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Defects such as the most stable hexavacancy (V6) distribute widely on neutron-irradiated graphite
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surfaces, which play a dominant role in immobilizing radioactive products released from nuclear fuels.
DOI: 10.1039/X0XX00000X By performing DFT calculations, we explore the interaction of gaseous uranium dicarbide (UC,)
molecule on a graphene nanosheet with a V6 defect, in order to investigate the behavior of the
www.rsc.org/ representative vapor species of uranium carbide fuels in reactor cores. Results suggest that UC, can be
trapped in the V6 defect with considerable binding energy of > 10 eV, with all the six dangling bonds of
the V6 defect being saturated by UC,. Bonding nature analyses also reveal that the U-C interaction lies
in the synergistic interplay between electrostatic and covalent interaction with extensive participation
of U valence electrons from 5f to 7p orbitals, which further stimulate polarization of semi-core 6p
orbitals and their subsequent contributions to the bonding. This strong interaction leads to a favorable
binding of UC, to the defective graphite surface, which reduces the capability of nuclear graphite to
retain harmful fission products by the vacancies being filled with UC,. These findings highlight
substantial chemical reactivity and strong localization of UC, on the widespread V6 defects in nuclear
graphite, and may provide an important reference in establishing modern nuclear reactor safety at

atomic level.

Introduction particular the HTR, due to their outstanding physical properties

such as high linear power and high thermal conductivity.'®!!

Graphite is a key component of modern nuclear reactors due to . L . . .
P s p Previous studies indicated that vapor species of solid uranium

its exceptional capability in sustaining neutron irradiation as 12.13

well as retaining radioactive products.'? Of particular interest is carbides might be released during their use as nuclear fuels,

in which UG, is the most abundant gaseous molecule identified
by mass spectrometry'®. Thus the gas phase UC, might be in
direct contact with the coating graphite. In a previous study, we
have found a strong chemisorption capability (binding energy:
2.27 eV) of UC, (symmetric triangular structure) on a pristine
graphene surface, without significant damage to the graphene.’

These results obtained from the pristine structure may be

the study on the interaction of radioactive products with
graphite, which is critical for the development of Gen-IV high-
temperature reactors (HTR)."> When the radioactive products
are released from nuclear fuels (including fission products,
radioactive actinide products, etc.), they must be contained
within HTR, where graphite plays an important role in serving

as a barrier of these gaseous products.* Previous experimental . .. -
8 P p viewed as a lower limit case for the adsorbability of nuclear

graphite.
However, defects of the nuclear graphite are inevitable and
21517 These defects

and introduce

and theoretical studies have been primarily focused on the
sorption of metallic fission product (Ag, Cs, Sr atoms, etc.) on

. 1.3.5-7 .. . . .
raphite. "' Surprisingly, few studies concerned directly with . . L
g p. . P &Y J widespread under neutron irradiation.
the interaction of evaporated nuclear fuel molecules such as L . 16,18

. . . . . . . normally distribute near graphite surfaces ™
uranium dicarbide (UC,) with graphite, albeit the existence of . .. .
. . . chemical reactivity around them, where the behaviors of
gaseous UC, in vapor above the solid state is known. The Coe . .
. . . . . . metallic fission products are very different from that on the
behavior of gaseous uranium carbides in reactors is considered .. 3,6,16 .
pristine area.”™ ~ The defects on graphite surfaces are already

suggested to play an important role in immobilizing the gaseous
fission products, due to the high binding energies.>®'®
Therefore, for the sake of reactor design and environmental

to be significant for the safety aspects of HTR, and must be
completely known when these molecules are prevalent at high
temperatures, especially in a high temperature excursion

accident.®’

Uranium carbides are one of the most ideal candidates for
nuclear fuel materials in the next generation reactors, in

This journal is © The Royal Society of Chemistry 2014

safety, the defects will certainly need to be taken into account,
in order to get more detailed insight into the behavior and
influence of radioactive actinide products (such as evaporated
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uranium carbide molecules) on neutron-irradiated graphite. On
the other hand, there is great interest with respect to the nature

of actinide bonding,'®?

although recent theoretical research has
provided valuable understanding on the bonding and structure
of metallic functional materials, which are formed by actinides
with pure sp® carbon.”?*?’ Little is known about the interaction
mechanism of the actinides in direct binding with defective
carbon materials. This has also inspired us to investigate the
bonding nature between UC, and the defect sites of nuclear
graphite at atomic level.

