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[CoNTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY,
No. 794]

The Crystal Structure of Iodic Acid

By Max T. ROGERS AND L[&DSAY HevLMmHOLZ

Introduction

Although reports have been published on the
crystal structures of all the alkali iodates, no
completely satisfactory structure determination
of any iodate has been made. The isomorphous
crystals cesium iodate, rubidium iodate, potassium
iodate, and ammonium iodate are pseudocubic
and are said to give no powder lines indicating any
deviation from the ideal perovskite structure as-
signed to them.%2® This places a regular octa-
hedron of six oxygen atoms around each iodine
atom with the distance I-O = 2.23 A. and gives
the alkali atom a coérdination number of twelve.
Sodium iodate, which is orthorhombic, has been
assigned a deformed anti-perovskite structure the
alkali atom having a cooérdination number of six
and the iodine atom twelve. Lithium iodate is
hexagonal with a reported structure based on
hexagonal closest packing,* in which octahedra
of oxygen atoms surround both lithium and iodine
atoms, the IO octahedra sharing corners and the
LiOg octahedra sharing faces.

Potassium iodate and the isomorphous ru-
bidium, cesium and ammonium compounds are

(1) V. M. Goldschmidt,
VII and VIII.

(2) W. H. Zachariasen, Skrifter Norske Videnskapsakad. Oslo I,
Mat. Natur. Klasse, 1928, No. 4.

(3) J. Garrido, Anales soc. espa#. fis. quim., 80, 811 (1932).

(4) W. H. Zachariasen and F. A. Barta, Phys. Rev., 87, 1628
(1931).

“Geochem. Vert. Gesetze der Elemente,”
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known to be monoclinic hemihedral from crystal-
lographic and piezoelectric measurements and the
assignment of a simple cubic structure to them on
the basis of powder pictures is unsatisfactory
since the intensities of the lines are rather insensi-
tive to the oxygen parameters and could be
roughly accounted for by an essentially incorrect
structure. The deviations from the ideal perov-
skite cture may also be appreciable for so-
dium iodate since the observed axial ratios
0.903: 1'0 636 differ considerably from those of a

cubic perovskite structure in thﬁ orientation,
vz., 1:10.707. The oxygen param%ter in lithium
iodate ismot closely enough known to give the oxy-

gen positions with any certainty. Hence none
of the cture determintions can be accepted
as showing what the configuration of the iodate

group i
One might expect on chemical grounds and from
the corfelation of Raman spectra in crystals and

solution® that discrete iodate gro
polymers would exist in the ¢
regular IOg octahedra with she re \
observed I-O distance (2.23 to 2.

crystals seems rather large in view of the value
1.93 A. observed in KIOsF; and (NH);H;IOs,®

s or simple
'rather than
C rs. The

[¢]

(5) James Hibben, “The Raman Effect and Its Chemical Apph-i

cations,”” A. C. S. Monograph, 1939, p. 378.
(6) L. Helmholz and M. T. Rogers, THIS JOURNAL, 63, 1537
(1940).
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and the sum of the covalent single bond radii, 2.02
A., obtained' using the octahedra iodine ¥adius,
1.35 A., found for KICL” in which iodine Hd&a
formal charge of —1 as in the iodates. The dis:
= 2.87 A, 2.95 A., 3.18 A. reported
o for sodium iodate? seem especially unlikely.

In this paper we report the results of a thorough

. investigation of the structure of the a-modifica-

tion of crystalline iodic acid. " The only previous
work on this compound reported is a determina-
tion of unit cell and probable space group.®

The presence of discrete pyramidal 103~ groups
in the crystal has been shown, withfthe observed
I-O distances 1.80 A., 1.81 A., and the O-I-O
angles 96°, 3’8 and 101°. Three oxygép atomsin
positions approximately opposed to ‘the three
bonded I10; oggens and at distances 2.45, 2.70,
2.95 A. complete a distorted IO, octahe(ﬁ'on with
three strong bonds and three weaker ones.! The
hydroxyl oxygen atom of each iodate group has
two nearest oxygen meighbors at 2.78 A. ﬁghere
are thus two hydrogen bonds for each iodate group
forming a moderately strong bifurcated bond of
the type observed in g!ycme 8 The oxygen atoms
are in a somewhat dxstorted closest packed ar-
rangement. The structure resembles somewhat
that of perovskite with the oxygen atoms moved
from a central position between iodine atoms to
form iodate groups. The formation of hydrogen
bonds has displaced the oxygen atoms slightly
from the line joining the iodine atoms and the
iodine atoms are no longer in‘the perovskite ar-
rangement although each has six nearest iodine
neighbors. Crystalline iodic acid is an aggregate
of HIO; molecules held together by hydrogen
bonds, and secondary I-O bonds of the type ob-
served for arsenic and oxygen in arsenolite.?

%

Procedure 1

Todic acid was prepared by oxidizing iodine with coned.

gxtnc acid. The solution was evaporated at 150° to a thick
p which was allowed to crystallize. G’omometrxc

mzasurements agreed with those given by Gro‘d‘ilo for the
odification of iodic acid.

L&fie photographs ‘were taken with X-raysnofmal to
each axis using continupus_@adiation from a tungsten tar-
get.; Oseillation photographs of 12° and 24 ° angular range
were ‘pbtamed with each axis. Yertxcal using MoKa radia-
tion and a zirconium filter. The crystals were dxssolved
down an approximately cylﬁdncal shape and such a
———"T———' W

(M R.C. J.pﬁqpney,z Krist., 98, 377 (1039). )(w

(8) Albtecht and Corey, Tuis JourNAL, 61, 1087 (1939). o

(9) R. M. Bozorth, ibid., 46, 1621 (ma)

(10) P. Groth, *‘Chemische Knanllognphle," Teil 11, Leipzig,
1908, p. 74. s
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size that the inﬂuencé"of absorption was negligible for
pictures taken with the “a"xpﬁd “c” axes vertical. The
radius of the cylindrical crystal with b vertical was such
that an absorption correction was necessary. The correc-
tion was taken from tables for powder rod absorption with

= 3.0.1' The intensities of all equatorial and of 75 %kl
reflections were estimated visually using a calibrated scale.
The estimation of intensities was facilitated by using two
films with a sheet of 0.0015” copper betwgen so that the
inte ity of the reflections on the second ﬁlm was about
one-gatrh of that on the first. Y

In order to obtain correct estimates of the"‘rélative in-
tensitiﬁ‘bf strong reflections @ powder picture was taken
using CuK o radiation of a film of powder heldiby a thin
coa:ting of waseline to a small diameter glass fiber.

