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The new compound NigBigSl, has been synthesized and its crystal structure determined by X-ray crystallography.
The structure contains one-dimensional (1D) cations .,[NigBigS]** separated by iodine anions. The geometry of the
columns is similar to that of the recently reported 1.[NigBigS]*, and the main difference between them is only their
formal charge. Electronic structure calculations and physical properties measurements were performed to analyze
the influence of the number of valence electrons on the bonding and properties of compounds containing these 1D
cations. It was shown that the removal of one electron (i.e., [NigBigS]* — *w[NigBigS]?*) mainly affects the Ni—S
bonding within the cation and essentially has no influence on the intermetallic Ni—Bi bonding. It was found that
NigBigSl, containing double-charged columns has conductivity properties more similar to a pure 1D metal than the
congener NigBigSI containing mono-charged columns.

Introduction varying the E element; however, there is no information
d about the possibility to obtain such columns being charged.

Compounds containing one-dimensional (1D) isolate
: g (1D) The replacement of the single-charged cation by double-

columns formed by condensed metal atom polyhedra rep- X ) i X
resent a small but interesting family of low-dimensional charged in Chevrel phases results in drastic realignment of
compounds. Such columns can be neutral (8! ;TesE] the SUUCBIUFG, Whl(;h beqomes th.ree.-d|men.5|ona| (as that of
(M = Nb, Ta; E= Al, Si, Cr, Fe, Co, Ni) in mixed niobium BaMoasg_)..'_I'here is no |nformat|on_|n the literature gbout
or tantalum telluride ), cationic (as[Bis Nis]* in mixed the possibility to obtain other mentioned columns with the

nickel bismuth iodidé or .[NisBisS]* in sulfoiodidé), or ~ charge different from the one mentioned above.
anionic (ask.[MosChg~ (Ch = S, Se, or Te) in Chevrel In this work, we report the synthesis and crystal structure

phase$. The ability to vary the charge of such 1D columns ©f the new co_mp_our;f MBigSlz, which contains 1D metallic
is, in general, not known. In niobium or tantalum tellurides CIUMNS '«[NigBisSI™" with the same stoichiometry and

one obviously can change the number of valence e|ectr0nsessentircllIy the same structure but a higher formal charge as
compared to the previously reportégdNigBigS]™ columns

* Author to whom correspondence should be addressed. E-mail: in NigBigSl. They represent the first example of the 1D
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* Department of Materials Science, Moscow State University. can be varied without appreciably affecting their structure
¥ Royal Institute of Technology. o and composition. We have also investigated the electronic
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7 Inorganic Chemistry Institute. structure and physical properties of the new compound an
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Table 1. Crystallographic Data for NBigSl,

empirical formula NdBisSl,
space group Pnnm(No. 58)
a(A) 9.925(2)
b (A) 21.575(4)
c(A) 4.158(1)
V (A3) 890.4(3)
z 2
Omax(deg) 21.64

w (mm1) 49.303
R(F) for Fe2 > 40(F2)?2 0.0536
Ru(Fod)P 0.1210

aR(1) = {ZIIFol — IFI}{XIFol}. ® L/[0%(Fs?) + (0.053FP) + 150P]
whereP = (Fo + 2F2)/3.

Aldrich), Bi (99.99), b (99.99), and S (99.99%) in an evacuated

silica ampule at 500C (170 h). A black solid of intergrown needle-

shaped crystals with metallic luster had formed. The X-ray powder

pattern (Cu Kl radiation, Guinier camera FR-552 [Enraf-Nonius])  Figure 1. Crystal structure of NBigSly, with the 1[NigBigS] chain (left)

showed excellent agreement with the theoretical pattern generatechnd its packing arrangement (right).

from the single-crystal X-ray diffraction data (see below). The

substance is stable in air. For the first time, the title compound 2Xis in the temperature range 4.200 K by employing a standard

was unexpectedly obtained during the attempt to grow crystals of four-probe technique with the use of silver paste contacts.

