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A New Quasi-One-Dimensional Niobium Oxychloride Cluster Compound Csli4NbgCl1gO0s:
Structural Effects of Ligand Combination
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The new niobium oxychloride cluster compound;TigNbsCl1506, was obtained by solid-state synthesis techniques
in the course of our systematic investigation of metal oxychloride systems aimed at the preparation of low-
dimensional cluster compounds. ZTgNbeCl1g0g crystallizes in the trigonal system, with unit cell parameters

= 11.1903(7) ¢ = 15.600(2) A, space group3lc, Z = 2. lts crystal structure was determined by single-crystal
X-ray diffraction techniques. The full-matrix least-squares refinement agétrsinverged to R= 0.048 ¢, >
40(Fo)), WR, = 0.069 (all data). The structure is based on an octahedral cluster ug€Ig@h)CIZ in which the

six edge-bridging oxide ligands are arranged in two sets of three on opposite sides ofthetatiedron. i

ions link the clusters through'@nd Ct ligands to form linear chains running along the ¢ axis. The location of
titanium ions correlates with the arrangement of oxide ligands around thenital core. The chains interact
with each other through additional®*Tiand Cg ions. Interchain interactions are significantly weaker than intrachain
interactions, resulting in a quasi-one-dimensional character of the overall structure.

Introduction to each other through ¥f ions to form chains, resulting in

Low-dimensional materials containing transition metals have quasi-one-dimensional character of the overall structure.
attracted _significant a_ttention due to their remarkablg str_uctur_al Experimental Section
and physical properties and a wide range of applications in
catalysis, ionic transport, and redox intercalation procesges. Synthesis.The title compound forms in high yield-©5%) as black
Recently, we began investigating a new approach to the design(darl_«brpwn wher_l ground)_alf-stablt_e needles with hexagonal cross-
and preparation of low-dimensional materials containing octa- section in a reaction of stoichiometric amounts of Nb powder (Alfa,
hedral metal clusters. Our strategy is based on creating aniso-22-870). Ti foil (Alfa, 99.99%), CsCl (Alfa, 99.9%), NOs (Alfa, 99.5)

. - ; : and NbC} (Alfa, 99.9%). The mixture (0.2 g) was prepared under argon
tropic bonding preferences of the cluster units by changing the atmosphere, placed in a silica tube (OD 9 mm, ID 7 mm, length 4

charge distribution around the metal core using a combination cm), sealed under vacuum, heated for 4 days at"z2and cooled to

of ligands with large difference in their charge density. Previous 500 °c in 4 days, followed by radiative cooling to room temperature.
research efforts focused on developing a strategy for modifying The purity of the product was confirmed by X-ray powder diffraction,
the cluster framework dimensionality by adjusting the metal- and elemental composition was verified by semiquantitative energy-
to-ligand ratio>~” Our systematic investigation of niobium dispersive X-ray analysis.

oxychlorides containing octahedral Ntlusters recently led to Crystal Structure Determination. A black needlelike crystal was
the preparation of two layered materials s{Ti>Clg)][(NbeCl12- selected for X-ray diffraction analysis and mounted in a glass capillary
04)3(TiaCls)s] and CsTis(NbeCl12.604)2Clo, which have unique under inert atmosphere. The_ intensity data_ were col!ec_ted at room
hexagonal-bronze-type and graphite-type cluster connectivity, temperature on a Bruker P4 diffractometer using Mordiation. The
respectively:® Here we describe a new oxychloride CsNbs- unit cell parameters were refined based on 39 centered reflections to

- . . . give a hexagonal unit cell with = 11.1903(7)¢ = 15.600(2) A. The
Cl1g0s (1) in which discrete niobium clusters are strongly bonded data were corrected for Lorentz and polarization effects, and an

N empirical absorption correction based on@&cans with 17.3< 260
To whom correspondence should be addressed. < 31.7 was applied. The Laue symmetry and the extinction conditions

(1) Magnetic Properties of Layered Transition Metal Compourids . h =
Jongh, L. J., Ed.; Kluwer: Dordrecht, 1990. were found to be consistent with the space groBp$c and P31c.

(2) Physics and Chemistry of Low-Dimensional Inorganic Conductors ~The structure was solved P31c as the intensity statistics indicated a
Schlenker, C., Dumas, J., Greenblatt, M., Eds.; Plenum: New York, centrosymmetric space group. Initial atomic positions of all atoms
1996. ) ) _ except Cs(2) were determined using direct methods (Shelx¥:86).

