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iction of a graphene-like 2D uranyl
material with p-orbital antiferromagnetism†‡

Xiao-Kun Zhao, a Chang-Su Cao, a Jin-Cheng Liu,a Jun-Bo Lu,b Jun Li ab

and Han-Shi Hu *a

Versatile graphene-like two-dimensional materials with s-, p- and d-block elements have aroused

significant interest because of their extensive applications while there is a lack of such materials with f-

block elements. Herein we report a unique one composed of the f-block element moiety of uranyl

(UO2
2+) through a global-minimum structure search. Its geometry is found to be similar to that of

graphene with a honeycomb-like hexagonal unit composed of six uranyl ligands, where each uranyl is

bridged by two superoxido groups and a pair of hydroxyl ligands. All the uranium and bridging oxygen

atoms form an extended planar 2D structure, which shows thermodynamic, kinetic and thermal

stabilities due to s/p bonding as well as electrostatic interactions between ligands. Each superoxido

ligand has one unpaired (2pp*)
1 electron and is antiferromagnetically coupled through uranyl bridges

with 2pp*–5fd–2pp* superexchange interactions, forming a rare type of one-dimensional Heisenberg

chain with p-orbital antiferromagnetism, which might become valuable for application in

antiferromagnetic spintronics.
Introduction

Two-dimensional (2D) materials have versatile applications in
physics, chemistry, and materials science.1–12 There has been an
exponential increase in 2D material research since the isolation
of single-layer graphene by Novoselov and Geim in 2004 due to
its promising mechanical, superconducting, optical, and
chemical properties.13–16 Currently, a number of graphene-like
materials from various types of elements are known, such as
2D ionic boron, transition-metal-doped borophene, monolayer
monoxides and monochlorides of MgO and NaCl, MX2 (M ¼
Mo, W; X ¼ S, Se), MXene and so on.17–23

The computational design of novel 2D materials has covered
a wide range of s-, p- and d-block elements in the periodic table
mainly through the bottom-up and/or global-minimum (GM)
structure search approaches.24–29 For example, the prediction of
B2C/Al2C monolayers is inspired by the planar geometry and
delocalized electronic structures in CB4/C2Al6

2� molecular
building blocks through a bottom-up design process.30–32 Luo
et al. predicted graphene-like monolayer monoxides and mon-
ochlorides (e.g., MgO and NaCl) based on their rock-salt-like
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bulks with space point group Fm�3m.19 Besides, a GM structure
search is another approach based on the development of rele-
vant packages such as USPEX, CALYPSO, LASP, and TGMin.33–36

By using the GM approach, a series of 2D materials, such as
boron–carbon and Cu2Si monolayer, are predicted to be stable
both dynamically and thermodynamically.37,38 Apart from that,
Wang et al. predicted the Be5C2 monolayer by combining these
two strategies.39 All these computationally predicted 2D mate-
rials are composed of s- and p-block main-group elements as
well as d-block transition metal elements,17–19,40,41 whereas those
composed of f-block elements (lanthanides and actinides) are
relatively rare, with only a few examples such as the low-
dimensional f-block element borides.42,43

Uranium is the heaviest abundant f-block actinide element
available in natural environments and its most stable form is
uranyl, which is the linear divalent cation UO2

2+ with signicant
stability.44,45 Uranyl-based compounds, clusters, and 2D/3D
materials46–51 have sparked tremendous interest due to their
fascinating topological structures and potential applications in
the eld of underground water, nuclear waste, and fuel
reprocessing.52–56 Among them, a variety of uranyl clusters
experimentally synthesized by Burns and colleagues show
similar topologies to carbon fullerene clusters such as C20 and
C60. For example, [UO2(O2)(OH)]60