NigBiSs? by a chemical transport reaction with | (c) Magnetic Susceptibility.A single crystal of NiBigSl, (0.014
To obtain suitable single crystals for physical property measure- mm x 0.01 mmx 1.1 mm) was mounted on the copper holder of

ments, the sample synthesized (approximately 0.2 g) was placedthe original SQUlD_ _rr_lagnetometer (temperature gnea_sltjrement
in a silica tube (1.8 cmx 10 cm) together with iodine (ap- accuracy 0.2 K, sensitivity by magnetic momentA/m? Hz1?2),

proximately 0.02 g), and the tube was evacuated and sealed off. The magnetic susceptibility was measured in the temperature range

The growth was carried out in a horizontal gradient furnace at from 4.2 tq 100 K ir_' a 200_ Oe magnetic field. ) )
500°C (charge area) and 45C (at the empty end of the ampule) Calculation Details. Ab initio (RHF) and density-functional

during 350 h. Needle-shaped dark crystals (0.01 mtmm) with (B3LYP gxchange-correlation potential) calculations were per-
metallic luster were obtained in the part of the ampule with lower forme_d with the CR_YSTAngl program _packag_e. Haywadt
temperature. effective core potentials (ECPs) and basis $&tghich had to be

P )
Crystal Structure Determination. A small, single crystal (0.04 modified® in accordance with the CRYSTAL98 mandélwere

mm x 0.025 mmx 0.01 mm) was mounted on a KappaCCD used in the cglculatlons. o . .
. . o — The analysis and visualization of difference electronic charge
(Bruker-Nonius) goniometer head. Agokradiation ¢ = 0.56090 o L
. densities employed to reveal the nature of the bonding iBil
A) and a graphite monochromator were used. The data sets were . L
. . Sl, and used previously on similar compouh#éswere performed
collected at ambient temperature. The data collection parameters™ .
X . ) . . .~ “with the use of the TOPOND98 and gOpenMdFf program
and results are listed in Table 1. Semiempirical absorption correction ackages
was used. An analysis of the data collected suggested an ortho ges.
rhombic crystal system with the systematic extinctions correspond- Ragylts
ing to the space groupnnm(No. 58). The positions of Bi and | o ) o
atoms were found using direct methods (SHELX$%7he nickel Crystal Structure. NigBigSl, is made of %-[NigBigS]
and sulfur atoms were localized by a sequence of least-squareolumns separated by iodine atoms (Figure 1). Slightly
refinement andAp(x,y,2) synthesis (SHELXL-9%). Finally, the distorted square antiprisms [fshare common square faces
positions of all atoms were refined anisotropically and #hsite forming infinite columns running parallel along the crystal-
was found to be half-occupied. Because of pafiisite occupation,  |ographicc axis. The Bi atoms reside close to the edges of
single crystal and powder diffraction [Cuck radiation, Guinier each [Ni] square. The sulfur atoms sit approximately in the

camera FR?552 (Enraf-Nonius)] experiments were performed to centers of every [N] antiprisms, but the occupation of the
reveal possible superstructure. However, no additional superstruc-

ture reflexes were observed on the diffraction patterns. (11) Saunders, V. R.; Dovesi, R.; Roetti, C.; Cauda Harrison N. M.;

Measurements of Properties: (a) Thermal PropertiesThe Orlando R.; Zicovich-Wilson, C. MCRYSTAL98 User's Manual
substance was placed in a small quartz ampule, evacuated, ang, ., LFJg'r"girs'éy QLJ?T'”ﬁgyT%r_'Z‘_’-' \'/t;"‘&'l}é*t 1\?\/?8& Chem. Phys1085 82
sealed off. The differential thermal analysis curve (using alumina 270. For Ni: Freyria-Fava, F. Thesis, University of Torino, Torino,
as a standard) was recorded at a “@min heating rate on a Italy, 1997.

