














178

Another data set was collected on CAD4, and the supercell was
established by indexing 25 reflections located by the SEARCH routine and
the succeeding transformation to the C-centered cell. Axial photos were
taken to confirm the cell parameters and the lattice type, and‘to
determine the Laue class (mmm). Two octants of data (hke, hk?) of 4°
<28 <50° were collected for the C-centered cell (Table 31).

Considering the large number of variables involved in the
refinement, the 1imited data available, and a reasonable accuracy of the
intensity measuremehts, the criterion for observed reflections was
lowered from 30; to 20;. An empirical absorption correction with four
p-scan measurements was conducted, and the redundant data were averaged
in Laue class mmm, giving R,, = 3.2%. Based on the reflection
conditions (hke, h+k = 2n; hO¢, ¢ = 2n), the choices of space group were
Cmcm, C2cm and Cmc2,. However, the initial model provided by SHELXS-86
for the most promising space group, the central symmetric Cmcm, was not
acceptable in term§ of interatomic distances and electron densities. A
subgroup of Cmem, C222,, for which a plausible SHELXS-86 solution was
obtained, was chosen as the next candidate with part of the extinction
condition 1ifted. The isotropic refineﬁent of the twelve Zr, two Fe and
thirty one C1 atoms gave R'- 6.7% and R, = 9.3%, respectively. Three of
the K atoms with full or partial occupancies (K1 = 18(1)%, K2 =
57.6(7)%, K2’ = 100%) were Tocated on the calculated difference Fourier
map, while the other fully occupied position (K3) emerged after an
empirical numerical absorption (DIFABS)®2 was applied. The sum of these
K positions with different multiplicities (8 K1, 4 K2, 4 K2’, and 8 K3)

and occupancies gave a total number of 15.76 (8) K for each cell, in



Table 31. Crystal Data for KZrgCl,sFe

space group
z
a, A
b, A
c, A
v, A3
crystal dimen, mm
data collection instrument
scan mode
20,,,,» deg
reflections
measured
observed (I>20,)
observed independent
absorp coeff 4, cm! (Mo Ka)
range of transm coeff
Rave’ %
second ext coeff
R, %
Rys %

largest residue peak, e-/A3

Cmcm (No. 63)

16

28.340(4)
19.892(2)
18.928(2)
10670(2)

0.3 x 0.1 x 0.1
ENRAF NONIUS CAD4
w-20

50

th,k, ¢

9876

3677

1977

44.3

0.95 - 1.00

3.2

3.1

3.5

1.2 (0.4 A, K2')

aGuinier powder diffraction data (61 observations).
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agreement with the formula KZrgCl,sFe (Z = 16). Although the isotropic
refinement of all atoms resulted in R = 4,9%, the shifting of thé
parameters was significant and no satisfying convergence could be
reached. Anisotropic refinement of all atoms was impossible because the
lTimited number of observed reflections. |

Examining the structure solution in space group C222,, one noticed
that many of the atoms seemed to be on special ppsitions in a higher
symmetry space group, and the ORTEPS4 picture also implied the structure
could be centrosymmetric. Taking the observed systematic extinction
conditions into consideration, the solution was transformed into the
supergroup of C222,, Cmcm. Refinement with the proper symmetry
“constraints were successful and, because of the reduction of the atom
numbers, anisotropic refinement of all of the atoms became possible. As
a combined result of the anisotropic refinement and elimination of the
coupling between atoms observed in C222,, the quality of the solution
was improved significantly. Although the number of total variables was
reduced from 290 (anisotropic refinement for Zr and Fe) to 250
(anisotropic ?or all atoms), R and R, decreased by 0.5%, and slightly
smaller residue peaks on the final difference Fourier map and the
thermal parameters of similar sizes for all the atoms were produced.
The more direct evidence supporting the centrosymmetric space group was
the significant decrease of the standard deviations of the positional
and thermal parameters by factors of two to four. In addition, the
solution in space group Cmcm is reasonable in terms of distances and
provides reasonable.explanations for the formation of the

superstructure.
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The refined multiplicities of Fel and Fe2 were not significantly
different from full occupancy [Fel 100.4(4)%, Fe2 97.8(4)%], and
therefore these positions are reported as fully occupied. With the
additional symmetry elements in Cmcm, K1 now is sitting on a mirror
plane, and a pair of equivalent K3 positions are generated by'the nearby
inversion center. The two symmetry-related K3 sites are 3.01 A apart
and as the multiplicity increased from eight in C222;, to sixteen in
Cmem, the occupancy is dropped to 54(1)%. Examining the location of K3
atoms, it was noticed that they were derived from the Cs2 position in
CsNbgCl,5, which is a cation position with C,,, symmetry. Because of the
lattice distortion and expansion, the former catibn site on the symmetry
element is now split into two general positions, each 50% occupied in
Cmcm. As expected, refining the K3 position on the inversion center
with full occupancy resulted in huge thermal parameters corresponding to
mean-square amplitudes of vibration of over two Angstroms, accompanied
by an increase of residue peaks and agreement factors. Re-examining the
situation in C222,, where K3 was refined as a 100% occupied general
position, it was noticed that the K3 and its empty counterpart sites
were about the same size. This raised questions about this model as
there is no obvious reason for K3 to select one of the two positions
with the same chemical environment. The K3 refinement in C222, could be
the result of the strong coupling between a pair of atoms that are
related by pseudo symmetries, especially as they are close to each other
and undergo substantial thermal motions as in this case. Based on the
satisfactory refinement of the entire structure in Cmcm, it is clear

that the contribution from K3 was not sufficient to allow refinement of
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the Tower symmetry structure even if there were indeed one fully
occupied position in C222,. Therefore, the solution with split K3 atoms
was accepted. The multiplicities of the four positions sum up to give
K:cluster ratio of 16.5(6):16 (8 Kl/cell, occupancy 19(1)%; 4 K2/cell,
occupancy 64(1)%, 4 K2’/cell, occupancy 100%; 16 split K3/ce11,
occupancy 54(1)% each), which agrees with the 18 e- rule.

The final difference Fourier map showed only ghost peaks of +1.2
e /A3 that are 0.4 A away from K2’. The structure solution is presented
in Table 32 in the standard setting of Cmcm. It may be converted to a
nonstandard setting in Amma through a rotation of the axes (a’ = c, b’ =
a, ¢/ = a) and a shift of the origin by -1/4b. The atom coordinates
thus obtained can be compared with the pseudo parent structure in Pmma.
For the purpose of emphasizing the structure relationships between this
superstructure and the CsNbgCl,5 structure, the atoms that are split
from one position in the original structure are listed in pairs (Table
32).

Structure description The structure of KZrgCl,;Fe may be derived
from that of CsKZrsC1,;B,4 which has one additional cation position, K,
than CsNbgC1,5.46 The modifications of the local geometry around the
Cla-2 atoms, the shifting of the cluster chains, and the selective
filling of the cation positions lead to the loss of symmetry and the
formation of the superstructure.

Similar to those in all the other related structures, there are two
crystallographically distinctive clusters in KZryCl,;Fe that form two
different chains, namely, the zigzag chain along ¢ and the bent chain
along B (Figure 33). As Fe is encaptured as the centering atom, the
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Table 32. Positional and Thermal Parameters for KZrgCl,sFe

Atom X y z By,
Zrl 0.06046(4) 0.18219(6) 0.03066(6) 1.35(4)
rl’ 0.43940(4) 0.15496(6) 0.03003(6) 1.43(4)
Ir2 ) 0.22229(9) 0.61959(9) - 1.37(6)
Ir2’ 0 0.30598(8) 0.37991(9) 1.39(6)
Ir3 0.18750(4) 0.07834(6) 0.15899(7) 1.46(4)
Ir3’ 0.30846(4) 0.06636(6) 0.15912(7) 1.44(4)
Ir4 0.25326(6) 0.19271(8) 174 1.54(6)
Ir5 0.25759(6) 0.45188(9) 174 1.55(7)
Fel 0.000 0.2637(1) 0.4996(2) 1.20(8)
Fe2 0.24795(9) 0.07221) 1/4 1.18(8)
cl 0.1239(1) 0.0880(2) 0.0586(2) 3.4(1)
cy 0.3745(1) 0.0653(2) 0.0626(2) 2.7(1)
c12 0.2653(2) 0.3225(3) 1/4 6.1(3)
ci3 0 0.8266(4) 1/4 5.2(4)
c13/ 0 0.3580(4) 1/4 3.9(3)
c14 0.12717(9) 0.2635(2) 0.0020(2) 1.1(1)
C15 0 0.0923(2) 0.0663(3) 3.3(2)
c15’ 0 0.5655(2) 0.0668(3) 2.5(2)
C16 0.4360(1) 0.3651(2) 0.0949(2) 2.8(1)
ci6’ 0.0639(1) 0.3939(2) 0.0950(2) 2.7(1)
c17 0.0632(1) 0.2217(2) 0.1596(2) - 2.4(1)
c17’ 0.4375(1) 0.1935(2) 0.1590(2) 2.1(1)
c18 0.1207(2) 0.0834(2) 1/4 1.7(2)
cis’ 0.1244(2) 0.5583(2) 1/4 1.1(2)
c19 0.2485(1) 0.0722(2) 0.0587(2) . 2.6(1)
C110 0.1904(1) 0.2072(2) 0.1551(2) 2.6(1)
c110’ 0.3161(1) 0.1942(1) 0.1546(2) 2.5(1)
c111 0.3220(2) 0.4500(2) 0.1540(2) 2.7(1)
ciy’ 0.1950(1) 0.4381(2) 0.1534(2) 2.5(1)
K1 0.379(1) 0.322(2) 1/4 2(1)