In this article, we use DFT calculations to study the
interaction between the most stable UC, molecule (symmetric
triangular structure) and a graphene nanosheet with a
hexavacancy (V6) defect, which has been identified as the most
stable and abundant vacancy defect distributed on heavily
neutron-irradiated graphite surfaces.'® Taking into account that
the radioactive product interaction on graphite is mainly
effected by local structures, and the defects are favored
adsorption sites,'® using a finite graphene model is suitable to
investigate the local behavior of UC, around the V6 sites on
nuclear graphite surfaces. Our results indicate a clear tendency
for graphene with a V6 defect to bind much stronger with UC,
than the pristine structure. Interestingly, in the most stable
structure, UC, is fully localized in the V6 defect, its robust C-C
bond is dissociated to form pentagon carbon rings with the
vacancy. Formation of new polarized U-C bonds also occurs to
saturate the vacancy, with not only considerable contributions
from the valence orbitals of U but unexpected participation of
the core-like orbitals to the bonding. Our studies may provide
realistic prediction for more general trends and properties of
UC, on nuclear graphite under normal and accident conditions,
which can be reference to further experiments and theoretical
understanding on the bonding nature of the actinides with
defective carbon materials.

Computational Methods

The graphite surface was modeled using a graphene cluster of
37 coronene (CysHpy) with zigzag edges and hydrogen
termination. Six adjacent carbon atoms in the central region of
the graphene model were removed to give a V6 defect with six
dangling sp® bonds. During relaxation, the terminal hydrogen
and the outmost carbon atoms were fixed to reproduce the two-
dimensional planar-sheet configuration of the graphite surface.
The finite graphene model has been found to be feasible to
ensure the behavior of its center similar to the bulk graphite
surface, especially for investigating strong local interaction.?®*
Furthermore, considering the interaction at defect sites is
mainly a local behavior, the current setup can offer a reasonable
model for investigating the bonding nature and local interaction
of small molecules on bulk graphite with surface defects, with a

30,31

much reduced computational cost. Here, the symmetric

2121332 i5 taken to as the

triangular UC, (quintet ground state)
representative since it is the most energetically favorable

structure.

2| J. Name., 2012, 00, 1-3

Geometry optimizations and subsequent vibrational
frequency calculations were carried out using the Gaussian09
programs.®® The spin-unrestricted gradient-corrected BP86™*
exchange correlation functional was employed. The small-core
quasi-relativistic pseudo-potential ECP60MWB and associated
ECP60MWB-SEG valence basis sets***® were applied to the U
atom to take into account the relativistic effects,'! while the
polarized 6-31G(d) basis set’’ was used for the light atoms. The
approach has been successfully used in previous theoretical
calculations for uranium encapsulated fullerene systems.?>®
Since defective graphene is substantially more reactive than
pristine graphene plane for small molecules, the UC, molecules
were initially placed at various possible configurations above
the V6 defect. During optimization, the systems were fully
relaxed without symmetry constraints. Frequency calculations
were done at the same level to confirm the structures are true
minima on their respective potential energy surfaces. Natural
atomic orbital (NAO) and natural bond orbital (NBO)¥
analyses were performed to obtain contributions of various
atomic orbitals (AOs) in molecular orbitals (MOs), as well as
localized descriptions of the U-C bonds. Energy decomposition
analysis (EDA)***? was carried out in ADF2012.01 package,*’
in order to divide the interaction energy into three terms: Pauli
repulsion, electrostatic interaction and orbital interaction, for a
quantitative interpretation of newly formed U-C bonds. The
EDA calculations were performed at BPS6/TZP** level of
theory on the optimized structures, while scalar relativistic
effects were accounted for using the zero-order regular
approximation (ZORA).* The 1s shells of C atoms and 1s-4f

shells of U atom were treated as froze core in EDA.

