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A novel non-centrosymmetric (NCS) solid, Ba2Mn(Si2O7)Cl
(CU-13), was isolated via high-temperature, salt-inclusion reac-
tions. This manganese(III) silicate chloride adopts the fresnoite
structure exhibiting pseudo-one-dimensional channels in which the
Ba2+ cations reside. The framework can be viewed alternatively
as made of a fascinating anti-ReO3 type (Ba2Mn)Cl lattice centered
on the acentric Si2O7 unit. This new compound crystallizes in one
of the 10 NCS polar crystal classes, 4mm (C4v), which is
cooperatively attributed to the MnO4Cl2 tetragonal distortion and
the oriented Si2O7 polyhedral unit. This discovery once again
demonstrates the utility of salt inclusion with the formation of NCS
frameworks.

Non-centrosymmetric (NCS) synthesis has attracted con-
stant attention for its importance in materials design for
nonlinear applications.1 Some recent synthesis strategies for
NCS inorganic solids include using chiral organic molecules
or metal complexes as templating agents,2 employing enan-
tiopure metal-organic clusters as secondary building blocks,3

acentric packing of helical chain via directed metal-ligand-
metal linkages,4 incorporating acentric polyanions to stereo-
chemically enforce acentricity of the bulk,5 and incorporating
cations with nonbonding electron pairs or d0 transition metal

cations showing cooperative second-order, Jahn-Teller
(SOJT) distortions.6

Our recent discoveries of salt-inclusion solids have shed
new light on the exploration of special frameworks via
composite (hybrid) solids of mixed ionic and covalent
sublattices.7 This new class of open-framework solids has
revealed the propensity of the incorporated halide salt to
direct the porous structure, e.g., A2M3(X2O7)2‚(salt) (A )
K, Rb, Cs; M) Mn, Cu, X ) P, As) (CU-2),7e Na2Cs2Cu3-
(P2O7)2Cl2 (CU-4),7d Cs2Cu7(P2O7)4‚6CsCl (CU-9), Cs2Cu5-
(P2O7)3‚3CsCl (CU-11),7a,b and CuPO4‚BaCl.7g It has been
evident in these structures that the chlorine-centered sec-
ondary building unit (SBU), ClA6-nCun (A ) Cs, Ba;n )
1, 2), introduces the templating effect, including the acen-
tricity, leading to the formation of NCS lattices. We have
expanded the investigations into silicate systems due to the
versatility of silicate-based acentric polyanions. Herein we
report the fascinating barium manganese(III) silicate chloride
Ba2MnSi2O7Cl that reveals the cooperative Jahn-Teller
distortion and the utilities of polar anion and salt inclusion
with the formation of the NCS lattice.

The crystals of Ba2Mn(Si2O7)Cl were grown in the molten
BaCl2/NaCl eutectic flux.8 Single-crystal structure was
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determined by X-ray diffraction methods.9 The crystal-
lographic data and atomic parameters are listed in Tables 1
and 2, respectively. The title compound crystallizes in one
of the 10 NCS polar, nonchiral crystal classes, 4mm(C4V).10

The reddish color of the compound is diagnostically ap-
proved, according to reported procedures,11 by the UV-vis
spectrum with absorption peaks at 2.30 eV (18 550 cm-1)
and 2.80 eV (22 580 cm-1), as shown in Figure 1, due to
the 5B1g f 5Eg and 5B1g f 5B2g transitions, respectively.12

The compound is otherwise a wide band gap semiconductor
with the characteristic absorption edge above 3.20 eV.

As shown in Figure 2, the title compound exhibits pseudo-
one-dimensional channel structures where Ba2+ cations
reside. The channels reveal a pentagonal window made of

edges of the Si2O7 and MnO4Cl2 polyhedral units that share
vertex oxygen atoms. The two symmetry planes along (220)
and (2h20) intercept at the bridging oxygen, O(2), of the Si2O7

unit. The Ba2+ cations reside in these planes while the Cl-

anions are located between the Mn3+ cations leading to the
linear chain of corner-shared MnO4Cl2 units alongc. The
latter adopts a tetragonal distortion giving rise to one short
Mn-Cl bond, 2.562(2) Å, and one long Mn-Cl bond,
2.841(2) Å, which are significantly longer than 2.46 Å, the
sum of Shannon crystal radii of six-coordinate Mn3+ (0.785
Å, high-spin) and Cl- (1.67 Å).13 The MnO4 unit forms a
square pyramid with four uniform Mn-O bonds, 1.895(3)
Å, and a nearly perfect sum of∠Mn-O-Mn angles, 357.4°.
This tetragonal distortion, elongation along the Mn-Cl
bonds, is intuitively attributed to the d4 Mn3+ Jahn-Teller
effect.

