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Molecular Structures of Magnesium Dichloride Sheets and Nanoballs
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The structures and relative stabilities of (MgCl,), sheetlike clusters and nanoballs were studied by quantum chemical
methods. The sheets as discrete molecules were studied up to Mgi0Clago. Their stabilities increase systematically
as a function of the size of the sheet. Periodic ab initio calculations were performed for (001) monolayer sheets of
o- and 3-MgCl,, 3-sheet being slightly favored. Nanoballs were constructed from Archimedean polyhedra, producing
tetrahedral, octahedral, and icosahedral symmetries, and were studied up to MgsiCliz. Nanoballs prefer to take
the shape of truncated cuboctahedron (Mg.sClgs). Comparisons to sheetlike clusters and periodic calculations suggest
that magnesium dichloride nanoballs are stable.

Introduction tetramer (MgClg).2 Eichkorn et aP? have studied selected

Magnesium dichloride is a common inorganic compound, 1arge clusters up to MgClss. Theoretical investigations
which has important practical applications. It has a significant SU99est that the most stable clusters are generally sheetlike
industrial role as a support in olefin polymerization catalysis. fragments of lattice, hence supporting the convergence of
The solid-state structure is known to exist in three different (MClz)n clusters to the bulk structure of magnesium
crystalline forms: rhombohedrak-structure? hexagonal ~ dichloride®®
close-packeg-form2 ando-lattice ‘which is a rotationally In this work we explore planar and spherical structures
disordered version of-form. The jB-lattice is a layered  for magnesium dichloride. Following the discovery of
system consisting of individual Mgg&lsheets with an  fullerene8 and carbon nanotubéjt was discovered that
interlayer distance of 5.9 A. The shortest distance betweennanostructured materials can be obtained also from inorganic

the layers is the CtCl separation of 3.8 & Spherical MgGJ compounds. Among many others, these include boron nitride
supports have been recently synthesized and applied infullerenes! and alumina nanotubésFurthermore, several
Ziegler—Natta olefin polymerization catalysisThe molec- nanoscale structures based on Platonic Solids and Archimedean
ular structure of the spherical support is not known. polyhedra have been synthesiZzédwe report here the

Notwithstanding the knowledge on solid state structures, structures and stabilities of single-walled magnesium dichlo-
experimental structural data on magnesium dichloride clustersride nanoballs derived from Archimedean polyhedra and
are nearly nonexistent; structural parameters are availablecompare them with sheetlike MgQilusters as well as with

only for the monomér(MgCl,) and for the dime¥” (Mg-Cla). periodic ab initio calculations on MgEsheets.
Theoretical studies on the structures of magnesium di-

chlorides have mainly focused on small clusters, up to (7) (a) Lesiecki, M. L. Nibler, J. WJ. Chem. Phys1976 64, 871—884.
(b) Cocke, D. L.; Chang, C. A.; Gingerich, K. Appl. Spectrosc.
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(2) Galli, P.; Barbe P. C.; Guidetti, G. P.; Zannetti, R.; Martona, A; (d) Eichkorn, K.; Schneider, U.; Ahlrichs, R. Chem. Phys1995
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Computational Details

Periodic Hartree Fock calculations were performed with
CRYSTAL98" using default settings. Tightening the convergence
criteria or increasing the number &fvectors has no practical
influence!® The basis sets for both Mg and ClI were adopted from
the work of Barrera et al$ which are modifications of the basis
sets of 8-5—11G* for Mg and 8-6-311G* for Cl developed for
B-MgCl, by Harrison and Saunde¥sWe selected the best basis

sets, basis set 3, of Barrera et al., with further optimized 3sp, 4sp,

and 3d functions for Mg, and optimized 4sp, 5sp and 3d functions
for Cl. Furthermore, 4d functions were added for'€l.