Results and Discussion

We obtained five representative stable configurations of the
symmetric triangular UC, on the graphene nanosheet with a V6
defect. The ground state of each configuration is illustrated in
Fig. 1a, with the total energies of relative spin states listed in
Table 1. As shown in Fig. la and Table 1, UC, tends to bind
directly to dangling carbon atoms. Formation of new C-C and
U-C bonds makes these optimized states highly exothermic,
from 7.74 to 13.82 eV, with respect to the symmetric triangular
UG, in the gas phase, which also indicates that the graphene
with a V6 defect can bind stronger with UC, than the pristine
graphene (binding energy: 2.27 eV).°

It is worth noting that with a relative large deformation as
occurring in our systems, the true bonding strength can be
better understood from the interaction energies rather than the
binding energies. The binding energy encompasses not only the
stabilizing term gained due to the chemical interaction called
interaction energy, but also the destabilizing term called
preparation energy or deformation energy required to distort the
individual fragments during the binding process (see Part 1 of
the the
difference). As shown in Table 1, the preparation energy lies in
the range of 1.85-6.67 eV, which is much higher than that of
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Fig. 1 (a) Optimized configurations (only center region), relative energies (in eV) and key bond distances (in A) of symmetric triangular UC, activated on graphene with
a V6 defect. (b) Total bond order (BO), interaction (E;,y) and binding energies (Eyi,) between UC, and V6-defective graphene for the optimized configurations (also

listed in Table 1).

UC, on pristine graphene (0.08 eV)’ due to the larger
deformation. However, there is still a preference in the binding
energy for V6-defecitve graphene, because the interaction
energy can favorably compensate for the preparation energy.
Subsequent analyses of the bond order reveal that the
interaction energy (from 9.59 to 20.49 eV, Table 1) is roughly
in linear correlation to the total Wiberg bond order*® (from 6.79
to 10.74, Table 1) between UC, and V6-defective graphene of
each configuration (Fig. 1b). The optimized configurations
suggest that the U atoms are localized near the center of the V6
defects. Configuration I (singlet) is the most energetically
favorable state, in which the robust C-C bond (between a
double and triple bond)'? of UC, is dissociated to saturate four
dangling bonds at the defect sites, forming two pentagon carbon
rings. The U atom also binds to the other two dangling bonds
with a bond order value of 1.27 for each U-C bond, and the
formation of new pentagons and U-C bonds leads to an
extremely stable closed-shell system (interaction energy: 20.49
eV). Configuration V (triplet) may seem like not involving the
direct bind of UC, to the V6 defect, UC, binding with the defect
(interaction energy: 9.59 eV) is also much weaker than that in I,
but still significantly stronger than that for pristine graphene
surface (interaction energy: 2.35 eV).” Due to such a big
difference in the interaction energies, it is also necessary to
investigate the interaction mechanism in V.

The chemical interaction between two fragments can be
understood qualitatively from electronic density distribution. In
past work, UC, has been found to be chemically adsorbed on
pristine graphene with intense charge transfer,” shown in Fig.