K2 0 0.1063(6) 1/4 3.3(5)
K2’ 0 0.550(1) 1/4 13(1)
K3 0.2659(6) 0.3064(7) 0.0486(7) 29(1)
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B2 B3 By Bis Bzs Beg
2.30(4) 1.40(4) 0.38(5) -0.14(5) 0.10(5) 1.69(2)
2.23(5) 1.12(4) -0.31(4) 0.11(5) 0.09(4) 1.59(2)
2.15(7) 0.95(7) 0 0 -0.03(7) 1.49(3)
2.29(8) - 0.75(6) 0 0 -0.11(6) 1.48(3)
1.61(5) 1.77(5) 0.04(4) -0.43(4) -0.08(5) 1.61(2)
1.49(4) 1.56(5) 0.02(4) 0.25(4) -0.11(4) 1.50(2)
0.95(8) 1.65(6) 0.01(6) 0 0 1.38(3)
1.02(7) 2.25(7) -0.02(6) 0 0 1.61(4)
1.7(1) 0.92(8) 0 0 -0.20(9) . 1.29(4)
0.94(9) 1.50(8) 0.01(8) 0 0 1.21(4)
3.1(1) 3.7(2) 1.4(1) -2.2(1) -1.1(1) 3.40(8)
2.8(1) 3.3(1) -0.9(1) 1.7(1) . -0.9(1)  2.94(7)
0.8(2) 7.0(4) 0.4(2) 0 0 4.6(1)
2.5(3) 0.7(2) 0 0 0 2.8(2)
3.9(3) 1.0(3) 0 0 0 2.9(2)
3.8(1) 2.3(1) -0.1(1) 0.0(2) 0.7(1) 2.40(6)
2.4(2) 2.8(2) 0 0 0.8(2) 2.8(1)
2.1(2) 2.7(2) 0 0 0.6(2) 2.4(1)
3.5(1) 1.9(1) 1.2(1) -0.1(1) -0.4(1) 2.75(7)
3.3(1) 1.6(1) -1.3(1) 0.3(1)  -0.5(1)  2.52(6)
3.2(1) 1.3(1) 0.5(1) -0.4(1) 0.0(1) 2.31(6)
3.4(2) 1.4(1) -0.8(1) 0.2(1) - -0.1(1) 2.28(6)
2.8(2) 3.1(2) 0.3(2) 0 0 2.5(1)
3.5(2) 2.1(2) -0.0(2) 0 0 2.2(1)
3.5(1) 1.4(1) 0.0(1) -0.1(2) -0.3(1) 2.52(6)
1.9(1) 2.7(1) 0.5(1) -0.9(1) 0.2(1) 2.40(7)
1.6(1) 2.8(1) -0.1(1) 1.1(1) 0.4(1) 2.31(7)
2.0(1) 3.7(2) 0.4(1) 1.3(1) -0.3(1) 2.80(7)
1.9(1) 3.1(2) -0.2(1) -0.7(1) -0.6(1) 2.51(7)
13(3) 8(2) -0(2) 0 0 7(1)
3.7(5) 2.7(5) 0 0 ) 3.3(2)
33(2) 9(1) 0 0 0 18.2(8)
23.8(8) 20.6(8) 16.6(8) 15(1) 19.2(5) 24.5(5)




Figure 33.
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The [T00] projection of KZriCl,;Fe showing the two intercon-
nected cluster chains. There are two mirror planes, one
parallel to the plane of paper passing through the center
of the zig-zag cluster chain, and the other normal to the
plane of the paper containing the center of the vertical
chains. The cluster chains along the B direction are bent
at C12 into and out of the plane of the paper. The Cl1i and
K atoms are omitted for clarity (90% probability)
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cluster cores.expand significantly compared with the boron and carbon
analogues. An increase of 0.2 A in Zr-Zr distances is observed,
accompanied by alless'pronounced increase of Zr-C1! distances of 0.02 A,
consistent with the changes known for other Fe centering clusters. The
point symmetries of the cluster units in CsKZrgCl,cB (Bl C,,, B2 C,,) are
reduced in KZrgCl,sFe, saving only the mirror planes. Yet, even without
the symmetry imposed by the space-group, the cluster units contain the
above pseudo symmetries within experimental errors (Table 33). Both
clusters deviate from ideal octahedra with the same pattern and similar
magnitudes a§ was observed in CsKZrgC1,;B,4’ which is marked by a
compression of the cluster cores along the chain directions. This
implies that the distortion of the individual clusters is not the main
cause of the formation of the supercell.

On the other hand, comparing KZrgC1,5C% and KZrgCl,c;Fe which have
the same cation yet a slightly.different cluster network, it is obvious
that the increasing size of the clusters is responsible for the observed
structure modification. ODue to the expansion of the cluster core, the
terminal chlorines are pushed outward; meanwhile, the Zr-Cl2-2 distances
are kept almost unchanged. 1In ofder to retain the unique inter-chain
linkages between the two perpendicular cluster chains that hinder the
free expansion of the cluster networks and to provide suitable cation
sites for K, the cluster expansion results in the bending of the former
linear cluster chains in KirgCl,;Fe (Zr4-C12-Zr5, 167.6 (3)°*). In addi-
tion, the zigzag chain becomes more buckled, indicated by a reduction of
the angles at Cl13-2 from 140° to 137°. The angles at the terminal

chlorines that connect the two cluster chains also drop by about 1°.



Table 33. Important Distances and Angles in KirgCl,sFe: the Cluster Framework

Distances (A)

Cluster chain
along ¢ axis

Cluster chain
along B axis

Fe-Zr

ir-Ir

Zr-Cli

Fel-Zrl

Fel-Zrl’

Fel-Zr2

Fel-Zr2’
d

Irl-2rl
irl’-2rl’
Irl-Zrl’
rl-Ir2
Irl-2r2’
rl’-7Ir2
Irl’-2r2’
d

Irl-C14
Irl-C15
ir1-Cl6
Irl-C17
rl’-C14
Irl’-C15’
Irl’-Cle’
Zrl’-C17’

x2
x2
x1
x1

x1
x1
x2
x2
x2
x2
x2

x2
x2
x2
x2
x2
X2
x2
X2

MO RNNNRN

2.428(2)
2.428(2)
2.416(3)
2.416(3)
2.424

3.427(2)
3.435(2)
3.437(2)
3.415(2)
3.445(2)
3.433(2)
3.410(2)
3.429

.547(3)
.567(4)
.558(3)
.565(3)
.561(3)
.570(4)
.559(3)
.559(3)

Fe2-2r3

Fe2-2r3’

Fe2-2r4z

Fe2-IrS5
d

Ir3-Ir3
Ir3’-Ir3’
Ir3-Ir3’
Zr3-1r4
r3-Ir5
Ir3’-Ir4
Ir3’-Irs
- d

1r3-C18
Ir3-C19
Zr3-C110
Zr3-Ci11
Ir3’-C18’
r3’'-C19
Ir3’'-C110’
Zr3’-C111’

x2
x2
x1
x1

x1
x1
x2
x2
x2
x2
x2

x2
x2

© x2

x2
x2
x2
x2
x2

2.433(2)
2.432(2)
2.401(3)
2.399(3)
2.422

3.445(2)
3.441(2)
3.436(2)
3.408(2)
3.423(2)
3.424(2)
3.413(2)
3.425

2.562(4)
2.570(4)
2.566(3)
2.568(3)
2.571(3)
2.562(3)
2.553(3)
2.556(3)



188

(1)t ter
(€)9° 191

6°ELT
(1)o°€L1
()8 21
()6 ¥L1
(1)8°€L1
(D b1
(1)o° w11

(S)#¥85°2
(5)%09°2
(v)s19°2
(¥)129°2

195°2
(v)895°2
(v)sLs-2
(v)185°2
(v)obs-2

X
X

PA S
r4.4
¢x
X
X
eX
eX

Ix
1X
X
X

X
X
rA.4
eX

smLN|-PUv-LN
G4Z-21-94Z

9Ae
HJIT1I-SAZ-TTLI
(0TLI-$4Z-0113
1T1J-€4Z-,011)
GPUlsMLNIAQ—U
TIL3-e4Z-01 1)
61J)-£4Z-81)

¢1d-647
e1d-v4Z
JA1I-,842
1J-e47
P
+TT1I-G4Z
T11)-542
OT1I-¥4Z
0t LI-¥4Z

(1)p- 1€t
(€)v-Le1
(£)o-Le1

0°¥L1
(1)L eLt
(1)s°¢L1
(D1 ¥L1
(Db b1
(19°¥L1

(1)8°€L1 .

(+)899°2
(£)€s9°2
(v)og9-2
(v)ev9°2

096°2
(¥)s9s°2
(¥)295°2
(€)oss ¢
(¥)ss6°2

X
Ix
Ix

FA.4
X
ZxX
eX
¢X
eX

X
Ix
rd.
¢X

X
eX
ZX
X

€AZ-T1I-14Z
1842~ ,E10-,2427
© AZ-€19-242

JAR
NrUtsNLlewpu
+L1I-24Z-91)
«L13-,142-,91)
SLI-,T4Z-,41D
L1J-T4Z-91)
SLI-T4Z-¥1D

E1J-,242
€13-242
13-, T4
[13-142

P
L1)-,242
91)-,242
L1342
913-¢42

(.) sabuy

e-el )47



189

Shown in Figure 34 is the result of the observed modification of ;he
cluster chains; the repeating unit along the bent chain (8 direction) is
doubled and contains four (Fe-Zr-C12) units. The two chains that used
to be linear and parallel to each othér now become wavy and paired up by
the mirror planes between them, causing the doubling of the sécond cell
dimension {a(Cmcm) = 2b(Pmma)].

