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We have designed new compounds within the homologous series Ae;FoMy+nXs+n (A = Sr, Ba; M = main group
metal; n = integer) built up from the stacking of 2D building blocks of rock salt and fluorite types. By incrementally
increasing the size of the rock salt 2D building blocks, we have obtained two new n = 1 members of this homologous
series, namely, Sr,F,Sh,Se, and Ba,F,Sh,Se;. We then succeeded in synthesizing these compounds using a
high-temperature ceramic method. The structure refinements from the powder or single-crystal X-ray diffraction
data confirmed presence of the expected alternating stacking of fluorite [Ae,F,] (Ae = Sr, Ba) and rock salt [Sb,Seq]
2D building blocks. However the Ba derivative shows a strong distortion of the [Sh,Se4] block and a concomitant
change of the Sh atom coordination likely related to the lone-pair activity.

Introduction the Magrié@® or Dion-Jacobson A[A ;BiOsi1] (A =

The past twenty years have seen the development of the2lkaline, etc.; A= Ca, Nd; B= Nb)*"® homologous series.
concepts of secondary building units (SBU) and self- A general formulation capturing the homology rules ex-
assembly that gave most supramolecular chemists the abilityPresses the composition of all known members within the
to design new Compounds_ More recently, these Conceptssel’ies by incrementally increasing the size of each module
were successfully transferred to the design of new hybrid in various dimensions. This general formulation generates a
compounds. In contrast, the crystal engineering of inorganic large number of hypothetical compounds with predictable
compounds that do not contain an organic part remains astructures and compositions. Consequently, the identification
challenging task. Because of the lack of reliable ab initio of new homologous series has the power to partly meet the
structure prediction methods, it is indeed still rare that the challenge of design of new pure inorganic compounds.
synthesis of a new pure inorganic compound targets aMrotzek and Kanatzidis have brilliantly illustrated this idea
predicted composition and structure. But, as pointed out by by identifying a new homologous series M 1+ Se-]on-
Mackoviky and co-workers, the modular description of [My..Sea:n] (A = alkali metal; M= main group IV and
crystal structures combined with phase homologies could v element) based on two types of columnar rock salt modules
provide an elegant alternative method to predict the structurescyt out along different directionsHomologies were first
of such compoundsindeed, most complex atomic arrange-  gpserved between a few compounds obtained by exploratory
ments can be described using one, two, or more modulesgy nihesis. Subsequently, systematization of the stoichiom-
that are fragments of archetypal structures. A series Of gries under a common general formulation helped in the

structures sharing the same modules and the same buildinqjesign of a large number of new members by tuning the
principles form a homologous series. The most recognized

are likely the Aurivillius BbAn-1 BnOsnes (A = alkaline,
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group metalp= integer). Considering the rock salt [{S®]

2D building blocks, we could predict the structure of two
new homologues witm = 1, namely, S$iShSefF, and
Ba,ShSeF,. This paper describes the synthesis, chemical
characterization, and structure refinement of these com-
pounds.

Experimental Section

Synthesis Both compounds $8b,SeF; and BaSh,SeF, were
synthesized using a similar high-temperature ceramic method. For
SrLSh,SeF,, a stoichiometric proportion of SgFSrSe, and Si$e
was weighed and ground in an argon glovebox. The mixture was
subsequently pressed into pellets and sealed under vacuum in a
silica tube. The tube was first heated at a rate ofGM to 220°C
for a first step lasting 12 h, and then it was heated atGh to
600 °C for a second step lasting 12 h. For,B&SeF,, we used
BaF,, Ba, ShSe, and Se as the starting materials, and we heated
the tube to 700C.

Chemical Analysis.The chemical analysis of both compounds
was performed on powder samples or crystals using a scanning
electron microscope JEOL 5800LV equipped with an additional
EDX apparatus (energy-dispersive analysis of X-rays) IMIX-PGT
with a germanium detector. The presence of fluorine was confirmed
for both compounds but this element could not be quantified because
of experimental limitations.