(3) Progress in Intercalation Researdiiiller-Warmuth, W., Schithomn, Isotropic least-squares refinement (ShelxI*98j the model converged

R., Eds.; Kluwer: Dordrecht, 1994. _ ; — —
(4) Crystal Chemistry and Properties of Materials With Quasi-One- to Ry = 0.096 for 727 data with, > 40(Fo) and R = 0.156, wR =

Dimensional StructuresRouxel, J., Ed.; Kluwer: Dordrecht, 1986.
(5) Perrin, C.J. Alloys Compound4997 262 10-21 and references (8) Anokhina, E. V.; Day C. S.; Essig, M. W.; Lachgar,Angew. Chem.,

therein. Int. Ed.200Q 39, 1047-1049.
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Table 1. Crystal Data and Structure Refinement for Table 3. Selected Bond Distances (A) and Angles (deg) for
CSQT|4Nb6C|1806 CSZTi4NbGCI1806a
formula CsTisNbeCl1g06 (NbsCl1404) Cluster Unit:
a(d) 11.1903(7) s
c(A) 15.600(2) Nb—Nb:
V (A9 1691.7(3) Nb—NDbY(oxide- bridged) 2.811(1)  NB—Nb—Nb? 61.85(2)
7 5 Nb—Nb?chioride-bridged) ~ 2.979(1)  NB—Nb—Nb? 56.30(4)
fw (g/mol) 1748.98 Nb—ClI":
space group P31c (No. 163) Nb—CI(1) 2.477(2)  NB-CI(1)—Nb®  73.31(7)
T 298(1) K Nb—CI(1)2 2.512(2)
AA) , 0.71073 Nb—Cla:
Pealca (g CNT) 3.433 Nb—CI(2) 2.583(2)
w(cm) 64.05 _
R (1 > 20(1)) 0.048 Nb—O'":
wR2" (all data) 0.069 Nb—O 2.021(5)  Nb-O—Nb? 88.0(2)
Nb—O! 2.025(6)
ARy = 3 [IFol — IF[l/Y [Fol-PWRy = [¥ [W(Fo?> — FAU/y o
[W(F)?3Y2 where w= 1/[0%(Fo) + (0.012P)2, P = (maxFo2 0) _ Ti Environment:
F2F2)/3. Ti(1)-0 1.951(5) %  O-Ti(1)—0° 104.2(3)
Ti(1)-Cl(2) 2.478(2) %  O5-Ti(1)—CI(2) 95.9(2)
Table 2. Atomic Coordinates and Equivalent Isotropic Ti(1)—CI(3) 2.506(3) %«  O-Ti(1)—Cl(2) 83.8(2)
Displacement Parameters J&or CsTisNbsCl160s Cl(2)—Ti(1)—ClI(2)® 179.4(2)
- O°—Ti(1)—CI(3)® 87.8(2)
X y z Us  occupancy O—Ti(1)—CI(3)° 164.7(2)
Nb 0.11860(9) 0.95692(9) 0.08007(5) 0.0116(2) CI(3)—Ti(1)—CI(3)° 85.54(9)
Cl(1) 0.0816(2) 0.7450(2) 0.0064(1) 0.0181(5) CI(28-Ti(1)—CI3)  94.91(9)
Cl(2) 0.2890(2) 0.9422(3) 0.1853(1) 0.0192(5) CI(355—Ti(1)—CI(3) 82.2(1)
CI(3) 0.4851(2) 0.3187(3) 0.1596(1) 0.0206(6) Ti(2—-CI(3)  2.410(2) 6«  CI(3)°-Ti(2)—CI(3)’  86.2(1)
Ti(l) 0.2903(2) 0.1451(1) 0.25 0.0138(6) CI(3Y—Ti(2)~CI(3)?  89.24(8)
Ti(2) 0.6667 0.3333 0.25 0.0134(9) CI(3)"—Ti(2)—CI(3)? 95.7(1)
o 0.1666(6) 0.1220(6) 0.1553(3) 0.010(1) CI(38-Ti(2)-CI(3)  173.3(1)

Cs(la) 0.3333  0.6667  0.0514(8) 0.038(5) 0.38(8)

Cs(lb) 0.3333  0.6667  0.077(3) 0.088(5) 0.57(8) Cs Environment:

Cs(1a)-Cl(1) 3.416(3) X
Cs(2) 0.3333 0.6667 0.25 0.11(2) 0.069(7) Cs(1a)-CI(3) 3.83(1) 3
@Ueq is defined as one-third of the trace of the orthogonalizigd Cs(1a)-Cl(2) 3.956(7) X
tensor. Cs(1b)-CI(2) 3.52(2) ¥k
Cs(1b)-Cl(2) 3.76(2) X
0.253 for all data. Subsequent anisotropic refinement yielded highest Cs(1b)-CI(3) 4.17(5) 3
residual electron density peak of 2.83 &4k the special position (1/3, Cs(2)-CI(2) 3.508(2) 6
(6x). This environment is consistent with a partially occupied oxygen Nb—Ti(1) 3.333(1)
atom or a cesium atom that is present when Cs(1) position is not Ti(1)—Ti(2) 3.648(2)
occupied. Assigning this electron density to oxygen O(2) and refining Cs(lay-Cs(1b) 0.39(5)
its occupancy led to the SOF(O(2¥ 0.06(1). The possibility of the Cs(1lay-Cs(2) 3.10(1)
alternative assignment of this electron density to a cesium atom Cs(2) Cs(1b)-Cs(2) 2.71(5)
was indicated by the refined value of SOF(Cs(1)) of 0.310(3). The  a gymmetry transformation used to generate equivalent atoms: #1
refinement of the occupancy of Cs(2) led to SOF(Cs€2)).013(2). —X+Y, =X ZH2X — Y, X, —Z #3Y, =X+ Y, —Z #4—y, X — Y, Z #5
The latter model was selected based on its better charge balanceyx x —'y —z+ Y, #6 —y + 1,x — vy, zZ #7 —x +y+ 1,y, —z+ Y3,
Anisotropic refinement of Cs(2) position resulted in an unrealidtic #-x+y+1 -x+1,z

value of 0.4(1) & which could be caused by low coordination number

of Cs(2) or its low occupancy. Therefore, in all consecutive refinement g6y p. No diamagnetic correction was made for the sample container
cycles, an isotropic model for the Cs(2) position was applied. The pecqyse its signal was insignificant relative to the sample.
highest residual electron density peak of 2.59%&naining after this

stage of the refinement was found on the 3-fold axis at 0.91 A from Results

Cs(1) which indicated the splitting of this cesium position. In the

CIOHSlléquent C()j/de& Cs(1) V\éaS)fEfiQEd ?Sb)bemg diSOfdereId over th The new oxychloride compound §1$4NbeCl1g06 crystallizes
closely spaced positions Cs(1a) and Cs(1b). Their SOF values refined, 41 original structure tvoe based on (N]l- OMCE clusters
to 0.13(3) and 0.19(3), respectively. In the final cycles, an extinction linked th?ough (TICIOy) ozgahedra to form Iing)ar ghains. The

correction was applied, and refinement converged tc=F0.048 ¢, S .
> 46(F.)), WR, = 0.069 (all data). Subsequent refinement of the chains interact with each other through (TgCbctahedra and

structure in the noncentrosymmetric space grB8fic did not lead to cesium ions (Figure 1). The (WBI;Op)CI cluster unit (Figure

new features or lower residuals. Details of crystal data and data 2) is based on a Nfpctahedron in which all edges are bridged

collection for CsTisNbeCl1g0s are summarized in Table 1. Atomic by chloride or oxide ligand (“inner” ligands,'}, and six other

positions and equivalent isotropic thermal parameters are given in Tablechloride ligands attach to the Blbctahedron in apical positions

2, selected bond distances and angles are listed in Table 3. (“outer” ligands, C¥. The six oxide ligands selectively occupy
Magnetic MeasurementsMagnetic susceptibility measurements as  «jnner” positions arranged in two sets of three on opposite sides

a function of temperature {2300 K) were taken at 0.5 and 4 T, using of the Nby octahedron. The ligand arrangement results in an

a Quantum Design MPMS superconducting quantum interference deViceanisotropic cluster unit with symmetry closeBaq (crystallo-

(SQUID) magnetometer. The crystalline sample was contained in a . . ;

gelatin capsule fixed inside a plastic straw for immersion into the graphlcally imposed symmetnf,). The intracluster bond

distances, NbNb(oxidekbn'dged): 2.811(1) and NbNb(chIoriderridged)

(11) Sheldrick, G. MSHELXL93, Program for the Refinement of Crystal = 2-979_(1) A, are similar to those found in other niobium
Structures University of Gdtingen: Germany. oxychlorides?912-15
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Figure 3. A view of the tetrameric propeller-like (ITl:206) units
built from four (TiLe) octahedra that share edges.