This journal is © The Royal Society of Chemistry 2014

2a. As displayed in charge density difference diagrams of I and
V (Fig. 2b and 2c), charge transfer also occurs within the V6
defects when trapping UC,. However, the charge transfer is
found to be more obvious than UC, on pristine graphene, by
comparing Fig. 2d-2f. Moreover, from the charge density
difference diagrams of V and UC, on pristine graphene, we can
see that they involve charge transfer mainly between U and six
adjacent C atoms in the graphene, with much more intense
charge transfer in V. This leads to a higher total Wiberg bond
order value of 6.53 calculated between U and the V6-defective
graphene than that of 2.83 between U and the pristine
graphene.” The above analysis further verifies the high
chemical reactivity of the V6 defect, and illustrates the
difference in the interaction with or without the V6 defect.
More importantly, in both I and V, the electron density
apparently increases (pink) at the intermediate region between
UC, and six dangling bonds of the V6 defect, which
demonstrates that covalent interaction due to molecular orbital
overlaps plays an important role in the bonding.

To get more insight into the bonding nature between UC, and
V6, the localized orbital locator (LOL) was calculated by using
Multiwfn.*” More specific, LOL (referred to as v) is a measure
of the relative value of local kinetic energy, compared with that
of the uniform electron gas when mapped onto the finite range
(0, 1). For the uniform electron gas, LOL has a constant value
of 0.5.*% By comparing Fig. 2g-2h, one can see that the
electrons around the six carbon atoms at V6 site are more
localized after trapping UC,. We can also find significant
electron localization at the center of the C(UC,)-C(V6) bond in

J. Name., 2013, 00, 1-3 | 3
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Table 1. Total energies (E, in a.u.) and relative energies (AE, in eV) of typical configurations with different spin multiplicities (M) for the UC,+V6
systems; binding (Eui,), interaction (Eji,), and preparation (Ep.p) energies (in eV), as well as total Wiberg bond order (BO(UC,-V6)) between UC,
and V6 of the ground state for each configuration.

Configuration M E AE Ey, E;. E,p Ep(UCy) | Epep(V6) BO(UC,-V6)
1 -3997.72065 0 13.82 20.49 6.67 4.65 2.02 10.74
! 3 -3997.70816 0.34
1 -3997.68551 0.96
II 3 -3997.68607 0.94 12.88 13.99 1.11 0.21 0.91 9.35
5 -3997.66893 1.41
1 -3997.63240 2.40(1)
111 3 -3997.63252 2.39(8) 11.42 18.60 7.18 4.26 2.92 9.54
5 -3997.60798 3.07
1 -3997.60045 3.27
1A% 3 -3997.60149 3.24 10.57 12.38 1.81 0.07 1.73 8.02
5 -3997.58361 3.73
1 -3997.49701 6.09
\% 3 -3997.49723 6.08 7.74 9.59 1.85 0.00(1) 1.85 6.79
5 -3997.47861 6.59

I, namely, typical non-polar covalent C-C bond. On the other
hand, regions with v > 0.5 extend along U-C bonds in both
configurations, with the local maxima occurring on C atoms.
This electrons unequally shared situation caused by the large
difference in electronegativity can be interpreted as a polar
covalent nature, or as an indicator of non-negligible ionic
contribution to the U-C bonds. To gain a more quantitative
assessment of the newly formed U-C bonds, we performed
EDA between U and V6+C2 fragments for configuration I, and
UC, and V6 fragments for configuration V, respectively. The
results are compiled in Table S1, which show that the
electrostatic interactions and orbital interactions contribute
about 33% and 67% to the total attractive energies for I, about
31% and 69% for V. Therefore, it is concluded that the newly
formed U-C bonds are stabilized mainly by orbital (covalent)
interaction, also with significant electrostatic (ionic) interaction.

