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§ Lithium Stannides

Synthesis, Structural Characterization and Chemical Bonding of

Sr,LigSn,, and its Quaternary Derivatives with Eu and Alkaline
Earth Metal (Mg, Ca, Ba) Substitutions. A Tale of Seven Li-
Containing Stannides and Two Complex Crystal Structures

Hussien H. Osman@b! and Svilen Bobev*®

Abstract: In this paper, we discuss the synthesis and the struc-
tural characterization of the new ternary compound Sr;LigSn;,
and its six quaternary derivatives, where alkaline earth metals
(Ca, Mg, Ba) and the rare earth metal Eu are substituted, yield-
ing crystalline phases of monoclinic or orthorhombic symmetry.
The title compounds were synthesized via high-temperature
solid-state reactions of the corresponding elements. The crystal
structures were determined by single-crystal X-ray diffraction
methods. The (Sr,Ca);LigSn;> and Eu,(Mg,Li)sSn,, phases repre-

sent a new structure type (space group P2/m, No. 10) while
Sr;LigSn,, and the rest of the title phases crystallize in the
orthorhombic base-centered space group Cmmm (No. 65)
which is similar to the Eu,Lig_,Sn;g.x (x = 2.0) phase with the
Ce,LigGe;q structure type (Pearson code oC50). Careful exami-
nation of the resulting structures shows intricate disordering
between Li and Sn atoms, which is governed by the total num-
ber of valence electrons. The discussion of experimental results
is also supported by DFT electronic structure calculations.

Introduction

Polar intermetallics are one of the most structurally diverse
classes of solid-state compounds. They are usually made of ele-
ments of very different electronegativity, e.g. alkali, alkaline
earth, rare earth and early post-transition elements. Such com-
pounds are usually referred to as Zintl phases.?! Due to the
large differences in their electronegativities, there is a high de-
gree of polarization of the chemical bonding, akin to that in
the molecular substances with polar covalent interactions, the
structures are typically rationalized in terms of cations (alkali,
alkaline earth, rare earth metals) and anions (the post-transition
elements). However, for many lithium-containing compounds,
the role of the lightest alkali metal can be viewed as ambiva-
lent. Many recent examples of such phases, including silicides,
germanides, stannides, and antimonides have originated from
work carried out in our laboratory.?-'31 Of those specifically
mentioned here are the rare earth metal-lithium stannides with
the general formulas REsLis_,Sna. (RE = La-Nd, Sm; x < 0.3)
and EuyLig ,Snyg.y (x = 2.0),"? which were an extension of our
previous work on structurally related germanide analogs.>'3!
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In an earlier publication we discussed the role valence electrons
have on the overall structure stability, and this notion was
clearly demonstrated in the Eu,Lig_,Snio., (X = 2.0) system. A
severe shortage of valence electrons in the idealized Eu,LigSn,q
structure was cited as the reason for the high disordering be-
tween Li and Sn atoms (on one position, a nearly 50:50 statisti-
cal distribution of Li and Sn).'? Therefore, the phase Eu,Lig_
SNqoex (X = 2.0) has a very narrow stoichiometry-breadth, as
experimentally determined, and the resultant number of va-
lence electrons matches the requirements for optimized Sn-Sn
and Li-Sn bonding.

The unusual chemical bonding above piqued our attention,
and we sought after more instances of such intricate phenom-
ena. We considered quaternary phases, where multiple cations
(of different sizes and electronegativities) were present. It
should be noted that very little work has been done on quater-
nary systems containing lithium and two alkaline-earth metals
in combination with tin. Notable exceptions are the compounds
Eu,Li,Mg>_,Sn; and Sr,Li,Mg,_,Sn3,"* which are isotypic with
RE,Li,Ge; (RE = La-Nd),”’ and crystallize in the orthorhombic
space group Cmcm (No. 63). They feature infinite chains of Sn,
coexisting with isolated Sn,-dumbbells and Sn atoms.!'™ The
tin polyanions are separated by Eu/Sr cations, while the Li/Mg
atoms are interacting with the Sn atoms in a more covalent
manner. This description will be reiterated later on with com-
parisons to the title phases due to the similarities they share.

In this paper, we report the synthesis and characterization of
seven new compounds, whose crystal structures exhibit a great
deal of complexity and disordering between Li and Sn atoms.
In addition, DFT electronic structure calculations were carried
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out for selected model compounds, and discussed in terms of
the crystal structure and atomic charges of the composing ele-
ments.

Results and Discussion

1. Crystal Structure of Orthorhombic Sr,LigSn;,

SryLig_SNqo.x (X = 2.07(2)) crystallizes in the orthorhombic space
group Cmmm (Pearson symbol 0oC50). The phase is isotypic and
isoelectronic with the previously reported Eu,Lig_Snqig.x (X =
1.99(2)).1'? Its refined composition is SryLis ¢35N12.07¢2) (Table 1),
but to be concise, hereafter, this compound will be referred to
as SryLigSny,. There are four additional phases, synthesized as
part of this study that share the same orthorhombic structure-
the other being (Eu,Ba),LigSn;,, (Eu,Ca);LigSn,,, (Sr,Ba);LigSn,
and Sr;(Mg,Li)¢Sn;,), all of which were also characterized by
single-crystal X-ray diffraction. Sr;LigSn;, was chosen as a repre-
sentative case for more detailed discussion in the main text,
while the structural information for the other isostructural com-
pounds is presented in the Supporting Information section.

Table 1. Data Collection Details and Selected Crystallographic Data for
SrLigSn; 5.

chemical formula Sr7Lis 935N12.07¢2)

f. wt. (g mol™) 2087.08

a [Al 7.6166(13)
b (Al 37.012(6)
c (Al 4.9139(8)
VA3 1385.3(4)
umoKa. [em™] 239.9
Pcalc. (g Cmis) 5.00

WR, [all data]®’ 0.0705
WR, [ > 201! 0.0655

R, [all data]™ 0.0433

Ry I > 20,1 0.0306
APrmaxmin (€ A7) 2.02, -1.84

[a] The structure has the orthorhombic space group Cmmm (No. 65) and Z =
2. Data are collected at T = 200 K, Mo-K,, A = 0.71073 A. [b] R, = Z||F,| - |F||/
S|Fol; WRy = [EIW(F,2 - FA/EIWFAA2, and w = 1/[0°F,2 + (0.03P)7 +
15.29P], where P = (F,2 + 2F.2)/3.