X-ray Powder Data Collection. The X-ray powder diffraction
analysis of SiISh,SejF, was performed on a D5000 diffractometer
using the Cu K radiations {K,1 = 1.540598 A andiK,,
=1.54439 A). The data collection was performed at room temper-

Figure 1. Represen_tation of the structures of the first three_ members of ature in the 16-11C° 20 range with an acquisition time of 12 h.

the homologous series AdiXs:qF2 (Ae = St, Ba; M= main group The cell parameters and the crystal structure refinements were

metal; X= S, Sen= integer) built from the stacking of rock salt f[IMX3+n] ; ]

and fluorite [AeF,] 2D building blocks. performed by the Rietveld method using the programs FullBrof
and WinPlotri2 The background was fitted by a linear interpolation

size of each module (i.e., by varying the three integer indices, between selected points. The Mardbollase model was used for

n, I, andm). preferred orientation along the (001) direction, and the pseudo-

In the particular case of infinite 2D modules, we have Voigt function was used as the peak-shape model.
recently shown that the design of new pure inorganic  X-ray Single-Crystal Data Collection and Structure Refine-
compounds with 2D structural features required even lessMent Asingle crystal of Ba&Sh,SeF, with a parallelepipedic shape
of a prerequisité&?® The prediction of both the structures and (Ndc')’:iigslf;;pg'g%% gf?rg(c);th%tle?O UZ‘IT; KAV:N':;:E?: @02 a
the compositions of such compounds is a.ttamable Slr.nply 0.71073 A). The crystal-to-detector distance was 35.0 mm; 472
from the stacking of known 2D modules of distinct chemical

ith h d i f lation f frames were collected with a rotation angle per frame°cdrd an
natures, without the need to generalize a formulation from exposure time of 200 s. The diffraction pattern was consistent with

known compounds. For example, the structure of38nS the triclinic system. We could refine the unit cell parameter
was predicted from the stacking of 2D building blocks of vajues: a = 6,1944(12) Ab = 6,3315(13) Ac = 13,804(3) Ao
the rock salt and fluorite typé8.Because the size of the = 85,34(3y, g = 85,18(3}, andy = 89,82(3}.
rock salt 2D building blocks can easily be tuned, we could  |ntensities were corrected for absorptian< 25.70 mnt?) using
forecast a new homologous seriesMe+nX3+F2 (Ae = Sr, the face-indexed option. The structure was solved with the use of
Ba; M = main group metalp= integer) with predictable the direct methods (SHELXS), and refinements with subsequent
structures (see Figure 1). Within this homologous series, difference Fourier were done with SHELXE. The structure
Ba,F.SnS represents the first member with= 0, but to solution was easily obtained. In the final stage of refinement (i.e.,
our knowledge, no higher homologues witkri are known with all atoms except fluor refined with anisotropic displacement
so far. parameters), the reliability factors convergediigs = 0.0417 and
This paper reports on the search for new members of theR‘”°bs= 0.0803 for 2549 observed reflectiorisX 2o(1)), and 81

. — e . parameters. At this stage of the refinement, the final Fourier
homologous series Al 11X P2 (Ae = Sr, Ba; M= main difference map was featureless with acceptable highest (2.3%)e A
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Table 1. Crystallographic Data, Experimental Details, and Refinement
Results Presented for the Structure obBaSeF>

Crystallographic data

chemical formula BsEpSel;
mol wt (g mol1) 872.02
symmetry triclinic
space group P1
a(A) 6.1944(12)
b (R) 6.3315(13)
c(A) 13.804(3)
o (deg) 85.34(3)
p (deg) 85.18(3)
y (deg) 89.82(3)
vol (A3) 537.7(2)
z 2
density 5.386
cryst size gm) 35x 60 x 100
data collection
temp (K) 293
wavelength (A) 0.71073
F(000) 736
0 (deg) range 5.0230.00
h, k, | ranges —-8<h<8
—8<k<8
—-19<1<19
collected refins 13793
independent refins 3123
obsd reflns (> 20(1)) 2549
abs correction Analytique
abs coeff (mm?) 25.697
Tmin/Tmax 0.3053/0.7761
Rint 0.0630
refinement results
method least-squares &8
F(000) 736
data/restraints/params 3123/0/81
reliability factor Rops= 0.0417
Ra1=0.0600
weighted reliability factor Ruwobs= 0.0803
Ryai = 0.0838
S 1.214
electronic residues (¢A3) 2.369/1.563

and deepest{1.56 e.A3) peaks. Details on data collection and
structure refinements are given in Table 1.