These energetic and geometric results, as well as the
electronic density distribution, give a first indication of very
strong chemical bonding between UC, and the unsaturated C
atoms at the V6 defect site, with the ionic and covalent
interaction simultaneously involved in the U-C bonds. It will be

further investigated below by the analyses of MOs information
and charge population. Since the C-C sp>-hybridization bonding

is already clear, the interaction mechanism could be clarified by
Fig. 2 Isosurfaces of electronic density difference for the UC, unit on different

graphene nanosheets (a-f) and cutplane visualization of localized orbital locator N . .
(LOL) (g-i) around the V6 site for clean V6 defect, | and V. For electronic density The density of states (DOS) and MOs diagram along with U

difference diagrams, the pink color corresponds to accumulation, the blue percentage are illustrated in Fig. 3 (I) and Fig_ S1 (V). The
represents depletion, isosurface value= +$0.002 (a-c) and 0.01 (d-f), local DOS (LDOS) of the U atom indicates that AOs of U
respectively); (a, d) UC, on pristine graphene (ref. [9]); (b, e) I; (c, f) V. For LOL

diagrams, values of LOL > 0.5 (greenish-yellow) are associated with relatively ~ contribute to amount of MOs in the systems (i.e., total DOS,
slow electrons, indicating regions where the electrons are localized, such as in  TDOS). The lowest unoccupied molecular orbital (LUMO) in

bonds or lone-pairs. both configurations are dominated by U 5f AOs (87% and 80%,

investigating MOs with overlaps on U-C bonds of the systems.

This journal is © The Royal Society of Chemistry 2014 J. Name., 2013, 00, 1-3 | 4
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Fig. 3 Density of states and Kohn—Sham frontier MOs diagram for | in defect region (isodensity value: £0.02). Inner MOs with U 6p character are also shown below.

Detailed components of MOs with U participation are listed in Table S2.

respectively), with a rather more U 5f character than occupied
orbitals. One can also see obvious interaction of the central U
AOs with C(UC,) or C(V6) 2sp AOs in frontier occupied MOs,
for example, from HOMO-1 to HOMO-6 in I. 5f and 6d AOs
are mainly involved in the bonding, usually with little
hybridization of 7s and 7p. Although U 7s character presents in
HOMO-20 of I, HOMOuo-19 and HOMOa-24 of V, the
contributions are negligible. The calculated NAO populations
for U 7s are 0.18 and 0.40 in I and V, respectively, and both are
smaller than that of isolated symmetric triangular UC, (7s:
1.04). In addition, significant 7s character appears in occupied
MOs of symmetric triangular UC,,'* but it is found in
unoccupied MOs such as LUMO+9 (7s: 20%) in I and
LUMO0o+86 in V (7s: 28%). Thus, it can be concluded that the
U 7s electrons almost transfer to the C atoms in both systems,
resulting into the electrostatic interaction. NBO analyses reveal
that the U-C bonds in I and V contain about 30% uranium and
70% carbon composition, suggesting the highly polar nature,
which is also in line with the LOL and EDA analyses.

For U-C systems, the participation of the valence 5f and 6d
orbitals with partial mixing of 7s and 7p is fully reasonable and
well accepted in the scientific community.’*** Here, the
participation of the valence orbitals can be also seen in HOMO-
6 of I and HOMOu-24 of V. For both configurations, the high
chemical reactivity of the V6 stimulates the valence electrons
of uranium to participate in polarized U-C bonds, stabilizing the

This journal is © The Royal Society of Chemistry 2014

systems. However, one can notice that U semi-core 6p AOs
slightly hybridize with the valence orbitals to participate in the
U-C bonds (see HOMO-6 of I and HOMOua-19, 24 of V). More
interestingly, a careful examination of the MOs of I (HOMO-
199~201) and V (HOMOa-200~202) with much lower energy
than the HOMO region considerable U AOs
contributions, which have been found to be mainly 6p
character. In V, the 6p AOs are not involved in U-C bonds,
which is almost localized on the U atom. Conversely, the 6p
AOs in I, interact with C sp”hybrid orbitals, contributing to the
U-C bonds in HOMO-200 (6p: 75%) and HOMO-201 (6p:
78%). The total contributions of these two MOs with U 6p
character to one U-C bond are about 20%, which are
comparable to the MOs with U valence AOs character (Table
S2). It is somewhat surprising that the normally core-like 6p
filled orbitals are involved in the U-C bonds of I, which was
not reported in previous theoretical work for UC,, but it can be
reasonable by considering previous theoretical and
experimental work on uranyl®® and CUO. This is due to the
electrostatic interaction between U and C atoms resulting in
polarization on the 6p orbitals, which further leads to
participation of the 6p orbitals via hybridization with the
valence 5f orbitals.’’ Similar hybridization can be also found in
the case of 4f/5d in rare earth.>® This process produces a partial
hole in the 6p orbitals (NAO population for U 6p is 5.76,
reduced from the purely atomic value of 6.00), which could