At the outset, we need to mention that the existence of a
new Sr-Li-Sn phase was discovered when the exploratory stud-
ies of rare-earth metal-lithium stannides with the general for-
mulas REsLis_,Snys,, (RE = La—Nd, Sm; x < 0.3) and Eu,Lig_,Sn1o.x
(x = 2.0) were ongoing.'? As part of the work, attempts to
make isotypic stannides with the alkaline earth metals Mg, Sr,
Ca, Ba (AE = alkaline earth metal hereafter) were undertaken.
Earlier work suggested the possibility of only being able to
make Sr,LigSn;,, which is isotypic with the Eu,LigSn;, phase.['Z
Crystal quality issues hampered the unequivocal structural elu-
cidation (problems with the collected data resulted in residual
peaks near the Sr and Sn atoms) and the question whether or
not SryLigSn,, is isoelectronic and isostructural with Eu,LigSn;,
could not be answered conclusively. Additional tries to improve
the crystallinity by starting with different initial compositions
and/or varying the heating profiles led to the results recounted
in this paper. The previously put forth claims as to the unique-
ness of the structure and the validity of the preliminary struc-
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tural data were further bolstered when quaternary (pseudo-ter-
nary) versions of both Sr;LigSn;, and Eu,LigSn,,. These phases
were prepared using other AE metals to partially substitute Sr
and Eu. These studies, which are detailed in the following para-
graphs, confirmed that the driving force behind the extensive
disordering between Li and Sn atoms must be electronic in
nature. Furthermore, the ability to only synthesize compounds
based on Sr and Eu (recall that the crystal ionic sizes of Sr**
and Eu2* are very close, ca. 1.32 A and 1.31 A, respectively, and
sufficiently different from those of Ca?* (1.14 A) and Ba?*
(1.49 A), respectively!™) suggested that the geometric factors,
i.e., the optimization of the packing efficiency is the reason for
the scarcity of other Li-Sn compounds with similar structural
characteristics.

Selected crystallographic data for Sr;LigSn;, are shown in
Table 1. The structure is fairly complex and it has 10 independ-
ent sites in the asymmetric unit cell (Table 2). All atomic posi-
tions are fully occupied, except those of the Li atoms, which
show unphysical occupation factors exceeding unity. This is es-
pecially true on the Li1 site, where the refined electron density
is almost a magnitude higher than that, expected for elemental
Li. The most likely interpretation of this observation is that Sn
atoms are also occupying the same site. The net result is a very
high degree of disordering between Li and Sn atoms, account-
ing for an almost 1:1 statistical mixture on site Li1. Less pro-
nounced, but noticeable Li-Sn disorder also exists on the Li2
site (ca. 40:1 statistical mixture). The occupational Li-Sn disor-
der on the Li1 position impacts strongly the closest Sn atom,
Sn3, which is refined with an enlarged anisotropic displacement
without being under-occupied (Table 2). Such disorder has
been seen in several previously reported structures such as
Lig_xEuSng. /"™ REsLis_ SN,y (RE = La-Nd, Sm),['?! RE-Li,_,Sny.,
(RE = Ce, Pr, Nd, Sm),”? Li, T5Sn,_, (T = Rh, Ir),[" Li;_,Pt,Sns,,, "7
and Li,_,Pd,Sns,,,'® all showing that Li atoms are replaced by
Sn atoms, or vise versa.

Table 2. Atomic Coordinates and Equivalent Displacements Parameters (U,4®))
for Sr;LigSny,.

atom site X y z Ueq [A2)
Sr1 4j 0 0.1614(1) 1/2 0.020(1)
Sr2 4j 0 0.2791(1) 1/2 0.012(1)
Sr3 4 0 0.4447(1) 0 0.013(1)
Sr4 2a 0 0 0 0.012(1)
Sn1 8p 0.1864(1) 0.2141(1) 0 0.013(1)
Sn2 4j 0 0.3757(1) 1/2 0.016(1)
Sn3 4 0 0.0937(1) 0 0.029(1)
Sn4 4h 0.3115(1) 0 1/2 0.012(1)
Li1t®! 8q 0.1924(12) 0.0764(2) 1/2 0.013(1)
Li2®! 8p 0.3147(10) 0.1406(19) 0 0.013(1)

1980

[a] Ug, is defined as 1/3 of the trace of the orthogonalized U; tensor.
[b] Refined mixed occupation of Li and Sn atoms with ratios Li1/Sn =
0.504:0.496(2), Li2/Sn = 0.978:0.022(2).

The structure has already been discussed elsewhere,['? but
it is instructive to briefly recap the basic features again. Several
structural representations of the whole unit cell and close-up
views of constituting fragments are shown in Figure 1. Viewing
the structure approximately down the c-axis shows columns of
pentagons and hexagons, made up of Sn and Li/Sn atoms. They
stacked along the b-axis, and the Sr atoms are located within

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Eur]JIC . ..
doi.org/10.1002/ejic.202000179

European Journal of Inorganic Chemistry

Li2/Sn

Figure 1. (a) Crystal structure of Sr;LigSn;,. In the schematic representation of the orthorhombic structure, the viewing direction is approximately along [001].
Sr atoms are drawn as green spheres; Li and Sn atoms are shown as red and purple spheres, respectively. (b) Close views of the local coordination environments
of the cis-trans chains and dimers. Further details about the atomic coordinates and the corresponding distances are summarized in Table 2 and Table 3.

them, as depicted in Figure 1a. The structural unit that is per-
haps most unusual, is the infinite polyanionic chain, formally
assigned as '..[Sn,]*", made of alternating cis-trans Sn-Sn pairs
(the formal charge assignment is made based on the presump-
tion that the Sn-Sn bonds are single covalent, vide infra). There
are also Sn,-dumbbels, which are in a general sense isolated,
as they are surrounded by Li atoms, as shown in the b-panel of
Figure 1. However, these are not “pure” Li atoms, as indicated
by the refinements (Table 2), which means that 50 % of the
time there will be more complex polyanions present-one can
envision the existence of another kind of chain made up of
Sn, tetrahedra sharing corners (or smaller fragments of it), Sns-
pentagonal units, etc. (Figure S1). Emphasizing the Li substruc-
ture and the Li-Sn bonding, the overall Sr;LigSn;, structure can
be also viewed as made of LiSn, tetrahedra, which are con-
nected to each other as depicted in Figure 1c, and joined into
the above described tin polyanionic framework, with Sr atoms
filling the open space.

