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Abstract. Periodic density functional theory (DFT)-based calculations were carried out on a series of
uranyl complexes encapsulated within single walled (SW)-CNT to understand their encapsulation afﬁnities.
We ﬁnd that uranyl-aqua complex ([UO2 (H2 O)5 ]2+ ) binds stronger as compared to uranyl-hydroxo-complex
([UO2 (OH)4 ]2− ) due to the variable overall charge of the complex. Further, binding afﬁnities of uranyl formate
complexes with different formate stoichiometries (1:1, 1:2 and 1:3) with SW-CNT are considered. Here again,
due to variable charges, cationic mono-‘formate-uranyl ([UO2 (FM)(H2 O)3 ]1+ ) complex binds stronger as
compared to anionic tri-formate uranyl ([UO2 (FM)3 ]1− ). Further, due to the very weak binding commonly
found in [UO2 (FM)3 ]1− to CNT, the tubular ends of SW-CNT are sealed with functionalized C36 fullerene.
The binding afﬁnity of uranyl complex is not improved when C36 fullerene is used to seal to the SW-CNT
as compared to its unsealed counterpart. However, upon functionalizing (at the hub carbon) the C36 cork, the
binding afﬁnity of [UO2 (FM)3 ]1− is larger inside the CNT due to favorable hydrogen bonding interactions with
the uranyl oxygens. Our ﬁndings are consistent with the experimental observations which will help to design
novel nanomaterials for nuclear waste management processes.
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1. Introduction
Presently, the energy demands are exponentially increasing, thus alternative energy resources such as nuclear
energy are unavoidable with the penalty of safe handling
of small volumes of nuclear wastes. 1,2 Due to the apparent toxic and radioactive nature of the heavy metal ions,
the design of novel materials for waste management is
mandatory. 3,4 Since the discovery of fullerenes, 5 several
new ﬁelds have emerged till date in science and technology. 6,7 Carbon based nanomaterials are applied to
targeted drug delivery systems, cancer therapy, hydrogen storage, water puriﬁcation and photo catalysis to
name a few. 8–11 Recently, Belloni et al., 12 reviewed on
the possibility of using carbon nanotubes in the ﬁeld of
nuclear waste management (NWM) processes.
Although many extractants are known till date, 13–16
attempts are being made towards the possible use of
carbon nanotubes for the selective extraction or binding
of radionuclides. Furthermore, wide varieties of carbon nanomaterials such as graphenes, activated carbon,
mesoporous materials, multi-walled carbon nanotubes
are now presently being tested as potential candidates
for the binding of actinides, at least at the laboratory
* For correspondence

level. 17–25 However, due to apparent solubility issues of
pure carbon nanotubes, several attempts are made to
improve the solubility of CNT through chemical functionalization. 26,27 Of the several known carbon materials, CNT functionalized with several organic groups are
known to be one of the promising carbon materials for
the selective extraction of actinides. 28–33
In conjunction with experimental work, a number of
in silico studies are carried out to gain insights towards
the binding behavior of radionuclides with CNT at
the molecular level. 34–39 Particularly, density functional
theory (DFT) based calculations are popularly used
to understand the selective binding of radionuclides.
A number of studies are reported on graphene oxide
nanosheets by Wu et al., 34,35 towards understanding the
binding preferences of actinyl ions. We have designed
novel nano-materials through covalent and non-covalent
functionalization of single walled (SW) CNT for the
efﬁcient binding of uranyl. 37–39 Although the covalent
binding of actinides at the functionalized site leads to
very strong binding afﬁnities, the subsequent release
of actinides from the functionalized site is unfavorable.
Thus, attempts are made towards non-covalent binding
of actinides. In this regard, non-covalent functionalization of SW-CNT with cucurbituril supramolecule
783
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has found that uranyl binding is stronger as compared
to unfunctionalized counterpart. 39 Recently, Luksirikul
et al., 30 have investigated the pH-triggered release of
uranyl and copper acetate upon functionalization with
SW-CNT. Here, the functionalized C60 fullerene was
used as corks which can be unplugged or plugged by tuning the pH. Thus, the safe release of actinides can be controlled efﬁciently. However, the binding mechanism of
uranyl to SW-CNT is largely unexplored at the molecular level. As uranyl acetate exists in different stoichiometry, their speciation inside SW-CNT is largely unknown.
In this paper, structures and binding afﬁnities of several uranyl complexes with SW-CNT are carried out
using periodic DFT based calculations. A series of
different uranyl complexes with varying ligand environment and with differing charge are chosen in this study.
An attempt was made to improve the binding afﬁnities of
uranyl through functionalized fullerene (C36 ) as removable corks with SW-CNT at the molecular level.

