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ABSTRACT The existence of zero-dimensional fullerene-like gadolinium(lll) iodide is proposed. The models
of tetrahedral, octahedral and icosahedral Gdls fullerenes with the size up to ~1000 atoms are constructed.
Their stability and electronic properties are investigated by means of a density functional theory method. Sim-
ilarly to other known inorganic fullerenes and nanotubes, the strain energies of Gdl; fullerenes decrease with
the radii increase, exceeding always the strain energies of Gdl; nanotubes of the same radii. At that octahe-
dral and icosahedral morphologies are the most preferable. Irrespective size and morphology, all considered
Gdl; fullerenes are semiconductors with possibly ferromagnetic ordering at extremely low temperatures. The
HOMO-LUMO gaps of Gdls fullerenes are narrower on 1.1 — 1.7 eV, when comparing to the band gap of the
flat Gdl; monolayer.
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1. Introduction

Trivalent gadolinium (Gd®") is an ion that possesses the maximum number of unpaired electrons of any stable ions
due to the presence of 7 unpaired electrons in the inner 4 f-electronic shell. Exhibiting large magnetic moments and
achievable low magnetic ordering temperatures, both solid and molecular compounds of Gd>T are attractive as magnetic
refrigerants [1,2]. Yet, Gd*>" ions are more honored in biomedical applications as working element of various contrast
agents. At temperatures above 20 °C they hold innate paramagnetic properties and a high sensitivity to external magnetic
field, allowing enhanced magnetic resonance imaging (MRI) [3]. Besides, the attenuation of X-rays by gadolinium can be
greater than that of iodine, which opens a perspective to design the more sensitive radiographic contrast agents and even
the agents with dual MRI and radiographic modality [4]. Association of gadolinium and iodine in a single compound
like GdI3 might enhance X-rays’ attenuation, which can be further utilized for sensitization of composite luminescent
materials for a particle radiation detection [5].

Apart of the design of new gadolinium chelates [6] or endofullerenes (“‘gadofullerenes”) [7], a significant effort
was undertaken to improve the MRI contrast performance by means of gadolinium accumulation using inorganic com-
pounds. Chimie douce encapsulation of GdCls into ultra-short and narrow carbon nanotubes [8, 9] produced both exo-
and endohedral composites of highly-defective nanotubes with superparamagnetic clusters of Gd*>* ions and Gd atoms
(“gadonanotubes’), amplifying MRI in order of magnitude [10]. High-temperature imbibition of GdI3 into multi-walled
carbon nanotubes [11] or into inorganic WS, nanotubes [12] yielded their endohedral composites with one-dimensional
nanoribbons or nanotubes of Gdls, which remain paramagnetic and could be considered as potential MRI contrast agents
protected by carbon or WSs wall. Fabrication of one-dimensional GdI3 and concomitant gadolinium compounds has
prompted theoretical research of capillarity of carbon and non-carbon nanotubes in relation to molten GdlIs, GdBrs and
GdCl3 using molecular dynamics simulations [13] as well as stability and electronic properties of individual GdIs nan-
otubes using quantum-chemical calculations [14]. Yet, an in-depth research of both the properties and the metabolism of
such nanocomposites is still required.

Morphology of Gd> T -ion containing nanoparticles, especially, GdIs as a dual contrast agent for MRI and X-ray imag-
ing may be a tool for manipulation on its magnetic, magnetocaloric, optic and X-ray absorption properties. So far, only
one-dimensional nanostructures of Gdl; were reported [11, 12, 14], while corresponding zero-dimensional nanostructures
like fullerenes or fullerene-like particles have been not even predicted. This can be found in drastic contrast to layered
halides of d- and p-elements — NiCl, [15], NiBrs [16], CdCls [17], Cdls [18], LaFs [19], which can be folded up into
both nanotubes and fullerenes or fullerene-like nanoparticles [20,21]. Here, we suggest the construction principles and
explore theoretically the stability and electronic properties of Gdls fullerenes as an essential prerequisite to understanding
the chemistry and physics of gadolinium compounds with zero-dimensional morphology.

© Enyashin A.N., 2025
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2. Computational details

The spin-polarized calculations of all nanostructures were performed within the framework of the density-functional
theory (DFT) as implemented in the SIESTA 4.0 software [22,23]. The exchange-correlation potential was described
within the Generalized Gradient Approximation with the Perdew—Burke—Ernzerhof parameterization. The core electrons
were treated within the frozen core approximation, applying norm-conserving Troullier—Martins pseudopotentials. The
valence electron configurations were chosen as 6s25d 4 f7 for Gd and 5s25p° for I with the wave-functions described
using the double-( polarized basis set. The real-space grid used for the numeric integrations was set to correspond to
the energy cutoff of 300 Ry. All calculations were performed using the full geometry optimization until the maximum
residual force component of 0.05 eV/A.