reveals

J. Name., 2013, 00, 1-3 | 5
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increase the orbital overlap with the C atoms because of the
similar energy of U 6p and C sp® hybrid orbitals, as well as the
effective radial extent and correct orientation of U 6p orbitals,

as in the case of uranyl.>

Conclusion

In summary, based on DFT calculations, we studied the
interaction between UC, and graphene with a V6 defect, which
stable closed-shell
configuration I) with considerable binding energy,

(i.e.,
fully
saturating the vacancy by disrupting the robust C-C bond in
UC, and forming new U-C bonds between UC, and the defect
sites. Furthermore, bonding analyses for I show that U-C bonds

results in a highly structure

are polarized, and the mechanism of the interaction lies in the

synergistic interplay between electrostatic and covalent
bonding. In other words, the charge transfer between U and C
atoms leads to polarization of the semi-core 6p orbitals, which
is necessary for their mixing of the valence orbitals,
sequentially interacting with C 2sp orbitals to make a
significant contribution to the energetic stabilization of U-C
bonds. Since the V6 defects are expected to have particular
stabilities in other carbon materials such as carbon nanotubes
and fullerenes'® inducing V6 defects might enhance the
adsorbability of such materials, which subsequently facilitate
applications in nuclear fuel reprocessing and nuclear waste
disposal.

Our calculations suggest that UC, tends to interact stronger
with V6-defective graphite surface than with pristine graphite
surface with much higher binding energy.’ The irradiated
graphite, therefore, can be considered as an effective barrier to
the release of UC, from reactor cores. It is also worth noting
that the binding energies from DFT calculations between the
metallic fission products and graphite with vacancies are more
consistent with the experimental values than those with the
pristine structures® thus we believe our current results are also
more reliable when compared to future experimental data.
However, this strong interaction may weaken the sorption of
other detrimental radioactive products such as metallic fission
products. Since a graphite surface has limited sorption sites,
variety of gaseous radioactive products are competing for
sorption sites with high binding energy like vacancies in
HTR,'®? and UC, is likely to be more powerful in the
competition, especially in a high temperature excursion
accident. The present study provides not only comprehensive
understanding of the bonding nature between actinide
compounds and carbon nanomaterials with dangling C atoms,
but also an important reference to the behavior of gaseous UC,

on heavy-irradiated nuclear graphite during nuclear cycle.

Acknowledgements

We would like to thank Prof. Ruhong Zhou, Drs. Camilo A.
Jimenez-Cruz and Xuanyu Meng for stimulating discussions
and constructive comments. We also would like to thank the
support of the National Science Foundation of China under
grant no. 11374004. Z. W. acknowledges the assistance of the

6 | J. Name., 2012, 00, 1-3

Fok Ying Tung Education Foundation (142001) and the High
Performance Computing Center (HPCC) of Jilin University.

