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' The Crystal Stru

\

BY ALLAN ZALKIN, J. D.vFORRES_TER, AND DAVID H. TEMPLETON

Thorium tetraiodide has a novel layer structure in thé solid according
to single-crystal x-ray diffraction data. The crystals are monoclinic,
space group P21/n, with a = 13,216 & 0.007, b = 8.068 = 0.006, ¢ =
7,766 + 0.006 ., B = . 98.68 + 0.05°, Z2=bh,d =6.00g./cc. Each
thorium atom has 8 iodine neighbors at an ave;age distance of 3.20 i.
at the corners of an irregular polyhedron which is approximately a
: squarevantiprism; These polyhedra share edges and triangular faces

to form layers which are only weakly bonded to each other.

Introductlon

P e S R A N

In 1950 we made and analyzed crystals of thorium tetraiodide. Weissenberg
x-ray diffraction photographs of a c¢crystal rotatedbabout the b axis showed
that it is monoclinic and gave the unit cellvdimensionso Thé épace group
was ambiguous because ﬁe did not have the OkO data. Because of the complexity
of the problem we suspended work on it. With the advent of high speed

computers and improved techniques for intensity measurement we reactivated
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- this problem and successfully determined the crystal structure.

. [

In 1954 Jantsch et al.? reported on the basis of a powder diffractiion

E)

pattern that TnI) might be tetragonal. D'Eye et 3}.3 ‘concluded that the

W

‘ecrystal is orthorhombic and reported cell dimensions. In- the present work

we show conclusively that ThIh is monoclinic in space group 221/2. An
inspection of D'Eye's published sin29 values shows them;to correspond to
ours, but we cannot find any significant relation of tég orthornombic cell
dimensions to the monoclinic lattice which we determinéi The reproduction

of the powder diagram in Jantsch's paper is so poor that we cannot comment
!

concerning his data.

Experirental

o~ e

Preparation of Crystals.—ThI) was prepared by heating thorium mztal

~ o~ ~~ reae v

foil at about 500° in an iodine atmosphere in an evacuated Pyrex T-shaped

‘tube for -a week. The iodine was at the bottom of the tube stem at room

temperature, and the thorium was in the side arm immersed in a furnace. AsS
the ThIh was formed it distilled down the tube away from the hot reaction

zone. At the higher temperatures near the reaction zone the material is

" orange colored, but it changes to yellow at a lower termperature. Afler

reaction was completed the material was distilled to the other side arm

v»and sealed off. Vhere the thorium foil had been there remained a grey

moeT

powcer which was presumably unreacted thorium and thorium oxide. As fal)

is very reactive to the atmosphere it was necessary to handle the material

in a dry box;, our dry box is charged with dry nitrogen. -
The ampule of ThIh was broken open, and small fragments of the yellow
material were loaded into 0.3 mm, diameter vitreous silica capillaries.

m

The capillaries were sealed and baked in a furnace at about 550°. There

‘was enough thermal gfadient to allow crystals to grow on the cooler walls

of the capillary.
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X-ray Diffraction.—A suitable small crystal plate of dimensions
approxirately 0.15 X 0.10 X 0,03 mm. was attached to the wall of the
: !
.capillary with its b axis in the plate and along the a%is of the tube.

o : . . S
It was mounted in a goniostat on a General Electric XR@;S apparatus equipped
: t84

with a molybdenum x-ray tube, a scintillation counter,

ft;d a pulse-height
discriminator. Cell dimensions and crystal settings wéée caiculated with
X(ﬁal) e 0.70926.5, Intensities were measured for thegihSh.independent
reflections permitted by the space group out to a»limi§ of sin6/\ = 0,596
(26 = 50°). Of these intensities 106 were recorded asgzero. The reflections
T were neasufed by counting the peak intensity for 10 sé%onds. The setiings
were vérified for selected reflections,byAstép scanniég of the angle 6.

The data were corrected for the Lorentz-polarization effects. These
'gnd other calculations were made with an IBM-7090 computer using the Zalkin
data-processing and Fourier programs and our version of the Gantzel-Sparks-
Truebl&od least-squares program (all unpubiished).v The function miﬂimized
in least squares was EEE(IEOI-IECI)Z/QE;Hzoz, where w is the weighting factor

and and EC are the observed and calculated structure factors. Because of

r
-2
the fixed-time counting technique we took the weighting factors as unity.

Atomic scattering factors were taken for neutral Th and neutral I (Ibersh

5y.