Space'vGroup and Unit Cell.—Laue photo-
graphs showed the Laue symmetry to be:Dyp-mm.
The regulag ‘absences /00, h #= 2n; OO, k # 2n;
and 00 #  were observed on Laue and oscilla-
tion photogrq The space group is thus D,*-
Pyg2,. This is é'n agreement with the crystallo-
graphic ev1dencg that a-iodic acid is rhombic bls-
phenoidal, and e absence of a center of symme-
try has been con ed by a positive plezoelectnc
experxment 14 e dimensions of the unit cell are

= B5J5 0010 A, b, = 5855 = 0.010 A.,

and c = 1,158 t 0.010 A. This gives the axial
ratios 0.944:1:1. 3* 7 from X-ray data to be com-
pared with the érystallographlc values 0.9388:1:
1.3181 given by 'Groth.* Using ‘the observed
deunsity, 4.63 g./cc. the number of molecu}& in the
orthorhombic unit cell is found to bf our.y Long

posure Laue photogtaphs gave éo reflections
rgqulrmg a larger unit.

'ThlS is in essential agreement With the values
ay = 5.53 = 0.05 A, b“ 592 = 0054, ¢ =
7,75 = 0.05 A. and Z | & 4 with possible space
— Vi found by&a,chanasen2 from meas-

ts of powder pictu{b;
mination of Stru e.—The space group
only the fourfold pesitions

4:(a) x:)’»#: L/e—x,3,}/s+3; 1/2“1‘*3’5:‘/2'- ,5;;1/2+3’»‘/2-2'-.§
There are thus three parameters each to be deter-
mined foriiodine and for:the three oxgﬁgen atoms.

The hydrogen parameters cannot be: found di- g ¢ ;

rectly. % e
The 10'

i
1e parameters were obtame&rom Pat-.
terson pr01

,,,,, ections made witht (k) and (£0) data,

The Patterscn prOJectxon on e Xy p‘lane -
P(X, Y) u Eh k | Fur |2 cos 2x(BX + kY)

was made usmg observed intensities for 58 reflec-

(11) “Int. Tab. zur Bestimmung von Kristallstrukturen II,”
Ch. XI.
(12) A: Hettich and H. Steinmetz, 2. Physik, 76, 700 (1932). *
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tions (kk0). From this the iodine parameters x
= 0.204, y = —0.088 were obtained. The inten-
sities of 70 reflections (0%l) were used to make a
Péi’t_terson projection on (100) iﬁom which the
iodine parameter z = 0.156 was obtained and the
valuely = —0.088 confirmed. These projections
were tot used to obtain the oxygefiparameters.
The oscillation photographs w{h the b-axis
vertical gave 200 equatorial reflections (%0/) going
out to sin §/A = 1.38. The signs.of the F’s of
about 175 of these were determinedyat once from
the sign of the iodine contribution ﬂéng the above
parameters in the structure factorf A prelimi-
nary Fourier projection of relative electron density

on the x-z plane "
L (%, ¥) = ZhZL Fooy cos 2r(hx +$)
4

(]

was then made. This gave the approximate po-
sitions of the oxygen atoms so that i
most of the remaining'ﬁ%:_ﬂections could be calcu-

lated and these added 1
ii:fities of the strong reflections, which are ob-
served relatively too weak due to extingtion, were
corrected using the method of Dar
corrected intensity I, was obtained from the ob-
served I using the formula I = Ip/1 4 al, with g
= 0.005. The final Fog(ﬁer plot, s'howng Fig. 1,

b

T

3 -+

X =,
1
i

‘ .
Fig. 1.—Fourier projection of the scattering matter on the
x-z plane.

gave resolved peaks for the oxygen atoms from
which their x and z parameters were obtained by
reading maximum values of contourlines. The pa-
rameter valtes obtained from this projection are

Or: x = 0.069, z = 0.250; On: x = 0.341, z = 0.090
Om: x = 0407, z = 0.447

The y-parameters of the oxygen atoms were ob-
tained from a Fourier projection of scattering

u,‘,\'i‘t
-

g O i e

Rt e i
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matter on-the x-y plane. The signs of the F’s
for most of the reflections were determined by the
iodine contribution alone and a preliminary pro-
jection made with these. Thiswas then refined by
adding the remaining reflections, a correction for
extinction being applied as befgre. The projec-
tion is shown in Fig. 2. The peaks are not as well

* Fig. 2.—Fourier projection of the scattering matter on the

L

x-y plane.

resolved as in the projection on (010) since Oy,
Orq1, and iodine fall close to one anothe);. It was
possible to correlate the two Fourier projections
in the manner shown and so to derive the struc-
ture. The y-parameters for the three oxygen
atoms and a check on the x-parameters are thus

_ obtained. The values found are:

Or: x = 0.063, y = 0.534; On: x = 0.315, y = 0.193
mr: x = 0407,y = 0.173

he peak marked F (Fig. 2) is believed to be false
snﬁ:e, any structure which could be derived inter-
préﬁ’r!gg it as due to an oxygen atom, and taking
the ¥ and z parameters from the Fourier projec-
tion ort! (010), was ruled out on spatial grounds.
It also ifitroduces serious discrepancies in the com-
parison of T ative calculated intensities with ob-
served values.gLhis peak may arise from the in-
completeness ofithe data for (#k0).