Theoretical Calculations

The cell and atomic position parameters 0bBrSeF, and
Ba,Sh,SeF, were optimized using VASP The calculations were
performed with generalized gradient approximations (GGA) using
the PerdewWang 92° functional and PAW pseudopotentiafs.
The cutoff energy was 400 eV with a ¥ 7 x 2 Monkhorst
Pack” k-point mesh. The geometry convergence criterion chosen
were the forces withF — max = 0.03 eV/A.

Results and Discussion

In our previous work, we have shown that the structure
of BaSnSF, resulted from the stacking of 2D building
blocks of the rock salt and fluorite typéln fact, as shown
in Figure 1, BaSnSF, represents the first member with
= 0 of a new homologous series Aé; X3z (Ae = Sr,

Ba; M = main group metal; X= S, Se;n= integer). Using

(14) Kresse, G.; Furthitker, J. Vienna Ab Initio Simulation Package
(VASP) Institut fur Materialphysik: Wien, Austria, 2004, http://
cms.mpi.univie.ac.at/vasp/vasp/vasp.
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(16) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758.

(17) Monkhorst, H. J.; Pack, J. Phys. Re. B 1976 13, 5188.

Table 2. Optimized Atomic Positions Parameters and Main Interatomic
Distances Obtained for the Hypothetical Tetragonal Structures of
Sl’zskhSQ;an

atom site X y z(Sr)
Ae 2c 1/4 1/4 0.6001
Sb 2c 1/4 1/4 0.1299
Sel 2c 1/4 1/4 0.3079
Se2 2c 1/4 1/4 0.8926
F 2b 3/4 1/4 1/2
distance (A)

SI—F (x4) 2.504

Sb-Sel 2.553

Sb—Se2 (x4) 2.920

a8 The optimization was compatible with the space gré4nmmand
led to cell parameters af = 4.11 A andc = 14.34 A.

simple geometric considerations, we could indeed predict
the structures of higher homologues with> 1 from the
stacking of the fluorite 2D building blocks [AE;] with rock
salt 2D building blocks increasing incrementally in size with
n (see Figure 1). To expand the homologous series
Ae;M 1 X342, we looked for rock salt 2D building blocks
of various sizes reported in the literature. For the= 1
member, we found a suggested 2D building block,§&k).*8
Considering this rock salt 2D building block, we could
propose that $8b,SeF,, and BaSh,SeF; would be possible
n =1 homologues. To improve the structure prediction, we
have optimized the handmade structure gS8SeF,, and
Ba,Sh,SeF, using the program VASP, which allows relax-
ation of both the cell and atomic parameters. This calculation
converged with values close to the handmade structure. Table
2 gives the cell and atomic position parameters for the
optimized structure of $8h,SeF,; (space grougP4/nmn).

We then tried to synthesize both compoundsSEiSeF;
and BaShSeF,, using a high-temperature ceramic method.
For BaShSeF,, we obtained an inhomogeneous sample,
but we could observe the presence of numerous crystals.
These platelets, crystals with metallic luster, were analyzed
and the following atomic percentages were found for Ba,
Sh, and Se, respectively: 25.6(45), 24.3(6), and 50.1(5)%.
Fluorine was also detected. This result is in good agreement
with the theoretical values (Ba, 25%; Sh, 25%; Se, 50%)
expected for Bgh,SeF,. The reaction product for &8hy-
SeF; appeared to be homogeneous. However, the powder
diagrams revealed some weak peaks related to binary SrF
and SkOs. The presence of this very small amount of the
binary oxide (less than 1%) is likely the result of a slight
reaction with the silica tube or an oxidation of the starting
materials. Chemical analysis of this powder sample revealed
the presence of Sr, F, Sb, and Se with atomic percentages
of 26.0(5), 26.5(5), and 47.5(1.0)% for Sr, Sb, and Se,
respectively. These values compare reasonably well with the
theoretical values (Sr, 25%; Sh, 25%; Se, 50%) expected
for SLShSelF,, without consideration of the fluorine ele-
ment. Both these analyses and the comparison of the
experimental powder diagrams with the simulated powder
diagrams obtained from the structure predictions, confirmed