60� (denoted as [U60] here-
aer) is experimentally found to adopt the same topology as C60

buckyballs consisting of 12 pentagons and 20 hexagons shown
in Scheme 1(a) and (c).54,57–60 The topological similarity between
the fullerene-like uranyl cluster [U60] and C60 prompts us to
wonder whether the graphene-like 2D uranyl sheet as presented
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 An analogy between the geometries of carbon- and
uranyl-based clusters and 2D sheets. (a) C60 fullerene cluster; (b) 2D
graphene sheet; (c) fullerene-like [U60] cluster; (d) graphene-like 2D
uranyl sheet and corresponding hexagonal uranyl-unit ring.
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in Scheme 1(d) is stable or not. In this regard, it is worth noting
that low-dimensional mineral materials of uranyl indeed exist,
as exemplied by rutherfordine (UO2CO3) and studtite
(UO2(O2)(H2O)2) discovered in the early 20th century.61,62

In this work, by combining both bottom-up and GM struc-
ture search strategies, a novel graphene-like 2D uranyl material
is computationally predicted to be highly stable, thus extending
the design of graphene-like 2D materials to the domain of f-
block actinides that are stable kinetically and thermodynami-
cally. Furthermore, the 2D uranyl sheet features a rare type of
1D spin-1/2 Heisenberg chain with a long-range antiferromag-
netic (AFM) spin order on the superoxido groups,63–66 where
there exists a new type of 2pp*–5fd–2pp* superexchange inter-
action. Most oen, the AFM order in crystals is caused by the
superexchange interaction among the d-type AOs of transition
metals via the p-type AOs of the ligands.67,68 Therefore, this
antiferromagnetically coupled 1D spin-1/2 Heisenberg chain of
p-orbital based superoxido centers with surrounding uranyl
ions forms a new pillar in the eld of f-block element low-
dimensional spin systems.69,70
Fig. 1 (a–d) Top (upper) and side (lower) views of the four most stable
structures from the GM structure search via the USPEX program. The
relative energy per atom and corresponding space groups (in paren-
theses) are indicated. (e) The hexagonal uranyl-unit structure of the
most stable 2D uranyl sheet, and (f) its corresponding coordination
environment of the uranyl building block. Uranium, oxygen and
hydrogen atoms are in blue, red and white, respectively.
Results and discussion

The graphene-like 2D uranyl monolayer sheet is designed
through the bottom-up approach inspired by the analogy of the
uranyl nanocluster of [U60] with C60, and thus the atomic
composition is set as (UO2)2(m2-O2)2(m2-OH)2 for further GM
structure search. This selection of composition aims at cir-
cumventing formation of discrete small clusters in the presence
of counterions. The evolutionary algorithm code USPEX for the
GM search, which has been successfully used to predict
a number of experimentally conrmed newmaterials, is applied
to search for thermodynamically stable structures of a given
xed-composition system.71–74 Based on the optimal structures
found from USPEX, we performed relativistic quantum chem-
ical calculations and ab initio molecular dynamics simulations
© 2022 The Author(s). Published by the Royal Society of Chemistry
using density functional theory. The recently developed Goe-
decker–Teter–Hutter (GTH) pseudopotential by Lu et al. was
used to model the core electrons with 14 valence electrons for
U.75 Various chemical bonding analyses are applied to provide
understanding of the stability and electronic structures. The
computational details are given in the ESI.‡

Geometric structures of the 2D uranyl monolayer sheet

Through an extensive GM structure search with evolutionary
algorithm USPEX, a planar hexagonal graphene-like 2D uranyl
sheet has been located, as shown in Fig. 1(a), where the uranyl
groups are connected by two superoxido groups and a pair of
hydroxyl bridges. This structure is found to be 16 meV per atom
lower in energy than the second-most stable one with a uranyl
ribbon structure (Fig. 1(b)). The third-most stable one seen in
Fig. 1(c) is a distorted hexagonal quasi-2D structure lying 33
meV per atom higher, in which the superoxido groups are
slightly off the plane due to the steric effect. Comparatively, the
fourth one in Fig. 1(d), 49 meV per atom higher in energy, tends
to form a bulk 3D structure with hydrogen bonds rather than
the 2D pattern. To verify the reliability of the DFT functional, we
did further calculations by employing the HSE06 functional to
determine the single point energies of these four most stable
isomers and the calculated order is consistent with the results
obtained from the PBE functional (Table S1‡). More isomers
within the range of 320 meV per atom higher in energy are
shown in Fig. S1.‡ In addition, this optimal structure has been
further conrmed to be stable by phonon spectrum calculations
along the high-symmetry lines in the Brillouin zone. As shown
in Fig. S2,‡ there is no imaginary phonon mode in the phonon
spectrum, suggesting the kinetic stability of this uranyl sheet.