3. Results and discussion

3.1. Construction principles of GdI; fullerenes

In the thermodynamically stable polymorph of gadolinium triiodide, Gd** cations are arranged in the honeycomb
networks in edge-sharing octahedral coordination by six I~ anions, which are each bonded to two Gd®>* cations. The
resulting three-atom thick layers of composition GdI3 are hexagonal and form via vdW interaction rhombohedral crys-
tal with the Bils structure type (space group R-3) [24]. The unstable polymorph of Gdls is stabilized at pressures
1 — 4 GPa as orthohombic crystal with the PuBrs structure type (space group Cmcm), where Gd®T cations adopt a
bicapped trigonal prismatic coordination by eight I™ anions [25]. Our preliminary geometry optimizations of both the
bulk and the monolayer of GdIz have revealed preservation of their hexagonal symmetries and have validated the chosen
calculation scheme. The equilibrium lattice parameters of the bulk GdI3 were found as a = 7.39 A and ¢ = 19.69 A in a
fair agreement with experimental data a = 7.54 A and ¢ = 20.83 A [24]. Single GdI; layer undergoes a slight in-plane
contraction, resulting in the equilibrium lattice parameter a = 7.35 A.

While the bending of a layer in one dimension, such as into a seamless nanotube, does not impose any constraint on
the structure of the layer, but mechanical stress, the construction of the fully closed shell as a layer bent in two dimensions
imposes a number of topological restrictions. Construction principles of both carbon and inorganic fullerenes rely on
insertion of point defects into monolayer, which can provide a surface with positive curvature and serve as vertices of
polyhedral fullerenes. The most famous example is the closure of graphene into a fullerene, which requires introduction
of such defects as 12 pentagons into its honeycomb lattice [26]. A stable closure of layers of binary compounds with
triangular lattices like hexagonal BN, metal dichalcogenides or dihalides requires introduction of 6 tetragons (“‘square-
like defects”) to preserve alternant heteronuclear bonding [21]. Then, the facets of fullerenes are represented as triangular
or rthombi-like layers’ patches, where the sewing of equilateral facets may release the fullerenes with perfect symmetric
morphology of icosahedron for graphene or octahedron for inorganic layers.

While GdI3 is a binary compound, cationic sublattice of its layer is honeycomb like graphene. Therefore, the first
trial to build the atomistic models of GdI3 fullerenes could rely on the known generations of carbon fullerenes. However,
simple transfer of construction principles is not applicable here: symmetry of Gdls layer (point group Dj3) is lower, than
symmetry of graphene (point group Dg), imposing an additional constrain on sewing of anionic sublattice of GdI; facets at
edges. The most obvious construction of the edge between two GdI; facets consists of the boundary of Gd** cations with
trigonal prismatic coordination by I anions (Fig. 1). Such type of boundary violates neither the coordination numbers
of ions nor the stoichiometry of compound. Prismatic coordination of cations is typical for layered compounds with a
high degree of covalent bonding like chalcogenides and pnictogenides [27]. Yet, the layered oxides and nitrides with
a more ionic bonding and, simultaneously, with prismatic coordination of cations are known, too [28]. The proposed
prismatic coordination of Gd** cations is also reminiscent of the bicapped prismatic coordination in the high-pressure
GdI3 polymorph [25]. Moreover, the Gd-I phase diagram possesses gadolinium diiodide Gdl, with the only prismatic
coordination of Gd?* cations [29].

These simple construction principles allowed design of three families of stoichiometric Gdls fullerenes with different
right morphologies (Fig. 1). First family included icosahedral Gdls fullerenes with cationic sublattice equivalent to the
lattice of carbon fullerenes from Cgo family and consisting of N = 60n? units, where 7 is an integer. Second and third
families were represented by octahedral and tetrahedral GdIs fullerenes consisting of N = 24n? and N = 12n? units,
respectively. Cationic sublattices of the latter families are not related to the lattices of classic carbon fullerenes, since
containing either 4 trigons or 6 tetragons as vertices. Though, irrespective the fullerene morphology the facets and the
edges consist, respectively, of octahedral and prismatic Gdlg coordination polyhedra.

The physical meaning of 7 is the half-quantity of Gd®>" cations forming a single edge. In the following, stability and
electronic properties of GdIs nanoicosahedra with n = 1, 2, GdI3 nanooctahedra and GdIs nanotetrahedra withn =1 -3
are discussed.