(18) Guittard, M.; Beazeth, S.; Dugyed.; Jaulmes, S.; Palazzi, M.;
Laruelle, P.; Flahaut, J. Solid State Chen1984 51, 227-238.
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Figure 2. (a) Comparison of the observed X-ray diffraction pattern recorded #8&aF, with the pattern simulated from the structure prediction. (b)
Structure of SiISbSeaF; refined using the Rietveld method: open circles represent the observed X-ray diffraction pattern and the black line represents the
calculated intensities by the Rietveld method. The bottom curve is the difference between the experimental and the calculated intensities.

Table 3. Atomic Positions Parameters, Isotropic Displacement
Parameters (B, and Main Interatomic Distances Obtained from the
Powder Structure Refinement of,StpSeF; in the Space Group
P4/nmm (Reragg = 4.79%,R, = 13.76%,Ryp = 11.87%, anRexp =
2.71%) with Cell Parameters af = 4.1926(3) A andc = 14.2145(13)

atom X y z Uso

Sr 1/4 1/4 0.5968(4) 0.013(3)
Sh 1/4 1/4 0.1361(4) 0.019(2)
Sel 1/4 1/4 0.3133(4) 0.008(3)
Se2 1/4 1/4 0.8814(6) 0.045(4)
F 3/4 1/4 1/2 0.039(13)

distance (A)

Sr—F (x4) 2.508(1)
Sh-Sel 2.519(2)
Sb-Se2 (4) 2.9751(3)

the formation of a quaternary compound with the expected
structure (Figure 2).
The X-ray powder pattern of the almost pure sample of
SnLShSeF, was then refined using the Rietveld method with
a multiple-phase procedure to take into account all impurities.
Starting from the predicted structures 0tSSeF, (space
groupP4/nmn), the refinement converged to the satisfying
reliability factor Rgragg = 4.79% with cell parameters af=
4.1926(3) A andc = 14.2145(13) A. Moreover, we could
estimate the total proportion of the Srknd SBOs impurities Figure 3. Representation of the structures of (ayShSaF, and (b)
to be lower than 2%, which indicates thatSnSeF, was BangSe_ng projected along t_he _010 and 110 Qirections, respectively.
obiained with a high evel o purity (more than 98%). Figure ST f 1 6, coodneten peyredion 1 bt compouncs, (9
2 shows the experimental powder pattern recorded for this A
compound and the best fit we obtained using FullProf. The
refined atomic position parameters and isotropic displacementa quadratic system (see Table 2). However, we noticed that
parameters are given in Table 3. A fairly good agreement is the measured in-plane parameters<6.1944(12) A and
found between the refined and optimized cell parameters or= 6.3315(13) A) and the stacking parametes+ (13,804(3)
interatomic bond lengths. A comparison of Tables 2 and 3 A) were close to the predicted valuedices= 5.94 A and
shows that typical errors are on the order of 1%. Coredicted™= 14.23 A). This strongly suggests the remaining
The structure of $SBhSeF, is shown Figure 3. As  alternation of [BaF;] and [ShkSe] 2D building blocks. The
expected, the structure results from the alternating stackingrefinement confirmed this assumption and led to satisfying
of fluorite-type [SkF;] 2D building blocks with [SbSe] 2D reliability factors Rps= 4.17% for 2549 observed reflections
building blocks of a distorted NaCl-type. Antimony atoms (see Table 1). The obtained atomic coordinates and equiva-
are surrounded by five selenium atoms forming a distorted lent isotropic displacement parameters are listed in Table 4.
square pyramid environment with two different -SBe The structure of B#&ShSeF, projected along the (110)
distances as shown in Figure 3. direction is shown in Figure 3. This representation highlights
Surprisingly, our study of the X-ray diffraction pattern of the distortion of the [SiSe] 2D building blocks found in
the BaSh,SefF, single crystals revealed a triclinic system. BaSkSeF, compared to the one in Sh,SeF,. Figure 3
This was not consistent with our structural prediction using also gives a comparison of the Sb coordination polyhedron
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Table 4. Atomic Coordinates and Equivalent Isotropic Displacement Taking into account the structure of the Franckeite, it
PfrBamSet;esrs g; Obtained from the Single Crystal Structure Refinement 5| have been possible to envision the structure distortion
7= (_a‘ 2 ; of the [SkSe] module in BaSh,SeF,. We have therefore
atom _ site X y z Uisoeqr) (A?) made new structure optimizations for B#SeF, starting
ga% g! 8-527725((11)) fgfgg((ll)) 8'333521((11)) 88833((11))* either from our experimental result or from a distorted
a | —0. . . . * . . ipye
Sbl 21 -02268(1) 06224(1) 0.1231(1) 0015201+  duadratic structure obtained by shifting the cell angles from
Sh2 2i 0.2676(1) 0.0315(1) 0.1240(1) 0.0143(1)*  90°. As expected, both calculations converged with lower
Sel  2i  —02117(2) 0.5294(1) 0.3009(1)  0.0135(2)*  energies, and the best solution was very close to the