When KZrgCl,;Fe is compared with another 6-15 phase, LiZryCl,sFe
(NbgF,s type), profound differences in the average Zr-Cla-2 distances are
noticed. Although its lattice is more expanded, as indicated by the
difference in the formula volume of 126 A®, averaged Zr-C12-2 distances
in KZrgCl,;Fe (2.661 A along the zigzag chain, 2.594 A along the bent
chain) are considerably shorter than the value in LiZrgCl,sFe [2.709(1)
A], although in both cases the Cl2-2 atoms have nearby cation neighbors.
If they are compared against ZrgC1,5Co, which does not contain
countercations (529 A3 per cluster, Zr-Cl2-2 2.624(1) A), one may realize
that the lattice expansions required by the incorporation of
countercations are accomplished via different routes in LiZrg(1,;Fe and
KZrgCl,sFe. In the Li containing cubic 6-15 structure, it is achieved
by elongating Zr-Cla-2 bonds while the linear chains are retained,
because the two independent and interpenetrating cluster nets allow some
free expansion, and the cation Li does not interfere with the main
framework. In KZrgCl,sFe, since the two types cluster chains are
interconnected, elongation of Zr-Cl2-2 will cause stress on the chains.
Under this circumstange, the lattice modifies itself by bending the

chains.



Figure 34.

190

The [001] projection of KZrgCl,cFe showing the distortions
of the cluster framework and the cation locations. Atoms _
are shown with their anisotropic thermal ellipsoids of 90%
probability except the K3 ions which are represented with
30% probability. C11 atoms are omitted



191

The expansion of the cluster cores not only fﬁrces the individual
éhq1ns to bend, but it also has effects on the packing of the chains.
These are observed in the company of the distortions of the chlorine
sublattice and modifications of the K positions. Based on the refined
model, there are four crystallographically independent K sites. As this
superstructure is only observed for KirsCl,;Fe and RbZryCl1,;Fe but not
for the corresponding.Cs salt, it is evident that the countercations
play important rojes in the establishment of the lattice distortion.
Their locations (Figure 34) and their coordination polyhedra (Figure 35)
adopt to the change in the main structure framework and facilitate the
modifications of the cluster chains.

The cation K1 in KZrgClisFe is related to the K site in KCsZryC1,sB,
and the latter is split into two positions in the supercell of
KZrgCl,sFe. While K1 fills one of these sites with occupancy of 19(1)%,
its counterpart is left empty. Examining these two possible positions
which are located between a pair of terminal Cl afoms{ namely, C12 in
the bent chain, and C13 or C13’ in the zigzag chain, one notices that
the selected occupation of these sites creates aﬁ unbalanced force
around the C12 atoms which pulls the cluster chains along the B axis
toward the zigzag chains. As the K1 location changes along the ¥ axis,
the C12 atoms move to alternative directions in the plane-perpendicular
to the ¢ axis, replacing the linear chains in the parent structure with
wavy chains that have bent joints at the Cl12-2 (C12) atoms. Kl has
coordination number of ten, and average K1-C1 distance of 3.48 A (Table
34, the range is 3.23 A to 3.60 A). Its chemical environment is very
similar to that of K in KCsZrgC1,;B (average K-C1 distance 3.438 A,
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Ci2

cho

Figure 35.
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Ci3

CI5

cis

Qais Cl3’

The coordination environments of the four K sites in
KZrgCl,sFe (30% for K3, 90% probability for the rest of the
atoms). C1 atoms with C1-K distances smaller than 4 A are
connected to the K ions. The symmetries of these positions
are: C; at K1, mirror in the plane of the paper; C,, for K2
and K2’, 2-fold axis vertical and one mirror in the plane
of the paper; C, between the two K3 ions. The views are
identical to the one in Figure 34 with 3 horizontal and B
vertical
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Table 34. Important Distances (A) in KZryCl,;Fe: the Cations

K1-Cl12  x1 3.23(3) K3-C11  x1 4.28(2)
K1-C13  «x1 3.42(3) K3-C12 x1 3.83(1)
K1-C16  x2 3.45(2) . K3-C14  x1' 4.12(2)
K1-C17’ x2 3.50(3) K3-C14  x1 3.46(2)
K1-C110’ x2 3.60(3) K3-C19  x1 3.18(1)
K1-C111  x2 3.52(3) K3-C110 x1 3.54(2)

d CN=10 3.48 K3-C110 x1 4.06(1)

K3-C110’ x1 3.32(1)
K3-C110’ x1 4.49(2)
K3-C111 x1 3.85(2)
K3-C111" x1  3.83(1)

K2-C15 x2  3.488(6) K2’-C15' x2 3.481(6)
K2-C17 x4  3.375(8) Ke'-C17' x4 3.77(2)
K2-C18 x2  3.450(5) K2’-C18' x2 3.528(4)
K2-C13’ x1  5.01(1) K2’-C13’ x1. 3.82(3)
K2-C13 x1  5.57(1) K1’-C13  x1 5.50(3)

K2-C16 x4 5.909(9) K1’'-C16’ x4 4.64 (2)
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range 3.347 to 3.529 A).47 The coordination polyhedron possesses the
same symmetry, C,, as in the parent structure and the Zr-Cl1! distances
increase as the results of the lattice expansion and the tilting of the
cluster units in the bent chain with respect to the 8 direction. The
other effect of the bending of the cluster chain toward the K1 atoms is
that the K1-C12 and K1-C13 become closer. As a consequence, the
coordination environment is less isotropical, reflected by the thermal
ellipsoid which is flat in the 3 direction. A Ki-ClZ distance that is
significantly shorter than the sum of the crystal radii of K* and C1-
(1.64 + 1.76 = 3.40 A)®6 might be responsible for the low occupancy
(19(1)%) of this position.

The empty counterpart of K1 has an average distance to its ten
neighboring C1 atoms of 3.53 A and is elongated along the 3 axis (C12-
C13’, 7.59 A vs C12-C13, 6.65 A). Occupation of this position by a K
ion is apparently less favorable.

Implied by their labéls, K2 and K2’ share the common origin, which
is the Csl position in the parent compound KCsZriC1,;.B. The K2 and K2’
atoms both reside in cavities between clusters in the zigzag chain, and
are surrounded by a pair of zigzag chains, and a. pair of bent chains.
As the cluster chains along the B direction bend, the zigzag chains are
brought together in pairs, and the distances between the center of a
cluster chain and its two adjacent neighbors differ by 1.07 A. This
enlarges the K2 site while closing up the K2’ position. Both of these
cation coordination polyhedra are still elongated along the B direction,
resembling that for Csl in the parent compound, and the longest axis of

the polyhedron around K2 (C13-K2-C13’ 10.58 A) is 1.26 A larger than
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that for K2’ (C13-K2’-C13’ 9.32 A). As the consequence, K2 sits at
approximately thé center of the larger cavity, while K2’ moves much
closer to C13’ as an effort to maximize the coulombic interaction. This
results in two cation sites with different coordination numbers. Since
they both are large enough for K* ions, the observed difference in their
occupancies is attributed to the difference in their coordination
polyhedra and the cation-anion interactions. With a relatively
isotropical environment and high coordination number, the fully occupied
K2’ site is preferred over the K2 site that has the occupancy of 64(1)%.
It is also noticed that both K2 and K2’ are closer to the C13’
positions, while a pair of K1 ions are near to the C13 atom, resulting
in similar chemical environments for the two C12-2 atoms along the
zigzag chain. .

The K3 site in KZrgCl,;Fe is derived from the Cs2 in the
KCsZrgC1,s8.47 In the parent compound, Cs2 (point symmetry C, ) is
located between a pair of linear chains. Its coordination polyhedron is
known to be highly anisotropic, reflected by its peculiar thermal
ellipsoid with rather large size. As a result of the lattice expansion
accompanying the change of the interstitial atom, this type of cavity in
KZrgCl,sFe becomes 0.08 A larger. Counting only the nearest C1
neighbors (K-C1 <4 A, CN=8), the average radius is 3.58 A, about the
same as thaf for the K2’ site. Yet, in order to provide more efficient
K-C1 interactions, K3 prefers moving to one end of the highly
anisotropic coordination. As the K moves off the center of the cavity
that has the C, symmetry, a pair of symmetry-related K positions that

are 50% occupied and 3.01 A apart are generated. Random occupation of
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these sites in KZIrgCl,sFe is required by the lattice symmetry from the
crystallographic point of view. Furthermore, since the main body of the
structure appears to agree well with the symmetry elements in the
lattice, the two K atoms in this pair have identical chemical
environment and therefore should have equal occupancies. As the split K
cations are located at each end of the elangated thermal ellipsoid of
Cs2 in KCsZrgCl,sB, the orientation of the thermal ellipsoid is now
changed by about 90°. It points in the direction where it is rather
open with C19 as the only close neighbor. The coupling of these two
sites in the refinement process might have also contributed to the
anisotropic thermal ellipsoid of K3.

