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composition of these compounds. Comparisons were
made with similar analyses of the individual oxalates
and appropriate physical mixtures thereof. The re-
sults indicate that the oxidation state of the iron changes
frequently during the course of the decomposition of
the complex oxalates and in the region of 700-900°
the principal oxidation state is iron(IV). The com-
ponents of the mixtures, however, behave independ-
ently and do not appear to form significant amounts
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of iron(IV) at these temperatures. Unfortunately,
decomposition of the complex oxalate does not yield
stoichiometric barium or strontium ferrate(IV), as had
been previously suggested.?
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The sesquiselenides of Sc, Yb, Tm, Ho, and ¥ and the sesquitellurides of Tm, Ho, Dy, and Y have the Sc,S; structure which

is a superstructure of the NaCl type based on the ordering of cation voids.

The tellurides with this structure are stable only

over a very narrow range of cation/anion radius ratio, centered at about 0.414. This suggests that the tellurides require

both cation—anion and anion—anion contacts to stabilize the structure.

The selenides are stable over a wider range of radius

ratio, and the relative values of the orthorhombic cell parameters g, b, and ¢ show appreciable deviation from the ideal values

2, v/2, and 3+/2, respectively, times the NaCl subcell parameter as.

Thus, factors other than geometrical considerations

are important in determining the stability of the selenides.

Introduction

The rare earth sesquichalcogenides, Ln,X; of the
elements from La to Gd crystallize principally in a
defect-type ThsP; structure,* of which CesS; is a well-
known example.? The structures of most of the ses-
quichalcogenides of the higher atomic number rare
earth elements, Tb to Lu, are not well characterized,
however. Single crystal data are almost entirely
lacking, and even X-ray powder data are not available
for many of these compounds of Tb, Ho, and Tm. Al-
though unit cell dimensions for some compounds ob-
tained from X-ray powder data have been reported,2—°
only the structures of Yb,S; and LueSs,? both a-ALO;
type, have been established.

Very recently, however, Haase, Steinfink, and Weiss®
have shown that Er.Se; and Er:Te; have the ScpS;-

(1) K. A. Gschneidner, Jr., “Rare Earth Alloys,” D. Van Nostrand Co,,
Inc., New York, N. V., 1961.

(2) W. H. Zachariasen, Acia Crysi., 3, 57 (1949).

(3) M. Picon, L. Domange, J. Flahaut, M. Guittard, and M. Pattrie,
Bull. soc. chim, France, 37, 221 (1960).

(4) G. V. Samsonov and S. V. Radzikovskaya, Russ. Chem. Rev., 30,
28 (1961).

(5) J. F. Miller, L. K. Matson, and R. C. Himes, “Observations on MsXy~
M:X; Crystalline Phases of Rare-Earth Tellurides, Selenides, and Sulfides,”
to be published in “Rare Earth Research,” Gordon and Breach Science
Publishers.

(6) J. Flahaut and L. Domange, Compt. rend., 286, 1793 (1963).

(7) M. Guittard, J. Flahaut, and L. Domange, ¢bid., 266, 427 (1963).

(8) J. Flahaut, L. Domange, M. Guittard, M, Pardo, and M. Patrie,
ibid., 257, 1530 (1963).

(9) J. Flahaut, L. Domange, and M. Pardo, +bid., 258, 594 (1964).

(10) D. Haase, H. Steinfink, and E. J. Weiss, “Crystal Chemistry and
Phase Equilibria in the Er-Se System,” Paper presented at the Fourth Rare
Earth Research Conference, Phoenix, Ariz. April 1964; H. Steinfink,
private communication.

type structure,’ which is a superstructure of the NaCl
type based on the ordering of cation voids. In Sc,S;
the unit cell is orthorhombic with ¢ = 2ay, b = ~/2a,,
and ¢ = 3+/2a, where g is the NaCl-type subcell
lattice constant. The axes ¢, b, and ¢ are parallel to
the directions [100], [011], and [011], respectively, of
the subcell. The fact that Flahaut, et al.,3 have re-
ported a face-centered cubic subcell for many of the
sesquiselenides and sesquitellurides of the higher atomic
number rare earth elements suggests that the occur-
rence either of the Sc,S; structure or of another struc-
ture having a NaCl-type subcell is widespread in these
compounds. The sesquisulfides of these rare earth
elements, however, appear not to have the Sc,S; strue-
ture.®#*%!2  Therefore, the present investigation is
limited to the occurrence and range of stability of the
SepS; structure among the sesquiselenides and sesqui-
tellurides of the rare earth elements between Gd and Lu,
which also includes Y and Sc because of their chemical
similarity.

