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The two title compounds were prepared by direct reactions of the corresponding elements at high temperature.
The structures were determined by single-crystal X-ray diffraction: KioNbInAsg, monoclinic, P2:/n, Z = 2, a =
9.107(1) A, b = 8.2878(8) A, ¢ = 15.139(1) A, B8 = 91.112(9)°; KgNb,Ass, monaclinic, P2;/c, Z = 2, a = 9.348(1)
A b=09.113(1) A, c =12.798(1) A, 8 = 95.98(1)°. They contain isolated dimers made of edge-sharing tetrahedra
of [NbAs,] and [InAs,] in the former, NbinAsg!?~, and only [NbAs,] in the latter, Nb,Ass®~. Magnetic measurements
show that K;oNbInAss is diamagnetic, i.e., a d° transition-metal Zintl phase, while KgNb,Ass exhibits a Curie—Weiss
behavior consistent with the presence of one unpaired electron. The latter defines KgNb,Asg as a mixed-valence
(presumably of type Ill) transition-metal Zintl phase, only the third example of such phases.

Introduction somewhat unexpected magnetic ordering has been already
observed for some of theh.

q q b 1 Th Our interest has been specifically in systems containing
two new compounds, 4NbrAsz4 and CsNbeAs.” They are alkali and/or alkaline-earth metal, niobium, and arsenic,

also the first mixed-valence transition-metal Zintl phases. systems that have already shown their poteAfiaTheir
Both compounds contain dimers of edge-sharing tetrahedrag riher exploration led to the discovery of the two new

of arsenic centered by mixed-valent Nb(IV/V), [A(u- transition-metal Zintl phases, {fNbInAss and KoNbAss,
As),NbAs;]°, that are bent around the shared edge. It was gescribed here.

shown that, as a result of this bending, theadbitals of the
two niobium atoms overlap and share the unpaired electron.Experimental Section
The full delocalization of this electron makes the mixed
valence of type IR and provides a formal bond order of 0.5

Added recently to the large family of Zintl phases were

Synthesis. The two title compounds were made from direct

. . .. ;i reactions of the pure elements used as received: Nb pow@5(
for the Nb—Nb interactiont Such and similar electronic mesh, 99.8%) from Acros; K (98%), In (99.9%), and As (99.5%)

effects CO_U|d be found not only in mixed-valence but  from Alfa Aesar. All manipulations were carried out in a glovebox
generally in reduced transition-metal Zintl pha3ds. the with typical moisture and oxygen levels below 1 ppm (the
known phases of this type, the transition metal is coordinated compounds are air-sensitive). The mixtures were loaded in tubular
by the heavy main-group p-element, and the d-orbitals niobium containers that were already sealed at one end by arc-
experience extremely weak, almost nonexistent crystal fields Welding under argon and were then similarly sealed at the other
generated by such “ligands” of very low electronegativity e_n_d. These cont_alners were encloseo_l ar!d sealed in e_vac_uated fused-
. . silica ampules in order to protect niobium from oxidation..K
and overall negative charge. Such systems may have interest;

. . g NbInAss was initially made by a reaction intended to produce
ing magnetic and transport properties. As a matter of fact,
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Table 1. Crystallographic Data for #Nb,Ass and KioNbInAss