A confirmation of these parameter assignments
and a more accurate value of the y-parameter for
Oy, which was difficult to obtain from the pro-
jection on (001), was obtained by making a
Fourier projection on (100). About 70 reflections
(0Okl) were used. The parameters obtained from
this projection are

> 9
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Or:
Ommr:

y = 0.533, 3 = 0.242;.0n: 3 = 0.187, z =0.086
y = 0.160, z = 0.458

We thus have two independent estimates of

- each paramqter agreeing with but one exception,

:9.01 A. or better. Slight changes in some pa-

rameters were then made to give the best agree-

ment with observed intensities: The final param-
eter values are shown in Table I»

TABLE 1
x y 3
I 0.204 = 0.002 --0.088 = 0.002 0.156 = 0.002
O1 .068 = 0.005 .534 = 0.005 .250 = 0.005
On .340 = 0.005 .195 = 0.005 .090 = 0.005
Om .407‘ = ﬁo.oos .170 = 0.005 .447 = 0.005

The values of Fy;, were calculated for all equa-
torial and for 75 hkl reflections using the Pauling—
Shermanitables of F-values and a Debye-Waller
temperature factor with B = 1.0.! Tables III
and IV give observed and calculated Fs for ap-
pfommately one-third of the experimental data
i d

LA TasLe II° : S

> The X-ray photographs from which the (2k0) and (0k1) data were obtained were considerably less intense than t
B!) pictures; hence the fact that'some reflections (%%0) and (0kI) are not observed, in spite of the fact that the caleul
e larger than for reflections (%0l) which are observed, does not indicate a discrepancy between calculated intensi

N
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used in the determi: The strongest re-
flections are usually observedr somew at weak

than they are calculated. That this i is due to

tinction was verified by estimating the mfenmtles

of some lines on the powder photograph. The

observed amplitudes, shown in Table V, give the

same relative values for strong and weak reflec-
tions as calculated. The empirical correction for

extinction applied to the stronger amplitudes used ;

in the ﬁnal Fourier pro;ectxons is therefore ]ustl-s
ﬁEd. o
P Discussion *

The structure of iodic acid is shown in Fig. 3 au&
its projection on the y-z plane in Fig. 4. !
The iodate group is pyramidal with the dis-
tances I-O; = 1.81 A, I-O;; = 1.89 A, I-Oj;; =
1.80 A, and OOy = 2.78 A. OOy = 2.78
A, 070y = 2.75 A, giving the angles O-I-O
the values 95°40’, 98°10’, 101°25’. The dis-
tances are probably not in error by moi’zl“’-‘than

xﬂf 2 VALUES OF Fyy,
k1) Obsd.  Caled,  (hkD) Obsd.  Caled. (k) Obsd.  Calcd.  (hkl) Obsd. Caled.
ﬁ "?gOZ) 50 70 (180) 28 18 (01, 12) abs. 6 (102) 100 's 190
- (004) 76 112 (1, 10, 0) 16 12 (021) 77 112 (104) y
(006) 64 88  (210) 78 98 ' (023) abs. 76 (106) 45
(008) 13 22 (230) 75 71 (025) 100 118 (108) 63
(00, 10) 57 66 (250) i 17 (027) 57 52 (10, 10) 40
(00, 12) 42 45  (270) abs. 10 (029) 37 28 (10, 12) 31
(00, 14) abs. 8 - (290) 25 22 (02, 11) 43 49 (10, 14) 39
(00, 16) 30 27 (220) 41 42 (022) 63 75 (10, 16) abs.
(00, 18) 12 o728 (240) 52 58 (024) 39 26 (10, 18) 23
(00, 20) 14 11 (260) 68 65 ,mag 59 48 (10, 20) 18
(200) 77 134 (280) 16 14 (028 24 10 (201) 46
(400) 35 35 (310) 64 90 (031) 75 100 (203) 63
(600) 10 10 (330) 15 18 (033) 91 146 (205) 36
§ (800) 43 34  (350) 47 50 (035) 35 19 (207) 43
(10, 00) 30 23 (370) 30 28 (037) 70 71 (209) 41
(12, 00) 17 24 (320) 102 105 (039) 68 60 (20, 11) 12
(020) 70 75 (340) 58 54 (03, 11) abs. 5 (20, 13) 26
(040) 74 67 (360) abs. 1 (032) 17 14 (20, 15) 16
(060) 84 67 (380) 25 31 (034) abs. 11 (20, 17) 6
(080) 22 25 (011) 50 65 (036) abs. 13 (20, 19) 15
(0, 10, 0) 30 26 (018) 71 110 (038) abs. 5 (202) 50
0, 12, 0) 17 18 (015) 45 31 (101) 49 66 (204) i
(110) 91 180 (017) 58 46 (103) 40 50 (206) 73 &
(130) 36 41 (019) 53 42 (105) 44 39 (208) 11 &
(150) 90 77 (01, 11) 18 14 (107) 12 7 (20, 10) 44 "
(170) 57 49 (012) 80 155 (109) 22 19 (20, 12) 31 3
® (1,11,0) 30 25 (014) 82 105 (10, 11) 20 20 (20, 14) 15 13
v (120) 63 65 (016) 57 42 (10, 13) 7 9 (20, 16) 29 26 ¥
(140) abs. 1 (018) 79 71 (10, 15) 6 6 (20, 18) 10 7 1 h
(160) abs. 5 (01, 10) 22 26 (10, 17) abs. 2 (20, 20) 10 64