Three different types of Sn-Sn distances exist in the
Sr,LigSny, structure. Within the .[Sn,] chains, the cis-bond is
2.839(1) A long, and the trans-bond is slightly shorter,
2.827(1) A, respectively (Table 3). Considering the covalent ra-
dius of Sn (1.39 A),['%! the lengths of these bonds are suggestive
of the strong covalent character of the interactions. Curiously,
both Sn-Sn distances within the chain are shorter than the Sn-
Sn bond of the isolated [Sn,] unit (ds, s, = 2.871(1) A). These
metrics are in good agreement with those for other, previously
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Table 3. Selected interatomic distances [A] for the Sr,LigSn;, compound.

atom pair distance
Li1-Li1 2.932(2)
Li1-Sn2 2.935(1)
Li1-Sn3 2.9313(6)
Li1-Sn4 2.972(1)
Li2-Sn1 2.8880(7)
Li2-Sn3 2.9610(7)
Sn1-Sr1 (x4) 3.4425(7)
Sn1-Sr2 (x2) 3.4355(5)
Sn4-Sr3 (x4) 3.5033(7)
Sn4-Sn4 2.871(1)
Sr4-Sn4 (x4) 3.4157(6)
Sr4-Sn3 (x2) 3.4681(9)

reported stannides, such as RELi;_Sn, (CeNi,_Si, structure
type),®® LiMg(Eu/Sr),Sn; (Ce,Li,Ge; structure type)'¥ and
LiRh;Sns (own structure type),?? CasSn; (CrsB; structure
type),2" and La;;Sn;o (Ho;;Ge;o structure type).?? Li-Sn dis-
tances are within an agreeable range, which is not surprising
given the similarities in the covalent radii of Li and Sn, suggest-
ing covalent character of the interactions as well. Even some of
the Sn-Sr distances are within the range of the sum of their
single-bonded radii. For example, one can see that the shortest
Sn-Sr contact is 3.4355(5) A (Table 3), which almost matches
the sum of the radii of the Sn (1.39 A) and the Sr (1.95 A)
atoms.!’”!

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Crystal Structure of Monoclinic (Sr,Ca);LigSn,>

The Ca-substituted version of Sr,LigSn;, adopts a new type of
monoclinic structure, described herein for the first time. It has
the monoclinic space group P2/m (No. 10) and is classified with
the Pearson symbol mP50. Table 4 summarizes relevant details
of the crystallographic work for (Sr,Ca);LigSn;>.

Table 4. Data collection details and selected crystallographic data for
(Sr,Ca),LigSn ;5.1

chemical formula Sr6.36(2)Ca0.64Li5.085N12.02(1)

f. wt. (g mol™) 2050.75

a (Al 15.2337(19)
b [A] 4.8841(6)
c (Al 18.827(2)
B 101.688(2)
vV IA3] 1371.7(3)
umoKa, [em™] 230.8

Pcale. (g Cm73) 4.97

WR, [all data]™® 0.1033
WR, [l > 201! 0.0905

R, [all data]™ 0.0809

Ry [ > 20¢)] 0.0465
APrmaxmin (€ A7) 1.69, -2.36

[a] The structure has the monoclinic space group P2/m (No. 10) and Z = 2.
Data are collected at T = 200 K, Mo Ka, 4 = 0.71073 A. [b] R, = ||F,| - |F|l/
S|Fol; WR, = [SIW(Fo? - FA2/SIW(FA21Y2, and w = 1/[0%F2 + (0.0001P) +
7.35P], where P = (F,2 + 2F.2)/3.

The structure is schematically represented in Figure 2. As
seen from the drawing, (Sr,Ca);LigSn,; is very closely related to
the ternary Sr,LigSn;;, phase, and the same attributes described
earlier can be identified - the infinite polyanionic cis-trans
chains, as well as the tin-dumbbells. Ca atoms replace some of
the Sr atoms in random fashion (refined substitution level is ca.
10:1, vide infra). Despite the fact that Ca substitutions occur at
only certain Sr positions, there is no observed tendency for Ca
and Sr to order crystallographically. In a way, the slight mis-
match between the Ca and Sr atoms can be considered as a
reason for the distortion of the orthorhombic Sr;LigSn;,
structure to the monoclinic Sr,Ca),LigSny,.  (Sr,Ca)sLigSn,5
(= Sre362)Ca064 Lis.0gSN12.02(1)) appears to be a solid solution ex-
isting in a narrow range, as all attempts to make the phase with
higher or lower Ca content have failed so far. As already alluded
to, the existence of this pseudo-ternary phase is governed by
the optimization of the packing efficiency (geometric factors)
when Sr2* (1.32 A) is substituted for Ca2* (1.14 A).l'S) Attempt-
ing the same type of isovalent substitutions of Sr with either
the much smaller Mg, or the much bigger Ba, resulted in the
identification of (Sr,Ba);LisSn;> and Sr;(Mg,Li)¢Sn;, (Tables S1
and S2). On this note, attention has to be brought to the fact
that when Mg is introduced, aliovalent substitutions of Li with
Mg are likely to occur. This is an indication that the extensive
disordering between Li and Sn atoms, which is an electronic
effect in nature, allows for an augmented total valence electron
count, which can be modulated by varying not only the Li-Sn
ratio, but the Li-Mg-Sn ratio as well.