Experimental

Preparation.—Polycrystalline samples of SceSe; and ScyTes
were prepared by the direct reaction in stoichiometric propor-

(11) J. P. Dismukes and J. G. White, Inorg. Chem., 8, 1220 (1964).

(12) We have prepared the sesquisulfides of all the high atomic number
rare earth elements. Th2S: had the ThyPs structure with a¢ = 8.333 A.
Ho2S5 and TmsS;, data for which have not been published to our knowledge,
give very complex powder patterns and appear to be isostructural with Er:S;
and YV:S;. However, indexing of these compounds on the basis of the mono-
clinic unit cell suggested by Picon, et al.,® has not yet been tested. The data
for LueS;z agree with that published by Flahaut, ¢/ ¢l. Thus none of these
compounds appears to have the Sc:8; structure,
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tion of Sc metal with Se or Te vapor in an evacuated quartz
ampoule. To prevent the reaction of Sc with quartz, the Sc
metal (Fairmont Chemical Co., 97.59, pure) was contained in
an aluminum oxide boat, and to prevent oxide contamination
from water vapor, both the boat and the ampoule were baked
under vacuum at 1000° prior to use. The reaction temperature
was set first at the boiling point of Se or Te until most of the
reaction was complete, and it was then inereased to 1000° for
12 hr. to ensure homogenization, About 0.5 mg./cm.3 of I, was
included to speed up the reaction, and in the case of Sc;Tes,
some chemical transport!? was observed even with the small
temperature gradient in the tube furnace. Subsequently it was
established that both SceSe; and SceTe; transport from hot to
cold, as was observed previously for Sc;S;.!t  Single crystals of
SceSe; and Sc.Tesit and a polycrystalline alloy of the two com-
pounds with the formula Sc;TepssSes.sr were prepared by the
transport technique. The intended alloy composition, based
on the ratio of the Sc:Sey and ScyTe; starting mixture, was Scs-
TeSe;. The lower tellurium content of the transported alloy
might be due to much faster Se transport than Te transport in
this experiment. It is also possible that compositions richer in
Te than SceTeg.s:Ser oy are not stable. However, no further
experiments have been performed to clarify this point. Data
on the transport experiments are summarized in Table I. Chemi-
cal analyses on a 75-mg. sample established the Te/Se ratio in the
ScsSes~Sc:Tes alloy.  Anal. Caled. for ScaTeo.asSe.07: Sc, 26.2;
Se, 61.5; Te, 12.3. Found: Sc, 25.8, Se, 60.0: Te, 12.0.

TABLE 1

TyPrcaL CONDITIONS FOR CHEMICAL TRANSPORT OF SCANDIUM
CHALCOGENIDES WITH 12

Material Transport rate, Is concen.,? Temp.,
transported? pmoles hr, ~1 mg./cm.$ °C.
SeaSs 46 1.6 1090-920
SceSes 10 1.15 1050-950
SceTesy 7.9 1.15 1050-950
ScoTeq.s35€2. 67 6.3 0.86 1000-950

¢ Ampoules 2.0 cm. i.d. X 25 cm. long were used. *1 mg./

cm.3of I, ~0.4atm.

Polycrystalline samples of the sesquiselenides and sesqui-
tellurides of the rare earth elements from Gd to Yb and of Y were
prepared under conditions very similar to those employed in
preparing SceSe; and SciTes. However, Is was not used to
speed up the reaction. In most experiments rare earth metal in
filing form (American Potash and Chemical Corp., 99.9% pure)
was used. But, since the question of oxide contamination is
important in chalcogenides, for comparison a few samples were
also prepared from bulk metal polished to a bright finish. Since
the same chalcogenide prepared by the two methods gave identi-
cal X-ray powder patterns, the structures found do not appear
due to spurious stabilization by oxygen contamination. The
reactions appeared complete in all cases except for that of ytter-
bium with tellurium, where the reaction proceeded only to YbTe.