Se2 2 0.2894(2)  0.0430(1) 0.3027(1)  0.0126(2)* : : .
Se3  2i _0.1602((2)) 1‘0300((2)) 0. 1269((1)) 0_0175((2)1 experimental result. Consequently, starting from the quadratic

Se4 2i 0.3478(2) 0.6276(2) 0.1153(1)  0.0208(2)*  structure, we reached a local minimum in the surface energy,
F1 2i —0.0004(9) 0.7468(8) 0.5017(4)  0.0117(10)  \which clearly demonstrates that simulated heat methods
F2 2i 0.5006(9) 0.7500(8) 0.5016(4)  0.0121(10)

would be highly desirable to go through local minima and

Table 5. Interatomic Distances (A) Obtained from the Single Crystal reach the most stable structure.
Structure Refinement of B&8bSeF,

Conclusions
SZiﬁEé 2;222@ §Ei§§§ 533‘28383 In conclusion,_ we have succeeded in enlarging th_e new
Bal-F2 2.666(5) SbtSe4 2.6464(14) homologous series A®l 11X (Ae = Sr, Ba; M= main
gg;ﬁ g-gzs;‘g ggiggi g-gfgggg; group metaln= integer) built up from the stacking of 2D
Ba2—F1 2.668(5) Sh2Se3 2.6470(13) _building_ blocks _of the rock salt and qu_ori_te types. By
Ba2—F2 2.669(6) increasing the size of the rock salt 2D building blocks, we
Baz-F2 2.669(6) have obtained two new = 1 members of this homologous

) . series. While SSh,SelF, compares very well with our
in both compounds $8h,SefF,, and BaSh,SeF,. While, structure optimization using VASP, the structure ot8a-

in SpSkSeF,, the antimony atoms are located in distorted g F, shows a significant distortion with a clear signature
square pyramids of Se atoms, inB&SeF,, the antimony of the lone -pair activity of antimony.

atoms adopt a different coordination with only three Se atoms  This work clearly shows that combining the use of 2D

as nearest neighbors. This_is a well—knc_)wn coordination in oqules with phase homologies provides a powerful tool
antimony compounds showing a clear signature of the lone- 5, designing new solid-state compounds. Since we have

pair activity!® The same type of distortion of the [S]  recently designed new compounds with perov&kiad anti-
2D building blocks was already encountered in the Franckeite f,orite @ 2D modules, we are currently looking for new

misfit layered compound®:* In S;Sh;Sef, the lattice  homglogous series built from these modules.
contraction allowed by the lower ionic radius of the Sr atoms
compared to that of the Ba atoms seems to compete with
the lone-pair activity and prevent this distortion.
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