Table 2. Important Distances (A) and Angles (deg) ingKblnAss and

KoNboAS

K1oNbInAss KoNboAss NbzAse

K]_omeASe KngZASﬁ

fswace ouz 109825 o2 In/Nb—As1 2.570(1) Nb-As1 2.474(1)
a? A 9 o 1107'(1) o8 4501) In/Nb—As2 2.582(1) Nb-As2 2.484(1)
b &) 8.2878(8) 0.113(1) In/Nb—As3 2.653(1) Nb-As3 2.553(1)
o® 15.130(1) 15.798(1) In/Nb—As3 2.657(1) Nb-As3 2.556(1)
5 (deg) 01.112(9) 05.98(1) In/Nb—In/Nb 3.521(1) Nb-Nb 3.408(2)
V(A% 1142.4(2) 1084.3(2) As1—In/Nb—As2 113.25(5)  AstNb—As2  113.09(6)
peaica(9/CNT) " 3.047 3-0/?;‘ As1-In/Nb—As3 111.50(5)  AstNb—As3  111.40(6)
radiation,i (A) Mo Ka, 0.71073 As2—In/Nb—As3 112.97(5)  As2Nb—As3  110.98(6)
temp (K) 293 As1-In/Nb—As3 110.72(5)  AstNb—As3  111.96(6)
wu(em™) 119.36 118.47 As2—In/Nb—As3 110.31(5)  As2Nb—As3  111.94(6)
RIwWRZ for | = 20 (%) 5.37/12.96 5.36/9.10 As3—In/Nb—As3 96.96(4)  As3Nb—As3 96.32(5)
R1/wR2 for all data (%) 6.63/13.84 10.89/10.71 In/Nb—As3—In/Nb 83.04(4) Nb-As3—Nb 83.68(5)

aR1= 3 ||Fo| — |Fdll/ZIFol, WR2= {[SW[(Fo)? — (F)Z2[ T W(F?%)F} 2
for Fo?2 > 20(Fo?), w = [0%(Fo)? + (AP)?2 + BP] ! whereP = [(F)? +
2(F¢)?/3 and withA = 0.03,B = 6.022 andA = 0.0958,B = 0.7953 for
KoNb2Ass and KioNbInAss, respectively.

the space group wrong was also explored, and the structure was
refined in the noncentrosymmetr2; and Pc. The refinement
produced good agreement factors, but there were large correlation
values for all the atoms that refined well in the centrosymmetric
P2;/c. More importantly, two unrelated and close to each other
peaks corresponding to potassium with a half occupancy were found

KsNblInAs, isostructural with the known ¢NbTIAs,;, a compound
with isolated polyanions of NbTIA&™ (tetrahedral NbAswith one