Figure 1. A fragment of the structure of GBisNbsCl:s0¢ (gray and
hatched octahedra represent (Ti(1) and (Ti(2)Ck) octahedra,
respectively).

Figure 2. A view of the (NbCILO})CI2 cluster unit.
Figure 4. The environment of cesium in €& 4NbsCl1¢0s.
Each cluster is connected to two adjacent clusters through
titanium Ti(1) to form chains running in thedirection (Figure ~ units built from four (Tils) octahedra sharing edges (Figure
1). The linkage between two neighboring clusters is provided 3). The Ti(1)-Ti(2) distance is 3.648(2) A.
by three Ti(1) atoms, every one of which coordinates to one O  Cesium ions are located on the 3-fold axes between the chains
and one Clligands from each cluster. The coordination sphere and are distributed among three sites, Cs(1a), Cs(1b), and Cs(2)
of Ti(1) is completed to an octahedron by two additional chloride in the elongated cavities formed between (li:0g) units
ligands (CI3) that do not belong to the clusters. The (Ti(1)- (Figure 4). The closely spaced Cs(1a) and Cs(1b) sites coordi-
Cl40,) octahedron thus formed has twband two CI(3) ligands nate to nine chlorines and are partially occupied, 38(8)% and
in cis-positions and two Glligands intranspositions. The 57(8)%, respectively® The site Cs(2), located at the special
repeating unit along the chain contains two clusters and two position withDs symmetry, is coordinated to six chlorines and
sets of three (Ti(1)GD,) octahedra. The two clusters are related is occupied when Cs(1a) and Cs(1b) sites are empty. Since Cs(1)
by ac-glide plane, which leads to a difference of about 8D and Cs(2) sites cannot be simultaneously occupied due to their
their orientation with respect to the 3-fold axis. The effect of small separation (Cs(lafCs(2)= 3.10(1) A, Cs(1byCs(2)=
this c-glide plane on the two sets of three (Ti(1)O}) octahedra 2.71(5) A), the total amount of cesium ions per formula unit
is an approximate rotation of these groups with respect to eachcannot exceed 2- x, wherex is the occupancy of Cs(2). The
other by 60 around the 3-fold axis. value ofx refines to only 0.069(7), which does not lead to a
The chains are connected to each other through titanium ionssignificant deviation of the refined stoichiometry from
Ti(2) located on a special positio@§ symmetry) and coordi- ~ C%TisNbsCl1g0s.

nated to six CI(3) ligands belonging to three (Ti(1)Q4) The total number ofl electrons per formula unit based on
octahedra from three different chains (Figure 1). This linkage this stoichiometry is 18. The observed intracluster bond distances
leads to the formation of tetrameric propeller-like 40 2O¢) indicate that 14 of these electrons belong to the clustas, is

(12) Anokhina, E. V.; Essig, M. W.; Lachgar, Angew. Chem., Int. Ed. (16) The large standard deviations of Cs(1a) and Cs(1b) occupancies result

Engl. 1998 37, 522-525. from a close separation of these sites. The refined occupancy of Cs(1)
(13) Cordier, S.; Perrin, C.; Sergent, Eur. J. Solid State Inorg. Chem. site without taking its splitting into account is 93.0(9)% which agrees

1994 31, 1049-1060. well with 6.9(7)% occupancy of Cs(2) which is present when Cs(1)
(14) Cordier, S.; Perrin, C.; Sergent, Mater. Res. Bull1997, 32, 25— is not occupied.

33. (17) Perrin, C.; Cordier, S.; lhnae, S.; Sergent, Ml. Alloys Compounds

(15) Cordier, S.; Gulo, F.; Perrin, Golid State Sci1999 1, 637-646. 1995,229 123-133 and references therein.
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Table 4. Relationships between Ligand Arrangement and Cluster Connectivity in Niobium Oxychlorides

Cluster Units with Equivalent Niobium Atoms  Cluster Units with Differentiation of Niobium Atoms

Ligand ) '3.‘ P
Arran-a @%m»* (‘\\\'/,//Q\“}‘
gement ] L7 \"

Com- CSzTi‘;NbaCllgos KLu;Nb6C11506 CSzUNbscllsog T12N~b6C11404’ SCNb6C11303 CSZTiSNb12C12708
T1sTigNbysCls301,

pound

Ref. this work 15 14 12,8 13 9

Cluster Discrete clusters 2D net 3D net 2D net

Connec

-tivity

aLarge black spheres, small black spheres, and light-gray spheres represent niobium, oxygen, and chlorine, respectively.