)
modified for dispersion by adding -6.0 and -0.5 electrons (Templeton
The imaginary dispersion terms wére'néglected.

corrected for absorption by a method which is based on experimental measurerment
of the absorption éffect fof certain refiections. This method applies ﬁo
thin flat crystals nnunted.with the goniometer axis parallel with the plane -
~ of the crystal. Ve have found this technique convenient for several
substances which we have studied. In'the present case it accomplished a
considerable reduction in thevdiscrepancies of observed and calculated

structure factors.
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If »he crystal is 1n the shape of a thin circular dlsP the. absornulon o

\ i z

correctlon depends only on the angles P and Q between t%e 1nc1cent and

fdlffracted beams respectlvely and the normal to the dls f Ve make the

of ]cos?] and IcosQI

2 - 1 1

= b . :\1‘

m |cosP|  |cosQ|

The parameter m is inversely propdrtional to. the distadce through the crystal whichiﬁ;

-is traversed by a photon scattered at the center of thq crystal. 'This procedure'

%

"treats allke the cases in which. the diffracted beam emerges from the same

side or opposite side as the incident beam. The geometry of a measurement

is determined by 6, the Bragg angle, and ¢ and X, the seitings respectively

v“xfof‘the gpindle and vertical circle of the gonicstat.;'By s;:)hericel'v’t.rigorxo:ne?txfy"_»--'~
fwe'hayevthe relations: o |

- |cosP| = |cosbecosd + sinésinécosXI,

| | Icch[ = ]cosecosé'- sinGsinécosX],

. if the crystal is perpendicular to the incident beam when 8 = ¢ = d.

If the settlng of ¢ is otherw1se, a sultable constant is added to ¢ in the

_ above equatlons.'
. For reflections at X =%°%, m= |cosP| = |cosQ|, and rotation of ¢

permits measurement of the intensities as a function of m over nearly the

entire range O to 1. These data are fitted by a convenient empirical function_,
, ofig which when nultiplied'by the measured intensities corrects them te av

| ::constant value for each reflectiOn. .This function is then used as ancorrectiqnv

: factor for the rest of the data.

In the present experiment, the function was chosen as:

I(measured)

1+5. 25exp (-0, 69/m)

I(corrected) =

The values of this correction differed by as much as a factor of 3.6.
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2 P A P O O

Results , 2

Unit Cell and Space Group.—The crystals are monoglinic with unit

;‘-r—“"" e

cell dimensions:

a= 13 216 + 0.007, b = 8,068 + O, 006 c = 7. 766 g 0.006 A.,

”.

B = 98.68 £ 0.05°, Va819A3 Y

- With four formula units (ThIh) per unit cell, the den51ty calculated from

i

the x-ray data is 6.00 g./cc.

‘The systematlc absence of h0¢ reflectlons if h + 5 is odd and of 0kO
%)

reflections if k is odd is characteristic of space group 221/3'(92h

‘This space group is confirmed by the structure determination.

o1
i+
10
e
H=1
1)
i
1t
-
)
i
FiaY
5
)
n
5
&
d

re.~1In order to obtain a trial structure
- we éalculated a three-dimensional Pattersén'function. By inspection of
this functiqn Qith due regard to packing and interatomic distances we found
a complete trial structure which accountéd satisféctorily_for the largest.
peaks. The thorium atom and all four iodine atohs in the asymmetric unit
were placed in L-fold general positions:
' 1 1

. 1
h(e), .‘*:(_D_C,x, &)E’E)E*I’E‘E)o

The positional parameters obtained from the Patterson function were all
within 0.03 of the corresponding final values given in Table I.
TABLE I.

FINAL POSITIONAL PARAMETERS AND STANDARD DEVIATIONS FOR ThIh

Atom X ' z o~ (%) o(y) of(z)
Th ‘vo.1835 0.01L9 0.1769 0.0001  0.0002 0.0002 -
I(1) - .0587  .9098  .809L  .0002  .0003 ~ .0003
1{2) 1801 .2535  .L98L  .0002  .0003  .0003
1(3) }’ 0972 L6917  .3251 . ,0002. .0003 ° ,0003

L) 21517 .3638  .001k  .0002  .0003  .0003
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Least-squares refinerent was started using this tyial structure.
. : v !

Each atom was given an isot*bpic temperature factor ofithe'form'exp(-gk°zsin26>3

: j;ano only 622 reflectlons, each ulth unlt weight, were Lse“{¢n the re¢‘ner¢nt;;*- 7

>"77-The conventlonal unrellablllty factor R,= ‘E:I]F [-1F, ﬁm/jZ)IF | was 0,16

at tne end of U4 cycles of refinement. Encouraged by t%;s, we calculated L
. further cycles using all 1LSkL terms, each with unit weight. This calculation

resulted in R = 0.17.

e e

At this stage it became apparent that the shape of;the crystal, combiﬁed
.w1tn the high value of the absorption coefficient, was:affectlng the dlffracted
intensity in a systematic way. An aosorptlon correctlon was applied to the
“data éé described'eaflier. After L more cycles of refinement with all the
data glfell‘to 0.120. Correction of several blunders in the data measu*emenus
and in data éafd punching reduced R to 0.116 after L more cycles.
Introduction of anisotropic thermal factors of the form exp(~§llﬁzv-p2252
-533 231 hX -2313hf ~232,n8) for each of the five atoms resulted in only |
slight further improvement of the agreement. After L cycles w1§h all-the daua,
.5 was 0.09.. In the last cycle no harameter changed by more than one unit_in
. the 6th decimal place.