X-Ray Measurements.—All X-ray data were taken with Ni-
filtered Cu Kea radiation. For Sc;Se; several reciprocal lattice
layers were recorded from a small crystal (~ 0.1 mm.) using the
equi-inclination Weissenberg technique. The crystals were
found to be orthorhombic and the space group to be Fddd. The
reflection intensities were compared directly with those of Sc.Ss,
and it was established that SceSes and ScsSs are isostructural.
For the superlattice reflections the intensity ratios corresponded
very closely in the two compounds, but in Sc:Se; these reflections

(13) H. Schafer, H. Jacob, and K. Etzel, Z. anorg. allgem. Chem., 288,
27 (1956); H. Schafer, “Chemische Transportreaktionen,” Verlag Chemie,
GMbH, 1962,

(14) Preparation of Scz2Tes is included here since it was used to prepare the
ScsSes—ScsTes alloy. For its crystal structure see J. G. White and J. P.
Dismukes, Abstract G-12 of Annual Meeting, American Crystallographic
Association, Bozeman, Mont., July 1064,
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were relatively weaker as compared to the subcell reflections.
Men’kov, et al.,’ have also prepared Sc:Ses and have published
powder X-ray data for the compound. The reflections they re-
port are in good agreement with the strong subcell reflections in
our patterns, and their data would be consistent with a NaCl-
type structure with disordered voids. However, since their
preparative conditions were very similar to ours, it may be that
their patterns were too weak to observe the superlattice reflec-
tions.

Single crystal and powder X-ray data showed that Sc;Te; does
not have the SceS; structure.’* Powder patterns of Dy:Se; and
ThsSes prepared in this work could be indexed with orthorhombic
cell parameters similar to those of SbpS;.1¢7 The X-ray patterns
of TbeTe; and Gd;Tes were complex and did not resemble any
of the rare earth chalcogenide phases for which patterns have been
indexed.!®® The powder patterns of the sesquiselenides of Ho, Y,
Tm, Yb, and Sc and of the sesquitellurides of Dy, Ho, Y, and Tm
are shown in Table II. However, for each pattern many high
index lines are not listed due to the complexity of the patterns.
The patterns of these compounds and of the ScaTeq 338ez 7 alloy
are all characteristic of the ScS; structure, which has the follow-
ing diffraction features: (a) a strong set of lines from the NaCl-
type subcell, (b) a set of odd index superlattice reflections for
which [ is never a multiple of 3, and (¢) a weaker set of even
index superlattice reflections with # 4+ %2 + ! = 4n. These
restrictions, in addition to the space group extinctions, arise
from the fact that the cation positions are at rational fractions
of the cell edges. The YbsSe; pattern lists all the odd index
superlattice lines which could occur within this range except for
three which are overlapped by strong subcell lines. The ratio
of the intensities of the superlattice lines to those of the strong
(even index) subcell lines in different compounds is proportional
to the ratio of the square of the cation scattering power to the
square of the scattering power of the whole unit cell. There-
fore in SceSes and Y Te; the superlattice lines were relatively the
weakest.

For the sesquitellurides in Table II no splitting or pronounced
broadening of the back-reflection lines could be detected and the
orthorhombic cell dimensions a, b, and ¢ were taken as exactly 2,
4/2, and 3+/2, respectively, times the subcell lattice parameter
ao. The orthorhombic indices, %#&I, may be converted to the
subcell indices, HKL, by the formula [h%/4 + %2/2 + [2/18] =
[H?+ K+ L7,

The selenide patterns, however, showed pronounced splitting
of the back-reflection lines indicative of deviations of the lattice
constants from the ideal ratios. The ratios of the lattice con-
stants could thus be determined with high precision from the
back-reflection region. The cell dimensions are given in Table
IIT and are probably accurate to 1 part in 3000.

Discussion

The present results show that the scandium sulfide
structure! occurs widely among the sesquiselenides
and the sesquitellurides of the higher atomic number
rare earth elements. Thus, with Sc,S;, the nine
compounds herein reported, and Er,Se; and Er,Te;
recently reported by Haase, e ol.,*® twelve members of
this structural type are known. Since scandium and
ytterbium sesquiselenides are isostructural, it is also
fairly certain that lutetium sesquiselenide has the Sc.S;

(15) A. A. Men’kov, L. N. Komissarova, I. P. Simonov, and V. I. Spitsyn,
Dokl. Aked, Nauk SSSR, 128, 92 (1959).

(16) W. Hofman, Z. Krist., 86, 225 (1933).

(17) The structural similarity of these compounds to SbeSs: has previously
been noted by Flahaut, et al.® However, neither in the present work nor in
that of Flahaut has this postulation been substantiated by intensity calcula-
tions on the powder data or by single crystal data.