Indeed, the single-crystal data collection details for
Eu;(Mg,Li)¢Sn;,, presented in Table S5 show this other phase
isostructural to (Sr,Ca),LigSn;, to have a final refined composi-
tion of  Eu,Lis34Mgq1:Snqq55  oF, more precisely
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Figure 2. General view of the monoclinic crystal structure of (Sr,Ca);LigSn,2,
projected along the b-axis. Sr atoms are drawn as green spheres. The mixed
occupied Sr/Ca positions are differentiated from those that are refined as
100 % Sr. The Li and Sn atoms are shown as red and purple spheres, respec-
tively. Further details about the atomic coordinates and the corresponding
bond lengths are summarized in Table 5 and Table 6.

Euy(Lis80Mg+.11)(SN11.55Lig 45). In this structure, Mg atoms cannot
replace Eu atoms, but instead they mix with Li atoms, giving
rise to a much more complex pattern of the atomic positions
(Table S6) compared to the ones listed in Table 5 for
(Sr,Ca);LigSny».

One distinctive feature of the new monoclinic structure is
the local distortions of some the cation coordination polyhedra.
Another, is the fact that by lowering the symmetry to mono-
clinic, a partial Li and Sn ordering is allowed. This is important
for understanding the bonding within a whole class of stan-
nides with extensive Li-Sn disorder, specifically REsLis_,Sngx
(RE = La-Nd, Sm; x < 0.3),1'? CaLig_,Sngss!" Caglig xSNq3_,12>
as well as EuyLig_,Snqg.x (x = 2.0). Arguably, the Li and Sn order-
ing is most relevant to the previously discussed Li1 site in
Sr;LigSn,; (Table 2), where the refined model has disordering
between Li and Sn atoms in an almost 1:1 statistical distribu-
tion. In the paper on EuyLig_,Sn g, (x = 2.0), the implications of
this 1:1 disorder were discussed, and a possibility of long-range
ordered structure with Pbam symmetry and doubled unit cell
volume was suggested.!'? The reality is that a monoclinic struc-
ture with the same cell volume as the base-centered Sr,LigSn;,
(in Cmmm, vide supra), will also allow for ordering of the 1:1
statistically distributed Li and Sn atoms. The rigorous group-
subgroup tree within the Barnighausen formalism for two struc-
tures is presented in the Supporting Information section (Figure
S3). Here, in Figure 3, we schematically represent the simpler
geometric relationships between the Cmmm space group of
Sr,LigSn,, (together with its half-volume primitive cell) and the
monoclinic P2/m space group of (Sr,Ca);LigSn;».

Other attempts to resolve the 1:1 statistical distribution of Li
and Sn atoms involved doubling the periodicity along the
stacking direction (doubling the b-axis in the Cmmm structure

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Atomic coordinates and equivalent displacements parameters (Ug,'?!
for the (Sr,Ca),LigSn;, compound.

tively assigned in the above-mentioned dissertation as
Sri4.5LigSN,g4, is likely the same Sr;Lig ,Snqg., (X = 2.0) phase we

atom site X y z Ueq 1A2] are describing here. The compositional difference is, most likely
TS n 0.0715(1) 12 03221(1) 0.015(1) due to the assignment of pal.'tlally occupled Sn 905|t|on in the
Srolb] on 0.5897(1) 12 0.3237(1) 0.015(1) former and the proposed, mixed occupied Sn-Li for the latter
Sr3 2n 0.1398(1) 1/2 0.5599(1) 0.013(1) (with the nearly equiatomic Li/Sn admixture at Li1 site resolved
5f4[b] 2n 0.3605(1) 172 0.4423(1) 0.012(1) in the P2/m space group for the (Sr,Ca),LisSn, structure).

Sr5 2m 0.2781(1) 0 0.1108(1) 0.012(1) . . .

Sreh! om 07769(1) 0 0.1100(1) 0.013(1) Wlt.h a structural modell ha\{lng ordered Li and Sn atom.s, and
57 1d 12 0 0 0.015(1) both in tetrahedral coordination, the structure can be viewed
Sr8 1a 0 0 0 0.015(1) as formed by the said tetrahedral units connected via shared
snl 2m 0.0136(1) 0 0.4283(1) 0.013(1) edges and extended as corrugated layers along the ab-plane
sn2 2m 0.1987(1) 0 0.4245(1) 0.013(1) (Figure 4). The space between these tetrahedra is filled with Sr/
Sn3 2m 0.2984(1) 0 0.5686(1) 0.012(1) C The dival . e d ab d bel
Sna >m 05142(1) 0 04277(1) 0.013(1) a atoms. The divalent cations are positioned above and below
sn5 n 0.1895(1) 12 0.7553(1) 0.014(1) every bend in the chain, in such a way, that each Sn-Sn dimer
Sné 2n 0.3134(1) 1/2 0.2520(1) 0.015(1) is encased by four such cations, two above and two below. It
sn79 2m 0.03491) 0 0.1873(1) 0.016(1) should be also pointed out that the “pure” Li positions can be
5n8 2m 0.5594(1) 0 0.1883(1) 0.017(1) seen playing quite a different role compared to those subjected
Sn9 2n 0.1566(1) 1/2 0.0024(1) 0.012(1) P .y 94 . ; P - ; )

sn10 on 03451(1) 172 0.0025(1) 0.012(1) to considerable mixing with Sn. They are in the plains of the
Sn11ld 2n 0.1347(1) 1/2 0.1533(1) 0.013(1) cis-trans chains, and each lithium atom is located adjacent to
Sn12€ - 2n 0.4423(1) 172 0.1535(1) 0.013(1) a tin atom (Figure 5). The overall connectivity resembles that of
i1lcl . .
Lf1 2n 0.0613(5) 12 0.8504(5) 0.010(3) the hydrogen and carbon atoms in the polyacetylene chains,
Li2@ 2n 0.6344(5) 1/2 0.1497(5) 0.008(3) in attesting to the substantial lent Li=Sn bond int