The GM structure search and phonon spectrum suggest that
the graphene-like 2D uranyl sheet is stable in terms of energy
and kinetics. Our calculation shows that the computationally
optimized 2D uranyl structure has maintained the planar
graphene-like 2D topology, which is in line with the previous
Chem. Sci., 2022, 13, 8518–8525 | 8519
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Scheme 2 An analogy between the sp2-hybridized carbon atom and
uranyl. The sp2-hybrid orbital and pyramidalization angle (qp) of carbon
in (a) C60 buckyball fullerene and (c) graphene. The [U2] fragment with
bent uranyl-hydroxyl/superoxido bridges and corresponding qp of
uranyl in (b) the fullerene-like [U60] cluster and (d) graphene-like 2D
uranyl sheet.
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quantum chemical calculations and experimental results of the
molecular compound K6[(UO2)(O2)2(OH)]2(H2O)7, where the U–
(OH)2–U structure is planar with a dihedral angle of 180�.76–78 As
shown in Fig. 1, our 2D sheet is composed of a honeycomb-like
hexagonal unit with six uranyl ligands (Fig. 1(e)). The six U
atoms in each unit form a hexagon with D2h local symmetry,
where the four neighboring U–U distances bridged by super-
oxido are 4.81 �A and the remaining two bridged by a pair of
hydroxyl groups are 3.79�A. Consequently, there are two kinds of
interior angles of 98� and 131�, respectively. This distortion
from ideal D6h to D2h local symmetry of the hexagonal ring is
attributed to the two types of bridging ligands of superoxido
and hydroxyl connecting the six uranyl groups altogether. All
the U and O atoms from the bridging ligands form one planar
2D structure while the remaining Oyl atoms are perpendicularly
connected with U with a rather short U–O bond length of 1.80�A,
which is almost the same as that in the naked uranyl complex.
The H atoms are off the plane and the O–H bond length is 0.98
�A, close to that in water (0.97�A). The U–Osuperoxido bond length
is 2.50 �A, which is longer than that of U–Ohydroxyl (2.35 �A). The
O–O bond length of the superoxido ligand in the 2D uranyl
sheet is 1.34�A, close to that of the naked one (1.33�A) as well as
that of a recently reported uranyl superoxide compound (1.39
�A).79

The similarities between [U60] and C60 clusters as well as
between graphene and the 2D uranyl sheet underscore the
analogy between the sp2-hybridized carbon atom and uranyl.
Firstly, both of them prefer forming ligand connections on the
equatorial plane since the axial direction is occupied by the
perpendicular pz AO of the sp2-hybridized carbon atom or two
rigid linear Oyl ligands in the linear uranyl cation of [O]U]
O]2+. Secondly, this analogy of the sp2-hybridized carbon atom
and uranyl has been further conrmed by using the p-orbital
axis vector (POAV) method with pyramidalization angle as
shown in Scheme 2.80–82 For carbon atoms in the C60 cluster, the
pyramidalization angle dened as qp ¼ (qsp � 90�) ¼ 11.6�,
where qsp is the angle between the s- and p-bonding orbitals
(Scheme 2(a)), is almost equal to the angle of qp ¼ (qO–U–U � 90�)
¼ 12.6� in the [U60] cluster, where qO–U–U is the angle between
one Oyl atom and its connected U atom as well as the neigh-
boring U atom bridged by the superoxido group (Scheme 2(b)).
Comparatively, the qp ¼ 0� in graphene (Scheme 2(c)) is very
close to the qp ¼ 1.0� based on an optimized 2D uranyl sheet
(Scheme 2(d)), further showing the similarity between the sp2-
hybridized carbon atom and uranyl.