Tl-bridged edgej? It was later synthesized in nearly 100% yield at the positions of K5 and its symmetry equivalent in B@/c
from a stoichiometric mixture heated at 60C for a week and space group. Thus, for the final refinemeRg;/c was retained,
cooled slowly. The compound crystallizes as very thin and shiny and K5 was kept as half occupied. Apparently, no voids are created
plates with dark-gray to black color and very smooth surfaces. K py that half occupancy because when K5 is present K4 takes the
Nb,Ass, on the other hand, does not form upon slow cooling. farther extreme of its elongated thermal ellipsoid, and it is at the
Instead, it requires very fast cooling rates that can be achieved byother extreme when K5 is missing.
quenching in either icy water or liquid nitrogen. Thus, the synthesis  |n K;(NblnAs;, the transition-metal position coordinated tetra-
of this compound was carried out at 800 for 2 days followed hedrally by arsenic showed an unreasonably small thermal displace-
by breaking of the hot quartz ampule under liquid nitrogen. It ment parameter when refined as niobium. However, when indium
crystallized as small, gray, and shiny pieces of irregular shape. Thewas refined at that position (indium is often found in the same
compound was discovered while attempting to get higher yields, coordination by pnictogens), that parameter became too large. When
by quenching, of another compoundyKbsAs;6® which has almost  freed to vary, the occupancy of that position became higher than
the same composition (2.5 KgNb,Ass = K2, NbsAs;s). Appar- 100% for niobium while the number was 87.7(4)% for indium. In
ently, KoaNbsAss forms only upon slow cooling while #Nb,Ass light of the diamagnetic properties of the compound (see following
is stabilized by the quenching. However, despite their similar description), the results from elemental analysis (see following
compositions, the two phases were never found coexisting in the description), and charge balance considerations, it was clear that
same product. According to X-ray powder diffraction (Enraf-Nonius  the position was fully occupied but with mixed and equimolar
Guinier camera with Cu radiation), each compound can be made jndjum/niobium participation. When refined as such, i.e., with the
as a pure phase. fractions of the two elements freed to vary but restricted to add to
Structure Determination. Single crystals of the title compounds 3 full occupancy, the contributions of niobium and indium refined
were mounted in thin-wall glass capillaries and were inspected for to 45(1)% and 55(1)%, respectively, i.e., quite close to the ideal
singularity on an Enraf-Nonius CAD4 single-crystal diffractometer 1:1 ratio. Thus, the fractions of the two elements were fixed at
(Mo Ko radiation,i = 0.71073 A). Data were collected at room 5094 each for the final refinement. Such an assignment is also
temperature for the best crystals;(KbinAss: 0.2 x 0.1 x 0.02 justified by the observed elongation of the thermal ellipsoids of
mm, w—20 scans; KNbxAss: 0.08 x 0.04 x 0.04 mm,w—0 the terminal arsenic atoms toward the mixed niobium/indium
scans). Both structure were solved and refinedR®rwith the aid position as expected due to the small difference in the- A and
of the SHELXTL-V5.1 software package. More details of the data |n—As distances (see Results and Discussion section). No such
collections and refinements are given in Table 1 while important phenomenon was observed igNb,Ass where the niobium position
distances and angles are listed in Table 2. is occupied by equal fractions of Nb(V) and Nb(IV). Apparently,
One of the potassium positions, K5, inMbAss was found these two oxidation states do not differ much in size, at least not
somewhat too close, at 3.04(1) A, to its equivalent generated by enough to be noticed in the thermal parameters of the surrounding
the inversion center and also close to another potassium, K4, atarsenic atoms.
3067(7) A Furthermore, the thermal displacement parameter of Magnetic MeasurementsThe magnetizations of 32 mg OflK
the same atom, K5, was too large when kept at full occupancy. NbinAs; and that of 25 mg of KNb,Ass were measured on a
Also, the thermal ellipsoid of K4, the atom too close to K5, was Quantum Design MPMS SQUID magnetometer at a field of 3 T
elongated along the K4K5 direction. When freed to vary, the  over the temperature range-1200 K. Each sample was coarsely
occupancy of K5 dropped to 52.2(9)% while K4 stayed fully ground and sealed in fused silica tubing between two tightly fitting
occupied. All these observations indicated that the occupancy of rods of the same material. After correction for the holder and for
the K5 position should be kept at 50%. The possibility of having the core diamagnetism, the molar magnetic susceptibility @f K
6) KoboA " : . —— s Tolated NbInAss was negative and temperature independent, varying within
si6 crystallizes as large bars. Its structure contains isolate -
© tezt‘rla_hedrérl3 un}rts of [NbAS an(?ﬂat and bent dimers of [NBsg] in the range.(-9.9 tol—ll.O.) x 10° e.mu/mol, while that of KNb,-
aratio 1:1:1. Apparently, the structure is intrinsically disordered, and ASs €xhibited Curie-Weiss behavior. The latter dependence was
more studies are needed in order to confirm the results. fitted with y = C/(T — 6) + xo where yo is a temperature-
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charge-balanced by the charge of the dimer; i.e., the dimer
should have a charge of 0 The six arsenic atoms can be
considered as As each, and therefore, the sum of the
charges of the two central atoms must ble &he only way
this can be achieved is to have one niobium(V) and one
indium(lll) at these positions. This assignment is nicely
confirmed by the elemental analysis and is in perfect agree-
ment with the crystallographic specifics of the position. The
dimers can thus be viewed as made of one Nb(V) and one
In(lll) coordinated by 6 A%, leading to [(A$).NbY(u-
As®),In" (As®7),]1%". A more covalent point of view, usually
used for describing the bonding in Zintl phases, would
consider 2-center2-electron bonds for NbAs and In-As
and represent the dimer as [AR(Nb)(As™)2(In7)(AS>),).
These considerations assume that each dimer is made of
one [InAs] and one [NbAg] tetrahedral units that share an
Figure 1. ORTEP drawing (95% probability thermal ellipsoids) of (a) edge. However’ a quel_ where half of the dimers in the
[NbInAsgl%~ in KioNbinAss and (b) [NRAsg® in KoNbAss. The structure are with two indium centers, [As(u-As)INAs;],
elongation of the arsenic thermal ellipsoids is highlighted with arrows. and the other half are with two niobium centers, Jb(u-
As),NbAs;], should be also considered. Nevertheless, there
independent contribution to the paramagne_tism. The accuracy of 3re two arguments against this model. The first one is that
the fit was better than 99.9% with the following paramestemst—- it provides two very differently charged dimers with charges
0.324(7) emek/mol, 0 = 2.3(1) K, andgo = 2.57(9)x 102emu/ 615 o048 for the indium- and niobium-centered species,
mol. This Curie constant corresponds to an effective magnetic . . L .
moment of 1.64s, respectively. In rnost structures with coemstm_g and differ-
ently charged anions, these charges do not differ by much.