)
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TasLe III + oxygen neighbors, three more at dist_gﬁéés consids..
L dndmamos VAICJJ;E: OF }:’;z;ll) L3 C}fd’:r erably leS} than the sum of the Vé?& der Waals
sd. aled. sd. Caled :s ROV g LOYANAT
(1) 71 75 (223) 51 B0 ;a?(;lfj?_dn Thiszagg IAO(tIh piom Id?i i
(112) 50 46 (224) 69" 58 o E S ROt s
(121) 92 106 (331) 68 76 prime refer to the oxygen atoms of second and
(122) 56 52117 (332) 7 79 third iodate groups) (the next iodine-oxygen
(123) 103 125  (333) 44 12 contacts are at 3.30 A. and 3.45 A.). These six
(ig;) 12? 11:’2 (ﬁ;) ¥ i; 22 nearest oxygen atoms form a distorted octahedron
(x88) 1 (412) ; about the iodine atom; the angles between the
(133) 39 35 @)’ 30 a1 : 3 §
(231) 71 72 Ul 24 24 four atoms approximately in a plane are 66°, 84°,
(232) 42 41 432) 33 31 100° and 110°, while these make angles of 79 %
(4 g
(233) 100 106 (433) 38 41 90° 97° and 101° with O; at one apex. The
(241) 81 8  f441) 36 37 longer I-O distances are intermediate bet
(242) o7 54 (442) a2 47 & " T e
©21) sk 100 o (443) 45 & bonded and non-bonded values and so correspond
(222) 69 71 y to secondary bonds of the type formed in arseno-
¥ lite and senarmonmtite. The angles I-O-I =
TamLe IV 114°, 131° and 138° for these weak bonds differ
VA’;,‘;:ES OF Fjy FROM CAl}; OWDER P HOTOTRAE considerably from the tetrahedral value expected
(e ¢ Ty s for two covalent bonds with oxygen but are not
(020) 73 72 . yg
(200) - 134 149 far from the tetrahedral single bond-double bond
(011) 65 55 value—indeed they are close to the angles Sh—
(110) 179 150 O-Sb = 116° and 132° observed in valentinite!?
(101) 66 il where the Sb-O bond has less double bond charac-
Eé?g; igg ﬂé . ter than the I-Oy, I-Oy;; bonds here. Each iodine
(021) 112 100 { atom has six nearest neighbors, two at each of the
(111) 75 78 &
(018) 110 99
(031) 100 115
(022) 75 70
(204) 120 122

0.04 A: or the angles by more than =5°, Each
iodine atom has, in addition to these three closest

Fig. 3.—Crystal structure of the a-modification of iodic
acid showing I-O bonds with solid lines and secondary
(weak) I-O bonds with dotted lines. Hydrogen bonds
between oxygen atoms are represented by double lines.

i : { 4

&-r.
Fig. 4 —Projection of iodic acid structure on ¥-z plane.
Bonds are designated as in Fig. 3. The numbers within
the circles give the x-parameters.

(13) M. J. Buerger and S, B, Hendricks, Z. Krist., 98, 1 (1937).
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three distances 3.79 A., 4.03 A., and 4.13 A.. There
is anoxygen atom of the distorted octahedron be-
tweeﬁl"g‘ach of the six iodine nearest neighbors and
the cenmtral iodine atom but these are displaced

" both from the position central between the iodine
atoms and from the line joining them. This is
‘not a true distorted perovskite structure al-

though it bears certain analogies to such an ar-
rangement.

The observed closest I-I contacts are 0.20 A. to
0.33 A. less than the sum of the van der Waals
radii, 4.30 A. (the I-I contacts reported for KIO-
F, are 4.40 A. and for the alkali iodates 4.45
to 4.65 A. )i This shortening is to be expected
since the direction of the I-I contact makes only
a small angle with either one or two covalent I-O
bonds and the electron pairs which give the atom
size in that direction are pulled in to form the
bond, thus reducing the effective van der Waals
radius. The oxygen-oxygen distances of 2.78
A. between oxygen atoms of the same group are
not abnormal for this reason. The partial double-
Bond character of the I-O bonds indicating the use
of a second electron pair from the oxygen atom in
the bond will further tend to reduce the oxygen
radius in directions near that of the bond.

+ Each of the three yRes of oxygen atoms has a
dxﬁerent set of iodine contacts which correspond
to no simple arrangemea; Op; has four nearest
neighbors at 3.40 A., 3.44 4., 3.60 A., 3.85 A., Oy
four at 2.70, 2.90, 3.70, akid 4.30 A. and Oy three
at 2.45, 3.70, 4.00 A. exclusive of the iodine atom
of the group to which each ’i)elongs The oxygen
atoms form a nearly closﬁst packed structure.
There are twelve nearest n%hbors for Oy, three
at 2.78 = 0.02 A. and nine at 2.90, 3.00, 3.00,
3.07, 3.12, 3.20, 3.25, 3.32, 3&1& for Oy four at
2.78 = 002 A. and eight at 3.10, 3.13, 3.16,
3.16, 3.20, 3.35, 3.58, 4.12 A.; for Oy three at
2.78 = 0.02 A. and nine at 2.90, 3.00, 3.00, 3.11,
3.14, 3.22, 3.37, 3.38, 4.30 A. The formation of
iodate groups and hydrogen bonds has consider-
ably distorted the true hexagonal closest packed
arrangement. The volume per oxygen atom is
2.1 cu. A

In addition to two oxygen contacts of 2.78 and
2.76 A. within the group Oy, has two neighbors O,
and O"yy, one from each of two other groups, at
2.76 and 2.78 A. Since the distance I-Oy =
1.89 A., Oy may be considered to be the hydroxyl
oxygen. It forms the two hydrogen bonds Oy~
H‘—O’I and Ou"‘H"’O”ux of equal strength. The