Magnesium dichloride clusters and nanoballs were studied by
Gaussian 03 quantum chemical softw&reCalculations were
performed by ab initio HartreeFock method using the basis sets
modified by Barrera et al., here as well. The Hartréeck method

was recently demonstrated to produce structures and stabilities for

(MgCly), clusters, which are in a good agreement with MP2
calculations$’’ Molecules were constrained to the symmetry in

question. Frequency calculations were performed for the nanoballs

up to MgigClgs, to confirm the nature of the stationary points.

Results and Discussion

(MgCly), Sheets.Several crystal structures have been
determined for magnesium dichloride. For Periodic Hartee-
Fock calculations, we selected two crystalline foresnd
B, characterized by Partin et.8land Bassi et aP respec-
tively. The unit cells were cut to form (001) monolayer sheets
from the crystals. The results of the periodic calculations
are presented in Table 1. The sheet cut fr@niorm of
magnesium dichloride is 2.3 kJ/mol per Mg@hore stable
than the corresponding sheetoform. This is in line with
the calculated stabilities @f andf crystals, which are close
to each otherfs being slightly favored?®

(13) See, for example: (a) Stang, P. J.; Olenyuk, B.; Muddiman, D. C;
Smith, R. D.Organometallics1997, 16, 3094-3096. (b) Orr, G. W.;
Barbour, L. J.; Atwood, J. LSciencel999 285 1049-1052. (c)
Olenyuk, B.; Levin, M. D.; Whiteford, J. A.; Shield, J. E.; Stang, P.
J.J. Am. Chem. So0d 999 121, 10434-10435. (d) Umemoto, K.;
Yamaguchi, K.; Fujita, MJ. Am. Chem. So200Q 122, 7150-7151.

(e) Moulton, B.; Lu, J.; Mondal, A.; Zaworotko, M. @hem. Commun.
2001, 863—-864.

(14) Saunders, V. R.; Dovesi, R.; Roetti, C.; Cauda Harrison, N. M;
Orlando, R.; Zicovich Wilson, C. MCRYSTAL98University of
Torino: Torino, Italy, 1999.

(15) Barrera, G. D.; Allan, N. L.; Soriano, M. hem. Phys. Lettl997,

278 267-271.

(16) Harrison, N. M.; Saunders, V. RB. Phys.: Condens. Mattd992 4,
3873-3882.

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T., Jr.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03Gaussian,
Inc.: Pittsburgh, PA, 2003.

(18) Partin, D. E.; O'Keeffe, MJ. Solid State Chen1991, 95, 176-183.

Table 1. Total Energies of (001) Monolayer Sheets Cut fronand
Crystalline Forms of Magnesium Dichloride from Periodic
Hartree-Fock Calculations

crystalline EsheefMgCl; unit AEsheefMgCl; unit
form (au) (kJ/mol)
o? —1118.820102 2.3
P —1118.820978 0.0

aRef 17.° Ref 3.

Table 2. Relative Stabilities of Optimized Sheetlike (Mgl Clusters
Systematically Constructed up te=j = 52

ix]j formula n E/n (au) AE/n (kJ/mol)
2x2 Mg4Clg 4 —1118.795980 65.7
3x2 MgeCli2 6 —1118.802636 48.2
4 x 2 MgsClis 8 —1118.805650 40.3
3x3 MgoClig 9 —1118.806441 38.2
5x 2 Mg10Clao 10 —1118.807366 35.8
4x 3 M@12Cl24 12 —1118.809140 31.1
5x 3 M@isClso 15 —1118.810697 27.0
4 x4 Mg16Cls2 16 —1118.811330 255
5x4 Mg20Clao 20 —1118.812764 21.6
5x5 MgzsClso 25 —1118.814052 18.2

aThe energy values are given relative to fh#1gCl, sheet.

Mg4Cls was chosen as the basic structural unit for the
construction of magnesium dichloride sheetlike clusters. The
cluster represents the smallest reasonable model for the
fragment of latticé’ All larger sheetlike clusters were built
by extending the basic structure by repetitive Mg@hits
in two dimensions of the plang,jj. Combinations of and
j were studied systematically up ite= j = 5. Construction
of the sheets is presented in Figure 1.