modified PRT-1000M device equipped with a PDA-1-20 XY (13) Ni: An additional d-exponent of value 0.20 was added to the modified
Hay—Wadt small-core basis set. Bi: The-d term of the original

recorder. ECP for Bi was eliminated. One too-diffuse exponern0(1) of a
(b) Resistivity. The electrical resistivity of a small crystal (needle, p-type Gaussian in the original Bi basis set was removed, and the
0.007 mmx 0.03 mmx 1 mm) was measured parallel to the needle remaining contraction was completely removed. S and I: The smallest
exponents of the original basis sets for S and | were uncontracted to
provide a higher degree of basis set flexibility.
(9) Mariolacos K.Chem. Erdel987, 46, 315. (14) Lyubimtsev, A. L.; Baranov, A. I.; Fischer, A.; Kloo, L.; Popovkin,
(10) (a) Sheldrick, G. MSHELXS-97: Program for Crystal Structure B. A. J. Alloys Compd2002 340, 167.
Solution University of Gdtingen: Gidtingen, Germany, 1997. (b) (15) Gatti, C.TOPOND 98: User's ManualCNR-CSRSRC: Milano, Italy,
Sheldrick, G. M.SHELXL-97: Program for Crystal Structure Refine- 1999.
ment University of Gdtingen: Gitingen, Germany, 1997. (16) Laaksonen, LgOpenMolv.1.4. http://www.csc.fi/gopenmol/.
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BigSl,.

Figure 2. Resistivity of a needle-shaped crystal ofBiisSl,. The solid

line is a low-temperature fit, according to eq 1. Table 2. Calculated Energies (per unit cell) of ChargefNigBisS]?*

L . Columns for the Different Models of S-Atom Orderin
S site is only 1/2. These columns are packed in a close 9

hexagonal manner (Figure 1), being separated by | atoms. energy, 18au
The interatomic distances within thgNigBigSP columns moge: Ezgg(é—g)f g-iggﬁ —g-;ggggg

. . . . . moae — = Z. —c.
are close to those in BBigSI. One important difference is model (c)d(S—S) = 2.029 A 5792584

the presence of short [2.03¢42.21(1) A] distances between

half-occupied sulfur positions, which are close to the typical conductorg® At higher temperatures, the resistivity increases
S-S contacts in FeS(2.162 A)!” The iodine atoms are linearly up to 300 K.

surrounded by nine bismuth atoms with the closestIBi (c) Magnetic MeasurementsNo magnetic anisotropy was

distances of 3.492(3)3.950(2) A. These distances are observed. The susceptibility curve is shown in Figure 3. Such
significantly longer than in mixed NiBi iodides"8 (3.3— dependence is typical for temperature-independent Pauli
3.5 A) or binary Bi iodide¥ (3.0-3.3 A). paramagnetism of the substance with the presence of

The “square” edges of [Ni antiprisms deviate by 0.07  temperature-dependent Curid/eiss paramagnetism of para-
[square formed by Ni(1) and Ni(3)] or 0.09 A [square formed magnetic impurities (e.g., on the crystal surface). The latter
by Ni(2) and Ni(4)]. Also, the S atoms do not sit exactly in is small at high temperature¥ ¢ 100 K). The susceptibility
the center of the antiprism [Nibut are shifted about 0.04  of NigBigSl, was found to be/(100 K) = 2.4 105 emu/g.

A along the crystallographicaxis, so that distances between  Electronic Structure and Bonding. Because of the half-
two Ssites in the centers of adjacent fNantiprisms become  occupation of theS site in NigBigSl,, an ordered model has
unequal (2.129 A and 2.029 A, respectively). to be deduced for the calculations. Apparently, the total