2. Computational details
2.1 Choice of method
Geometry optimizations were performed with periodic DFT
calculations using the projector augmented wave (PAW) 40,41
potentials as it is implemented in the Vienna ab initio Simulation Package (VASP). 42,43 Plane-wave basis sets with a
kinetic energy cut-off of 550 eV have been used to expand the
Kohn-Sham equations for the valance electrons. Generalized
Gradient Approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) 44 has been used to treat the exchange-correlation
energy density functional. Energy cut-off for the electronic
self-consistent ﬁeld iterations is set to 1 × 10−6 eV. The
valence states of U (5f3 6d2 6p6 7s2 ), C (2s2 2p2 ), O (2s2 2p4 )
and H (1s 1 ) were considered for the construction of the PAW
potentials. Sufﬁcient vacuum (∼15 Å) has been considered
along the non-periodic directions for the CNT calculations.

Isolated systems were optimized in a cubic cell of dimension
25 Å × 25 Å × 25 Å. For the one-dimensional systems, both
unit cell and atomic positions were relaxed at constant volume
until the maximum Hellmann–Feynman force on each atom
is less than 0.01 eV Å−1 . Automatically generated Gammacentered 1 × 1 × 3 Monkhorst-Pack set of k-points were used
to sample the Brillouin zone. 45 The atomic charges were calculated through the Bader charge density analysis. 46,47 The
graphical software VESTA 48 has been used for generating the
reported periodic structures. This computational technique
was used by us to model several periodic systems and the
predictions are exceptionally encouraging with experimental
data. 49,50 For all charged systems, the monopole corrections
to the energies have been taken into account.

2.2 Choice of models
A wide range of uranyl complexes with differing coordination number and ligands at the equatorial plane of the
metal ion were considered and investigated here. Uranyl
hydroxo species ([UO2 (OH)4 ]2− ), uranyl aqua complex
([UO2 (H2 O)5 ]2+ ) and three uranyl formates ([UO2 (FM)3 ]1− ,
[UO2 (FM)2 (H2 O)]0 and [UO2 (FM)(H2 O)3 ]1+ ) were studied. Arm-chair [(7, 7), (8, 8) and (9, 9)] SW-CNT with
differing diameters at four unit cell lengths were investigated
here. We ﬁnd that arm-chair (9, 9) is large enough to encapsulate all the uranyl complexes investigated here.

3. Results and Discussion
The optimized structures of bare and encapsulated
uranyl at the DFT level are shown in Figures 1 and
2. Prior to encapsulation, let us glance through the
optimized structures of bare uranyl complexes against
experimental data. 51–55 The calculated U = Oyl bond
lengths are excellently reproduced for the two cationic
complexes (within 0.02 Å) as compared to the two
anionic complexes. The computed bond length for
U = Oyl of [UO2 (OH)4 ]2− complex is estimated by

[UO2(OH)4]2-

[UO2(FM)3]1-

[UO2(FM)2(H2O)2]0

[UO2(FM)(H2O)3]1+

[UO2(H2O)5]2+

U=Oyl

1.867( 1.83)

1.807 (1.78)

1.800

1.792 (1.76)

1.777 (1.76-1.78)

U-OX

2.297 (2.25)

2.522 (2.48)

2.496

2.381 (2.42)

-

-

-

2.597

2.507-2.521 (2.36)

2.487 (2.41)

U-OH2O
a
b

Values in brackets are the experimental data.
X=OH, FM

Figure 1.

Optimized structures and bond lengths (in Å) of bare uranyl complexes a,b .
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[UO2(OH)4]2-

[UO2(H2O)5]2+

U=Oyl

1.850 (1.867)

1.813 (1.777)

U-Oeq

2.269–2.270 (2.297)

2.558–2.564 (2.487)

- 2. 0

- 1 39 . 8

- 0 . 835

+ 0. 811

Side view

Top view

a

Values in brackets are for the corresponding isolated uranyl complexes.

Figure 2. Optimized structures (bond lengths in Å), binding energies (E in kcal mol−1 )
and net charge transfer (q in a.u) of uranyl hydroxide and uranyl aqua complexes encapsulated to SW-CNT.