Li3ld m 00847(8) 0 0721307) 0.032(5) a.galn a .es |ng .o <.e su .s antia coya ent Li-Sn bond interac-
Li4 om 0.2245(12) 0 0.2788(11) 0.006(4) tions. With this idea in mind, “drawing” bonds between all Sn
Li5 2m 0.2714(12) 0 0.7168(10) 0.004(4) and Li atoms with d < 3 A shows an array of stacked pentagons
Li6 2m 0.4146(13) 0 0.2825(13) 0.016(5)

[a] Ugq is defined as 1/3 of the trace of the orthogonalized Uj tensor. [b]
Refined mixed-occupied positions of Sr and Ca atoms with ratios of Sr1/
Ca = 0.82:0.18(1), Sr2/Ca = 0.85:0.15(1), Sr5/Ca = 0.85:0.15(1), and Sr6/Ca =
0.85:0.15(1). [c] Refined mixed-occupied positions with ratios Sn7/Li =
0.964:0.036(4), Sn11/Li = 0.937:0.063(4), Sn12/Li = 0.942:0.058(4), Li1/Sn =
0.938:0.062(4), Li2/Sn = 0.944:0.056(4) and Li3/Sn = 0.956:0.044(4).

& © o ¢

Figure 3. Geometric relationships between the Cmmm space group of
Sr;Lig_SN1g.x (X = 2.0) (unit cells shown as red outline) and the P2/m space
group of (Sr,Ca);LigSn,; (unit cells shown in black). The red dashed lines show
the primitive cell of the structure with the Cmmm space group. Sr atoms are
drawn as green, and Sn atoms are shown as purple spheres, respectively.

to ca. 74 A), as suggested by Xie et al.2*! were not successful.
On this note, we must also mention that the compound tenta-
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and hexagons (Figure 2).

Figure 4. Viewing the crystal structure of the monoclinic (Sr,Ca);LisSn;, phase
as layers of edge-sharing [LiSn,] and [SnSn,] tetrahedra. Sn-Sn bonds with
the dumbbells and the cis-trans chains are omitted for clarity. Further details
about the atomic coordinates and the corresponding bond lengths are sum-
marized in Table 5 and Table 6. Sr atoms are drawn as green, and Sn atoms
are shown as purple spheres, respectively.

Important interatomic distances for the (Sr,Ca);LicSn;, are
listed in Table 6. As previously mentioned, the distances which
we would consider representative of covalent interactions are
in quite good agreement with the sum of the corresponding
single-bonded radii. Comparing the three specific sets of distan-
ces, Li-Li, Li-Sn, and Sn-Sn shows that they are slightly shorter
in the (Sr,Ca),LigSn;, structure. A possible explanation for the
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Figure 5. The special positioning of Li atoms around the Sn atoms forming
the cis-trans chains. Corresponding bond lengths are summarized in Table 6.

slight decrease is that the reduced monoclinic symmetry allows
for “relaxation” and less “averaging” of the bonding interactions.

Table 6. Selected interatomic distances [A] in (Sr,Ca);LigSN5.

atom pair distance atom pair distance
Sn1-Sn2 2.927(1) Li2-Sn12 (x2) 2.852(4)
Sn1-Sn4 2.968(1) Li3-Sn3 (x2) 2.916(7)
Sn1-Sn8 (x2) 3.0127(8) Li3-Sn7 2.91(1)
Sn6-Sn12 (x2) 3.0170(8) Li3-Sn8 2.75(2)
Sn7-Sn7 2.815(2) Li3-Li5 2.86(2)
Sn7-Sn9 2.834(1) Li5-Sn12 2.82(2)
Sn9-Sn10 2.828(1) Li6-Sn11 2.85(2)
Sn10-Sn11 2.842(1) Li4-Li6 2.88(3)
Li1-Sn1 2.973(8) Sr1-Li3 (x2) 3.393(8)
Li1-Sn2 2.935(8) Sr2-Sn10 (x2) 3.415(1)
Li1-Sn3 2.903(9) Sr4-Sn10 (x2) 3.403(1)
Li1-Sn8 (x2) 2.863(4) Sr4-Li5 (x2) 3.42(1)
Li2-Sn5 2.944(8) Sr5-Sn5 (x2) 3.465(1)

Similar structural moieties can be recognized in the mono-
clinic structures of Eu,Li,Bis 2% Ba,Li;1Bi;o,?” as well as in the
orthorhombic structures of BasCd,SbsF?®! and EusCd, ,Big (x =
1, frequently referred to as Eu,oCdgBis5).12”!

3. Electronic Structure of Sr,LigSn,, and (Sr,Ca),LigSn,,

In a previous study, we have discussed the partition of the
valence electrons and the electronic structure of the phase
Eu,Lig_,Snio.x (x = 2).'% The same considerations apply to the
isoelectronic and isostructural Sr,LigSn;,, which was a subject
of discussion earlier in this paper. The same electron count can
be applied to the monoclinically distorted (Sr,Ca),LigSn;, too.
Applying the Zintl concept for rationalization of the struc-
tures of the title compounds help understanding the necessity
for the admixture between Li and Sn atoms at the most basic
level. If one considers the final refined formula Sr,LigSn;,, and
takes into account only the covalent Sn-Sn bonding (Sr and Li
atoms are viewed as electron donors), the electron bookkeep-
ing can be done in the following manner: Sr;LigSn,, =
(Sr?*),(Li")6(2b-Sn?7)(4b-Sn%),(Sn*)(h*),. The notations 2b- and
4b- denote Sn atoms with 2 and 4 covalent bonds, while h*
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represents an electron hole. The total valence electron count is
68 valence electrons per formula unit, only 2 electrons short to
the optimal 70 electrons/f.u. If admixing between Li and Sn
atoms does not exist, in the context of the orthorhombic ar-
rangement and referring specifically to the Li1 site — Table 2,
the formula of such hypothetical compound will be Sr;LigSn;q.
The latter can be broken down to (Sr?*),(Li*)g(Sn*)4(1b-
Sn37),(2b-Sn?7),(h™)g, where 1b- refers to the Sn atoms forming
dimers with a single covalent bond between them. Correspond-
ingly, the number of available valence electrons for bonding
will decrease by 6, and the structure will be electronically desta-
bilized.

