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Reactions of Sn and P in a tetrahedral anvil press at conditions ranging from 15 to 65 kbars and 600 to 1300° gave intimate

mixtures of two new forms of SnP:

a tetragonal form having cell dimensions ¢ = 3.831 = 0.001 & and ¢ = 5.963 = 0.001 A
and a cubic rock salt type having ¢ = 5.5359 = 0.0001 A at 25°.
from powder diffraction intensity data and shown to be similar to that of high-pressure GeP and GeAs.

The crystal structure of the tetragonal phase was refined
The tetragonal

form transformed slowly and irreversibly to the cubic form when heated at ambient pressure between 100 and 200°. Meissner-
effect measurements showed the tetragonal form to be normal to 1.25°K and the cubic form to be superconducting between

2.8and 4.0°K.

Introduction

In the Sn-P system, only the compounds SnP! and
SnyP;? are known. Both have hexagonal crystal struc-
tures. Osugi, et al.,® reported the formation of sphal-
erite-type SnP at 1600-1800° and 40-50 kbars. The
powder pattern,? however, was the same as that re-
ported herein for NaCl-type SnP.

Experimental Section

All reactions were run in a tetrahedral anvil press of National
Bureau of Standards design® using a cylindrical boron nitride
crucible approximately 0.6 cm long and 0.125 cm?® in volume,
surrounded by a graphite-sleeve resistance heater inserted in a
pyrophyllite tetrahedron. The temperature was measured us-
ing a Pt—-Rh thermocouple uncorrected for pressure effects and
placed at the center of the surface of the cylinder. The tem-
perature at the ends is approximately 309, lower. The operat-
ing procedure has been explained elsewhere.?

High-purity Sn filings were obtained from a metal rod and
passed through a magnet to remove impurity from the file.
These were mixed with powdered P and pelleted. Several
reactions were run at various conditions. In general, the re-
actants were cold pressured, then brought to temperature, held
for 1 or 2 hr, cooled for about 2 hr, and quenched to room tem-
perature in less than 1 min while pressure was maintained.

All products were characterized by Debye-Scherrer X-ray
powder diffraction at 25°. Films were read on a David Mann
film reader, Model No. 1222, TUnit cell dimensions were refined
by a least-squares method with the Nelson-Riley function as one
parameter.

Electrical resistivities were measured by a four-probe tech-
nique described previously.” Superconducting transition tem-
peratures were measured by observing the Meissner effect at
temperatures above 1.25°K.

Results
Filings of Sn were mixed with powdered P in the Sn: P
atomic ratio of 1:(0.9-1.1) and treated at the conditions
of 800° and 65 kbars, holding 1 hr, cooling 3 hr to 500°,
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and quenching. Reactions were also run at 1200° and
65 kbars and at 900° and 15 kbars. The products of all
reactions showed similar Debye-Scherrer patterns.
Two phases were present, a major tetragonal phase and
a minor cubic phase. The Debye-Scherrer pattern of
the major phase (Table I) was indexed on the basis of a
tetragonal cell: ¢ = 3.831 = 0.001 &, ¢ = 5.963 =
0.001 A. The weaker lines were indexed on the basis of
acubic cell: @ = 5.5359 = 0.0001 A. The reflections
of the cubic cell were analogous to those of SnAs? but
shifted to indicate a smaller cell.

The mixture of tetragonal and cubic phases, when
heated in air at ambient pressure, transformed slowly
and irreversibly to the cubic phase between 100 and
200°. A broad, shallow endotherm was seen in the dta
of several samples. On a few samples the transition
could not be seen in the dta.

Resistivity measurements on a polycrystalline
piece of SnP which was composed predominantly of the
tetragonal form showed metallic behavior: pyog =
2 X 10~°ohmem, psoex = 3 X 10~% ohm cm. Meiss-
ner effect was measured on both the tetragonal and
cubic forms. The tetragonal form did not show a
superconducting transition to 1.25°K; the cubic form
showed a superconducting transition temperature be-
tween 2.8 and 4.8°K.

Experiments under similar conditions but starting
with an Sn:P ratio of 1:2 generally yielded the same
mixture of tetragonal and cubic SnP and black P.

Crystal Structure Analysis

The crystal structure of the tetragonal phase was re-
fined from powder intensity data. The structure is
similar to that of high-pressure GeP and GeAs.® In-
tensity data were gathered from a diffractometer
tracing by obtaining relative weights of the peaks. A
Norelco diffractometer using Cu K radiation and a
LiF bent crystal monochromator was used. A scan-
ning rate of 0.25°/min was used with the chart scaled to
1 in./deg. A smooth background curve was drawn
and the peaks were traced onto Cronaflex drafting film,
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TaBLE 1

X-Rav PowneER DIirrracTioN PATTERN OF TETRAGONAL
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*Read using the David Mann Film Reader.