It seems that although the expansion of the cluster core is
essential in inducing the above structure modification, a smaller
countercation that facilitates the disproportionation of the cation
sites is another requirement that has to be fulfilled. In fact,
RbZrgC1,sFe has a similar supercell, but the superstructure reflections
on the axial photos are weaker compared with those for KZrgCl,sFe,
whereas, CsZrgCl,;Fe gives clean Weissenberg pictures without any
superstructure spots. This implies that the tendency for the structure
distortion decreases as the counter cation becomes larger. In addition,
the lattice parameters of the MZrgCl,;Fe compounds do not show a regular
change as the size of the countercation varies. Instead, an obvious
lattice contraction is observed when K* is replaced by Rb*. A similar
phenomenon was observed in the carbide series and was explained in terms
of the structure variations involving the cation position change.4’

Although in KZrgC1,.Fe the countercation K is distributed over the
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positions derived from K, Csl and Cs2 in KCsNbgC1,;B rather than
occupying one type of cation site, it is 1ikely that structure modifica-
tions also occur in the iron compounds related to the selectivity of the
cations toward the cavities of different size. In this series, it is
plausible that the Rb* ions chooses only positions of the Cs iypes,
resulting in the lattice contraction. Yet, with a relatfvely small
size, Rb ions still prefer to occupy positions with optimized
coordination conditions that are generated by splitting the oversized
cavities, i.e., the Csl type in CsNbsCl,s structure. Therefore, it
enhances the distortion of the cluster framework in RbZrgCl,.Fe. As the
size of the cation further increases, the undistorted large cavities in
the lattice of CsZrgCl;sFe become suitable for Cs. Consequently,

CsZrgCl sFe does not exhibit the above superstructure.

As an additional observation, the droup of 6-15 phases under
discussion all have the distances between the centers of the neighboring
clusters in the "tinear" chain smaller than 10 A, which are
significantly shorter than the corresponding values (~10.2 A) in the
NbgFis type compounds. Even in KZriCl,;Fe where the teﬁsion created by
cluster expansion is reieased though bending of the linear chains, the
Ir-Cla-a distances in this direction [2.584(5) and 2.604(5) A] are still
shorter than those in all the NbgF,;-type compounds by at least 0.05 A.
As the lattice contracts in RbZrgC1,sFe or CsZryCl,;Fe, the Zr-Cla-2
distances in the pseudo linear chains are estimated to be 2.58 A and
2.52 A, respectively. Due to the structure change, the differences in
the Zr-Cl2-2 distances between the two groups of 6-15 compounds is not

surprising. Nevertheless, with the shortest Zr-C12-2 distance in all
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known Zr-Cl1 clusters, it is possible that CsZrg(l,;Fe also undergoes
lattice distortions. Since the superstructure is not observed for

CsZrgCl,sFe, this distortion must occur though a mechanism different
from the one detected for KZrgCl,sFe.

The structure analyses on MZr,Cl,;Fe (M = K, Rb, Cs) compdunds that
have the CsNbeCl,; type cluster framework provide a new structure
modification of the parent compound. Comparison of these phases with
their carbide analogues reveals a corre]ation between structure and
cluster size. In addition, the structure evolution associated with
cation changes is also demonstrated. These 6bservations suggest that
nearly every structure feature must be the collective result of numerous
factors, and compensation between these factors will result in a stable

phase with a specific structure.
3rgCly 4 TYP®

NbgC1,4%® has many analogues in the zirconium halide cluster systems
owing to the diversities of both the interstitial elements and the
countercations. Previous research has provided ir—l clusters of this
type with a wide range of centering atoms, including main-group'elements
(8, ¢, P, Si, Al, K),24.30,31 and transition metals (Mn, Fe, Co).33
Following the electron counting rules more strictly, the centering atoms
of the ZrgCl,, examples had been 1imited to boron and carbon®? until the
transition metals were introduced into the chloride systems in the
present work. The new ZrgCl,, cluster phases with the transition metal
interstit{als, namely, ZrgCl,,Fe, ZrsC1, Mn and MZr,Cl,,Mn (M = alkali

metal) resemble their main-group element analogues in terms of the
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structure frameworks, and cluster electron counts are close to the
optimal value. In addition, the MZreCl,,Mn series shows an interesting
correlation between the lattice expansion and the size of the
countercation. - Although a parallel observation had also been made for
the boron series,42 it was not explained until the structure of
LiZrgCl,Mn was solved.

Synthesis The new ZrgC1,, compounds that are related to NbgC1,,
are presented in Table 35. Among the 18-electron cluster phases,
IrgCl ,Fe and MZrgCl;Mn (M = K, Rb, Cs)’S could be made regularly in high
yields with the appropriate stoichiometries, and these.were often
observed as side products co-existing with other cluster compounds, or
as alternative products when a reaction failed to give the expected
phases, implying a relatively high stability for‘thesé compounds. On
the other hand, LiZrgC1,,Mn could be only obtained as a single phase
around 750°C. As the temperature was increased to 850°C, an on-
stoichiometry reaction produced Li,ZrgC1,:Mn and ZrC1. Similarly, at
800°C, NaZreCl,,Mn was obtained in the company of ZrCl and other less
reduced phases, but its yield could be greatly improved to about 90%
(plus 10% of an unknown phase) by lowering the reaction temperature to
750°C. The differences of the thermal stabilities that separate the 18-
electron MZrgCl,,Mn compounds into two groups will be rationalized by
their structural differences. '

The 17-electron cluster ZrgCl,Mn was first observed after an
attempt to synthesize ZrgCl,3Mn, a hypothetical 18-electron hypothetical
analogue of ZrgC1,;8 with the KZryC1,,Be structuré.25 However, when the

interstitial boron is replaced by Mn, the expansion of the cluster core
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Table 35. Cell Parameters (A) and Volume (A3) of MZrgC1,,Z Compounds®
(space group Cmca) '

cation

site.

compound a b c v typet
. IrgCl Mn’ 14.486(2) 12.793(3) 11.803(2) 2187.2(7) -
LiZrgCl,,Mn 14.507(2) 12.858(2) 11.786(2) 2198.6(5) a
NaZrGCI“Mn 14.478(6) 13.026(4) 11.752(4) 2216(1) a
KZrgCl,,Mn 14.347(2) 12.838(2) 11.796(2) 2172.6(2) b
RbZrgC1,,Mn 14.3451(8) 12.8444(8) 11.8453(6) 2182.5(2) b
CsZrgCl,Mn 14.381(1). 12.869(1) 11.933(1) 2208.4(3) b
IrgCl, Fe 14.332(4) 12.772(4) 11.778(6) 2156(1) -

2A11 values are from Guinier powder diffraction data.
bThe cation site type a is defined as the Li position in
LiZrgC1Mn, and b as the Cs position in CsZrgl,,C.
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must introduce an instability in the less flexible lattice that contains
not only outer-outer chlorine sharing but also the inner-inner afom
sharing. Apparently, thlis instability is sufficient to cause the.
formation of a 17-electron cluster with the NbgCl,, structure,® and the
less than optimal metal-metal bonding is traded for the more favorable
lattice energy. This again indicates that the stability of a cluster
phase is the result of a delicate balance between numerous factors. As
a 17-electron cluster, the formation of ZrsCl,,Mn is also sensitive to
the reaction temperatures. Stoichiometric reactions at 800°C yielded
only noncluster phases such as ZrCl, and ZrC1, while ZrgCl,,Mn was
produced when the temperature was lowered to 700°C.

As an additional observation, the NaZrgCl,Mn reaction system was
noted to produce a mixture of the target compound and an unknown phase.

This unidentified phase has been repeatedly observed and can be obtained

. as the main product with the NaCl:NaZrsCl,Mn ratio of 5:1. It provides

a large number of reflections in the low angle region of a powder X-ray
diffraction pattern, and it will be necessary to obtain single crystal
to determine its structure.

Single crystal X-ray analyses were perforfned on ZrgCl,,Fe and
LiZrgCl,Mn to confirm the stoichiometries and to explain the puzzling
lattice expansion trend in the MZrgCl,,Mn series. The single crystal of
Zr6C114Fé was not obtained from several reactions started with the
appropriate stoichiometry. Instead, small crystals were found from a
reaction loaded to make "NaZryC1,,Fe" (750°C, slow cooling). Based on
the lattice constants, which were essentially identical to those of