3.2. Thermodynamic stability of GdI; fullerenes

Fundamental criterion for thermodynamic stability of a hollow nanostructure (fullerene, nanotube, nanoroll etc.)
is the energy of nanostructure relative to corresponding infinite planar layer, so-called strain energy. An early study
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FI1G. 1. The ball-and-stick models of Gdls fullerenes with optimized structure, revealing the construc-
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of GdI3 nanotubes as cylindrical seamless layers revealed their tolerable strain energies AE, when comparing to the
commercially manufactured MoS, or WSy nanotubes [14]. Particularly, for nanotubes, the specific AE per GdIs-unit
(AE/N) obeys classical ~ 1/R? rule from the elasticity theory for the bending of a layer into cylinder of radius R.
The proportionality factor between AE/N and 1/R? for GdI; nanotubes is equal to 12.57 (eV-A?)/unit, what is found
in-between 0.5 (eV-A?)/unit for carbon nanotubes and 48.3 (eV-A2)/unit for MoS, nanotubes. Noteworthy, the strain
energy of nanotubes is contributed mostly by elastic deformation of the layer consisting of Gdlg octahedra. The strain
energy of fullerenes should contain also the contribution from Gdlg prisms as the less favorable coordination polyhedra

for GdIs.

The fully relaxed structures of some GdlIs fullerenes are shown in the Fig. 1. Morphology and integrity of all these
nanoparticles including the smallest representatives are preserved during geometry optimization. No major reconstruction
or a crack occurs at vertices or at edges. Facets of all giant representatives become visibly flattened like their parent

monolayer.
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The specific strain energies AE/N for Gdls fullerenes are plotted in Fig. 2(a) against the mean radii (R) of their
Gd-sublattices. Similarly to carbon fullerenes and nanotubes [30] or sulfide fullerenes and nanotubes [31,32], AE/N of
a GdI; fullerene due to the fully closed morphology is one order of magnitude larger, than that for GdIs nanotube of the
same radius. Like for cylindrical nanotubes, the functions AE/N for all types of fullerenes decrease with the size growth,
yet, with the different slopes. An analytical expression for any of these functions can be derived using phenomenological
model stipulating a fullerene as nanoparticle with perfect polyhedral morphology. The total energy of a fullerene E can
be written as

E = Nyer + Niei, ey

where: IV, is the number of Gd atoms forming the flat facets, IV, is the number of Gd atoms forming the edges, and their
sum is equal to the total number of stoichiometric GdIs units N = N; + N,.. The values ¢; and ¢, are the corresponding
specific energies of atoms at facets and edges. NV; and N, are defined by the number n in accordance to the family: for
nanoicosahedra V; = 60n(n — 1), N, = 60n; for nanooctahedra N; = 24n(n — 1), N, = 24n; for nanotetrahedra
N; = 12n(n — 1), N,. = 12n. Then, specific energy E/N can be written as:

E N, n N; 1 n n—1 .
N N ~NEiT —Er Eiy
N N N © n
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F1G. 2. Thermodynamic and electronic properties for GdIz fullerenes (IFs) of different morphology
in comparison to those for parent monolayer and for GdI3 nanotubes (NTs) of different chirality [14]:
() specific strain energies AE/N for various nanostructures depending on the mean particles’ radii R
and their morphology; (b) specific strain energies AE /N for fullerenes depending on the number N of
constituting units; (c) band gap values E,. DFT calculations
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The value (¢, — ¢;) is nothing more, than the specific strain energy contributed exclusively by an edge atom, i.e.
excessive energy of Gdlg prism relative to Gdlg octahedron. Therefore, Eqs. (3—5) may be ascribed to homogeneous

linear functions:
AE V12
N /N
AFE 24
—— = ——A¢, for nanooctahedra, @)
N VN
AE _ VG
N VN
These strain energies for Gdls fullerenes show a somewhat different behavior, than that for carbon fullerenes. They
appear to be proportional to 1/ V'N, whereas for carbon fullerenes AE /N is proportional to 1/N [30]. It points to
the dominant role of strain at edges in regulation of thermodynamic stability of a whole GdIs fullerene. The data on
the total energies of Gdls fullerenes available from DFT calculations were fitted using Egs. (6-8), estimating Ae,. =
1.00 eV/unit'/ 2 Ae, = 0.57 eV/unit'/? and As, = 0.34 eV/unit!/? for tetrahedral, octahedral and icosahedral morphol-
ogy, respectively (Fig. 2 (b)). Such order of Ae,. correlates with the local curvature at edges within particular morphology:
from the largest curvature within tetrahedron to the least one within icosahedron. Obviously, GdI3 fullerenes would tend

to form icosahedral and octahedral morphologies, if synthesized.