<R
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oxygen-oxygen distances indicate that the bifur-
cated bond is strong (there are here two bonds per
iodate group each of which is about the strength
of the single hydrogen bond in water and ice).
The hydrogen atom was now given parameters
such that the distance O;;~H = 1.01 A, the angle
I-O-H = 109°, and the O;;~H bond bisected the
O"111~O11—0’; angle. The parameters so derived
are x = 0.340, y = 0.300:and z = 0.197 making
the angles O-H~O = 121°. « The hydrogen bonds
along with the weaker iodine-oxygen bonds:link
the iodate groups together forming a relatively
hard crystal (hardness = 3). The observed com-
plete cleavage (101) breaks two hydrogen bonds
and one of the two weakest I-O bonds; the in-
complete cleavage (011) must also break the
stronger I-O bond cerresponding to the distance
I-0y = 245 A.. The O-I-O angles, with an
average value of 98° = 3°, indicate that the or-
bitals involved in bonding are between p-orbitals
(three at right angles to one another) and sp?
(tetrahedral) orbitals. The radius of iodine may
thus be taken as intermediate between the
tetrahedral and octahedral radii, 1.27 A. and
1.35 A., respectively. Using the value 1.29 A.
the I-O single bond distance would be 1.95 A.
and the double bond distance 1.75 A. Although
there is nominally a formal charge of —1 on the
iodine atom no correction to the radius value has
been made for this since resonance with structures
in which unshared electron pairs from the oxygen
atoms form additional covalent bonds will leave
the iodine neutral or perhaps with a slight residual
positive charge. The observed interatomic dis-
tances within the group I-O = 1.80, 1.81 and 1.89
A. thus correspond to a slight amount of double
bond character for the bond to the hydroxyl oxy-
gen and a large amount for the remaining oxygen
atoms. The formation of the three weaker
iodine-oxygen bonds might be expected to de-
crease the double-bond character of the oxygen
atoms of the group and make the distances corre-
spondingly longer as for the As-O bonds in arseno-
lite?; however, the sharing of oxygen atoms by
SiO; tetrahedra in silica and the silicates and of
PO, tetrahedra in the pyrophosphates causes no
lengthening of the Si-O or P-O distances.* In
KIO,F,® the distance I-O = 1.93 = 0.05 A. and
the angles O-1-O = 100 = 7° were observed.

The influence of the various factors in deter-

(14) L. Pauling, “The Nature of the Chemical Bond,” Cornell
University Press, Ithaca, N. Y., 1939, p. 226,
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nay now be seen clearly.
: ains essentially covalent
shape of the IO; group being
e of iodine orbitals used for
lals with some s character).

fie hyroxyl group might
Irogen bond to one of the

s stable orbitals available to form
ctahedral bonds which it now can do
by forming weak bonds with three oxy-

% other 10date groups. Since the hy-

; bonds the iodine atom must form the three weak
‘bonds withsthe remaining two pxygen atoms and
it does this by forming one weak bond with one
of them: (Oy) and two weaker bonds with the
ther( ‘111 and O"yyy).
Considering the relation of t
IOs to that reported for the

P

structure of
tes it seems
en atoms are
ions of the

“displaced from

Max T, Rmm-nNu'LmDSAY HELW

Bniihcdsal épace gm,ﬂﬁa umt cell would settle
this question. . & *

*’;l‘he authors are’ maebted to Professar Linu§
iling for detailed discussion of this ‘Qvork and
y helpful sugg‘estions V4

& . , Summary
The\amcture of the a-modification of crystal-

line iodi a01d has been determined. Laue and
oscillation ghot gra how- that the srthorhom-
bic unit c%m 5.520 = 0. 005ﬁbo =15:855

= 0.005, :

cules of Hﬁ;% ‘ e group is :
Patterson and F ections on¢ e threé’
axial planes calcula n visually oboerved in-
tensity data gave the twelve parameters for the
oxygen and 10@@% (Table II).  The skuc-
ture is.an aggregate of HIQ;..moleculas held to-
gether ﬁy hydrogen bonds of the bifurcated type |
and weak iodine oxygemb Iodine atoms
are surrounded by disterted octahedra of oxygen
atoms and the oxygen in a nearly closest
packed agrangement. !!gﬂuence of the dif- °
ferent s of bond on .the structure has been
discusse d its relation to,the perovskzta struc-
ture sho % )
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The Following Tables of Data are avpended to
'The Crystal Structure of Iodic Acid'
Table II.

Values of Fnhikl

(hk1) Obs'd Calc'd (hk1l) Obs'd Cale'd (nkl) Obs'd C;Rc'd
(002) 50 70 (310) 64 90 (620) 65 66
(004) 76 112 (330) 15 18 (650) 26 22
006 ( 64 88 (350) 47 50 (670) aks. 21
(008) 13 22 (370) 30 28 (690) als, 17
(0010) 57 66 (510) dn 3 (011) 50 65
(0012) 42 45 (530) oo 3 (013) 71 110
(0014) . 8 (550) o 15 (01%) 45 31
(0016) 30 27 (710) alo 14 (017) 58 46
(0018) 12 8 (910) 29 27 (019) 5% 42
(0020) 14 11 (120) 6% 65 (01,11) 18 14
(200) 77 134 (140) ade. 1 (031) 75 100
(400) 35 35 (160) ols 5 (033) 91 146
(600) 10 10 (180) 28 18 (025) 35 19
(800) 43 34 (1,100) 16 12 (037) 70 71
(1000) 30 23 (320) 102 105 (039) 63 60
(1200) 17 24 (340) 58 54 (0311) . 5
(020) 70 75 (360)  abk. 1 (0313) 39 43
(04C) T4 67 (380) 25 31 (051) 21 16
(060) 84 67 (520) 86 72 (053) S 45
(080) 22 25 (540) 67 61 (055) o> 8
(010.0) 30 26 (560) 37 65 (057) 32 27
(0120) 17 18 (580) 40 35 (059) obs 17
(220) 4 42 (720) 47 44 (071) 20 24



(nk1) Obs'a Calec'ad

(240)
(260)
(280)
(420)
(440)
(460)
(620)
(640)
(820)
(1020)
(110)
(130)
(150)
(170)
(1,11,0)
(0210)
(042)
(O44)
(046)
(048)
(0410)
(052)
(064)
(066)
(068)

0¢]

52
68
16
20
20
22
ob.
abo,
18
16
o1
36
90
Y
30
40
LT
50
58
ol
22
50
6%
(-

ol

58
65

- 180

Table II--con.