ZrgCl 4Fe, it seemed probable that the planned 19-electron cluster phase
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had never formed. The structural analysis on one of the crystals also
proved that Na was absent in the.lattice. Following the same path,
LiZrgC1,,Mn was also obtained from an off-stoichiometry reaction that
was designed to produce L1i,ZrgC1,;Mn (950-800°C, temperature gradient).
Rather than a single phase product, two cluster phases, namely,
LiZrgCl,Mn and Li,ZrgC1,Mn, were obtained from this reaction. Although
the total yield of both tluster phases was no higher than 40%, the
crystals enabled the single crystal X-ray analysés on the two compounds.
Structure determinations Intensity data for the structure
refinement of ZrgCl,,Fe were collected on a SYNTEX diffractometer.
Because of the small size of the crystal, the intrinsic properties of
the structure that result in a small number of strong reflections, and
the limited power of the incident beam, the observed diffraction
intensities were low. A thirty-minute rotation photo on the SYNTEX
diffractometer barely gave enough reflections to determine the orien-
tation matrix. Based on the fifteen reflections, BLIND gave a primitive
monoclinic cell which was transformed to the conventional C-centered
orthorhombic cell in the same setting as the model compound, NbyC1,,.
Then low angle reflections were replaced by higher angle ones to improve
the accuracy of the orientatibn matrix. Axial photos were taken for
both the primitive cell and the C-centered cell, and all the expected
mirror symmetries confirmed that the Laue symmetry of the latter was
mmm. Data from two octants (hk¢, —hk2) with 28 < 55° were collected
(Table 36) for the C-centered cell using variable scan rates from 2.02°

to 19.53° per minute. An empirical absorption correction was applied to
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Table 36. Crystal Data for ZrgCly,Fe

space group
z

a, A2

b, A

c, A

Vv, A3
crystal dimen, mm
data collection instrument
scan mode
20, deg
reflections

measured

observed

observed independent
absorp coeff u, cm! (Mo Ka)
range of transm coeff
RGVG’ %
second ext coeff
R, %
Res %

largest residue peak, e-/A3

Cmca (No. 64)
4

14.332(4)
12.772(4)
11.778(6)
2152(1)

0.10 x 0.09 x 0.05
SYNTEX P2,

(7}

55

th;k, £

2723

778

489

51.52
0.543-0.721
4.7

0.12(8) x 10-*
5.5

5.5

0.6

aGuinier powder diffraction data (18 observations).
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the raw data baséd on three y-scans at approxima;ely 15°, 25°, and 40°
20 angles.

The data set was then reduced and averaged in space group Cmca after
the absence conditions (hke, h+k=2n; hOk, k=2n; hk0, h=2n) were
confirmed. Positions of zirconium and chlorine atoms in Zr,Cl,C were
used as the starting model, and following the isotropic refinements of
these atoms (R = 0.162, R, = 0.222), a electron difference map was
calculated, from which a residue of about 10 e-/A3 was found at the
center of the zirconium cluster. Therefore, an iron was added to the
structure refinement, and the isotropic refinement of the two
zirconiums, five chlorines, and the iron gave R=0.071, R,=0.116. At
this stage the different map was calculated, and it was essentially flat
except a few ghost peaks of 0.6 e:/A? around C1(5). The anisotropic
refinement of the thermal parameters improved R to 0.055. The final
difference map which was flat within 0.6 e-/A3 did not provide any
evidence that so&ium'atoms existed in the structure. Effort was also
made to refine the occupancy of the interstitial iron atom. However, no
significant change in the iron occupancy (102(2)%) was observed.

. Therefore it is reported as fully occhpied, in agreement with the 18-
electron rule. The final structure solution is presented in Table 37.
The data collection 6n LiZrgC1,,Mn were conducted on a CAD4
diffractometer. The orientation matrix and the cell constants were
established by employing the program SEARCH, -INDEX, and TRANS
successively. Axial photos about the three principal axes and the [110]
direction were then taken, confirming that the unit cell was C-centered

orthorhombic. Considering the fact that the structure determination
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Table 37. Positional and Thermal Parameters for ZrgCl,,Fe

X y z By
lrl 0.3778(1) 0.0739(2) 0.8805(2) 0.92(8)
ir2 0 0.3440(3) 0.8877(4) . 0.9(1)
c112 0.1231(6) 0.0866(4) 0.2517(6) 1.7(3)
c12 0.1240(6) 0.2548(6) 0.0073(6) 1.8(2)
c13 1/4 0.342(1) 1/4 | 1.8(4)
C14 0 0.157(1) 0.758(1) 1.4(4)
C15 0.2472(6) 0 0 0.7(4)
Fel 0 0 1/2 1.0(3)
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Bz B3 B12 By Bzs Bag
1.09(8) 0.49(7) -0.08(9) 0.2(1) 0.01(9) 0.83(8)
1.1(1) 0.4(1) 0 0 +=0.3(1) 0.8(1)
1.6(3) 1.0(2) 0.4(5) 0.5(2) 0.3(1)  1.43(3)
1.4(2) 1.0(2) 0.4(2) 0.4(2) - -0.2(2) 1.4(2)
1.5(4) 1.2(2) 0 -1.0(4) 0 1.5(3)
1.6(4) 0.9(4) 0 0 -0.5(3) 1.3(4)
2.3(5) 1.5(4) 0 0 0.8(4)  1.5(4)
0.9(4) 0.2(3) 0 0 0.3(3) 0.7(3)
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might involve refinement of a 1ight atom, Li, two octants of data were
collected up to 20 of 60° with the refléction condition h+k=2n. Other
important crystal data are listed in Table 38.

On examining the data, two additional independent reflection
conditions were observed (0k&, €=2n; hkO, k=2n), which 1mplied that the
possible space groups were Cc2a (a nonstandard setting of Aba2), or Ccmb
(a nonstandard setting of Cmca). Since the parent compound NbgC1,,
belongs to space group Cmca,*® Ccmb was chosen and transformed to the
standard setting. The data were first corrected for nonlinear decay
(4.1% in 35.9 hours) since the three intensity standards decreased at
rather different rates (2,-4,-4 0.08% per hour; -1,-5,-3 0.19% per hour;
8,-4,0 0.06% per hour). Then, an empirical absorption correction was
applied with 10 y-scans. Symmetry extinct reflections were eliminated
from the data set after the validity of the reflection conditions were
confirmed (hkf, k+f=2n; h0¢, €=2n; hk0 h=2n). The reduced data set
including all reflections (2768) with non-negative intensities (I>0)
were averaged. The main part of the structure framework, including
atoms other than Li, was refined with strong reflections (I>30,, 883) by
using ZrgCl,,Fe as the model. The isotropic and anisotropic refinements
were quickly converged at R=4.1%, R =5.3%.

According to the cluster electron coun;ing rule and the composition
of the starting materials, there should have been a countercation, Li*,
in the lattice. Therefore, efforts were made to locate the Li atom by
including weaker reflections (0<I<30;) in the refinements. A difference
Fourier map was calculated, yet the position corresponding to the

counter cation site in CsZrgl ,Fe was clean. Instead, there was a 1.9



Table 38. Crystal Data for LiZrgCl,,Mn

208

space group
A

a, A

b, A

c, A

v, A3
crystal dimen, mm
data collection instrument
scan mode
20,,y» deg
reflections

measured

observed

observed independent
absorp coeff u, cm! (Mo Ka)
range of transm coeff
Ruver %
second ext coeff
R, %
Res %

largest residue peak, e-/A3

Cmca (No. 64)

4

14.507(2)
12.858(2)
11.786(2)
2198.5(7)

0.22 x 0.24 x 0.24
ENRAF NONIUS CAD4
W

60

h,k,1¢

. 3414

(1>0) 2768 (1>30;) 1864
1350 883

55.2

0.88 - 1.00

5.1

6(2) x 10-8

6.8

5.3

+1.6 (0.48 A, Zrl)

-1.7 (0.69 A, Mn)

3Guinier powder diffraction data (55 observations).
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e-/A3 residue peak in one interstice surrounded by six C1’s. This peak
was then assigned to Li, and simultaneous refinement of its thermal
parameters and the multiplicity was successful. The converged
refinement gave reasonable occupancy of 25.2(2)% for each of the 16
symmetry related positions, which corresponds to one Li per ciuster
unit. In addition, the Li thermal parameters and the Li-Cl1 distances
were also plausible.

To examine the contribution of the weak reflections in the
structure determination, the data were reaveraged with 30 cut-off, and
the refinement was repeated starting at the point that the Li atom was
located. Anisotropic refinement of all the eight heavy atoms gave a
rather flat difference Fourier map, with the highest positive residue
peak being a ghost peak around Zr2 (1.33 e-/A3, 0.53 A). However, among

‘the top five peaks, there were two that were close to the Li position

determined by including weak reflections (1.32 and 1.33 e-/A3, 0.23 A
apart). After refining Li at this position and its thermal parameters
as well as the multiplicity, the structure solution was essentially the
same as the one refined with all reflections, which suggests that
although the weak reflections did help to locate the l{ght atom Li,
their contribution was not enough to make a difference in the final
results. The standard deviations of parameters were slightly higher
with fewer observations.

The multiplicity of the Mn position was also studied. Again,
shrinkage in thermal parameters and a decrease in occupancy to 90.0(4)%
accompanied by a reduction of the negative ghost peaks around Mn were

observed no matter whether the data set included the weaker reflections
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or not. Based on the arguments presented before, this phenomenon was
considered to be a result of a possible imperfect crystallographic work
rather than a defect interstitial position. The interstitial site was

set to be fully occupied, which caused slight increase of the negative

residue around Mn from -1.3 e/A3 to -1.6 e-/Ad. -

The final difference map was essentially flat, showing ghost peaks
around Zrl, Zr2 and Mn. However, among those with electron density
larger that 1 e-/A3, there was one residue peak of 1.0 e-/A3 at the
origin of the unit cell, which cori‘esponds to the cation position
CsZrgl,,Fe. Refinement of a second Li atom was attempfed, yet failed as
indicated by an unreasonably large B,,,. Therefore, the stoichiometry
determined by single crystal X-ray analysis agree well with that of the
18 e~ cluster compound LiZrgCl,,Mn. The positional and thermal
parameters refined with strong reflections (I>30;) are reported in Table

39.