Notes and references

“Institute of Atomic and Molecular Physics, Jilin University, Changchun
130012, China. E-mail: wangzg @jlu.edu.cn

T Electronic Supplementary Information (ESI) available: Definitions of
binding, interaction and preparation energies; Details of EDA for newly
formed U-C bonds in I and V; Details of MOs information for
configuration I, MOs information for configuration V; References for
Supplementary Information. See DOI: 10.1039/b000000x/

1. M. P. Kissane, Nucl. Eng. Des., 2009, 239, 3076-3091.

2. B.R.T.Frost, R. Inst. Chem., Rev., 1969, 2, 163-205.

3. A. Londono-Hurtado, D. Morgan and 1. Szlufarska, J. Appl. Phys.,
2012, 111, 94912-94918.

4. D. G. Martin, Nucl. Eng. Des., 2002, 213, 241-258.

5. A. Londono-Hurtado, I. Szlufarska and D. Morgan, J. Nucl. Mater.,
2013, 437, 389-400.

6. B. L. Holian, Interaction between cesium and graphite for use in the
study of surface phenomena, Los Alamos Scientific Laboratory, 1975.

7. G.N. Walton, Q. Rev. Chem. Soc., 1961, 15, 71-98.

8. S. K. Gupta and K. A. Gingerich, J. Chem. Phys., 1979, 71, 3072-
3080.

9. J. Han, X. Dai, C. Cheng, M. Xin, Z. Wang, P. Huai and R. Zhang, J.
Phys. Chem. C,2013, 117, 26849-26857.

10. C. A. Utton, F. De Bruycker, K. Boboridis, R. Jardin, H. Noel, C.
Guéneau and D. Manara, J. Nucl. Mater., 2009, 385, 443-448.

11. D. Wang, W. F. van Gunsteren and Z. Chai, Chem. Soc. Rev., 2012,
41, 5836-5865.

12. M. F. Zalazar, V. M. Ray6n and A. Largo, J. Phys. Chem. A, 2012,
116, 2972-2977.

13. P. Pogany, A. Kovics, Z. Varga, F. M. Bickelhaupt and R. J. M.
Konings, J. Phys. Chem. A, 2011, 116, 747-755.

14. B. P. Datta, V. L. Sant, V. A. Raman, C. S. Subbanna and H. C. Jain,
Int. J. Mass Spectrom. Ion Processes, 1989, 91, 241-260.

15. R. H. Telling and M. 1. Heggie, Philos. Mag., 2007, 87, 4797-4846.

16. A. Londono-Hurtado, I. Szlufarska, R. Bratton and D. Morgan, J.
Nucl. Mater., 2012, 426, 254-267.

17. T. Trevethan, C. D. Latham, M. 1. Heggie, P. R. Briddon and M. J.
Rayson, Nanoscale, 2014, 6, 2978-2986.

18. Z. Tang, M. Hasegawa, T. Shimamura, Y. Nagai, T. Chiba, Y.
Kawazoe, M. Takenaka, E. Kuramoto and T. Iwata, Phys. Rev. Lett.,
1999, 82, 2532-2535.

19. N. Kaltsoyannis, Chem. Soc. Rev., 2003, 32, 9-16.

20. H. Hu, Y. Qiu, X. Xiong, W. H. E. Schwarz and J. Li, Chem. Sci.,
2012, 3, 2786-2796.

21. T. W. Hayton, Chem. Commun., 2013, 49, 2956-2973.

22. M. Carboni, C. W. Abney, S. Liu and W. Lin, Chem. Sci., 2013, 4,
2396-2402.

23. A.J. Lewis, E. Nakamaru-Ogiso, J. M. Kikkawa, P. J. Carroll and E.
J. Schelter, Chem. Commun., 2012, 48, 4977-4979.

24. J. P. Dognon, C. Clavaguéra and P. Pyykko, J. Am. Chem. Soc., 2008,
131, 238-243.

25. I. Infante, L. Gagliardi and G. E. Scuseria, J. Am. Chem. Soc., 2008,
130, 7459-7465.

This journal is © The Royal Society of Chemistry 2014

Page 6 of 8



Page 7 of 8 Physical Chemistry Chemical Physics

26. X. Wu and X. Lu, J. Am. Chem. Soc., 2007, 129, 2171-2177. 51. M. Straka, M. Patzschke and P. Pyykko, Theor. Chem. Acc., 2003,
27. X. Liu, L. Li, B. Liu, D. Wang, Y. Zhao and X. Gao, J. Phys. Chem. 109, 332-340.