Physical Properties: (a) Thermal Properties. Four  energy depends much more strongly on the S atom arrange-
resolved endothermic effects at 454, 552, 595, and°€10  ment within one column than on the mutual disposition of
(5 °C) were registered in the DTA experiment (heating sulfur atoms belonging to different columns. It is therefore
mode). The first effect (454C) should correspond to a reasonable to consider different ordering arrangements of S
polymorph transformation rather than decomposition becauseatoms in only one column to facilitate the calculations. Three
the single crystals of NBigSl, in the chemical transport  simple models were considered:
experiments were retrieved in the area at approximately (a) S atoms regularly occupying every second g]Ni
480 °C. The second effect (552C) is suggested to  antiprism with the S-S distance equal to 4.158 A
correspond to a solid-state decomposition because quenching (b) S atoms regularly occupying two adjacent gNi
from that temperature produces a nonmolten mixture gf Ni  antiprisms forming pairs with the-SS distance equal to
BisSk, NigBigSI, NizBi2S;, and probably other phases as well. 2.129 A. The two adjacent antiprisms are, by necessity,
Two other peaks may be attributed to the melting of the empty to maintain the stoichiometty[NigBigS].
decomposition products of BBigSl,. (c) The same as (b), but the S atoms are positioned to

(b) Electrical Properties. The compound has a metallic  form pairs with the S-S distance equal to 2.029 A
type of conductivity (Figure 2). The resistivity at room The total energies of the charged columpiNigBigS]**
temperature is equal t@;(300) = 160 «Q cm. The with S atoms distributed as specified i@ were evaluated
temperature dependence of the resistiviiT) can be at HF level. The most stable ordering model was used in

approximated in the range 4:25 K by the eq 1 the calculation of the bulk MBigSl, compound, for which
3 the electronic structure and bonding were analyzed in more
pu(T) = po + KT 1) detail.

Table 2 presents the calculated total energies per unit cell
Ef the 1;[NigBigS]*" columns in which the S atoms are
rdered as specified above. Model (a), in which the S atoms

where po = 87.06 422 cm andk = 0.00012uQ cm K3,
Such dependence is characteristic of quasi-one-dimensiona

(17) Finklea, S.; Cathey, L.; Amma, Bcta Crystallogr., Sect. A976 regularly occupy every second ffjiisquare antiprism and
32, 529.

(18) Ruck, M.Z. Anorg. Allg. Chem1997, 623 243. (20) Oshiyama, A.; Nakao, K.; Kamimura, H.. Phys. Soc. Jpri978 45,

(19) Trotter, J.; Zobel, TZ. Kristallogr. 1966 123 67. 1136.
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|| /™ corresponding to the crystallograplexis in real space) is
| much higher than that in the—X—M area (i.e., correspond-
% ing to theab plane in real space).
N The main contributions of atomic orbitals (AOs) to the
— total DOS are denoted in Figure 5. Atomic states are mixed,
V/ F and it is difficult to assign any of the peaks in the DOS to
only one atomic state. The states in the proximity of the
S\ % Fermi level have the main contribution from Bi(sp) with the
I XM T 7 A r admixture of Ni(d) AOs.
Figure 4. Band structure of NBigSly. An analysis of partial DOS and Mulliken charges shows
that the Ni atoms have almost fully occupied d-states,
s,|)o) indicating that NiBisSl, should exhibit a Pauli paramagnetic
S(x.y) behavior. The Bi s-states are fully occupied, whereas the
12000 1 p-states are not. The S atoms have sp-states fully occupied,;
10000 @) a similar situation holds for iodine.
1(%,y) The difference charge density maps afNigBisS] are

8000 1 presented in Figure 6. The strongest interactions inside the
columns are five-center heterometallic interactions 4Ni
Bi (marked as A) and 4B+ Ni (marked as B). Intermetallic
4000 1 S@) interaction is often of multicenter nature as reported earlier
for metals?! intermetallics}* and the analogous compound
Sﬂﬁz) N NigBigSI.5 The interaction between nickel and sulfur is also
0 ‘ ‘ ‘ ' not pairwise and corresponds to five-center 4Ns, marked
-0.400 -0.300 -0.200 -0.100 0.000 . .. .