In order to better understand the geometric structure of this
novel 2D uranyl sheet, we have also made a detailed geometry
comparison between the experimentally synthesized [U60]
cluster and this computationally predicted graphene-like 2D
uranyl sheet. As shown in Table S2,‡ the U–Oyl bond length (1.80
�A) of uranyl in this 2D sheet is comparable to that in the [U60]
cluster (1.76–1.84�A). Besides, both the U–O2–U and U–(OH)2–U
dihedral angles are planar (180.0�) in the 2D uranyl sheet, while
the corresponding ones are within the range of 143.2–159.7�

and 174.0–175.0� in the cluster, respectively. In contrast to the
aforementioned 1.34 �A bond length of the O2 moiety in the 2D
uranyl sheet, the shortest O–O bond length of the peroxide in
8520 | Chem. Sci., 2022, 13, 8518–8525
the [U60] cluster is 1.46�A, which is in agreement with the bond
length in the naked peroxide group (1.49 �A). The O–O bond
length difference between the 2D uranyl sheet and [U60] cluster
likely arises from the fact that the O2 moiety in the 2D uranyl
sheet is indeed a superoxide (O2

�), rather than the typical
peroxide group (O2

2�) in the uranyl clusters.

Thermodynamic and thermal stabilities of the 2D uranyl sheet

To investigate the thermodynamics of the 2D uranyl sheet, we
have computed the formation energies from the reactants
available in nature (H2O, O2 and solid UO2) and the proposed
reaction is shown in eqn (1). The formation free energy (DG300K)
at a temperature of 300 K was calculated using the formula
DG300K ¼ G((UO2)4(m2-O2)4(m2-OH)4) � 4G(UO2) � 2G(H2O) �
5G(O2), where G(UO2) is the energy of the uranium dioxide
crystal with the entropy and zero-point energies corrected. The
calculated DG300K is negative, with a value of �41.3 kcal mol�1,
indicating that the formation of the 2D uranyl sheet is ener-
getically favorable under these conditions.

2H2O + 5O2 + 4UO2 / (UO2)4(m2-O2)4(m2-OH)4, DG300K ¼
�41.3 kcal mol�1 (1)

In order to examine the thermal stability of the predicted
uranyl sheet, a series of spin-polarized AIMD simulations were
carried out at various temperatures of 300 K, 400 K, 500 K, and
600 K for durations of 10 ps, respectively, and 5 ps for the
simulations at 1000 K because the structure starts to collapse.
Snapshots with top and side views taken at the end of each
simulation are shown in Fig. 2(a). The hexagonal framework of
the uranyl sheet is well-maintained at the temperature of 300 K
aer 10 ps simulations, indicating that it is stable at room
temperature. As expected, at the relatively high temperature of
500 K, it shows a little more disordering while there is much
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The snapshots of the final frame of each spin-polarized
AIMD simulation from 300 K to 1000 K (top and side views). (b) The
radial distribution function (RDF) and (c) corresponding integrated RDF
of U–U bond lengths at different temperatures for the spin-polarized
calculation.