The relative stabilities of optimized sheetlike (Mgkal
clusters are shown in Table 2. The energy values are given
relative to the periodic calculation of the (001) sheet cut from
the S-lattice. Stabilities increase systematically as a function
of the size of the cluster, independent of its shape, approach-
ing the energy of a periodjé-sheet. It should be noted that
direct comparison between the optimized sheets and the
periodic calculation is not straightforward. An experimental
Mg—CI bond length of 2.51 A, applied in periodic calcula-
tions, deviates somewhat from that of the optimized clusters,
approaching 2.53 A at the central part of the sheet.
Consequently, the stability of the periogiesheet becomes
slightly underestimated by the method applied. Destabiliza-
tion of the periodig3-sheet is not significant, however, since
the Mg—Cl distance predicted by the HartreEock method
is very close to the one characterized by experimental
techniques. Therefore, periodic calculations can be employed
as a reference when estimating the stabilities of optimized
clusters.

The major structural difference between the monolayer
sheet from crystal and the optimized sheetlike magnesium
dichloride clusters is the optimization of edges in the latter.
To study this effect, single-point calculations on various
magnesium dichloride sheets were performed. Since the (001)
sheet cut from thes-crystal was slightly favored over the
o-form, as demonstrated above, the studied clusters were
constructed from thg-lattice. C,-symmetric clusters, where
i = j, were studied up to = j = 10, for which molecular
formula is MgoClaoo. Furthermore, optimized clusters were
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Figure 1. Systematic construction of sheetlike magnesium dichloride clusters from th€ljMaasic unit.

Table 3. Relative Stabilities and Ratios in the Number of Inner and Edge Mg AtoMs;[[ Mge]) of Optimized (opt) and Frozen (sp) Sheetlike
Magnesium Dichloride Clustéts

i xj formula n Mg]/[Mge Eopdn (au) Esp/n (au) AEgpdn (kJ/ mol) AEsyn (kJ/ mol)
2x2 Mg4Clg 4 0.00 —1118.795980 —1118.764991 65.7 147.1
3x3 MgqClig 9 0.13 —1118.806441 —1118.786414 38.2 90.8
4x4 M@16Cls2 16 0.33 —1118.811330 —1118.795189 25.3 67.8
5x5 Mg2sClso 25 0.56 —1118.814052 —1118.802798 18.2 47.8
6x6 MgseCl72 36 0.80 —1118.815798 —1118.806714 13.6 375
7x7 MgagoClog 49 1.04 —1118.817014 —1118.808849 10.4 31.9
8x8 Mgs4Cli2g 64 1.29 —1118.810732 26.9
9x9 MgeiClis2 81 1.53 —1118.812380 22.6
10 x 10 MaioCl20 0 100 1.78 —1118.813470 19.7

—1118.8228441 —1118.823588 —4.8 —6.8

aThe energy values are given relativeAdvigCl, sheet? Extrapolated to infinity by modified hyperbolic fit.

ixj The optimized sheetlike clusters are more stable than those
of frozen, which is apparent and is due to the optimization
of the edges. The effect is strongest for the,Mlg cluster,
consisting of edge Mg atoms only. The difference in stability
systematically decreases as a function of the cluster size,
i.e., with increasing ratio in the number of inner and edge
Mg atoms. For curiosity, we extrapolated the energies of both
optimized and frozen clusters to infinity, to see if the
influence of edge optimization vanishes. Both extrapolations
lead to almost the same energy]118.8228 and-1118.8236

au for optimized and frozen sheets, respectively. It is also
of interest to compare the extrapolated energies with the
energy from periodic calculation gi-MgCl, sheet, which

is —1118.8210 au. The energies are close to each other,
extrapolations giving reliable, while somewhat higher stabili-
Figure 2. Largest optimizedi(= j = 7) and frozeni(= j = 10) sheetlike ties.