Structure description The structure frameworks in ZrgCl,Fe and
LiZrgCl Mn are essenfiany identical to that in the parent compound

NbgC1,,. It contains a three-dimensional cluster network
[ZrgCl;0'Cly/51-21C14/p28CY, %% (Figure 36) and, in LiZrgCl,Mn, a
countercation Li* occupying a distorted chlorine octahedral interstice
between clusters.

Similar to those in ZrgC1,,C and ZrgC1,,B,42 the cluster cores with
Fe and Mn interstitials may be considered as undergoing a tetragonal
distortion (Tables 40 and 41;, the Zr-Mn and Zr-.Fe distances differ by
0.039 A, 2%, and 0.646 A, 2%, respectively), which is expected because

of the asymmetric nature of the terminal chlorine atoms. However, the



Table 39. Positional and Thermal Parameters for LiZrgCl,,Mn

X y z By

irl 0.38093(5) 0.07327(5) 0.38124(5) .35(2)
Zr2 0 0.34636(8) 0.88801(9) .46(3)-
c11 0.1234(1) 0.0870(1) 0.2503(2) .89(7)
c12 0.1239(1) 0.2557(2) 0.0063(2) .94(6)
c13 1/4 0.3411(2) 1/4 .83(9)
Cl4 0 0.1576(2) 0.7600(2) .9(1)
C15 0.2491(2) 0 0 .23(8)
Mn 0 0 1/2 .95(9)
L1 0.251(4) 0.676(4) 0.153(5)
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Ba B33 82 B3 B3 Beg
1.72(é) 1.06(2) ' -0.03(2) -0.09(2) 0.02(2) 1.38(1)
. 1.57(3) 1.16(3) 0 0 -0.05(4) 1.40(2)
2.04(6) 1.55(5) 0.28(6) 0.58(6) 0.48(6) 1.83(3)
1.77(5) 1.72(6) 0.50(6) -0.33(6) -0.22(5)- 1.81(3)
2.17(9) 1.96(8) 0 -0.52(9) 0 1.99(5)
2.5(1) 1.33(8) 0 0 " -0.46(9) 1.90(5)
2.51(9) 1.61(8) 0 0 0.43(8)  1.79(4)
2.09(9) 1.38(8) 0 0 0.01(8)  1.81(4)

- - - - - 1.9(8)




Figure 36.

The three-dimensional structure framework and the Li* locations LiZrgCl,Mn (90%
probability). The Cs atoms in the related CsZrgl,,C structure are at the corners and
face centers of the unit cell

€le



Table 40. Interatomic Distances in ZrgCl,,Fe (A)

214

Ir-lr

Ir-Fe

Zr-Cli

Ir-Cli-e
Zr-Cla-i

Ir-Cla-a

Zrl-7rl

Irl-Irl

Zrl-2r2

Irl-Ir2
d

Zrl-Fe
Ir2-Fe
d

Zr1-C15
Zr1-C12
Zrl1-C11

Zr2-C11 -

1r2-C12
d

r1-C14

Zr2-C14

Zr1-C13

- X2

X2
X4
X4

X4
X2

X2
X2
X2
X2
X2

X2

X2

X4

3

3.

3
3
3

N

~N

N NN N NN

.390(5)
503 (4)
.420(4)
.410(5)
.246

.438(2)
.392(4)
.423

.526(7)
.557(8)
.552(7)
.544(9)
.539(8)
.544

.62(1)
.84(2)

.624(7)
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Table 41. Important Distances and Angles in LiZrgCl,Mn

Distances (A)

Zr-Mn “Zrl-Mn x4  2.4147(7) Li-C11  x1  2.44(6)

Zr2-Mn x2 2.376(1) x1 2.45(6)
d 2.402 Li-Cl2 x1 2.78(6)
Ir-Ir Irl-Irl X2 3.375(1) x1 2.71(6)
x2 3.455(1) Li-C13  x1 2.41(5)
Irl-Zr2 x4 3.384(1) Li-C15 x1  2.89(5)
x4 3.392(1) d 2.61
d 3.397
Ir-Cl! Zr1-C15 x4 2.551(2)
Ir1-Cl1 x4 2.576(2)
Ir1-C12 x4 2.568(2)
2r2-C11 x4 2.564(2)
Ir2-C12 x4 2.556(2)
d 2.563
Zr-C1i-a  Zrl1-C14 x4 2.633(2)
Ir-C12-1  Zr2-C14  x2 2.857(3)
IZr-C1>-2  Zrl-C13 x4 2.685(1)
Angles (°)
C11-Zr1-C12 x4 173.54(7)
C14-2r1-C15 x4 172.39(6)
C11-Zr2-Cl12 x4 171.38(8)

average 172.44
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striking 0.08 A difference of the two Zrl-Zrl distances makes the
distortioﬁ pattern greater than the cases of the carbide and boride
clusters,'in which the Zrl-Zrl distances differ by 0.04 A. On one hand,
this difference is not surprising due to the different functions of the
bridging chlorines; on the other hand, 5t is not.obvious why this
discrepancy should be more profound in the transition-metal compounds.
It could be the result of the difference in the electronic structure
between 14 e~ and 18 e~ clusters, and/or the consequence of cluster
expansion. Except the distortion discussed above, the cluster unit
behaves rather normally in the sense that the average Zr-Fe and Zr-Mn
distances agree with those in other related cluster phases (e.g.,
Li,ZrCl sMn, 2.4111(6) A; Cs3ZrClZrgCl Mn, 2.4142(4) A; LiZrsCl,cFe,
2.424(1) A; KZrgCl,sFe, ave. 2.423 A). When these two isostructural 18-
electron clusters are compared with each other, a smaller cluster coré
in LiZrgCl Mn is observed. Similar to what is observed in the
transition-metal centered iodide cluster systems, a lengthening of the
Ir-C1! distances accompanies the decrease in cluster core size. At the
same time, the lattice of LiZrgCl,Mn is expanded due to the
incorporation of the countercation Li*, which results in the stretching
of the Zr-C12 distances.

One other interesting aspect of these single crystal studies is the
locatition of the countercation in LiZryCl,,Mn. In contrast to the
larger monovalent cations, which occupy a twelve-coordinate position in
the close-packed layers, the single crystal study and 7Li solid state
NMR data (below) have shown that Li* chooses a distorted octahedral
interstice between close-packed layers (Figure 37). The average Li-C)
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The Li coordination environment in LiZrgCl ,Mn (90%
probability)
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"distance (2.61 A) is slightly Tonger than the sum of C1- and six-

coordinate Li* crystal radii (1.67 + 0.90 A)86 as expected for a
partially occupied position. The location of the Li is not at the
center of the interstice but closer to one of the triangular faces,
resulting in three short and three long Li-C1 distances. This
displacement of the Li atom by about 0.6 A is not surprising when the
size of the vacancy and the surrounding cluster units are taken into
consideration. As shown by Figure 37, on one side of the Li
coordination polyhedron, there are Zr atoms residing between the same
pair of C1 layers at rather close distances (<3.76 A), while on the
other side, the Zr atoms are farther away (>3.96 A). The interaction
between the positive charged ions displacés Li* from the center of the
slight oversized polyhedron. This_explain§ the three short Li-Cl
distances which do not agree with the value for coordination number of
six and, since the other three C1 atoms have Li—C1 distances larger than
the expected value, a lower effective coordination number may result.
This fact is helpful in understanding the quadrupole coupling constant
of Li in this phase, which is smaller than that in Li,ZrgCl,sMn. Since
the 12-coordinate cation position has an average distance of 3.64 A to
C1 atoms, occupation of it cannot provide sufficient Li-C1 interaction,
and therefore it is left empty.

L1 solid state MMR for LiZr.Cl,.Mn To provide supporting
evidences for the results of the single crystal study on LiZryCl,,Mn, 7Li
solid state NMR experiments were conducted. The sample was prepared by
reacting stoichiometric amounts of starting materials at 750°C for 20

days followed by annealing at 580°C for 20 days. The product was a
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black powder and was free of impurities detectable by X-ray diffraction.
A 50 mg sample was sealed in a piece of Pyrex tubing under vacuum, and a
static spectrum was taken at room temperature.

The spectrum (Figure 38) shows a signal with a sharp central peak
and two rather featureless side bands. The fact that only one signal is
observed is consistent with the X-ray analysis which revealed that there
is only one type of Li position in LiZrgCl,,Mn. The line shape of the
signal is distinctly different from that of LiC1, which is a typical
Gaussian peak (Figure 4), and this confirms the gxistence of Li in a
position with symmetry lower than cubic.' The chemical shift of the
signal with respect to LiC1 of —2.2 ppm is rather small compared with
+11.6 ppm in LiBZranIQH, indicating similar chemical environments of Li
atoms in LiZrgCl;Mn and LiCl, i.e., the number of C1 atoms around the
Li and the charge distributions between Li and C1 are similar in both
compounds. The poor profile of the side bands presumably is associated
with the poor crystallinity of the sample which was prepared at a
relatively low temperature. In addition, instrumental limitations
caused difficulties to locate the centers of the side bands, therefore
making it impossible to determine the asymmetric parameter (n) and the
quadrupole coupling constant (Q.) with accuracy. Nevertheless, the less
distinctive side bands, in contrast to those in Li,ZrsCl,sMn, imply a
symmetry lower than axial for the Li in LiZrgCl,Mn kn>0), which agrees
with the evidence provided by X-ray analysis that Li sits on a general
position (n#0). Furthermore, the line profile of this spectrum is
certainly different from that for n=1, which has washed-out singlets and

shoulders, and is essentiilly one broad central peak.8 The single
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-2.2 ppm
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Figure 38. A room temperature Li solid state NMR spectrum of
LiZrgCl,,Mn
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crystal X-ray diffraction indicated that although the Li site does not
have a well-defined axial symmetry, the three short and three long Li-C1
distances impose a pseudo three-fold axis along €, and n is expected to
be not too far away from zero. Assuming n is close to 0, one can
estimate Q. to be smaller than but in the vicinity of 0.014 MHz by
assigning the edges of the side bands to be the singlets at t60 ppm (7,
= Q. = 120 ppm, 14 kHz). The small value of Q. compared with 58 kHz for
Li,ZreCl sMn is not understood; yet, it is probably associated with the
Tower occupancy (25% vs 33%), lower symmetry, and the three long Li-C1
distances in this compound. Again, the results of ’Li NMR are not
conclusive by themselves. However, they support the fact that Li is in
the lattice and agree with the symmetry of Li position established by X-

ray structure determination.