Clearly, with so many missing valence electrons, the octets
cannot be satisfied. Substituting the electron-richer Sn atom for
Li alleviates the shortage and helps bring the overall electron
count closer to optimal levels, i.e., the octet rule for such bond-
ing arrangement will hold true.

Let us now move to the theoretical calculations of the elec-
tronic structures of the title compounds. In this part, all calcula-
tions were performed on three systems: (1) orthorhombic
Sr,LigSn,o in Cmmm space group (62 e/f.u.), (2) orthorhombic
Sr;LigSn,, in Pbam space group (68 e/f.u.) and (3) monoclinic
Sr;LigSn,, in P2/m space group (68 e/f.u). Although TB-LMTO-
ASA calculations on structure (1) have been done and previ-
ously discussed,!'? in this work, all calculations were carried out
using the DFT method, as implemented in the VASP program.
For practical reasons, all mixed occupied Li and Sn sites were
treated as idealized positions occupied by either Li or Sn. The
total density of states (TDOS) and the partial contributions of
each element (pDOS) of compound (1) are plotted in Figure 6-
a. COHP curves for the main three Sn-Sn bonding configura-
tions, e.g. tetrahedral (td), chain (c), and dimer (d), along with
the Li-Sn, Sn-Sr, and Li-Li bonds are plotted in Figure 6-b,c.
The DOS and pDOS shown in Figure 6-a have similar features
to the one, previously reported using the LMTO method for
compound (2); Sr;LigSn;, with 68 e/f.u. Two main regions are
seen in the DOS plot, one region from the Ef to ca. -3 eV, where
the main contribution is from Sr 4d and Sn 5p orbitals. The
other main region is between ca. -4.5 to -9.5 eV, where the
contributions are mainly from the Sn 5s orbitals. In both re-
gions, weak contributions form Li 2s and 2p orbitals are also
observed. The Fermi level for Sr,LigSn,o corresponds to 62 e/
f.u., and it is located near a peak of high DOS, indicating unfa-
vorable electronic structure. The presence of a deep valley in
the DOS curve, located ca. 1 eV higher in energy and corre-
sponding to ca. 68 e/f.u., suggests that increasing the number
of valence electrons may result in significantly more favorable
electronic structure. This confirms the high level of disordering
between Li and Sn atoms as a mechanism to alleviate electronic
instabilities. As seen in the COHP plots of Figure 6 (b-c), the Sn—
Sn bonds at the three conformations; tetrahedral (td), chain (c)
and dimer (d), are all in their bonding states. The anti-bonding
Sn-Sr states are fully compensated by the Sn-Sn ones. The Li-
Sn interactions are mostly optimized at the Fermi level, confirm-
ing the covalent nature of the bonding between Li and Sn.
Hence the substitution of Li by Sn is expected to enhance the
overall stability. The dimerized Sn atoms are showing several
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Figure 6. (a) Calculated total DOS diagrams for the orthorhombic Sr,LigSn;, crystal. The Fermi level is set as the energy reference at 0 eV. The partial
contribution (pDOS) is attached. (b) COHP curves including the following interactions: the three types of Sn-Sn bonds; tetrahedral (td), chain (c) and dimer
(d), Li-Sn and Sn-Sr. Positive and negative signs attached to the COHP curves represent bonding and antibonding states, respectively.

relatively strong peaks in the conduction band above the Fermi
level. In the valence band, down to ca. -6 eV, the Sn,-dimers
are in the antibonding states. Similar characteristics of DOS for
the homoatomic bonds of many main group element have
been reported in previous studies.[2>26:28-32]

Up to this point, the results are in a good agreement with
other earlier calculations using more basic computational meth-
odology. The main difference here concerns the Sn-Sr interac-
tions, which appear to have relatively minor contribution. The
Sr-Sn interactions are in their (weakly) anti-bonding states at
ca. -2.5 eV below the Fermi level, therefore, adding more elec-
trons by virtue of substituting Li atoms with Sn will optimize
Sn-Sn and Li-Sn interactions, with minimal effect on Sn-Sr.

The DOS and pDOS of structure (3) are plotted in Figure 7-
a. In a comparison to Figure 6, it shows very similar features
over the same energy regions, but here the Fermi level is at 68
e/f.u., and it is located right below a local minimum of DOS. In
fact, there are two adjacent local minima located above the
Fermi level at ca. 0.4 eV. This suggests that increasing the va-
lence electrons to 70 e/f.u. will help to further stabilize the

structure. Interestingly, the COHP plot of Figure 7-b,c shows that
the Sn-Sr interactions are now well optimized at the Fermi level
which proves the idea discussed earlier. In addition, the Sn-Sn
and Li-Sn interactions show stronger covalent character than
that of the orthorhombic system. It is important to note that
the bands seen in Figure 6-b, and attributed to the homoatomic
bonding, are not observed here, confirming their absence in
(3). The integrated COHP values for selected distances of the
two compounds are summarized in Tables S3 and S4.

In terms of Bader charge analysis, the calculated Bader effec-
tive charge was obtained for both structures in their ground
states. For this purpose, data computed only for structures (2)
and (3) were used. The hypothetical structure (1), which is de-
void of disorder has a higher total energy was not considered.
Selected calculated charges are listed in Table 7. In both sys-
tems, Li and Sr atoms have positive charges, which are ca. +0.83
and +1.25, respectively. The Sn atoms have varied negative
charges, as expected. In fact, the presence of positive charge
less than +1 and +2 on Li and Sr, respectively, indicates the
existence of partial covalent interactions between these atoms

a) b) Sn-Sn(td) —— C) Li-Sn
SnSSrl:(g c_:‘:?_ Li-Li
] =
3 ' ig
J ¢
2
o |
=
L
| g
N TDOS| <
| Sr 1
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Figure 7. (a) Calculated total DOS diagrams for the monoclinic Sr;LisSn;, crystal in P2/m space group. The Fermi level is set as the energy reference at 0 eV.
The partial contribution (pDOS) is attached. (b) COHP curves including the following interactions: tetrahedral (td) and chain (c) Sn-Sn interactions, Sn-Sr and
Li-Sn. The positive and negative signs attached to the COHP curves represent bonding and antibonding states, respectively.
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and the Sn atoms. The negative charge on Sn atoms varies
depending on the coordination environment. For instance, the
highest negative charge on Sn atoms is ca. -1.8 and -2.2 in
structure (2) and (3), respectively. This difference is attributed
to the subtle variations in the surrounding of the Sn atoms in
question, as schematically in Figure 8.