(MgCl)n clusters. (MgCl,), Nanoballs. Tetrahedral, octahedral, and icosa-
extended up to=j = 7, which is the first cluster containing hedral magnesium dichloride nanostructures were constructed
more inner Mg atoms than edge Mg atoms. Largest optimized from regular polyhedra. Generally, regular polyhedra can be
and frozen sheetlike clusters are illustrated in Figure 2. classified into two families: platonic solids and Archimedean
Stabilities relative to energy from periodic calculation of polyhedra. Platonic solids consist of regular convex polygon,
-MgCl; sheet are given in Table 3. whereas Archimedean polyhedra contain two or more dif-

10 =10

Mg i00Clago
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ferent regular convex polygons, which are arranged so that

every vertex is equivalent. All those polyhedra, in which five
faces meet at each vertex, would produce 2:5 stoichiofetry
and can thus be ruled out due to the requirement of 1:2 Ty
stoichiometry in magnesium dichlorides. Furthermore, the

general preference of M@l, rings in the compounds of

magnesium dichloride considerably reduces the reasonable Truncated tetrahedron

choices. While all those polyhedra, in which four faces meet
at each vertex, would produce the correct stoichiometry, they
would not contain any preferable Mgl, rings, and can
hence be ruled out. Seven Archimedean polyhedra (truncated

On
tetrahedron, truncated octahedron, truncated cube, truncated
cuboctahedron, truncated icosahedron, truncated dodeca-
hedron, and truncated icosidodecahedron) meet these criteria ~ Truncated octahedron

without losing the original symmetry.
The methodology for the construction of magnesium
dichloride nanostructures is illustrated in Figure 3. The
magnesium atoms are placed into the vertexes of each ’ On
polyhedra, and the vertexes are connected via chlorine

bridges so that single and double bridges alternate. Conse- Mg»4Clag
quently, the planes formed by the adjacent magnesium atoms,

which are not bound to each other, represent the faces of
Archimedean polyhedra. The coordination numbers of mag-
nesium and chlorine are 4 and 2, respectively.

Magnesium dichloride nanoballs were optimized up to
MgecClizo. The relative stabilities are presented in Table 4

and are compared to periodic calculation of (001) monolayer

sheet fromp-MgCl,. This particular comparison was chosen,

since the studied nanoballs are single-walled. Correspond-

ingly, bulk structure of MgGl should be applied as a

reference, when filled or multiwalled nanostructures are

investigated. The four-coordinated magnesium atoms in the

nanoballs are arranged in the preferred tetrahedral orientation.

A slight exception is the smallest nanostructure, truncated

tetrahedron (MgCl,4), which is strained due to its small

size and therefore clearly the least stable. This is best seen

in CI—Mg—Cl angles of 123.2between MgCl, and MgCls

rings, which somewhat deviate from the optimal tetrahedral

angle of approximately 109 This strain is already absent

in truncated octahedron (MgClsg), for which the corre-

sponding angle between Mgl, and MgCl, rings is 114.4.

The Mg—Cl bond distances generally vary between 2.36 and

2.38 A, excluding the strained truncated tetrahedron {®1g),

for which the range is 2.332.44 A. The shorter MgCl

distances in nanoballs compared to approximately 2.5 A in

sheets is due to lower coordination numbers of Mg and Cl SV
. . # X z’-{’,

atoms. In nanoballs, the coordination numbers of Mg and k‘w 3 ifarat

Cl are 4 and 2, respectively, whereas sheets consist of «2’3‘&

6-coordinated Mg atoms and 3-coordinated CI atoms. The Truncated icosidodecahedron  Nfg 5 Cl,y

stabilities are pracnca_lly mdepen(_jent of shape and size of Figure 3. The structures and symmetries of magnesium dichloride

the structures, excluding the strained truncated tetrahedromanoballs derived from Archimedean polyhedra.