(h%l)
(740)

(810)
'330)
(10,10)
(210)
(230)
(250)
(270)
(290)
(410)
(430)
(450)
(470)
(490)
(610)
(010,1)
(012)
(014)
(016)
(018)
(01,10)
(01,12)
(032)
(024)
(036)

Obs'd Calc'd

37
alr.

9
22

abs.
17
ab.
db.

33
17

105

.
13

(hk1)
(073)

(075)
(077)
079)

093)
095 )
(097)
(011,1)

(
(091)
(
(

(011,3)
(011,5)
(022)

Obs'a
42

57
28

24



(hkl1)
(0610)
(082)
(084)
(086)
(088)
(010,2)
(010,4)

’ (021)
(023)
(025)

~(027)
(029)
(02,11)
(041)
(043)
(045)
(047)
(049)
(0411)
(061)
(063)
(065)
(067)
(069)

Obs'd Calc'd

28
ab.
abo.
oh.
aby.
26
24
7

100
i
37
43
80
48
79
49

(O)

3

S SR

38
4
16
20
3
10
25
112

118
52
28
49

50
76
L
20
46

=~ =W

Table II--con.

(hikl)
(C38)
(052)
654

(056)
(058)

(078)
(092)
(094)
(096)

(101)
(102)
(105)
(107)
(109)
(10,11
(10,1

N
~— ~— ~

(10,15
(10,17)

(10,19)

Obs'd Cale'd

"
77
71
46
63

70 .

N I G

5
87

(@)Y
N

()Y
06}

Ne}

o MOy

(hkl)
(209)
(20,11)
(20,13)
(20,15)
(20,17)
(20,19)
(202)
(204)
(206)
(208)
(20,10)
(20,12)
(20,14)

(20,16)

Ovps'd

el

Calc'd
38
14
20
9

4



Jdbs'ad
79

Calc'd

56

L1

45
27
15
56
18
24

14

Table II--con.

(hk1)

(102

100
72
45

/

Ovs'd Calc'ad
160

Lig

49
74
4
14
2

13

O no [O))

N -

(hkl)
(30,17)

(30,192)
(302)
(304)
(702)
(704)
(706)
(708)
(70,10)
(70,12)

(70,16)
(70,18)
(802)
{804)
(806)
(808)
(20,10)
(80,12)
(80,14)
(80,16)
(801)
(803)
(305)
(807)

Obs'd

20

olo.

73
50
40

Calc'a

14
2
98
49
35
15
6
22
10
10
2
1
6
23
26



(hkl)

Obs'a
(409) 49
(40,11) ok
(40,12) 37
(40,15) 20
(40,17) 12
(40,19) 18
(501) T3
(503) 33
(505) 70
(507) 50
(509) 34
(50,11) 45
)50,13) 11
(50,15) 2%
(50,17) 25
(50,19) ok
(90,10) 13
(90,12) 20
(°0,14) 23
(10.02) 18
(10,04) 35
(10,006) 54
(10,08)  ab.
(10,0,10) 29
(10,0,12) 18

Calc'ad
49

7
35
14
12

Table II.--con.

(hkl) Obs'a Cale'ad
(607) 47 1
(609) 40 41
(60,11) & 2
(60,13) 33 28
(60,15) 20 11
(60,17) 10 8
(701) 65 61
(7C3) 10 &>
(705) 54 50
(707) 27 23
(709) 26 28
(70,11) 24 7
(70,13) 12 11
(70,15) 18 i3
(70,17) 18 9
(12,01) L/ 7
(12,03} 13 7
(12,058 &
(12,07) 8 4
(12,09) 8 5
(12,0,11)afs. 1
(13,01) 14 9
(13.93) & 4
(1%,05) 18 &

/2

(hk1)
(809)

Obs'd
26

Gale'ad
24

N

14

20

\O

et
10

€9}

10

O

27
31
14



(hkl)
(10,0,14) 6

(10,01) ab.

(10,03) 12

(10,0%) o
(10,09) ¥

(11,02) 26
(11,04) 30
(11,06) 14
(11,08) 34

(11,0,12) 15
(11,0,14) 15
(12,02) 12
(12,04) 19
(12,06) 26
(12,08) dk.
(12,0,10) 15

(12,0,12) 13

Obs'd

tale'd

4

7
10

v M O O &~ O &~ U1 O

o O

Table II.--con.

(h¥z1)
(1%,07) 8
(13,02) 20

(13,04) 16
(13,06)
{1%,08) 16
(13,010) 5

(14,02) 7

(14,04) 7
(14,06) 11
(14,08) b
(14,01) 8
(14,03) 14
(14,05) ab.
(14,07) 8

/3

Qos'd Calec'd

=
13
9



(hkl)
(111)
(112)
(113)
(121)
(122)
(123)
(125)

144
145
146
151
182
183
154

[
J1
o

156
161
162

Tsble III.

Values of Ty

Cale'd

-

(nk1)
(243)
(244)
(245)
(251)
(258)
253
221
202

N
N
=

N
AN
Ul

AN
N
(€)

542

19

26

15
31

47

Oy
O

100



(hk1)
163
164
261

241
242

Obs'd
&b,

100
45
18
81
57

Table III.--con.

Caléd'a
16
56

106

| T

(hk1)
414
415
416

441
442
443

hhd

Obs'd
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The Crystal Structure of Potassium Fluoroiodate, KIO,F,

: 1537 (1940).]

By Linpsay HELMHOLZ AND M. T. ROGERS

Introduction

A complete knowledge of the crystal structure
of potassium fluoroiodate should afford consid-
erable evidence concerning the steric effect of
unshared electron pairs in molecules and ions and
concerning the influence of relative electronega-
tivity on the interatomic distances. The struc-
ture determination has been carried out to investi-
gate these questions. Unfortunately it has
turned out that the number of parameters to be
determined is so great that, although the general
characteristics of the structure are certain, the
accuracy of the determination permits us to make
only qualitative remarks about the effectssimen-
tioned above.