.The final positional parémeters and their stanaard deviations are listed
in Table I; These standard deviations are estimated by the method of least
squares assuming that the discrepancies represent random errors. The

v‘ahisotropic thermal parameters and the average root mean square displacéﬁenté
" of the atoms are reported'in.Table II. ‘The observed structure factor magnitudes :
énd'the calculated structure factors are shown in Téble I11. | *
A comparison of the final atomic‘coordin#ies with those obtained.in‘thé-n

first cycles with 622 reflections revealed that no atom moved more than about .

»0.0lv'ﬁn- . v -~: o .‘ ’ . | . | o o S
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ISOFPOPIC 1HERMAL PARAMETERS (x10h) AND Avgnncn

~ Atom
©Th
(1)
(2)
I(3)
I(l)

OBSERVED STRUCTURE FACTOR MAGNITUDES (FOB) AND

B
22

25
30
25

3k

ROOT MEAN SQUARE DISPALCEMENTS ﬁg‘ﬁ

1 P

L2
80

68
59

P3Pz
31 -1

i 2
37 -6
82 3
51 -2

TABLE III ..

313 

13

15 16

26 -3

25 15
2 7

CALCULATED STRUCTURE FACTORS (FCA)

(Table submitted in two parts as photographic prints.)

~ o e

n of the St

ucture. —-The ThIh consists of layers w1th the

‘iodine atoms arranged in sheets parallel‘to (Io1) and the thorlum atoms

located_in'alternéte spaces between iodine sheets (Fig. 1).

Each thorium

atom has 8 iodine nelghbors arranged ‘at ‘the corners of an irregular

polynedron which is approx1mauely a squarevantlprlsm (Fig. 2).

The lh-I

distances (Table IV) range from 3.128 to 3.291 A. with a mean value of

TABIE IV "

* DISTANCES 70 NEAREST NEIGHBORS OF THORIUM

Atom

1(1)

1(2)

1(3)
I(k)

C s a s
Distances, A..

3.188, 3.27

3,159, 3,208
3.13k, 3.232

3.128, 3.291

8%ach standard deviation is 0.00L A.
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3.202 1. The I-I distances in the "antiprism" are sho§n in Fig. 3 and

range from 3.662 to L.178 A. for neérest'neighbois. Ogé of the square faces
of the p§1yﬁedron is ﬁéry nearly planar, but the other%is considerably more
distorted both wiiﬁih and §ut of the plane. The angle%gaﬂ the corneré éf'

~ these faces are listed in Table V. . .‘_‘_ ;?

TABLE V - ?.,-

ANGLES OF THE "SQUARE™ FACES OF THE LIGAND POLYHEDRON

[

Face 1 | ,A . Face 2
1(W)-1(2)-1(2) §7.0° - 1(2)f1(1)-1(3§ - 76.5°
I1(1)~-1(2)-1(3) 91.5°  I(D)-I(3)-I1(L) 101.5°
1(2)-1(3)-1(k) 9110 i 'I(3)~I(h)-1(23 79.5°
1(3)-1(L)-1(1)  90.0° CoI(u)-1(2)-1(1) . 98.0%

The 1igané polyhedra are linked together by sharing edges (I(1) pairs)
. and triangular faces (I(2)~I(3)wI(h) faces) as shown in Fig. L. Each Th
 has two Th neighbors at L.L78 + 0.005 A., in'thesdirections of the shared
faces. The only close contact between iodine atoms in the same layer, other
than the edges of‘the ligand polyhedron, is between I(B)‘I(h) pairs at
3.86l4 & Q.OOS A. Each iodine atom has two Th neighbors.

The packing of the iodine atoms in the layers is not simple. Parts of
 the structure are very similar to the packing>of triangles, squares, and |
- pentagons in the oxygen sheets in the éaT;h09 structure,6 but the stacking
~of these sheets is quite differenﬁ. We know of no other substance with a
structure which resembles the entire arrangement.

The layers are bonded together only by weak forces. The I-I contactis
between 1ayers (Table VI) éli exceed L.07 Af The orientation of these layers

conforms to the platy {101} habit of the crystals.
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TABLE VI

IODINE-IODINE DISTANCES BETWEEN LAYst§

Atoms . " Distance,? A. %?
. 1)-1(2) ~ 1.155 g |
fg B 1(1)-1(3) b2s2
o @e CLas
1(2)~1(k) | 1079

25tandard deviations are 0.006 A. or less.
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Figure Captions

Fig.‘l.——Projection of the ThIh structure onto thé ac plane. The
nurmbers on atoms in the lower part of the figure are z;gqbrdinates (X100).
' Fig. 2.——The approximately square antiprism arran%?ment of iodine
about thorium in ThIh. | &k

Fig. 3.=—~The iodine~iodine disténces in the ligan%;polyhedron. Stancard
‘deviations of the distances are 0.005 A. |
Fig, hfe~The structure of one layer of ThIh, indicgtc§ By linked

polyhedra. A thorium atom is at the center of each pp@yhedron, and an

iodine atom is at each corner.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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