Fig. 3 (a) Band structure and partial density of states (DOS) of the 2D
uranyl sheet. The Fermi level is assigned at 0 eV. The four points of G
(0, 0, 0), X (0.5, 0, 0), S (0.5, 0.5, 0) and Y (0, 0.5, 0) refer to the high-
symmetry points of the first Brillouin zone in reciprocal space. (b) The
spin density of the 2D uranyl sheet for the AFM ground state. The
isovalue is 0.002 e �A�3. (c) The 2pp* singly occupied real space
wavefunctions for the four corresponding bands at the gamma point.
All the results are based on the calculation at the HSE06 hybrid
functional level.
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more disordering at 600 K. At the temperature of 1000 K, the
monolayer structure breaks down rapidly even in 5 ps. Since
uranyl is the backbone of the material, the radial distribution
function (RDF) of the neighboring U–U distances is a good
parameter for quantitatively evaluating the structure deforma-
tion of the sheet during the AIMD simulations at different
temperatures. As shown in Fig. 2(b), the RDF in the range of 6–7
�A starts to have noise at 600 K which becomes larger at 1000 K,
while it remains at zero at 300 K and 500 K. It follows that the
uranyl sheet begins to reconstruct at the temperature of 600 K
and collapses at 1000 K. Furthermore, there are no obvious
steps in the integrated RDF at 1000 K (shown in Fig. 2(c)),
indicating the it has become completely disordered within 5 ps.
Fluctuations of the total potential energy for the sheet at
different temperatures during AIMD simulations (see Fig. S3‡)
also conrm that it is relatively thermally stable up to 500 K.
When the temperature goes higher such as between 600 K and
1000 K, the sheet has enough kinetic energy to cross the barrier
and tends to decompose. Meanwhile, similar non-spin-polar-
ized AIMD simulations were also carried out at temperatures of
100 K, 300 K, 400 K, 500 K, and 1000 K for durations of 10 ps, 10
ps, 10 ps, 10 ps, and 4 ps, respectively for comparison. Both the
corresponding snapshots (Fig. S4‡) and RDF (Fig. S5‡) analysis
show that the reconstruction of the non-spin-polarized 2D
uranyl sheet happens at merely 400 K compared to the afore-
mentioned distortion temperature of 600 K for the spin-
polarized calculation. The relatively more stable structure in
the spin-polarized state indicates that the AFM coupling inter-
actions may contribute to the stability of the uranyl sheet when
compared with the non-magnetic sheet.

Electronic structures and stabilization mechanism in the
graphene-like 2D uranyl sheet

The stability of the 2D graphene-like uranyl sheet is dependent
on the electronic structures as well as the thermodynamic
conditions. The electronic structure and related properties of
the uranyl sheet are revealed by the calculated band structure,
density-of-states (DOS), spin densities, and real space
© 2022 The Author(s). Published by the Royal Society of Chemistry
wavefunctions at the gamma point, as displayed in Fig. 3. The
2D uranyl sheet turns out to be a semiconductor with an
approximate 3.4 eV energy gap at the HSE06 hybrid functional
level. The at band above the Fermi level in Fig. 3(a) can be
attributed to the out-of-plane 2pp* orbitals of the superoxido
groups and the corresponding charge density of the conduction
band minimum (CBM) (see in Fig. S7‡). Meanwhile, the valence
band maximum (VBM) shows some p-type bonding interaction
between the in-plane 2pp* orbitals in the superoxido groups and
5f/6d orbitals of the uranium atoms.

Additionally, more bonding interactions in this 2D uranyl
sheet are revealed by the inner nine real space wavefunctions
shown in Fig. S8,‡ among which there are the p-type (i.e., VBM-
2, VBM-3, and VBM-14) and s-type (i.e., VBM-4, VBM-5, VBM-10,
VBM-12, VBM-13, and VMB-17) bonding interactions contrib-
uting to stabilizing this uranyl sheet. The above-mentioned s/p
bonding interactions are mainly contributed by O-2p and U-5f/
6d AOs which can be revealed by the partial DOS analysis in
Fig. 3(a). As U 5f orbitals are energetically close to O 2p ones
while 6d orbitals are radially more extended, they both interact
with the O2

� species signicantly. From the DFT optimized
results, the 2D uranyl sheet has an AFM singlet ground state
which is more stable than the ferromagnetic (FM) state by 4.3
meV per atom. Moreover, the AFM ground state is also
conrmed by the spin densities located on the superoxido
groups as shown in Fig. 3(b), where each group has a spin
density of 0.81 with spin up (green) or spin down (pink),
respectively. Meanwhile, Fig. 3(c) shows the real space wave-
function VBM-8 and VBM-9 corresponding to singly occupied
2pp* electrons of the superoxido groups, indicating the AFM
order in the 2D uranyl sheet as well.