Table 7. Bader charge average of Sn atoms in the idealized Sr,LigSn;,, com-
pared for both Pbam and P2/m space groups.??!

Pbam Atom Sn1 Sn2,5n3 Sn4 Sn5,5n6
Charge -0.50 -1.05 -1.78 -1.24

P2/m Atom Sn1.-Sn4 Sn5 Sn6++:Sn10 Sn11,5n12
Charge -1.06 -2.24 -1.19 -0.55

[a] The average charge on Li and Sr in both compounds are +0.82 and +1.22,
respectively.

a) b)

Sn4

Sn5

Figure 8. Coordination environment surrounding the Sn atom in (a) com-
pound (2) and (b) compound (3). Sn atoms are depicted in violet, Sr in green
and Li in red.

The electron localization function (ELF) analysis of the two
structures (1) and (3) is presented in Figure 9. ELF reveals several
important bonding features within the system. In general, two
main attractors were obtained by ELF analysis: one attractor
corresponds to (1) Sn-Sn and (2) Li-Sn bonds as three-dimen-
sional ELF isosurface of value 0.6 around the Sn pentagon con-
nected to Li atoms. The ELF maximum located along the Li-Sn
is higher than that of the Sn-Sn reflecting the stronger covalent
character of the former. Same information can be extracted

Figure 9. (a) 3D isosurface of ELF for the pentagonal arrangement of tin atoms
seen in the monoclinic SryLigSny, crystal structure with P2/m space group
(n = 0.6). Panels (b) and (c) show the cross-sections of the ELF distribution
along the [001] plane for the orthorhombic structure (1) (Cmmm) and the
monoclinic structure (3) (P2/m), respectively.
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from the two-dimensional cross sections of the ELF, as seen in
panels b-c. Both cross sections were adjusted on the same ELF
range and contour lines interval values. More in-depth analysis
shows that the ELF maxima located along the bonding paths
of structure (3) have higher values than those of structure (1).
This confirms the assumption that increasing the number of
valence electrons will help stabilize the system.

Conclusions

This study was focused on the synthesis and the characteriza-
tion of several new Li-containing compounds, greatly expand-
ing the fundamental knowledge with regards to compounds of
the respective elements. The ternary stannide Sr,LigSn;, is the
“parent” compound, which was subsequently used as a test-
bed for isovalent substitutions of Sr with Mg, Ca, Ba and Eu.
This work, in turn, led to the successful synthesis of six more
quaternary compounds, which can be grouped into two differ-
ent structure types. One group has an archetype with the gen-
eral formula (Ca,Sr),LigSn, 5, which crystallizes in monoclinic syn-
gony, while the rest are forming orthorhombic crystals with
general formulas (AEEu),LisSn,, (AE = Ca, Ba), (Sr,Ba);LigSn,,
and Sr;(Mg,Li)¢Sn;,. According the structure refinements, alka-
line-earth metals like Ca and Ba can replace Sr and Eu while
Mg can replace only the Li atoms. Depending on the choice of
cations, partial ordering of statistically mixed Li and Sn atoms
can be observed, while other structural characteristics are re-
tained.

Experimental Section

All the title phases were prepared and handled in an argon atmos-
phere using an argon-filled glove box with O,/H,0 levels below
1 ppm, or under vacuum. All the metals were received and used
directly from Alfa with a stated purity of > 99.9 wt.-%. Due to trace
amounts of N, gas inside the glovebox, the Li rod had to be cleaned
carefully with a blade in order to remove the film from LisN on the
surface. Then, the desired amount of pure Li was cut from it. All the
reactions were carried out inside weld-sealed niobium tubes, placed
in an evacuated silica jackets. Before their use, the niobium tubes
were cleaned with a HNOs/H,SO,4/HF mixture, rinsed with distilled
water and left overnight in air to dry.

2.1. Synthesis: The title compounds were prepared by direct fusion
of the composed elements in Nb tubes. We tried several heating
profiles until the best one was obtained. The crystal of
(Sr,Ca);Lig_,Snqg.x (x = 2.0) was prepared from reaction of the ele-
ments in the molar ration 4:2:7:12 in a total weight of ca. 500 mg.
Beyond that, all the other crystals were prepared using the desired
stoichiometric ratios. The elemental mixtures were loaded into Nb
tubes whose open ends were then closed by arc-welding under
argon. The Nb tubes were transferred to fused-silica tubes, which
were then flame-sealed under vacuum. The latter step in the prepa-
ration was necessary to avoid any contact with air at high tempera-
tures. The mixtures were transferred to a programmable tube fur-
nace and heated to 873 K (20 K/h) for 48 h and then the tempera-
ture was raised to 1163 K (25 K/h) dwelled for 72 h. Finally, the
reactions were cooled slowly to 373 K with a rate of 5 K/h, and they
were removed from the furnace. This method results in silver crys-
tals. The Nb tubes were opened inside the glove box where parts
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of the products were ground into powder for the powder diffraction
purposes. The powder X-ray diffraction (PXRD) patterns confirmed
the air and/or moisture sensitivity of all the title crystals after expo-
sure to air more than 12 h.

2.2. Powder X-ray Diffraction (PXRD)

PXRD patterns were taken on a Rigaku Miniflex diffractometer (fil-
tered Cu Ko radiation, 1 = 1.5418 A), operated inside a nitrogen-
filled glovebox so even air-sensitive samples can be handled. Data
were collected between 5° and 75° in 20 with a step size of 0.05°
and 2 s/step counting time. The data was analyzed using the JADE
6.5 software package. This analysis provided the phase identifica-
tion only. In addition, running fresh samples, and samples from the
same reaction batch exposed to ambient air (for 12 h) provided
evidence that the title compounds are air- and/or moisture-sensi-
tive.