The two structure variations in the MZr.Cl,.Z series It was

known that the cell volume of LiZr,Cl,,B does not fit into the volume-
change trend of the other MZrgC1,,B compounds, although it also has a 14
cluster electron count.2 Similarly irregular lattice expansion is
observed for the MZri,Cl,Mn series (Table 35), and based on the
experience, such phenomena usually imply structure modificationé..

The present study on LiZrgCl,,Mn was able to locate the Li atom in
the 6-14 lattice by combining 7Li solid state NMR and X-ray diffraction.
It proves that besides CsZrgl;,C, 16.24 there is a second modification of
the original NbgCl,, structure.4® While a large cation such as Cs
occupies the 12-coordinate position, the smaller Li cation sits in a
six-coordinate position with 25% occupancy in LiZrgCl,Mn. With this

information, the discontinuity in the cell volume vs the volume
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increment’ of the countercations in the MZrgCl,,Z (Z = B, Mn) series
(Figure 39, Table 42) can be rationalized. Although ZrgCl,,Mn is a 17-
electron cluster phase, it still may be used as a helpful reference, as
long as the lattice expansion owing to the oxidation of the cluster
core, which is usually less profound than that caused by cation
variations, is éiso kept in mind. .

For the Mn series, Li* and apparently Na* choose the six-coordinate
positition, because the alternative 12-coordinate position is too large
to provide sufficient cation-anion interactions.” Taking ry; = 1.79 A,
which is the half of the average C1-C1 distance in LiZrgCl,Mn, the r 58
of Li or Na is larger than the size of a six-coordinate interstice
(~0.41 r. for a closest packed anion lattice). The incorporation of
these cations enlarges the interstice and therefore causes lattice
expansion with respect to ZrgCl,Mn. As the r,./r_ increases, the CN=6
position becomes less favorable compared with the CN=12 site, and the K,
Rb and Cs compounds adopt the latter CsZryl,,C structure. In this case,
for cations with rﬁ/r- smaller than one, the interaction between cations
and the chlorine atoms tends to pull the C1 atoms closer to certain
extent, resulting a net volume decrease with respect to ZrgCl,,Mn; while
for Cs* with r,/r_ greater than one, the repu]siqn between nuclei
induces a lattice expansion, as expected.

A similar trend in volume variation was also observed for the
boride series with the discontinuity occurring between LiZr¢C1,,B and
NaZreCl1,,B. Yet, the irregular cell volume of LiZrgC1,,B was not
explained because of the lack of conclusive evidenées to verify the

content and the location of Li in the lattice. As the Li involvement is
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Figure 39. The correlation between the formula volume and the volume

increment of the countercations in the MZry,C1,,Z (M = alkali
metal, Z = Mn, B) series



Table 42. The Relationship Between the Cation Sizes and the Structure Types in the

MZreC1,,Z Series (M = alkali metal, Z = Mn, B)

M Z=Mn

1=8
volume formula structure formula structure
M r(CN=6) r(CN=12) increment(A3) volume (A3) type? volume (A3) type?
) (CN=6) ' :
- - - - 546.8(2) - 519.7(1) -
Li 0.90 - 1.5 549.7(1) a 520.4(2) a
Na 1.16 1.53 6.5 554.0(3) | a 514.9(1) b
K 1.52 1.78 16 - 543.2(2) b 515.3(1) b
Rb 1.66 1.86 20 545.6(1) b 518.6(1) b
Cs 1.81 2.02 . 26 552.1(1) b 524.7(1) b

3Structure type a is defined as the LiZrgCl;,Mn, and b as Csirgl,,C type.

vee
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confirmed and its coordination environment determined via the structural
analysis on LiZrgCl,,Mn, the volume change pattern in the boride systems
may be rationalized. The turning point for the ;tructure changelfrom
LiZrgCl Mn to CsZrgl,,C type is at Na*, clearly due to the size change
of the cation position associated with the smaller size of the cluster
core.

Besides the peculiar volume change in these series, additional
evidences that support the cation assignments were obtained from powder
X-ray diffraction studies. Switching the positions from the Cs site in
CsZrgl 4C structure to the Li site in LiZrgCl,,Mn causes obvious
intensity change for the reflections in the low angle region of
calculated powder patterns for the heavier alkali metals (K, Rb, Cs).
The cation assignments made By comparing the calculated intensities with
the aobserved ones agree that the heavier alkali metals occupying the 12-

coordinate position. On the other hand, due to the low diffraction

- power of the lighter alkali metals, Li and Na, an unambiguous judgment

of the structure types can not be made on the basis of the powder
patterns.

The observed structure modifications in the MZryC1,,Z series present
another example of a delicate balance between chemical interactions and
space-filling efficiency. In these groups of compounds, cation-anion
interactions are the dominating factor with respect to the space-filling
requirement. For smaller alkali metals, the choice of the cation
position allows the optimized coulombic interaction at the cost of

lowering the space filling efficiency. As the size of the cation
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becomes larger, a different cation position is selected by the heavier
alkali metals, which provides both sufficient cation-anion interactions

and higher densities of the materials.

General Observations

Zirconium chloride clusters centered by 3d transition metal elements
Electronic states The new zirconium chloride cluster phases
stabilized by 3d transition metal interstitials resemble their iodide

analogues in terms of the electronic structure. With a few exceptions,

* the optimal bonding condition for these compounds involves 18 cluster

electrons. Extended-Hiickel calculations performed in the iodide systems
demonstrated the substitution of a centered main-group atom by a
transition metal results in the optimal stability increasing from 14 to
18 cluster electrons through the addition of the interstitial-based
(eg") nonbonding state.3® As also noticed in the case of main-group-
element interstitials, the chloride clusters obey the electron counting
rule more restrictively than the iodide clusters, in which the matrix
effect is a major factor in phase formation and stabilization. 1In
addition, the zirconium chlorides have the centering atoms-covering Mn
through Ni, while the iodides have interstitial elements range from Cr
to Co.33

Furthermore, careful analysis of the calculations24.33 on [Zrgl,,C]4-
and [Zrgl gFe]4- suggests that as the consequence of the interactions
between the zirconium 4d orbitals and interstitial 3d orbitals, the t,
orbital which are the HOMO iﬁ the main-group atom centered clusters are

split in energy and the upper set becomes the LUMO, tgg, in a
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transition-metal-centered cluster. Since the tj; 1ies below the a,,

orbital, which is the LUMO for clusters with main group interstitials, a

.s11ght band gap decrease may accompany tﬁe substitution of a transition

metal into a cluster core.

As direct supporting evidence, it was observed that in the
zirconium chloride systems the two groups of cluster phases have
distinctively different colors. While the main-group-element centered
cluster phases are usually deep red under transmitted 1ight, their
transition metal counterparts exhibit a dark purple color under similar
conditions. Assuming the results of the above calculations may be
applied to the chloride systems, the origin of ‘the colors is the
symmetry-allowed electron transition between the HOMO and the LUMO
(e.g., tyy = ay, in ZrglgC4; t,, + ty, in ZrgligFet). The observed change
in color corresponds to a shift of the absorption band to a longer wave
length region from a decrease in the band gap, as suggested by the
results from the extended Hiickel calculations.

Although at the present no calculation has been conducted for a
transition-metal-centered zirconium chloride cluster, the similarities
between the orbital diagrams?.37 of Irgl,gC% and ZrgCl1,4C4 in the region
near the Fermi level imply that the validity of the calculation on
Irgl gFe* may be extended to ZrgCl,sFet-, and the color change in the
chloride systems may be explained qualitatively yith the results for the
iodide clusters. In addition, it is also noticed that the band gaps
given by the calculations on the zirconium clusters are about 1.3 eV,
which corresponds to absorptions in the infrared region. The

discrepancy between the calculations and the experimental observations
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may be justified with the fact that the energy of the embty states may
not be brecisely defined by extended Hiickel method. Quantitative
measuremeﬁts of the absorption band of the cluster compounds may provide
a more conclusive evaluation of their electronic,statgs.