Table 5. Comparison between Crystal Structures ofTCNbsCl160s, C$UNDBCl1503, and CsTiNRBClyg

CSzThNbscllsos CSzUNb6C11503 CSTiNbgClls
) . a=11.190 a=9.208 a=9.108
Unit cell dimensions ¢ =15.600 c=17.095 c=17.002

(A)

View in [001]
direction®

View in [110]
direction®

Environment of M>* Ti(1): 204, 2 CI?, 2 Cl

i a a
cations Ti(2): 6 Cl 30.6C 6Cl
Number of clusters 2 3 6
linked by M>* cation
Overall Quasi-1D 2D 3D
dimensionality

2| arge black spheres, niobium; small black spheres, oxygen; light-gray spheres, chlorine; hatched dark-gray spphatessMinking the
clusters; unhatched dark-gray spheres, Ti(2))nCesium atoms and M—CIl and M**—O bonds are omitted for clarity. The origins of the unit
cells of CsTisNbeCl150s and CsTiNRClys are shifted in the [001] direction by 1l&lcompared to the standard setting.

the case for most other niobium oxychloride cluster compounds ligands in (1), and vice versa. The occurrence of cluster units
with more than two inner oxide ligand$:'314 This cluster with equal number, but different arrangement of oxide ligands,
electronic configuration corresponds to all titanium atoms being also observed for oxychloride clusters with thfe¢ and
present as Pi". The oxidation state-3 for titanium is confirmed four®912 oxide ligands, indicates the potential for a versatile
by magnetic measurements which show Curie behavior with structural chemistry of metal oxychloride cluster compounds
an effective magnetic moment of 3.24 per formula unit yet to be discovered.
(Figure 5) which is close to the eXpeCted value for four unpail’ed The title Compound Comp|ements the previous|y reported
electrons of 3.46:s. and by bond valence sum calculatibhs  examples of niobium oxychloride cluster materddI% that
(BVS(Til) = 3.14; BVS(Ti2)= 3.28). illustrate the relationships between the ligand arrangement and
cluster connectivity in this class of compounds (Table 4). The
absence of direct intercluster cluster connectivity, in other words,
The new compound G&isNbsCligOs (I) is the second the nonbridging functionality of all outer ligands,3Ctorre-
example of a niobium oxychloride based on octahedraj Nb lates with the equivalent coordination of all niobium atoms.
clusters with six oxide ligands. The (MBl;O,)CI; cluster unit ~ Similar relationship is observed in KkNbsCl1sOs > and
in (1) and that in the previously reported KiNibgCl15Os (11 )15 CsUNDeCl1503 1 that are also based on clusters with equivalent
have the same symmetry, but different ligand arrangement. Theniobium atoms. In contrast, in compounds based on clusters in
oxide inner ligand positions inl are occupied by chloride  which niobium atoms have different environment, theligands
have different functionalities (bridging and nonbridging) leading
(18) O’Keeffe M.; Brese, N. EJ. Am. Chem. Sod991, 113 3226-3229. to anisotropic cluster frameworRs:12.13

Discussion
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250 ] The influence of the presence of oxide ligands and their
s arrangement on the location of counterions is evidenced by
. comparing the structure of the title compound to that of
w 8?8 CsUNbgCl1505 # and CsTiNRCIys 1 which are also based on
8 discrete clusters, and crystallize in the same space d¢?8lip
150 60 with two clusters per unit cell (Table 5). In contrast t9, the
6 P compound CgJNbsCl1503 has three oxide ligands in inner
m positions around the clusters’ waists, and th& dations are
100 o° located in the plane containing the inner oxide ligands. Each
*° U3t ion links three clusters through theirf @nd CP ligands.
Rl These linkages occur in two directions only, leading to a layered
s o° character of the overall structure. In the case of CsFl\,
/“f the titanium ions coordinate to six outer chlorines from six
, adjacent clusters, with FCI? linkages extending in three
) 50 100 150 200 250 300 dimensions.
T,K
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