2.3. Single-Crystal X-ray Diffraction (SCXRD): SCXRD measure-
ments were done on a Bruker APEX-Il CCD-based diffractometer,
equipped with a sealed-tube Mo Ka radiation source (monochro-
mated, 1 = 0.71073 A). Several crystals from each batch were se-
lected under an optical microscope. The selection process was car-
ried out in the glovebox, and the chosen crystals were encased in
droplets of Paratone-N oil, deposited on microscope slides. After
that, the slides with the crystals were taken out of the glovebox,
and individual crystals were picked up with low-background plastic
loops. During the data collection, the crystals were subjected to a
stream of cold nitrogen gas, necessary to protect them from de-
composition/oxidation). Multiple preliminary scans were done for
crystals of each batch before the best ones were chosen for full
intensity data measurement. The temperature was kept at 200 K
throughout the experiment. All the data analysis including the col-
lection, integration and refinement was done using the Bruker-sup-
plied software.l3334

For each chosen crystal, measurements were collected with frame
width of 0.8° in @ and 6, which allowed to gather a hemisphere of
reflections in reciprocal space. Data acquisition rate was 10-15 s/
frame. Multi-scan absorption correction was applied using SAD-
ABS.33! The built-in XPREP programB®! was used to analyze the
structure factors and to determine the space groups. Crystal struc-
tures were solved using the ShelXT program”! using the intrinsic
phasing solution method and were refined using full-matrix least-
squares minimization on F? with the aid of ShelXLB3®! as imple-
mented in Olex2 software package.’*®! Refinement parameters were
the atomic positions with anisotropic displacements along with the
occupancies of Li, Ca and Mg. All the atomic coordinates of the title
compounds were standardized using STRUCTURE TIDY.!#°!

One important aspect of the crystallographic analysis must be
briefly discussed here at the request of a cautious reviewer. As men-
tioned earlier, over the course of our studies, we became aware of
the work by Xie and Nesper,!?#! alluding to the formation of a ter-
nary phase, described with the composition Srq4sLigSny,
(Sr;25Lis5SN1,). Its structure shares many of the same characteristics
as SryLig_,Snqo.x (X = 2.0) reported in this paper, including the space
group. Very likely, it is the same compound, with the apparent com-
positional difference arising from the structural models: in one case,
a mixed-occupied Li-Sn site with ca. 1:1 mixing (this paper); and in
the other, a 50 % partially occupied Sn position (refl2)). Further-
more, Xie's dissertation describes the possibility for doubling the
periodicity to resolve structural disorder. This was suggested in both
orthorhombic and monoclinic settings, as evidenced from very
weak reflections, which were recorded on an image-plate detector.
Such long exposure experiments were not done on our CCD-based
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diffractometer. The currently available to us intensity data were
gathered with normal exposure scans, and do not show superstruc-
ture reflections. In the future, should crystals of excellent quality
become available, pursuing such experiments is called for. Further
diffraction studies, inclusive of a total scattering work, will be neces-
sary in order to resolve the discrepancies.

CCDC 1985150 (for SryLigSnq5), 1985151 (for (Sr,Ca);LigSn,5),
1985152 (for (Eu,Ba),LigSn;,), 1985153 (for (Eu,Ca),LigSn;,), 1985154
(for (Sr,Ba);LigSn,5), 1985155 (for Sr,(Li,Mg)eSn;,), and 1985156 (for
Eu,(Li,Mg)sSn;,) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

2.4. Elemental Micro-analysis: JEOL JSM-6335F scanning electron
microscope equipped with an energy-dispersive X-ray (EDX) de-
tector was used to verify the chemical make up of (Sr,Ca),LisSn,».
The amount of lithium could not be ascertained by this method.
The EDX was only useful to the point that it verified no unwanted
elements heavier then Al are present, and that the elemental Sr/
Ca ratio is in agreement with the structure refinements. While it is
recognized not as a direct proof, the measured ratio of ca. 10:1,
supports the discussed structural model.

2.5. Computational Details: First-principles electronic structure
calculations were performed using the projector-augmented wave
(PAW) and plane wave basis set scheme under the DFT formalism
as implemented in the Vienna ab initio simulation package
(VASP).#1-43] Semi-core electrons were included for all the atoms:
4d'°5525p2 of Sn, 4s24p%5s? of Sr and 1s22s' of Li. Brillouin-zone
integrals were approximated using Gamma-centered Monkhorst—
Pack meshes,“¥ where the number of subdivisions along each re-
ciprocal lattice vector. Dense k-point grids of 3x9x3 and 10x2x14
were used for monoclinic and orthorhombic unit cell, respectively.
The wavefunction was expanded in plane waves up to a cut-off
energy of 650 eV to ensure convergence of the total energy within
10™* eV per atom. Lattice parameters and atomic positions were
optimized at selected volumes and calculations were stopped when
the forces on atoms were lower than 10> eV A~". For all the opti-
mized structures, topological analysis of the electron density was
carried out using the Bader partitioning method**! under the Hen-
kelman group codel®®! to compute atomic volumes and charges. In
addition, the bonding characteristics were studied by the Electron
Localization Function analysis.*”#8! The ELF results were visualized
with VESTA program.?! Further chemical-bonding analysis was per-
formed through the crystal orbital Hamilton population (COHP)
plots generated by LOBSTER program.[50-53!

Supporting Information Available: Tables with detailed crystallo-
graphic information for the other five structures; A figure showing
in a schematic way, some of the possible Sn-Sn bonded arrange-
ments that may arise due to the 1:1 mixing; A figure with the crystal
structure representations of monoclinic (Sr,Ca),LigSn;,, showing the
actual Sn-Sn bonded arrangements that have arisen due to order-
ing of Li and Sn atoms. A figure with the group-subgroup relation-
ship within the Barnighausen formalism for the orthorhombic struc-
tures of Sr,LigSn;, and the monoclinic structure (Sr,Ca);LigSn;5 is
also included.
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