Energy, a.u. asC (Figure 7). The shape and positions of th€smaxima
Figure 5. Total DOS of NiBigSly. imply that the S 3pstates are one of the major contributors
to these interactions, and indeed,, 3pates of S give a

without direct S-S contactsd(S—S) = 4.158 A], was found pronou'nced pgak on the DOS C,”“,’e_‘m-l? ay (Figure 5).
to be the energetically most stable configuration. The interaction between the infinifg[NigBigS] column

In the calculations of the bulk MBigSl, the unit cell and iodine are of almost purely electrostatic nature, as can
dimensions were left unchanged, but because of the S-atonP€ observed from the spherical isosurface close to the iodide
ordering scheme the symmetry had to be reduced from thelon (Figure 8). The calculated formal (Mulliken) charge on
Pnnm(No. 58) to thePnr2 (No. 34) space group. The unit |0Q|ne is close to—ll. Togetherwnh the long Btl contagts,
cell employed contains two independésNisBisS] columns th_|s supports the interpretation of the columnsigig-
with the S atoms arranged according to model (a). The S SIEST
atoms in these columns reside at differeft coordinates;
thus, the columns are “shifted” ly2 along thec axis relative Discussion
to each other.

The calculated band structure and total density of states The crystal structure of MBisSl; is highly related to that
(DOS) for the whole NiBigSl, crystal are presented in  of the previously reported BBigSI,° which also contains 1D
Figures 4 and 5. columns of'.[NigBisS] packed parallel to each other and

According to the band structure and DOSgBISI, is separated by iodine anions. The increase in column charge
expected to be a highly anisotropic metallic conductor. The and thus required doubling of the amount of iodine introduces
conductivity is expected to be much higher along ttexis some changes in the crystal and electronic structure as
because of the number of bands that cross the Fermi levelcompared to NBigSI.
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Figure 6. Difference charge density distribution in thgNigBisS] column.Ap = +0.0145 € au3 (left) andAp = +0.018 e au 3 (right).
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Figure 7. Difference charge density inside thgNigBisS] column around
the S atomAp = +0.013 € aus.

Figure 8. Difference charge density close to.IAp = +0.002 € au3
(isosurface of close-to-almost-spherical shape hidestlaaibn inside it).
D stands for Bi lone-pairs.

The columns in NiBigSl are packed in a square motif,
whereas in NiBigSl, they are packed in a hexagonal array.

Baranov et al.

It is worth noting that this “oxidation” does not seriously
affect the heterometallic bonds. However, the shortest
interatomic distances within the columns irgBisSl, {e.g.,
d[Ni(2)—Bi(1)] = 2.705(4) A,d[Ni(1)—Ni(2)] = 2.555(3)

A} are longer than the shortest contacts igBWSI [d(Ni—

Bi) = 2.679(1) A,d(Ni—Ni) = 2.519(1) A]. Probably the
“oxidation” reduces the overall electronic density in the
bonding regions, or alternatively expressed, removes the
electrons from bonding states weakening the bonding
observed as an increase in atoatom distances.

The results of the physical measurements shoyBiysI,
to be a quasi-one-dimensional metallic conductor exhibiting
Pauli paramagnetism. These results are in good agreement
with those of the quantum-chemical calculations performed.
Similar properties were reported earlier for gBiigSI.®
However, a comparison of the low-temperature resistivity
dependencies of the two compounds shows that the low-
temperature power law deviates from the experimental data
at different temperatures: at 25 K fordBisSl, and at 45 K
for NigBigSl. This deviation temperatuiig is associated with
the amplitude of the goffer of the Fermi surféte (y~Ty),
which in turn can be considered as a measure of the
interaction between the 1D systems, i.e., the coluhgifd g-
BigS]. Consequently, the amplitude of the goffer of the Fermi
surface in NiBigSl, is lower than in NgBigSl, and the
interaction between the 1D columns in the former compound
is thus less pronounced. This can be attributed to the double

This can be attributed to the increased number of separatingamount of iodine, which acts as an insulating matrix between
anions and to an increase in the charge of the columnsthe cationic columns.