H ¼ �J
X

i\j

~Si$~Sj þH0 (2)

To further study the novel magnetic behavior in the 2D
uranyl sheet, the Heisenberg model (see eqn (2)) and three
Chem. Sci., 2022, 13, 8518–8525 | 8521
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Fig. 4 The structure of the graphene-like 2D uranyl sheet (left) and
schematic presentation of the 1D antiferromagnetic chains (right)
derived from the singly occupied 2pp* electrons of the superoxido
groups. The path for the 1D antiferromagnetic interaction is indicated
by the black dashed lines. J1 and J2 are the intra- and inter-chain
coupling constants, respectively. O and U atoms are in red and blue,
respectively.
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different magnetic states with ferromagnetic (FM), antiferro-
magnetic (AFM), and antiferromagnetic/ferromagnetic (AF/FM)
coupling (see in Fig. S9‡) were applied to calculate the intra-
chain (J1) and inter-chain (J2) exchange coupling constants of
this 2Dmaterial. In eqn (2), J is the exchange coupling constant,
H0 is the nonmagnetic Hamiltonian, and~Si and~Sj are the spin
momenta at sites i and j, respectively. As shown in Fig. 4, the
simulated exchange coupling constant J1 is 2.731 meV
(22.03 cm�1) and J2 is 0.003 meV (0.024 cm�1). Due to the
relatively small interchain exchange coupling (J2 � J1), the 2D
uranyl sheet shows a novel type of long-range 1D spin-1/2 Hei-
senberg chains with the superexchange interaction between the
AFM p-type spin on each superoxido group, owing to unpaired
2pp* electrons on the superoxido groups via the empty 5fd
orbitals of the uranyl ligands. As shown in Scheme 3, the 5fd
orbital of the uranyl center and adjacent superoxido 2pp*
orbitals are symmetry matching, thus providing a possible
pathway for the superexchange interaction. For the case of the
AFM state, the unpaired 2pp* electrons on the neighboring
superoxido groups have opposite spins. One 2pp* electrons can
hop directly to the nearby site via an intermediate 5fd orbital of
the uranyl due to the adaptable symmetry. This hopping
reduces the kinetic energy of the electrons and stabilizes the 2D
uranyl sheet. In contrast, for the case of the FM state, the
neighboring unpaired 2pp* electrons have parallel spins. Thus,
direct hopping is forbidden in the FM state, as the intermediate
Scheme 3 The schematic illustration of 2pp*–5fd–2pp* super-
exchange interactions of AFM (a) and FM (b) states.

8522 | Chem. Sci., 2022, 13, 8518–8525
state with two electrons on the same orbital of same spin would
violate the Pauli exclusion principle. The possible 2pp*–5fd–2pp*
superexchange interactions help explain the AFM ground state
of the 2D uranyl sheet. As quantum antiferromagnets like the
one-dimensional Heisenberg antiferromagnetic chain of S¼ 1/2
spins (1D-HAF) are the ground for nding new states of matter
and testing magnetic theoretical models, our system achieves
the rst inorganic p-orbital 1D-HAF with f-block elements. In all
known 1D-HAFs, the spin states arise from the electrons in the
d orbitals of transition-metal ions, except in the recently found
CsO2;83 our system thus provides a new p-orbital 1D-HAF with f-
block elements. Furthermore, the p-orbital antiferromagnetism
with weak spin–orbit interaction can also be characterized by
the small magnetic anisotropy energy (MAE) value of 0.06 meV
per superoxido group obtained via the calculated energies with
seven types of different spin orientations shown in Table S5‡.84

The stabilizing mechanism of this novel 2D uranyl sheet can
be further analyzed on the basis of cluster models containing
two/six uranyl ligands from the 2D sheet through the principal
interacting orbital (PIO) and energy decomposition analysis
with natural orbitals for chemical valence (EDA-NOCV)
approaches.85–88 Herein, we adopt the dimer molecular models
of (UO2)2(m2-O2)(O2)2(OH)4