The extended framework consists of Mn-O-Si and
Ba-Cl slabs alternately stacking alongc, corresponding to
Ti-O-Si and Ba-O slabs shown in the Ba2TiSi2O8 fresnoite
structure.14 Figure 3 shows, in ORTEP drawings, a section
of the neighboring slabs that are interlinked via the shorter
Mn-Cl bond. The side view of the stacked slabs (Figure
3b) shows that the Ba-Cl layer is puckered, which is likely
due to the lattice mismatching.15 The Ba-Cl bond distances,
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Table 1. Selected Crystal and Refinement Data for Ba2MnSi2O7Cl

empirical formula Ba2MnSi2O7Cl
fw 533.25
space group,Z P4bm(No. 100), 2
T, °C 27
a, Å 8.494(1)
c, Å 5.403(1)
V, Å3 389.8(1)
µ(Mo KR), mm-1 12.23
dcalc, g cm-3 4.543
data/restraints/params 565/1/39
secondary extinction 0.0090(9)
final R1, wR2a [I > 2σ(I)], GOF 0.0164/0.0402/1.05

a R ) ∑||Fo| - |Fc||/∑|Fo|; wR2 ) [∑w(|Fo| - |Fc|)2/∑w|Fo|2]1/2;
w ) 1/[σ2(Fo

2) + (0.0286P)2 + 1.07P], whereP ) (Fo
2 + 2Fc

2)/3.

Table 2. Atomic Coordinates and Isotropic Equivalent Displacement
Parameters for Ba2MnSi2O7Cl

atom
Wyckoff
position x y z Ueq (Å2)a

Ba 4c -0.16971(2) -0.66971(2) -0.8165(1) 0.0097(1)
Mn 2a 0 0 -0.1994(2) 0.0075(2)
Si 4c -0.1297(1) -0.3703(1) -0.2975(4) 0.0081(3)
Cl 2a 0 0 -0.6736(3) 0.0124(3)
O(1) 4c -0.1289(3) -0.3711(3) -0.5929(7) 0.0112(7)
O(2) 2b 0 -0.5 -0.187(1) 0.0136(9)
O(3) 8d -0.2071(3) -0.9206(3) -0.1624(5) 0.0154(5)

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedUij tensor.

Figure 1. UV-vis spectrum of Ba2MnSi2O7Cl.

Figure 2. Perspective view of Ba2MnSi2O7Cl showing channel structures.
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3.247(1) Å, are slightly shorter than 3.33 Å, the sum of
Shannon radii.13 It would be interesting to see if substituting
Ba2+ with Sr2+ could affect the distortion and the nonlinear
properties, including the negative thermal expansion behav-
ior,16 currently under investigation.

The polarity and, in turn, the bulk acentricity have been
the most conspicuous structural features of interest in the
title compound. The extended framework can be viewed as
constructed by two SBUs: anti-ReO3 type (Ba2Mn)Cl cage
and Si2O7 pyrosilicate. As shown in Figure 4 (left), the dis-
torted (Ba2Mn)Cl cage is made of corner-shared ClBa4Mn2,
and the Si2O7 unit is caged in the center of this anti-ReO3

lattice. The pyrosilicate unit (Figure 4, right) is formed by
two corner-shared SiO4 tetrahedra in an eclipsed config-
uration. The structure formula can thus be rewritten as
(Si2O7)@(Ba2Mn)Cl (≡Ba2MnSi2O7Cl). The preferred ori-
entation with respect to the Si2O7 polar unit and the tetragonal
elongation results in the bulk polarity alongc.

The extended (Ba2Mn)Cl lattice (Figure 5) shows that the
chlorine atoms are displaced (see the green circle in the

highlighted ClBa4Mn2 octahedron) along the polar axisc.
The barium cations adopt the BaO8Cl2 coordination, which
is shown by Ba-O and Ba-Cl bonds, sharing edges with
the square planar MnO4 unit.

We have reported yet another example of a salt-inclusion
solid showing the stuctural directing effect of the chlorine-
centered ClA6-nMn octahedral SBU, whose centricity can be
varied via cation substitutions. The dication substitution (n
) 2) in ClNa6 (Figure 6a) can occur either in the cis positions
(Figure 6b), as seen in the CU-9 and CU-11 structures (A)
Cs, M ) Cu),7a,b or in the trans (Figure 6c), as shown in
CU-13 (A ) Ba, M ) Mn). It should be noted that the
incorporation of acentric SBU is a necessary but not suf-
ficient condition for bulk acentricity. In other words, the
material can crystallize such that the distortions occur in an
antiparallel manner, thus producing macroscopic centricity.
The formation of Ba2MnSi2O7Cl demonstrates the utilities
of polar anion, Jahn-Teller distortion and once again the
salt inclusion with the formation of NCS lattice.
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Figure 3. A section of the structure viewed (a) alongc and (b) from the
side showing the stacking of the Mn-Si-O and Ba-Cl slabs. The thermal
ellipsoids were drawn at 95% probability.

Figure 4. A cage view showing the Si2O7 unit residing in the center of
the anti-ReO3 type (Ba2Mn)Cl lattice (left). The Si2O7 unit is made of two
corner-shared SiO4 tetrahedra in an eclipsed configuration (right).

Figure 5. A slab of the (Ba2Mn)Cl lattice showing the origin of the polar
lattice. The Mn-Cl linkages alongc consist of alternating short (solid lines)
and long (dotted lines) bonds giving rise to the distorted “Ba4Mn2”
octahedra. The latter is shown, for clarity, by one Cl-centered octahedron
in green. Selected Ba-O and Mn-O bonds are drawn to outline the
respective coordination and connectivity.

Figure 6. Coordination around chlorine in (a) NaCl, (b) CU-9 and
CU-11, and (c) Ba2MnSi2O7Cl. The electropositive cations are drawn in
black and transition metal cations in blue.
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