WEE FELUWRNWEEFOWEVRNWWW ENWRWR NG R DR =0 |5
NN OFPNWOCWOHNEORPNNOIROORENORHROO OO OO 1K

UM~ WO dLn W EOWU FHWwhu &

TaBLE 11
I, AND I, FOR TETRAGONAL Snl?

13 k& i I, I,
0 1 47.38
-1 0 -1 44 .06
100,00 91.43
0 0 2 20.93
0 0 -2 22.13
36.95 43.07
1 1 0 72.23 74.84
1 1 2 25.67
-1 -1 —2 27.16
55.41 52.83
2 0 0 26.59 25.77
0 3 13.19
-1 0 —3 11.95
21.70 25.14
9 ! 1 14.25
—2 -1 -1 13.36
25.70 27.61
2 0 2 12.41
—2 0 —2 13.16
27.71 25.57
0 0 4 1.68
0 0 —4 1.86
3.99 3.54
2 2 0 7.60 7.76
1 3 0 12.79 10.45
1 2 3 9.32
-1 —2 -3 8.41
1 1 4 4,26
—1 -1 —4 4.72
25.60 26.71
3 0 1 2.90
-3 0 -1 2.72
6.50 5.61
2 0 4 3.01
—2 0 —4 3.34
6.10 6.35

No. IDF4, cut out, and weighed. Fourteen pieces of
data were collected.

Least-squares refinement based on the function
Swl, — I.? was done using a program written by

Inorgunic Chemistry

TapLe IT1
FiNAL PARAMETERS AND BOND DISTANCES AND ANGLES
FOR TETRAGONAL SnP

Atom Position (x, ¥, z) ‘Temp factor, A
Sn 0,0,0 0.9 +0.3
P 0,0,0.428 = 0.010 2.64 1.6
Atoms® Dist, A Atoms Angles, deg
Sn(l)-P(2) 2.585=0.06 P(3)-Sn(1)-P(2) 99.0£1.2
Sn(1)-P(3) 2.7440.01  P(3)-Sn(1)-P(4) 81.0x=1.2
Sn(l1)-P(4) 3.41 +0.06 P(5)-Sn(1)-P(3) 883.6 0.4

@ The numbers on the atoms correspond to the numbers of the
atoms in Figure 1.

Prewitt’ which handles the sums of nonequivalent
overlapping reflections. Atomic scattering factors!!
corrected for the real and imaginary parts of the
anomalous dispersion were used. The imaginary com-
ponent was applied separately to reflections k&l and
Rhkl. Occupancy factors were held at 2 and the weighting
scheme w = 1/¢? with ¢ = /I, + 2.0, was used.
The positions 0, 0, g of space group I4mm were used in
the refinement with 2z held at 0.0 for Sn and 2 = 04
initially assumed for P.

One scale factor, the single position parameter for P,
and two isotropic temperature factors were varied.
The R factor defined as & = X2 [,—I. /21, was reduced
to 7.8%. The intensity data and final position param-
eters are shown in Table II. Bond distances were
calculated!? (Table III). The numbers of the atoms
correspond to those in Figure 1.

Figure 1.—Structure of SnP.

The cubic structure was shown to be NaCl type.
Intensities were read from a Debye-Scherrer pattern
using the David Mann film reader. These were com-
pared to the Debye-Scherrer patterns calculated for
SnP having the NaCl-type and ZnS-type structures by
a program written by Jeitschko and Parthé.’* The re-
sults (Table IV) clearly indicate the NaCl-type struc-
ture to be correct. The pattern is similar to that re-
ported by Osugi, et a/.,* to be sphalerite type.
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TABLE IV

DEBYE-SCHERRER PATTERN OF NaCl-TypE SnP AND
CarcurLaTeED INTENSITIES FOR NaCl-TYPE AND
SPHALERITE-TYPE SnP (A(Cu Ka) 1.54178 A,

a = 5.535 = 0.001 A)s
I cale. I cale.
{NaCl type} (Sphalerite type)
3.2177 35,1955 e 159

d (obs.) g (cale.)

h k1

1 1 1
100 2 0 0 2, 7748 2.7674 122 by
85 2 2 0 1.9599 1.9568 89 89
50 3 1 1 1.6703 1.6488 38 60
L) 2 2 2 1.5996 1.5977 21 1
20 o0 0 1.3847 1.3837 14 . 14
i5 3 3 L 1.2704 1.2698 15 27
L0 4 2 0 1.2377 1.237% 38 1i
25 2 2 1.1300% 1.1298 29 32
10 5 1 1 1.0649% 2,0851 9 16
15 4 4 o L 978L% L9784 11 11
15 5 3 1 L0357% L5355 16 29
20 6 [5} [ L ge2se Lg2ah 5 2
20 & 2 0 LB751% L8751 24 2k
5 5 3 3 S8LbLx 8uio 10 17
15 6 2 2 JBak3* Bshy 29 11

v R = 18.4% R = £1.0%

o Asterisks signify M(Cu Kay) 1.54051 A.