Elemental Analysis.The Nb/In ratio of KoNbInAs; was verified . . . . .
by elemental analysis carried out by ICP on a Perkin-Elmer Plasmalt is very unlikely for species with charges that differ by

400 emission spectrometer (40 MHz free-running ICP generator four, as suggested by this model, to coexist in the same
and Ar-cooled coil). For that purpose, crystals of the compound Structure.
were manually selected under microscope and were dissolved in  The second argument against different dimers is found in
diluted acid (a small quantity of HF is necessary to completely the shapes of the thermal ellipsoids of the arsenic atoms and
dissolve the niobium). Five “standard” solutions of known con- their relation to the difference in the Ni\s and In-As
centrations were also prepared for each element usifpi and  gistances. These distances need to be discussed first. The
elemental indium. Multiple rneasnrements for Nb and In were only known species with bonds between four-bonded indium
performed and gave an atomic ratio of 1.05 for the two elements. atoms and terminal arsenic atoms are found in HiB&ss
with very similar isolated dimers of [As;]**~ (one of the
four terminal arsenics is additionally exo-bonded to another
The structures of the two title compounds are very similar arsenic). Three different In-As distances are observed in
and quite simple. They both contain isolated anionic dimers these dimers: 2.597(4), 2.657(4), and 2.718(4) A. The
made of two edge-sharing tetrahedra, and the dimers aredistances to the two bridging arsenic atoms in the same
separated from each other by the potassium cations. Thedimers are 2.671(3) and 2.694(4) A. The ranges for the
shortest interanionic distances are 5.249(1) and 5.086(2) Acorresponding niobium distances to terminal and to bridging
in KioNbInAss and KyNbAss, respectively. The dimers in  arsenic atoms are 2.444{12.510(3) and 2.544(2)2.592(3)
the two structures (Figure 1) are of the same symm@ry, A, respectively. These values are taken froggNb,As,4 and
(but very close toCy, with 2-fold axes along As3As3), CsNbAss which contain the same dimers of [Ab(u-
and each has three crystallographically different arsenic As),NbAs,] as those in KNb,Ass.! The corresponding
positions (As1 and 2 are terminal and As3 is bridging) and distances of the dimer in the latter, 2.484(1) and 2.474(1) A
one position for the atoms centering the tetrahedra. Theto the terminal and 2.553(1) and 2.556(1) A to the bridging
occupants of the latter position and the overall charge of the arsenic atoms, fall also in these ranges. Clearly, theAs
dimer (and consequently the number of countercations) is distances are longer than the corresponding b distances
what makes the two structures different. This central position by about 0.+0.2 A. The distances in the dimers inK
was refined as 50% In and 50% Nb indKIbinAss but as NbInAss, 2.570(1) and 2.582(1) A to the terminal and 2.653-
niobium only in KNb,Ase. As already discussed in the (1) and 2.658(1) A to the bridging arsenic atoms, are between
Experimental Section, the refinement with mixed occupancy the Nb-As and In-As values as expected for mixed
in the former was dictated by different factors. One was the occupancy. However, they are not real distances but rather
results from the magnetic measurements which clearly averages of two different distances that correspond to Nb
indicated that the compound is diamagnetic and, therefore,and In occupation of the site. These small differences in bond
electronically balanced. This means that the 10 potassium
cations per formula unit found in the structure had to be (7) Gascoin, F.; Sevov, S. org. Chem2002 41, 2292.

