOH is more efficient Th adsorbent than C60-COOH.

Table 1. Calculated structural parameters (in A) of Th*
ion with COOH functionalized CNT, C60 and G at
BP/SVP level of theory.

System dM_O(:C) dc:o dM_ dM_
O(NO3) O(H20)

CNT-COOH | 236 A |127 A |250A |255A

C60-COOH |258A |123A |245A |257A

Table 2. Electronic and thermodynamic energies (in

kcal/mol) of Th** ion with COOH functionalized CNMs
in presence of nitrate ion and aqua molecules at

B3LYP/TZVP level of theory.
Th complex AE AGgs AGg
system with

CNT-COOH | -922.38 | -930.29 | -65.80
C60-COOH | -910.59 | -919.46 | -49.99

Fig. 1. Optimized structures of Th complexes with -
COOH functionalized (a) CNT, (b) C60 and (c)
Graphene.
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Alkali metal adsorption on CNT-B15C5: The CNT-
COOH of the above work was attached to aminobenzo-
15C5 with amide linkage. The optimized structure of the
complexes of CNT-B15C5 with Li*, Na* and K ions are
displayed in Fig. 2. It is seen that the Li" ion is situated
at the centre of the crown ring between five O atoms,
whereas the Na* and K" are situated outside of the cavity
of the ring. The K* is more outward than the Na*. From
the Table 4, it is seen that the free energy of adsorption is
high for Na* and K" ion, whereas, for Li* ion it is
positive indication the high selectivity of Na* and K*
ions over Li* ion. The computed selectivity was
validated by performing the experiments as follows.

Fig. 2. optimized structures of CNT-B15C5 complexes
with Li*, Na* and K".

Table 4. Calculated energy parameters (in kcal/mol) of
B15C5-CNT-metal ion in aqueous phase using B3LYP
level of theory.

System Li Na K
AU -11.97 -22.10 -13.64
AH -12.56 -22.69 -14.23
AS* -0.05 -0.02 -0.03
AG 2.37 -14.35 -3.93

Exptl. ge - 19.95 63.62

(mg/g)

*(kcal/mol/K)

B15C5-CNT was synthesized in laboratory by coupling
amidation reaction between aminobenzo-15C5 and
carboxyl-multiwalled-CNTs in presence of N, N’-
dicyclohexylcarbodiimide (DCC) as coupling agent and
dimethylaminopyridine (DMAP) as catalyst. The
adsorption capacity, g, values of K* is more than Na* or
Li* implying that B15C5-CNT show more selectivity
toward K* ion than Na*. From the experimental results it
can also be seen that Li* ion shows no extraction with
B15C5-CNT. This means that working Li* solution
(which always have other alkali metals, Na* and K, as
impurities), CNT-B15C5 can remove the other ions
except the Li* resulting in purifying the Li content. The
mismatch of the uptake order of Na* and K* by B15C5-
CNT between theory and experimental study needs
further investigation.
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