(18) This phase may be identical with that reported, but not indexed, for
GdsTes by Reid, ef al.,5 and by Flahaut, ¢! al.¢
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X-Rav Powper DIFFRACTION DATA FOR RARE EARTH SESQUICHALCOGENIDES WITH THE Sc;S; STRUCTURE (Cu Ko Rabpratiox)®
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TasLE 111

CeLL DIMENSIONS FOR THE TELLURIDES AND SELENIDES WITH
THE S¢pS; STRUCTURE

. . 5 Subcoell

Compound a, A, b, A. ¢, A, a/b ¢/b ao, A.
Y. Te; 12.224 8.642 25.92 1.414 3.000 6.112
Dy, Te; 12.220 8.640 25.91 1.414 3.000 6.110
Ho,Tes 12.172 8.605 25.81 1.414 3.000 6.086
TmyTe; 12.084 8.543 25.63 1.414 3.000 6.042
Y2Se; 11.455 8.170 24,38 1.402 2.984 5.750
HoeSe; 11.412 8.133 24.27 1.403 2.984 5.726
TmaSes 11.316 8.056 24.06 1.405 2 987 5.675
YhaSe; 11.274 8.021 23.98 1.406 2.989 5.654
ScaSes 10.836 7.673 22.95 1.412 2.991 5.418
ScoTep 3Seper 10.915  7.720 23.12 1.412 2.991 5.458

structure. Since Sc;Te; has different structure!
and Yb.Te; could not be obtained in this work, the
structures of Lu,Te; and YbyTes cannot as yet be char-
acterized.

The cell dimension ratios, a/b and ¢/b, for the sele-
nides and tellurides with the Sc¢,S; structure are given
in Table IIT. The deviations in these ratios from their
ideal values are measures of the magnitude of distor-
tion in the ScyS; structure. The tellurides are undis-
torted, as was discussed above. For the selenides, the
magnitude of the distortion increases with increasing
cation size from Sc;Se; to Ho,Se;. It is probably this
distortion which accounts for the change in structure
for Dy,Ses.

In Table IV the observed cation—anion distances in
compounds with the Sc,S; structure are compared with
those calculated by summing the cation and anion
radii. The radii for the trivalent rare earth ions are
those derived from the C-form rare earth oxides by
Templeton and Dauben.'® The radii for trivalent
yttrium, 0.894 A, and for trivalent scandium, 0.731 A,
were obtained by their method from the lattice parame-

(19) D. H. Templeton and C. H, Danben, J. Am. Chem. Soc., T6, 5237
(1954).
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vw, very weak; vvw, very very weak; B, broad.

TaBLE IV

CATION—ANION DISTANCES AND RADIUS RATIOS IN THE RARE
EARTH SELENIDES AND TELLURIDES

Compound dobsd, A. doaled, A. 7o /72
ScoSey” 2.709 2.704 0.370
VhsSey 2.827 2.831 0.435
Tm,Se; 2.838 2.842 0.440
HoySey 2.863 2.867 0.453
V,Ses 2.875 2.867 0.453
TmyTe; 3.021 3.020 0.404
Ho,Te; 3.043 3.045 0.416
Dy, Te; 3.055 3,059 0.422
Yo Te; 3.056 3.045 0.416
Sc,S¢ 2.590 2.571 0.397

® The value 0.731 A. was taken as the radius of Sc*. ? The

value 1.84 A. was taken as the radius of $2-,

ters of Yo0;2 and Sce(0;.20 The value used for the
selenide ion radius, 1.973 A., and that used for the
telluride ion radius, 2.151 A., are almost identical with
the respective radii deduced by Iandelli** from the
rare earth monoselenides and monotellurides with the
NaCl structure. There is good agreement between
the observed cation—anion distances and the calculated
values for the selenides and tellurides, and for Sc,S;.
The boundaries of the Sc,S; structure are fairly well-
defined, as can be seen with reference to Table V.
The selenides with this structure occur between Sc
and Ho, and there is a break between Ho and Dy. The
tellurides with this structure are stable between Tm
and Dy, with breaks in structure between Tm and Sc
and between Dy and Tb. The limits of stability
may be understood qualitatively in terms of the pack-
ing of hard spheres. The cation/anion radius ratio,
ve/7a, i a convenient parameter for this discussion,
and values for the selenides and tellurides with the
ScyS; structure are listed in Table V. At large r./7,

(20) E. Staritzky, Anal. Chem., 28, 2023 (19586).

(21) N.B.S. Circular 539, Vol. 111, U. S. Government Printing Office,
Washington, D. C., 1954, p. 27.