0.04Å as compared to experimental data. For the monocationic and mono-anionic complex, this overestimation
is less (within 0.02 Å). As far as U-X bond lengths are
concerned, the computed values are fairly reproduced
within 0.05 Å with the experimental values. Finally, the
predicted U-OH2O are overestimated by 0.05 to 0.15 Å.
Nevertheless, we are mainly interested in the change in
bond lengths upon encapsulation with SW-CNT, thus,
the trends are more vital than the absolute bond lengths.
3.1 Structures and binding afﬁnities of
[U O2 (O H )4 ]2− and [U O2 (H2 O)5 ]2+ species
Uranyl complexes in different orientations such as either
UO2 moiety is parallel to inner walls or perpendicular
to the inner walls of SW-CNT are considered in this
study. We note that UO2 moiety parallel to the inner
walls is relatively more stable (by more than 10 kcal
mol−1 for [UO2 (H2 O)5 ]2+ ) as compared to the other orientation. Thus, we considered only parallel orientation

hereafter. Upon encapsulation of anionic [UO2 (OH)4 ]2−
to SW-CNT, the U = Oyl and U-Oeq bond lengths of
the anionic species are shortened (Figure 2). For the
cationic [UO2 (H2 O)5 ]2+ complex, both U = Oyl and
U-O−eq bond lengths are elongated upon encapsulation.
Further, as far as binding energies of uranyl complexes to SW-CNT are concerned, we predict that
cationic complex is strongly bound (−140 kcal mol−1 )
as compared to the anionic complex (−2 kcal mol−1 ).
These variations are expected as SW-CNT can be
considered as strong nucleophiles which can bind electrophilic complexes such as [UO2 (H2 O)5 ]2+ stronger
as compared to anionic [UO2 (OH)4 ]2− . The differential
binding afﬁnities of the two complexes can be correlated
to the extent of charge transfer from the uranyl complex to SW-CNT. In the [UO2 (OH)4 ]2− complex, the
negative charge is transferred (−0.472 e− ) from uranyl
to SW-CNT, whereas for the [UO2 (H2 O)5 ]2+ complex,
the positive charge of uranyl is reduced through charge
transfer (+0.735 e− ) from SW-CNT.
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[UO2(FM)(H2O)3]1+

[UO2(FM)2(H2O)2]0

[UO2(FM)3]1-

U=Oyl

1.811 (1.792)

1.798 (1.800)

1.807 (1.807)

U-OFM

2.432 (2.381)

2.485 (2.496)

2.498 (2.522)

U-OH2O

2.512–2.538 (2.507–2.521)

2.565 (2.597)

-

-53.1

+0.7

+25.3

+0.456

+0.104

-0.022

Side
view

Top
view

a

Values in brackets are for the corresponding isolated uranyl complexes.

Figure 3. Optimized structures (bond lengths in Å), binding energies (E in kcal mol−1 ) and net charge
transfer (q in a.u) of uranyl formates encapsulated to SW-CNT.

3.2 Structures and binding afﬁnities of uranyl
formates
Experimental studies on uranyl acetates with SW-CNT
suggest that the complex binding is unfavorable. 30
The exact speciation is not known as uranyl acetate
can exist in three different stoichiometric forms. The
structures and binding afﬁnities of three uranyl formats, [UO2 (FM)(H2 O)3 ]1+ , [UO2 (FM)2 (H2 O)2 ]0 and
[UO2 (FM)3 ]1− with SW-CNT, are calculated. For computational ease, uranyl formates are considered instead
of uranyl acetates.
In all three encapsulated complexes, the U = Oyl
bond length decreases from [UO2 (FM)(H2 O)3 ]1+ to
[UO2 (FM)3 ]1− (Figure 3). However, for the bare uranyl
formate complexes, both U = Oyl and U-OFM bond
lengths increase with increasing negative charge of
the complex. Further, the extent of geometric variation upon encapsulation is less, as we go from cationic
[UO2 (FM)(H2 O)3 ]1+ to anionic [UO2 (FM)3 ]1− com-

plexes. As far as the binding afﬁnities are concerned, the
[UO2 (FM)(H2 O)3 ]1+ binds strongest (more than −53
kcal mol−1 ), whereas the binding of [UO2 (FM)3 ]1− is
unfavorable to SW-CNT (more than +23 kcal mol−1 ).
However, the binding afﬁnity of [UO2 (FM)2 (H2 O)2 ]0
is larger as compared to [UO2 (FM)3 ]1− , and smaller
as compared to [UO2 (FM)(H2 O)3 ]1+ . These variations
in binding afﬁnities can again be correlated with the
extent of charge transfer (q, Figure 3). As expected,
for the cationic [UO2 (FM)(H2 O)3 ]1+ complex, positive
charge of the complex is neutralized by SW-CNT leading to favorable binding, whereas for the negatively
charged [UO2 (FM)3 ]1− complex, the extent of charge
transfer is very less, thus unfavorable binding is clearly
seen.
Thus, molecular level understanding of encapsulation of various uranyl complexes to SW-CNT helps
us to reveal many insights such as the charge transfer which stabilizes the adduct formation. In the next
section, we show how to stabilize even the unfavorable
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SW-CNT