3� and (UO2)2(O2)4(m2-OH)2
2� anions

for the PIO analysis and the hexagonal ring model of the
(UO2)6(m2-O2)4(m2-OH)4

4+ cluster for the EDA-NOCV analysis.
The corresponding EDA-NOCV results for the interactions
between the superoxido groups (m2-O2)4

4� and uranyl fragment
(UO2)6(m2-OH)4

8+ are listed in Table S6.‡ The calculated elec-
trostatic interaction reaches up to �2734.64 kcal mol�1. The
orbital interaction (DEorb) is divided into two major terms,
DEorb(p) and DEorb(s), with energies of �218.35 and
�67.76 kcal mol�1, respectively. The s- & p-types of interactions
are revealed by the p-type (PIMO 1) and s-type (PIMO 4)
bonding interactions from PIO analysis (Fig. S11‡). As for the
bonding interactions between the fragments of (m2-OH)4

4� and
(UO2)6(m2-O2)4

8+, Table S7‡ shows that the orbital interaction
energies of DEorb(p) and DEorb(s) are �252.55 and
�143.30 kcal mol�1, respectively. Overall, the results show that
the s/p bonding interactions and the electrostatic attraction
between the superoxido/hydroxyl ligands and the uranyl cations
play an important role in stabilizing the 2D hexagonal structure,
which account for the special stability of the 2D uranyl sheet.
Besides, based on the O–O bond length (1.34 �A) mentioned
above, the O2 moiety in the 2D uranyl sheet is a superoxide
group with a singly occupied electron on each moiety. This
assignment has further been supported by the electronic
structure analysis of a hexagonal uranyl model cluster. As
shown in Fig. S14,‡ there are twelve electrons occupied on the
2pp* orbitals of the four superoxido moieties in the cluster,
where each superoxido has three occupied 2pp* electrons with
the spin density close to 1, similar to other superoxides.

Conclusions

In summary, an unexpected graphene-like 2D uranyl material
has been designed and predicted by the combination of both
bottom-up and GM structure search strategies. This planar
© 2022 The Author(s). Published by the Royal Society of Chemistry
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sheet has a geometry similar to that of graphene with a honey-
comb-like hexagonal unit of six uranyl ligands and each of the
uranyl groups are bridged by superoxido/hydroxyl moieties. The
superoxido bridges are calculated to possess one unpaired 2pp*
electron each and are antiferromagnetically coupled with each
other through the uranyl center. The rather small inter-chain
exchange coupling constant (J2 ¼ 0.003 meV) and much larger
intra-chain exchange coupling constant (J1 ¼ 2.731 meV) lead to
a 1D spin-1/2 Heisenberg chain on superoxido groups. It forms
a unique type of 2pp*–5fd–2pp* superexchange pathway across
the two neighboring superoxido groups via the uranyl. Espe-
cially noteworthy is the novel occurrence of p-orbital antiferro-
magnetism with this new material. A computational
investigation shows that this 2D f-block actinide material has
thermodynamic, kinetic and thermal stabilities, suggesting it is
likely to be synthesized experimentally under a suitable envi-
ronment. Our study extends the design of graphene-like 2D
materials to f-block actinide elements, and helps to enrich the
diversity and potential applications of 2D materials in p-orbital
antiferromagnetic spintronics.
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60 V. Parasuk and J. Almlöf, Chem. Phys. Lett., 1991, 184, 187–
190.

61 C. L. Christ, J. R. Clark and H. T. Evans, Science, 1955, 121,
472–473.

62 P. C. Burns and K.-A. Hughes, Am. Mineral., 2003, 88, 1165–
1168.

63 J. Kohler, Angew. Chem., Int. Ed., 2010, 49, 3114–3115.
64 D. Hirobe, M. Sato, T. Kawamata, Y. Shiomi, K.-i. Uchida,

R. Iguchi, Y. Koike, S. Maekawa and E. Saitoh, Nat. Phys.,
2016, 13, 30–34.

65 O. Breunig, M. Garst, A. Klümper, J. Rohrkamp,
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