(22) A, landelli, Z. anorg. allgem. Chem., 288, 81 (1956).
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TABLE V
STABLE STRUCTURES OF THE SESQUICHALCOGENIDES OF THE RARE
EarTH ELgMENTS Gd-Lu, V, anp Sc
Gd Tb Dy Y Ho Er Tm Yb Lu Sc

MoS: A A A D D D D E E F

MySe; A B B F F F F F F? F
B
A

M.Te; B C F ¥ F F F ? ? G
C

? The elements are arranged in order of decreasing cation
radius; A, defect ThsPs;type; B, orthorhombic phase; C, un-
known; D, monoclinic phase; E, a-Al:Os-type; F, ScpS;-type;
G, Sc,Te; structure.

the structure probably becomes unstable, because an-
ion—anion contact, which provides a stable framework
for a cation-deficient structure, no longer occurs. At
small 7,/7. the structure probably becomes unstable,
because the small cation ‘‘rattles’” in the close packed
anion lattice. The individual range of 7./7, for stability
of the tellurides (0.404-0.422) with the Sc.S; structure
is much narrower than that of the selenides (0.370-
0.453). The average value of 7./r,, particularly for
the tellurides, is also very close to 0.414., the value at
which both anion-anion and cation-anion contact
occurs.2® Therefore, it appears that for the tellurides a
double framework of these contacts is necessary for the
stability of the structure. The selenides with the
Sc.S; structure tolerate considerable distortion before
the structure becomes unstable. Reasons for this
behavior are not immediately obvious, although clearly
the hard sphere model can only be an approximation.
That Sc;S; is the only sulfide of this structure type is
probably a consequence of the large increase in cation

(23) L. Pauling, “The Nature of the Chemical Bond,” Cornell University
Press, Ithaca, N. V., 3rd Ed., 1960, Chapter 13, pp. 520-530.
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radius between Sc and Lu. The value of 7./7. for
ScsSy (0.397) lies within the stability range for the
selenides, but that for “Lu,S;” (0.461) lies outside it.

A logical extension of the above discussion is to con-
sider whether the nonoccurrence of the Sc;S; structure
among other sesquichalcogenides (z.e., other than
those of the rare earth elements, yttrium, and scandium)
can be understood solely in terms of the hard-sphere
model. Elements of the first, second, and third transi-
tion series will not be considered in order to avoid
complications due to crystal field effects. This elimi-
nates from discussion all elements except Al, Ga, In,
and Tl Values of 7./, for all but two sesquichalco-
genides of these elements lie outside the stability
limits for the ScyS; structure. The value of 7./7, for
In,S; (0.43) falls within the limits established for
selenides; but since no limits could be definitely estab-
lished for sulfides, the prediction may be ambiguous.
The value of 7./7, for In,Se; (0.40)* is definitely within
the range for selenides, and the Sc:S; structure would
be predicted. However, the best characterized form
of this compound occurs in a defect wurtzite structure. 2
This is not too surprising, since for ./7, less than 0.414%8
structures with tetrahedral coordination in general are
more stable than those with octahedral coordination.
However, when one recalls that Sc,Se; (0.370) forms
the ScoS; structure, it is apparent that factors other
than radius ratio alone are of considerable importance in
determining the stability of selenides with this structure.
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(24) The radius of In3%, 0.79 A., was obtained from the lattice parameter
of In2032® using the method of Templeton and Dauben, 19

(25) N.B.S. Circular 539, Vol. V, U. S. Government Printing Office
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(28) S. A. Semiletov, Kristallografiya, B, 704 (1960).
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The preparation and properties of 24 new dithiocarbamates containing phenyl groups bonded to either carbon, tin, lead,
or antimony are described. Decomposition of trityl diorganodithiocarbamates gives the corresponding tetraorgano-
thiuram disulfides. Tetraorganothiuram disulfides can be conveniently prepared by the reaction of triphenylantimony

dichloride with the appropriate sodium diorganodithiocarbamate.

Organometallic sulfides can be conveniently prepared

by the reaction of ammonia with a carbon disulfide solution of the appropriate organometallic chloride or oxide.

Although the literature on the dithiocarbamates is
quite extensive,! to our knowledge only one dithio-
carbamate containing phenyl groups bonded to a group

(1) For a recent review see G. D. Thorn and R. A. Ludwig, “The Dithio-
carbamates and Related Compounds,” Elsevier Publishing Co., Amsterdam
and New York, 1962,

IV-B element other than carbon has been reported.?
In this paper are reported some dithiocarbamates
containing phenyl groups bonded to either carbon, tin,
lead, or antimony. The properties and analytical
data are summarized in Table I.

(2) E.J. Kupchik and P. J. Calabretta, Inorg. Chem., 8, 905 (1964),