the Hub carbon is already well established. 56 In this
case, the C36 functionalized with two protons is found
to have favorable encapsulation with −221.8 kcal mol−1
of binding energy. Within this super cell, we placed one
[UO2 (FM)3 ]1− and one C36 fullerene as shown in Figure 4.
As expected, the initial binding of [UO2 (FM)3 ]1− to
SW-CNT is unfavorable by 23.8 kcal mol−1 . Further,
upon using the C36 cork (without functionalizing), the
binding is unfavorable by 32.8 kcal mol−1 . However,
if we use the functionalized C36 cork to block the cap
of SW-CNT, the binding becomes favorable by −76.7
kcal mol−1 (Figure 4). The favorable binding is largely
due to the hydrogen bonding interaction between the
uranyl oxygen with the proton (∼2.6 Å) attached to
the hub-carbon of C36 fullerene. Thus, upon deprotonation, the cork can be removed and we can isolate the
[UO2 (FM)3 ]1− species very effectively. 30

[UO2(FM)3]1-

H

C36H

H
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H

Scheme 1. Proposed favorable binding
mechanism of encapsulated [UO2 (FM)3 ]1−
with SW-CNT corked with functionalized
C36 fullerene.

anionic uranyl complex such as [UO2 (FM)3 ]1− to SWCNT through the on-off-cork mechanism, as observed
by Luksirikul et al. 30 (Scheme 1).
3.3 Corking the SW-CNT with fullerene
In the experimental study of Luksirikul et al., 30 a
dimethyl amine-functionalized C60 fullerene was used
to cork the SW-CNT. For computational efﬁciency, we
use a C36 fullerene which can be used as cork to (10, 10)
SW-CNT. SW-CNT super cell with 216 carbon atoms
has been considered and the optimized cell parameter
for the CNT is found to be 14.83 Å with a C–C bond
length of 1.421 Å. Calculated insertion energy of C36
into SW-CNT is found to be energetically unfavorable
(+5.2 kcal mol−1 ). Further, the C36 unit is functionalized
by protonating the hub-carbon of the C36 unit to mimic
the experimental functionalization. Of the several carbon centers in fullerenes, the choice of protonation at

3.4 Relevance to NWM processes
One of the main challenges in the back-end of the
nuclear fuel cycle is the selective removal of heavy
metal ions and ﬁssion products. A dominant amount
of work is focused on the separation of minor actinides
from lanthanides. 57 On the other hand, designing novel
materials using CNT is one of the on-going strategies
in NWM processes. 12 Due to apparent solubility issues,
functionalizing CNT with ionizable residues and with
supramolecules can greatly enhance the solubility and
binding afﬁnities of heavy metal ions. 37–39 However, the
unbinding process of heavy metal ions at the functionalized sites of carbon nanotubes (CNT) is difﬁcult due
to very strong binding afﬁnities. Thus, the non-covalent
functionalization of supramolecules with CNT is proposed as an alternative. DFT based prediction on model
system has provided many new insights into the experimental predictions.
The SW-CNT can bind cationic complexes very
strongly as compared to anionic complexes due to the
nucleophilic nature of SW-CNT. The anionic complexes
such as [UO2 (FM)3 ]1− can be stabilized through the
use of functionalized fullerene as removable cork. The
cork can be attached or detached to the SW-CNT by
tuning pH of the functionalized site of the fullerene.
At low pH, the functionalized site is expected to be
protonated which will stabilize the anionic complex
through hydrogen bonding. Thus, upon changing the
pH, deprotonation occurs at the functionalized fullerene
site which nulliﬁes the hydrogen bonding, and the cork
is removed from SW-CNT. Based on this strategy,
the radionuclide can be easily disposed to the desired
location.
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Figure 4. Optimized structure of encapsulated [UO2 (FM)3 ]1− with SW-CNT corked with
functionalized C36 fullerene.

4. Conclusions
Understanding the speciation of toxic radionuclides
such as uranyl complexes can be extremely important
to design novel extraction by selective binding of harmful radionuclides. Our quantum chemical calculations
based predictions of several uranyl complexes with SWCNT are as follows: (a) Cationic uranyl complexes
such as [UO2 (H2 O)5 ]2+ bind stronger as compared to
their anionic counter-parts, [UO2 (OH)4 ]2− , with SWCNT. The stronger binding is typically due to the extent
of charge transfer from SW-CNT to uranyl. (b) The
anionic complex such as [UO2 (FM)3 ]1− can be stabilized inside SW-CNT through the use of removable cork
which can stabilize the anionic complex through hydrogen bonding. It should be noted that the removable cork
(protonated at the hub carbon of C36 ) is necessary for
favorable binding afﬁnities of uranyl complexes with
SW-CNT.
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