It has been found that the IO,F.~ group ap-
proximates an octahedral group with two of the
positions unoccupied. A tetrahedral configura-
tion for the ion, which might have been anticipated
from the similarity of the unit dimensions of this
crystal and those of KIQ,, is clearly impossible.

s A distinction between oxygen and fluorine
oms or ions in the structure is suggested by the
mten51t1es and the mter"atomlc distances, but it
is impossible for us to imsist on our assignment
af_tld so to give any detailed discussion of the in-
fluence of electronegativity on bond distance.

The observation that potassium iodate, formed
b"y the hydrolysis of the compound in moist air, is
oriented to a considerable extent on the surface
‘of the fluoroiodate suggests (as is borne out by the
étructure) that the crystal resembles KIO; much
more than KIO,.

Procedure.—Potassium ﬂuord?‘odate was pre-
pared by dissolving potassium 10§§te in concen-
trated hydrofluoric acid and allowing the resulting
solution to stand until, after a few days, tabular
crystals were precipitated. Some smaller crystals
were formed for which the principal dﬁgectlon of
growth Was normal to the plate. Goniometric
fits showed the crystals to be @entlcal
with those deseribed by Groth.! In order to pre-
vent reaction t:if _the crystals with atmospherlc
moisture they .1." coated with a layer of lac’q‘h :

(1) Groth, * (,heuusch. “Y' graphie,”” Teil 11, Leipzig,
p. 94. :

/6

determination of the 1oame parameters.

Oscillation photographs were taken with CuK,
and MoK, radiations and Laue photographs with
continuous radiation (Amn = 0.24 A.) from a
tungsten target. Intensities were estimated visu-
ally using a calibrated scale and photographs of
different exposure times. For the CuK, pic-
tures the influence of absorption was considered;
for the Mo pictures the crystals were small
enough so that the’absorption correction was
shown to be negligibly small.

Space Group and Unit Cell.—Laue photo-
graphs taken with the X-ray beam normal to the
plates showed the Laue symmetry D,,. The
regular absences %0/, == 2n and 0kl, I &= 2n wereob-
served giving C;, and D}, as possible space groups.
A pyroelectric experiment which gave a positive
result eliminated D,, and established Cj, — Pca
as the correct space group for the crystal.”

The dimensions of the unit cell WefTé und,
from oscillation photographs, to be a, =838 =
0.02 A.; by =5.97 =0.02 A,; ¢ =841 = 0.02
A. The data from which these values were ob-
tained are listed in Table I. The X-ray data
give the axial ratiosa:b:¢c = 0.996:0.7098:1 to be
compared with the crystallographic axial ratios
a:b:e = 0.9925:2 X 0.7074:1 given by Groth.!

Assuming the density of the fluoroiodate to
have a value close to the densities of potassium
iodate (3.89 g./cm.?) and periodate (3.61 g./cm.?)
the number of molecules in the orthorhombic unit
was found to be four. The density calculated for
four molecules per unit cell is 3.71 g./cm.* Nu-
merous Laue photographs of long exposyre time
showed no reflections requiring a large ;kit.

Determination of the Structure.—For the
space group Cs, — Pca there exists only one set
of positions, the general four- fold positions 4a):?
%Y, 25 T zj—z, }—x3342 @75

There are then three parameters to be deter-
mined for iodine and three for potassium. The
eight fluorine atoms in the unit are to be placed in
two sets of posmons 4a, and the elghtfo&ygen
atoms also in two sé of the four-fold positiox;s.

The first step in th ucture analysis.was the
For this

(2) “Int. Tab. z, Bestimmung v. Kriststrukturen.”
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TABLE I
(h00) a0 (obsd.)  ao (caled) 0O bo (obsd.) b (caled.) 001 co (obsd.) 0 (calod.)
(200) 8.346 8.38 010 5.963 5.97 =& (002) 8.30 8.41
(400) 8.376 020 5.974 (004) 8.37
(600) 8.382 030 5.990 (006) 8.47
(800) 8.368 050 5.960 (008) 8.408
(10,00) ey 8.381 060 5.984 (00,10) e 8.412
oy 8.378 070 5.978 s “8.409

a; 5.974

purpose a Patterson projection on the x—z plane
was made using 40/ data. This projection (Fig.
1) shows strong peaks, corresponding to iodine-
iodine interactions, at x = %, 2 = 0; x = 0, 2
= %; and x = 3 = L. This distribution can be
accounted for only if the iodine parameters x; =
z1 = 0, or an arrangement equivalent to this.
This assignment of parameters may be checked
by a qualitative consideration of the intensities.
The intensities of reflection from planes (kkl),
with 2 + I &= 2n were observed to be very much

200 0.25 $EEES 0.50
d X. L} v

P;ig. 1.—Patterson projection, P(x,z), on x-z plane.

weaker than the reflections with 2 4 I = 2% even
for large values of h'L k and I. For the iodine
parameters x; = g = 0 the iodine contribution to
the intensities of the type of planes first mentioned
is zero.

A Harker projection, H(xy}), making use of
the two-fold screw axis parallel to z, was calcu-
lated as the next step in the determination. This
gave a value for the y-parameter for iodine, 2y =
0.135. Complete data were not used in preparing
this prOJectlon but the final structure indicates
that the 200 important reflections which were used
gave a very reliable value for the parameter.
No other use was made of the projection.

Since the projection of the scattering matter in
the cell on the x—y plane contains a center of sym-
metry it was profitable next to make a Fourier
projection on this plane using the (4%0) data.
The signs of the F's for all strong reflections are
unambiguously determined by the iodine contri-
bution, so that, starting with these reflections, a
complete Fourier projection could Be made by a
process of successive approx1mat10ns. From the
first of these the potassium ions Wexe found to
have x =~ 0.25, y = 0.50.