(Mg12Cl,4). Truncated cuboctahedron (G loe), consisting

of Mg:Cl,, Mg4Cls, MgeCls, and MgCls rings, is slightly is more stable than the sheetlike cluster of the same size

Truncated cube

Truncated cuboctahedron

Er f'Hf‘ ;i}'
N
b

ew W

Iy

Truncated dodecahedron Mgﬁqbll 20
“H
, *;:&23‘5‘% > 'l’
(A%, re f
%.kf%%f ,:df' b 2
RS

favored. (see Table 2). The same applies for larger nanoballs as well,
The high stability of magnesium dichloride nanoballs is Which are favored over their sheetlike congeners. Further-
notable. Even the strained truncated tetrahedron {®gy) more, comparison to periodic calculation of monolayer sheet
from fS-lattice suggests that the nanoballs are stable. The

(19) Linnolahti, M.; Pakkanen, T. Anorg. Chem2004 43, 1184-1189. energy difference between the monolayer sheet and the
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Table 4. Stabilities of Magnesium Dichloride Nanoballs Relative to Energy from Periodic Calculation of Monolayer Shiebtgitl,

parent polyhedra formula rings n E/n (au) AE/n (kJ/mol)

truncated tetrahedron Mg 124 6 x Mg,Cl, 12 —1118.80991 1 29.1
4 x Mg3C|3
4 x MgeClg
truncated octahedron MgClas 12 x Mg,Cl, 24 —1118.817185 10.0
6 x Mg4C|4
8 x Mgecle
truncated cube MgClasg 12 x Mg,Cl, 24 —1118.817205 9.9
8 x M93C|3
6 x M93CI8
truncated cuboctahedron M€ los 24 x Mg,Cl, 48 —1118.81771 4 8.6
12 x Mg4Cly
8 x MgGC|6
6 x Mggclg
truncated icosahedron M&Cl12 0 30 x MgCl, 60 —1118.81667 1 11.3
12 x M95C|5
20 x Mgacle
truncated dodecahedron MGl120 30 x MgzCl; 60 —1118.81761 3 8.8
20 x M93C|3
12 x Mglocllo

favored nanoball, truncated cuboctahedron f@be), is only The relative stabilities of MgGlsheets systematically
8.6 kJ/molh, despite the lower coordination numbers in the improve as a function of the size of the sheet, approaching
nanostructure. Consequently, magnesium dichloride maythe energy from periodic calculation 8fMgCl, sheet, which
have a tendency to form various nanostructures, of which is slightly favored over thex-form. Extrapolation of both
the presented nanoballs serve just as examples. Magnesiuroptimized and frozen sheets to infinity yielded practically
dichloride nanotubes can be plausible, as well, if one the same energy, which is due to disappearance of edge
considers the formation of carbon nanotubes from fullerenes.effects. The stabilities of extrapolated sheets are in a good
The layered bulk structure of Mgg€lsuggests that the agreement with periodic calculation of the energydfigCl,
nanostructures may be multiwalled. sheet. The MgGIl nanoballs prefer to take the shape of
truncated cuboctahedron (M€lgs), While being relatively
insensitive to shape and size of the structures. Interestingly,
The structures and relative stabilities of magnesium the relative stabilities of nanoballs are higher than those of
dichloride sheetlike clusters and nanoballs were determinedcorresponding sheetlike clusters, earlier considered as the
by ab initio Hartree-Fock method. The sheets, which favored MgC} clusters, and are close to the energy of
represent a fragment of the MgQhttice, were optimized  -MgCl, sheet obtained from periodic calculation. This
up to MgiCles. Furthermore, single-point calculations for suggests that magnesium dichloride may have a tendency to
(001) sheets of3-MgCl, lattice were performed up to form nanostructures.
Mdi10Claoe The nanoballs were built from tetrahedral,
octa_hedral, anql icosahed_ral Archimedean _polyhedra _byTechnoIogy Agency (TEKES) and the Academy of Finland
placing magnesium atoms into the_vertex_es. The magnesium, gratefully acknowledged.
atoms were connected via chlorine bridges to meet the
requirement of 1:2 stoichiometry. Nanoballs up togy@120 Supporting Information Available: Listings of input and
were optimized. The stabilities of both sheetlike clusters output Cartesian coordinates, input keywords and basis sets. This
and nanoballs were estimated by comparisons to periodicmaterial is available free of charge via the Internet at http:/
Hartree-Fock calculations on monolayer sheets from crystal PuPs-acs.org.
lattice. 1C0499143
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