Discussion

The formation of two new high-pressure forms of SnP
has been shown. It is unclear which phase is the more
stable at 65 kbars and why the two phases are inti-
mately mixed. X-Ray diffraction at high pressure may
perhaps resolve the phase relationships. The cubic
phase should be the high-pressure phase since the density
is greater. The calculated density of the cubic phase
is 5.860 g/cm? while the calculated dersity of the tetrag-
onal phase is 5.68 g/cm?® The cubic form may be pres-
ent at high pressure and upon quenching may revert
partially to the tetragonal phase. The transformation
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from tetragonal to cubic upon heating at atmospheric
pressure is interesting since it involves a transforma-
tion from a less dense to a more dense phase.

The crystal structure of the tetragonal phase has been
shown to be similar to that of high-pressure GeP and
GeAs.? The structure (Figure 1) is related to the
NaCl type by a small shifting of atoms. If the diag-
onal on the basal plane equaled the ¢ axis and z = 0.5,
the structure would be NaCl type. The atoms are in a
distorted octahedral arrangement having one short
bond, four slightly longer equal bonds, and one long
bond. The shift to the cubic structure involves a reg-
ularization of the octahedron. The crystal structure
of SnAs® is known to be NaCl type and implies that as
the elements become more metallic the NaCl-type
structure is favored. Both forms of SnP are metallic
conductors. This may be because the compounds
have one extra electron for conduction. The tetrag-

.onal forms of GeP and GeAs showed superconduc-

tivity;® however, only the cubic SnP was seen to be
superconducting above 1.25° K.

Acknowledgments.—Drs. T. A. Bither, A. W. Sleight,
and L. J. Guggenberger are thanked for helpful dis-
cussions. Mr. C. L. Hoover supervised the high-
pressure reactions. Dr. P. E. Bierstedt made the
Meissner measurements, and Mr. J. L. Gillson measured
electrical resistivity. Dr. J. F. Whitney and the staff
of the X-ray diffraction section are thanked for their
assistance.

CONTRIBUTION FROM THE IsTITUTO CHIMICO OF THE UNIVERSITY OF FERRARA, FERRARA, ITALY,
AND THE ISTITUTO DI CHIMICA ANALITICA ED ELETTROCHIMICA OF THE UNIVERSITY OF PIsA, P1sa, ITaLy

A Kinetic Study of the Reaction of Arsenic Acid with Iodide Ions

By F. SECCO, A. INDELLI, anp P. L. BONORA
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The rate of the reaction of arsenic acid with potassium iodide was studied at 25.0° and at ionic strengths 0.200, 0.300, and
3.00 M. Therate equation, obtained by a statistical treatment of the data, is V = £ [H *] [H3AsO4] [I~] + ko [H *]2[H;As0,] -

[1=} + ks[H +]2[H:As04] [I"]z.

The reaction shows very low salt effects even in the presence of Ba?* ions.

The catalytic

effect of iron(1I) and copper(I)ions was also investigated. The reaction mechanism is discussed.

The reaction between arsenate and iodide ions in
acidic media was studied by several authors!* by
different techniques, but until now a satisfactory inter-
pretation of the results has not been given either be-
cause the experimental methods! were inadequate or
because it was not the main object of the research.?—*
Roebuck! was able to show that the reaction orders
extrapolated to zero concentration of the reactants were
unity for every reactant and greater than unity for I~
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and for H+ in more concentrated solutions of these
ions. Liebhafsky® and Bobtelsky and Rosowskaja-
Rossienskaja® arrived at the same conclusion.

Experimental Section

The chemicals used for the kinetics were NasHAsO,-7H.O
(Erba RP), KI (Erba RP), and HC1O, (Erba RP, 609,). The
sodium perchlorate used to keep the ionic strength, I, constant
in part was a BDH LR product purified by recrystallization and
in part was prepared from HCIO4 and Na:CO; (Erba RP) and
then recrystallized twice from water. NaClO4 was standardized
by neutralization after it passed through acidic ion-exchange resin.

(5) M. Bobtelsky and R. Rosowskaja-Rossienskaja, Z. Anorg. Allgem.
Chem., 190, 346 (1930).