Aeg,. for nanotetrahedra, (6)

Aeg, for nanoicosahedra. (8)

3.3. Electronic structure of GdIs fullerenes

The calculated densities of electronic states (DOS) for several fullerenes and monolayer of Gdls are visualized in
Fig. 3. Irrespective of size and morphology, electronic structure of different GdIs fullerenes is qualitatively similar and
mainly resembles that for monolayer or nanotubes of GdIs [14]. In accordance to the polar covalent character of the
Gd-I bonding, the topmost valence band consists of mainly I5p-states with a small admixture of Gd6s- and Gd5d-states
and settles at —1... — 4 eV below Fermi level. While this valence band is characterized by a minor spin polarization,
the conduction band at +1... 4+ 2.5 eV above Fermi level is spin-polarized and consists of Gd5d-states grouped in two
subbands in accordance to the splitting of d-orbitals in octahedral crystal field. The bands’ splitting becomes smoothed
in the case of fullerenes, since their symmetries possess a greater variety of inequivalent atom types, than symmetries of
monolayer or nanotubes do. Occupied and unoccupied Gd4 f-states form two strongly localized narrow bands of different
spin-polarization at energies around —7.5 eV and +3.5 eV, respectively.

Therefore, all studied GdI3 fullerenes should be magnetic semiconductors like their parent monolayer. Monolayer
possesses the fundamental band gap E; of at least 1.8 eV with the gap edges formed by states of the same spin projection
and with indirect I' — M transition. The calculated F, is found underestimated, when comparing to the experimental
value E, of 5.1 eV [33]. Such a mismatch is typical for standard calculational DFT schemes [34] and does not preclude
discussion of relative values. When comparing with monolayer and nanotubes, the values E, for fullerenes can be found
distinctly smaller as 0.2 —0.8 eV (Fig. 2(c)). This reduction of the band gap has two origins: first, the presence of prismatic
coordination polyhedra with another crystal field for splitting of Gd5d-orbitals and, second, an enhanced overlap between
Gd5d- and I5p-orbitals from atoms at internal surface of the mechanically stressed parts of fullerene — vertices and edges.
Electronic levels of these orbitals tend to localize at the bottom of conduction band and at the top of valence band and, in
some cases, they even separate as localized mid-gap states (Fig. 3).

A little is known about magnetic transition in the lattice of GdIs. The chemically related bulk trichloride GdCls orders
ferromagnetically below 2.2 K, the bulk GdBr3 becomes magnetic below 1.3 K with the not yet clearly defined type of
ordering, while the bulk GdI3 might be magnetic below 1 K [35]. DFT+U calculations claimed that, GdIs monolayer is
antiferromagnetic as bipartite lattice, yet, neither the used U parameter nor independence of energy difference between
magnetic orderings on U was verified [36].

The presented here DFT calculations vote for ferromagnetic lattice of GdI; monolayer with energy gain 5.7 meV/unit
over its antiferromagnetic bipartite lattice. The model of octahedral fullerene (Gdl3)gs offers an opportunity to study
magnetic ordering of GdIs monolayer at zero-dimensionality. First, it contains only even cycles of Gd-sublattice, hence,
it is magnetically unfrustrated and might appear as bipartite lattice. Second, two types of coordination polyhedra (prisms
Gdlg and octahedra GdlIg forming the edges and the facets) are given in equimolar ratio, hence, suggesting a configuration
with the antiferromagnetically ordered edges and facets. The results approve a preservation of ferromagnetic ordering
within single GdIs layer even folded into fullerene with the energy gains 2.7 and 0.5 meV/unit over the first and the
second configurations, respectively.

4. Summary

In summary, the models of GdlI3 fullerenes were constructed and fullerenes’ stability and electronic structure were
studied by means of quantum-chemical calculations. The results reveal a higher stability of GdI3 fullerenes with octahe-
dral and icosahedral shapes, than these with tetrahedral shape. The derived functional dependence of stability on the size
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F1G. 3. Total and partial densities of spin-projected electronic states (DOS) for monolayer of Gdls and
descendant fullerenes of different morphology. DFT calculations

confirms that, the strain at the fullerenes’ edges contributes the most into the total strain energy of fullerenes. The elec-
tronic structure of all GdIs fullerenes considered here has a HOMO-LUMO gap of 0.2 — 0.8 eV, which is narrower than
the band gap of GdIs monolayer due to an enhanced overlap between Gd5d- and I5p-orbitals at internal curved surface of
the vertices and edges.

The present calculations do not hint on fabrication route to Gdls fullerenes. Though, by analogy to known fullerenes
of layered dihalogenides [15-18], the physical methods employing high energetic processes like laser ablation from or
electron-beam irradiation of the bulk material show a great promise.
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