Results and Discussion
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distances should, in turn, influence the shape of the thermalshould be assigned for niobium, Nb(IV/V). The two extreme
ellipsoids of the arsenic atoms. Thus, independent of whethertypes of mixed-valence are defined as the following: (a) with
the dimers are mixed In/Nb or only In and only Nb, the an electron that is fully localized at one of the two centers
terminal arsenic atoms should be elongated along the bond(type I) and the two niobium atoms are distinctively Wb
to the central atom. This is exactly what is observed for the and NEY, and (b) with an electron that is completely
shapes of Asl and As2, an elongation toward the centraldelocalized between the two centers (type Ill) and both
mixed In/Nb position (shown with arrows in Figure 1a). niobiums are Ni¥°.2 The latter case is observed in the bent
The expected shapes of the bridging atoms, on the otherdimers of [NBAss]°~ in CsNb,Ass where a nonzero overlap
hand, depend on the type of the dimer. Clearly the In/Nb occurs between thezdbrbitals of the two niobium atoms
position is well fixed and immobile, i.e., the thermal ellipsoid and the unpaired electron is shared between them. Such an
is small and quite spherical indicating that there is no overlap is possible due to the following: (a) the shorterNb
statistical deviation from the center (Figure 1a). Therefore, Nb distance and (b) the availability of the orbitals, both
the differences in the lAs and Nb-As distances should possible because of the bending. The dimers jNlikASs,
be reflected in the ellipsoids of the bridging arsenics. Thus, on the other hand, are flat but with the same charge-af 9
if the dimers are a statistical mixture of In-only and Nb- It should be pointed out that the only difference between
only dimers, we should see the two bridging As3 atoms the two stoichiometries, GNb,Ass and KsNb,Asg, is the
elongated along the line connecting them (the shared edge)cation. Apparently, the different sizes cause the differences
i.e., radially to the central square. This particular elongation in the dimers, perhaps due to packing requirements.
is expected because the arsenic atoms should be closer to The dimer in kNb,Ass has only one Nb-position, and all
the center of the dimer in order to achieve shorter distancesthermal ellipsoids are quite spherical (Figure 1b). This
to the two tetrahedral centers when they are niobium atoms,suggests that the unpaired electron in this dimer is also
and should be further out when they are indium atoms. That delocalized, just as in the bent dimer in the Cs-analogue.
is the only way to accommodate two different distances. On Had it been localized, the small differences in the radii of
the other hand, the same bridging atoms should be elongatedNb¥ and NHBY would have resulted in slightly elongated
tangentially to the central square if the dimers have one ellipsoids.
indium and one niobium atoms. Thus, if the left tetrahedron  The two compounds presented here and the few other
in Figure la is centered by niobium, the bridging arsenic alkali-metal niobium arsenides discovered recently are an
atoms will be shifted to the left in order to satisfy the shorter attestation for the opportunities that exist in the solid-state
distance to niobium and the longer distance to the right centerchemistry of transition metals coordinated by heavier main-
which is occupied by indium. The other 50% of the dimers group elements. Among these NBs compounds there are
will have this situation reversed, and this should result in already examples that show magnetic ordering at low
the described elongation. As can be seen from Figure la,temperatures, with NbNb bonding, and with mixed-valence
this is exactly the shape of the bridging arsenic atoms, andNb.* Adding a second main-group element, as igNbInAs,
therefore, this model seems to be the correct one. KeTINbAs,, and KsPbNbAs,® extends these possibilities
The purely niobium dimers [A8lb(u-As),NbAs;] found even further.
in KgNb,Asg are the third type of dimers with this composi-
tion but different shape or charge (Figure 1b). The first two
types, a flat dimer of [N)YAsg]®~ and a bent dimer of
[Nb'"VNbYAse]°~, were observed in iNb;As,, and CsNb,-
Asg, respectively. The shape of the dimer in KlbAsg is Supporting Information Available: Plot of the temperature
the same as the former but with the charge of the latter, 9 dependence of the magnetic susceptibilities of the two compounds,
This charge assignment is confirmed clearly by the magnetic general views of the two structures, and an X-ray crystallographic
measurements which indicated a Curi/eiss behavior and  file in CIF format. This material is available free of charge via the
an effective magnetic moment of 1.64, i.e., one unpaired ~ 'Mtérnet at http://pubs.acs.org.
electron per dimer. This means that a mixed-valence statelC020557A
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