Structures Although the electronic states of the transition
metal stabilized chloride and iodide clusters are similar, they are
strikingly different from each other from the structural point of view.
As observed previously for the main-group interstitial cluster phases,
the known iodide clusters exhibit only three structure types,16.24,31-33 36
namely, the Zrgl,,C, the NbgCl,, and the K,ZrClg+Zr,C1;,H types. On the
other hand, the (transition-metal-centered-zirconium) chloride cluster
phases show a large variety of stoichiometries and structure types.26
When the chloride cluster compounds with different classes of centering
atoms are compared, similarities a§ well as differences are observed.
They have many common structure types, namely, the K,ZrClg.ZrgC1,,H,22.4
CsLuNbgC1 4,43 Ba,ZrgCl,;B,38 Cs4(ZrC15)ZreCl sMni0 types and those related
to CsNbgC1,546:47 and NbgC1,,%8:24 types. The structure types that have
examples with main group elements but not transition metals or vise
versa are usually those that have a restrictive requirement on the
cluster size. As the cluster containing transition metals have Zr-Zr
distance about 0.2 A larger than the cluster cores with main-grodp
element, the Zr atoms in the former are closer to the plane of the
square faces formed by the four C1' atoms and the C1i-Zr-C1' angle
across these faces increases (2173° vs <170°). These effects
destabilize certain structure types, such as the ZrgCl,;Be type. Mean-

time, they generate cluster phases with novel structure features that
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are unique to the transition metal interstitials, e.g., the NbgF,c!7
structure. In a moderate case, the expansion of'a cluster core may
induce modifications of parts of the structure with the retention of the
main framework, as in the case of KZrgl,Fe.

Before the‘discovery of the zirconium chloride clusters stabilized
by transition metals, the size of the interstitial atoms was considered
as one major reason for the absence of the chloride analogues with
larger main-group atoms, e.g., Al, Si, P, Ge, which are known in iodide
systems. The successful syntheses of the transition metal centered
phases clearly indicates that the metal cores of the chloride clusters
are flexible enough to accommodate large interstitials, since the sizes
of the 3d transition metals are about the same as those of third period
main-group elements. As the formation of a cluster phase is a
collective effect of numerous optimized conditions such as the electron
count, strong interstitial to zirconium bonding interaction, suitable
counterions, and high space filling efficiency, the reason for the lack
of certain phases is also complicated. The absence of the above
examples might be because the favorable experimental conditions have not
been found, or the competing phases are more stable with respect to the
target compounds. Nevertheless, an unidentified phase was observed in
the powder patterns from reactions aimed at making K,BaZryCl,sGe
(700-800°C, 25 days).8” The unknown phase was reproducible, providing a
large number of reflections with d,,, ~10.5 A. If this compound is
indeed proven to be a Ge-centered cluster phase, it will support the

statement that the zirconium chloride clusters are also capabie of
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accepting the large main-group interstitial atoms as their iodide

counterparts.

Cluster distortions and matrix effect

Theoretically speaking, there are two major causes that lead to the
distortion of the cluster cores, namely, a less than ideal electronic
configuration and matrix effects. Since the majority of the known
zirconium chloride cluster phases have the optimal 14 or 18 cluster
based electrons, an electronically driven cluster distortion is less
frequently observed. Even in the cases where the cluster phases do not
obey the electron counting rules, the cluster cores may not necessarily"
experience serve distortions (e.g., LigCl,gH, 13 e-/cluster).38
Systematic structural studies, on the other hand, have often revealed
relationships between cluster distortions and ionic interactions or
matrix effects. This correlation may be verified by analyzing the
structures of a group of compounds. To simplify this process, examples
that obey the 14 or 18 electron rule and have point symmetry S; imposed
by the space group are chosen so that the observed trigonal distortion
may be considered as the contribution solely from the matrix effect.

The average distances that are relevant to the trigonal disto}tions
in four cluster phases are tabulated (Table 43). With Figure 40 as the
reference, which shows the [ZrgC1,5Z] cluster units with countercations
in their first coordination sphere (M-C1 distance ~ sum of crystal
radii), it is observed that the location of the countercations has a
great influence on the type and extent of the distortion of a cluster
core. In the first three examples, the cations are situated above and

below the pair of triangular faces normal to the three-fold axis,



Table 43. The Observed Trigonal Distortions and the Matrix Effect in Selected Zirconium Chloride
Cluster Phases

Compound (K,Ba),BaZrgC1,4C CsLaZrgCl,4Fe Ba;ZrgCl,4Be Cs3(ZrCl5)ZreCl cMn
(Structure type) (KZrClgZrgCl, H) (CsLuNbgCl,g) (BazZrgCl,4Be) (Cs3(ZrCl5)ZrgCl,Mn)
Space group R3 P31c R3c R3c
Ir-1r d;? 3.2248(3) 3.391(1) 3.3154(3) 3.4019(8)
d,b 3.2118(3) 3.3813(9) 3.276(1) 3.4296(7)
Ac 0.0130(6) 0.010(2) 0.039(1) -0.028(2)
Ad,,. 0.40% 0.30% 1.18% -0.82%
Ir-Cli IrC11 2.549(1) 2.563(4) 2.597(3) 2.567(1)
IrC12 2.524(1) 2.547(4) 2.557(2) 2.585(1)
Ir-C12 IrC13 2.6207(5) 2.671(2) 2.683(2) 2.7294(7)
M (K,Ba) Cs Ba2 . Cs
C1-M Cl1-M 3.697(2) 4.025(2) 3.682(4) 3.582(1)
ci2-M 3.646(1) - 3.464(2) 3.768(2)
C13-M 3.2160(6) 3.842(2) 3.090(2)

3.6814(6)

aZr-2r distance in the triangle faces of the clusters normal to the 3-fold axis.
bZr-Zr distance around the waist of the cluster.

CA = dl_dZ'

162
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CslLaZrsCl;gFe

Ba,Zr,Cl,sBe

Cs4(ZrCls)ZrgClysMn

Figure 40. The location of the countercations afound the cluster cores
that experience trigonal distortions in selected compounds.

In each case the cluster unit possesses S; symmetry with the
principal axis vertical
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imposing static pressure along the principal axis, and resulting in the
observed trigonal compression. In contrast, the cluster core in
Cs3(2rCl5)ZrgClcMn exhibits a trigonal elongation as the Cs* ions
locating around the waist of the cluster are closer to the metal core
than those at the top or bottom (Cs—Mn 6.45 A vs 6.95 A).

Since the cluster cores are wrapped inside ihe C1 atoms, the
distortions are 1ikely accomplished via the coupled M-C1 and Cl1-Zr
interactions. There is an obvious correlation between Zr-C1! and Zr-Zr
distances, while the Zr-Cl2 distances may vary with the structure types
and the cations. In the cases where the M-C1! interactions result in
C11-Zr distances that are larger than the C12-Zr distances, the cluster
cores have the Ir-Ir distances d, > d,, corresponding to trigonal
compressions. Following the same argument, if the M-C12 interaction is
stronger, the Zr-C12 distances becomes longer, and therefore a trigonal
elongation is observed.

The magnitude of the distortions depends on'several factors.

First, it depends on the electric field of the cations. When ‘
(K,Ba),BaZrsC1,,C and BazZrgCl,sBe are compared, which have similar cation
arrangements around the clusters, the latter experiences a distortion
three times as severe as that in the former. The degree of distortions
also relies on the M-C1 distances or the M-cluster distances. Although
in CslLaZrgCl,gFe and Cs3(ZrClg)ZrgCl;sMn the major contributions of the
distortion are from the same cation, Cs*, a much Targer Cs—Cl1 distance
in the former results in the less pronounced distortion. Finally, when

the subtle differences are concerned, the change in the structure type
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" and the counterions that are further away from the clusters also have to

be taken into consideration.
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FUTURE WORK

During the last decade, exploratory research in the zirconium
chloride cluster systems has generated over 70 new compounds with over
20 structure types and structure variations in the M,[ZrsC1,,Z]C1, (X, n
= 1-6) series.?6 The systematic investigations have made the family 6f
Ir-C1 clusters one of the most thoroughly studied and best described.
It also provides enormous possibilities in cluster compositions and
structure variations.

At the present, the centering atoms in the Zr-Cl1 cluster systems
are limited to small main-group element (H, Be-N) and 3d transition |
metals (Mn—Ni). Attempts to introduce Al, Si, Cr, or Mo into Zirconium
chloride cluster systems have failed.42.87 Yet, encouraged by the
successes in the iodide cluster systems,34.35 it is possible that under
optimized conditions, new Zr-Cl1 cluster phases that capture larger main
group elements or heavier transition metals, e.g., Ge, Ru, Rh, may also
be obtained, and novel structure features may be observed. The further
expansion of the cluster core may induce different degrees of cluster
condensation, forming phases with cluster dimers, chains or
superclusters that are known only for cluster systems of other
metals.?.26 These may fill the structure gap between the known Zr—Cl
phases with discrete cluster units and ZrC1 containing an extended metal
array and contribute to the understanding of the evolution of the
structures and the variation of electronic states.

The search for metal cluster phases may also be extended to other
systems, such as Ti and Hf halide systems. Limited studies of the

titanium chlorides have not yet provided analogues of the zirconium
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clusters.®” However, triangular Ti; fragments with substantial
metal-metal bonding interactions similar to those in Ti,C1,,%8 were found
in MTi,C1,;, (M = K, Cs). Several additional unidentified phases were
also observed. Interesting phases were also observed in the reduced
Ti-I systems.8? Primary research in the Hf-I systems,39 however, have

| not provided any phases more reduced than HfI,. Although the Ti and the
Hf systems may not have the same cluster chemistry as its zirconium
counterpart due to the contractions of the d orbitals in Ti and Hf, the

investigations in these areas may be just as exciting.
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