leading to stronger electrostatic interaction and closer pack-

ing. In coherence, the shortest-Biseparations in NBis-
Sl, (3.492 A) are shorter than in pBigSI (3.930 A)®

Another difference between the crystal structures @f Ni
BigSI and NiBigSl; is the statistical distribution of sulfur
atoms in the latter. According to calculation results, the
energetically most stable model of sulfur distribution in the
columns of [N§] antiprisms is the occupation of every second
antiprism in a regular order, just as ingBigSl. Therefore,
it is logical to assume that the sulfur atoms in thfNig-
BigS]?* columns of the NjBigSl, structure are regularly
distributed, but the columns are packed with a statistical shift
along thec axis, giving rise to the half-occupied sulfur
positions.

The removal of one electron per formula unitligNig-
BigS]?", as compared té.[NigBisS]", essentially changes
the nature of the nickelsulfur interaction in the columns
from classical pairwise to a multicenter type because of the
deficiency of electrons. The positions of these two 4N&
maxima (above and below S along theoordinate) imply
that the S 3porbitals are involved in this interaction to a
greater extent than other S 3p states. Hence, the &3ifals
have a different energy because of that interaction that
resulted in the pronounced peak on the DOS curve. In
contrast, eight NiS maxima in N§BigSl are located in the

corners of the distorted cube that requires all S 3p-states to

be almost equally mixed in this interaction.

(21) Silvi, B.; Gatti, C.J. Phys. Chem. £00Q 104 947.
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One-dimensional columns of condensed metal polyhedra
may demonstrate surprising structural stability, viz. the
niobium or tantalum tellurides. They allow the replacement
of niobium by tantalum and they vary the E element from
Al or Si to Cr—Ni, indicating a significant electron-buffering
capacity of the columns. The only possible element change
in Chevrel phases is the replacement of S by Se or Te, thus
conserving the number of valence electrons. The electron-
buffering capacity of the cationié,[NigBigS] columns,
indicated by the possibility of changing their formal charge,
may suggest that the number of valence electrons can be
varied not only via the total column charge but also by
heterovalent substitution of the elements of the column core.
Several attempts to expand the series of such 1D compounds
with heterometallic columns by metal substitutions have been
initiated. The samples of the compositions T:M:$:18:8:

1:1 and 8:8:1:2 (where & Fe, Co, Ni; M= Sn, Pb, Sb,

Bi), derived by complete substitution of only one metallic
core element by another in §igSI and NiBigSl,, were
studied under similar conditions (evacuated silica ampules,
500-540°C). Attempts have also been made to synthesize
the derivative compound BBisSls,, potentially with both
types of columns'{[NigBigS]" and'.,[NigBigSJ*"). However,
none of those attempts have yet been successful. X-ray phase
analysis of the samples synthesized revealed no new low-
dimensional phase similar to §igSI or NigBigSl. Only a
mixture of the elements, known binary or ternary compounds,
were discovered in the ampules. The sample with the
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composition NiBigSls, was found to be a mixture of i Bi) are not. Probably this is the reason these columns allow
BigSI and NgBigSl,. removal or addition of one electron and can have bottla

It is highly likely that the heterovalent substitutions and-+2 formal charge.
attempted above (i.e., Ni- Co, Fe; Bi— Sn, Pb) lead to a Compounds containint,[NigBigS]"" demonstrate similar

significant deficiency of valence electrons affecting the physical properties (1D conductivity, Pauli paramagnetism)
column stability. One can expect that homovalent substitu- attributed to the presence of the columns with a metallic core
tions (Bi— Sb, Ni— Pd, Pt) could be more likely to render separated by iodine in their structures. An increase in the
success, although geometric factors should not be forgotten;column charge and doubling of the amount of iodine ig-Ni
the radii of the substituents may differ too much to allow BigSl, results in enhanced 1D conductivity as compared to
replacement without collapse of the 1D structure building NigBigSI.

blocks. )
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