A, 2012, 116, 11651-11655. 52. S. Schinzel, M. Bindl, M. Visseaux and H. Chermette, J. Phys. Chem.
28. G. Forte, A. Grassi, G. M. Lombardo, A. La Magna, G. G. N. A, 2006, 110, 11324-11331.

Angilella, R. Pucci and R. Vilardi, Phys. Lett. A, 2008, 372, 6168- 53. D. Alberstein, P. D. Smith and M. J. Haire, Metallic Fission Product

6174. Release from the HTGR Core, General Atomics, 1975.

29. A. N. Rudenko, F. J. Keil, M. 1. Katsnelson and A. I. Lichtenstein,
Phys. Rev. B, 2012, 86, 75422.

30. J. Granatier, P. Lazar, R. Prucek, K. gafa’u"ové, R. Zbotil, M. Otyepka
and P. Hobza, J. Phys. Chem. C, 2012, 116, 14151-14162.

31. V. Murugesan and J. Hu, ECS Trans., 2013, 53, 23-32.

32. X. Wang, L. Andrews, D. Ma, L. Gagliardi, A. P. Goncalves, C. C. L.
Pereira, J. Marcalo, C. Godart and B. Villeroy, J. Chem. Phys., 2011,
134, 244311-244313.

33. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.
Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E.
Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin,
V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M.
Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J.
J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman,
J. V. Ortiz, J. Cioslowski and D. J. Fox, Gaussian 09, rev. D.0I,
Gaussian, Inc., Wallingford, CT, 2013.

34. J. P. Perdew, Phys. Rev. B, 1986, 33, 8822-8824.

35. X. Cao, M. Dolg and H. Stoll, J. Chem. Phys., 2003, 118, 487-496.

36. W. Kuchle, M. Dolg, H. Stoll and H. Preuss, J. Chem. Phys., 1994,
100, 7535-7542.

37. R. Ditchfield, W. J. Hehre and J. A. Pople, J. Chem. Phys., 1971, 54,
724-728.

38. X. Dai, C. Cheng, W. Zhang, M. Xin, P. Huai, R. Zhang and Z. Wang,
Sci. Rep., 2013, 3, 1341.

39. A.E.Reed and F. Weinhold, J. Chem. Phys., 1983, 78, 4066-4073.

40. K. Morokuma, J. Chem. Phys., 1971, 55, 1236-1244.

41. K. Morokuma, Acc. Chem. Res., 1977, 10, 294-300.

42. T. Ziegler and A. Rauk, Theor. Chim. Acta, 1977, 46, 1-10.

43. ADF2012.01 SCM, Theoretical Chemistry, Vrije Universiteit,
Amsterdam, The Netherlands, http://www.scm.com

44. E. Van Lenthe and E. J. Baerends, J. Comput. Chem., 2003, 24, 1142-
1156.

45. E. Van Lenthe, A. Ehlers and E. J. Baerends, J. Chem. Phys., 1999,
110, 8943-8953.

46. K. B. Wiberg, Tetrahedron, 1968, 24, 1083-1096.

47. T. Lu and F. Chen, J. Comput. Chem., 2012, 33, 580-592.

48.H. L. Schmider and A. D. Becke, J. Mol. Struct.: THEOCHEM, 2000,
527,51-61.

49. D. Manna and T. K. Ghanty, J. Phys. Chem. C, 2012, 116, 25630-
25641.

50. R. G. Denning, J. Phys. Chem. A, 2007, 111, 4125-4143.

This journal is © The Royal Society of Chemistry 2014 J. Name., 2012, 00, 1-3 | 7



Physical Chemistry Chemical Physics Page 8 of 8

Table of Contents

-20 -15

-10 -5
Energy (eV)

The strong localization of UC, in V6-defective graphene stabilizes the system extremely and stimulates participation of semi-core
orbitals in bonding.
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