As long as only reﬂectlons to whxch dine con-
tributes were used, a.plane of symmetry, not pres-
entin the crystal, pers;sts along a line x == 0. The
strongest F to which iodine does not cmtrlbute
Fi0, was next introduced arbitrarily W1th gosmve
sign. The introduction of this single o eéstroys
the plane of symmetry and permits the assxgn—
ment of approximate x a.nd y parameter or po-
%:;ssxum ions, fluorine ar{ oxygen atoms. e -~ The

al projection, shown in Fig. 2, was obtambd by
including all the F,,'s in. the Founer Series.

The letters refer to the atq ms with paran‘leter Z
the pnmed letters to equlvalé'{ff atoms at z + 1.
l‘he c-glide planes are mdlcated by dotted hneq
the ’a_»ghde plane by the dashed line. Contour
hn@ha e been drawn at 20, 80, 40, 50, 100, 150,
250, and 850 on an arbitrary scale.

Figure 2 shows clearly the iodine atoms at I and




0.0 .

E

0.0 0.250

i T X, £
Fig. 2‘—,I:“pfﬁrier projection of scattering matter on (001) face.

I’. The peak K (and K’) is unresolved and due to
equivalent potassium ions at xyz and 3 — x, 9, 2
+ 1. The differentiation of oxygen and fluorine
atoms cannot be madeéi’l the basis of the projec-
tion, and evidence for the distinction finally made
is not entirely conclusive but the discussion will be
continued on the basis of the final assignment and
it will be borne in mind that an exchange of oxy-
gen atoms for fluorine in the structure is possible
within the limits of error of the X-ray data. The
unresolved peak at O; (Oy) is due to oxygen atoms
and the clearly defined maximum at Fy can be
identified as a fluorine atom. The remaining
somewhat diffuse maximum in the neighborhood
of Fy; and Oy is believed to be due to the super-
position of two maxima.

The atoms were given x- and y-parameters as
indicated by the lettering of the maxima and as
seem reasonably definite from the size of the max-

ima for all cases except that of Oy;. Two pos-

.sible positions for this atom are compatible with

the projection; (1) the maximum corresponding
to Oy lies so close to I that it is not observed, or
(2) the maximum for Oy is part of the Oy —Fyy
maximum which is unresolved. A decision in
favor of the second alternative was made with
reasonable certainty on the basis of the intensities

/8-

0.75

3

of reflection which are independent of the iodijf
atoms. 5"

The evaluation of the z parameter was cgé‘ied
out by making use of the general characteristics
of the X-ray spectra, the Patterson pqui"éction,
and structural arguments as outlined below. It
is seen (most clearly on Laue photographs) that,
for all pairs of reflections (k%) and (lkh) having
the same type of structure factor, the intensities
are very nearly equal for all values of % and /.
This fact together with the evidence of the Pat-
terson projection indicates that a projection of
the scattering matter on the x-z plane has approxi-
mately tetragonal symmetry.

If Fy is associated with any iodine atom it must
be bonded to I and not to I” since the projection
of the distance I’ — F; on the x—y plane (see Fig. .
2) is greater than could correspond to an iodine-
oxygen bond. The projection places anotﬁeif
fluorine atom at Fyj, which might be bonded to I’
as far as the projection is concerned. If this were
the case and if I — F; were equal to I’ — Fy then
the projection of the interatomic distance on the
x-z plane should show up on the Patterson pro-
jection where no maximum is observed. Since
Fyy is the same distance from I as Fy and lieson a
straight line through I and Fy (in the projection)
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B
it is suggested that these two atoms form opposed Sratomic distance in (N H4)2H31@}}§1'so lends sup-.

bonds with iodine and by referring to the argu-
ment in the previous paragraph the values of xpy
and xpy; will be approximately =0.08. This as-
signment of parameters is made more probable
by the small maximum at z = 0.40, x = 0.10 on

. Y TA’BLE II
the Patterson projection.
3 ! VALUES OF Firl
The oxygen atom O; may be assigned fairly () oObsd. Caled. (#D) Obsd. Caled. (kD) Obsd. Caled.
definite parameters, the Patterson projection in- (0100 70 100 (3100 54 68  (600) 64 56
. . (020) 81 79 . (320) abs 10 (610) 82 89
dlca}tmg that 2o, cannot be Yery large. From the (030) 14 17 (330) abs 4 (620) 50 52
projection x has two possible values ~0.25 = (040) abs 6 (340) 18 26 (630) 23 19
L) £ . (050) 30 2 (350) abs 6 (640) abs £
0.025. This choice must pe mafie.z on the basisof o 35 3 G Jlbs 2 @6 e o
structural arguments and intensities of /kl planes. (070) 46 50 (370) abs 12 (660) 23 30
If I0,F;~ groups are postulated then certainly x % 2% 39 Eggg; i
must be less than 0.25. The possibility that x @110) abs 6 (00) 112 152
o . (120) abs 3 (410) 81 94 (710) abs 1
islarger than 0.25 is not altogether unreasonable (1300 30 5 (20 92 s (120) e 5
and was considered seriously but no fit between (1400 26 28 (430) abs 0.0 (780) abs 1
: : A (150) 14 15 (440) abs 1.0 (740) abs 4
expepmgntal anfi calcglated .mtensmes could be (160) 15 20 (450) 23 27 (750) abs 1
obtained on this basis. With Fy, Fy; and O; (170) abs 16 (460) 24 28
- (470) 27 32 (800) 35 42
placed the ?ho1ce of parameters for OI.; w.as made (200) 94 136 (480) | 31 31 @®10) 50 54
by concluding from the Patterson projection that (2100 120 169 (820) 31 32
5 o 3 & . . (2200 45 35 (510) @bs 14
it must have a posxtlo.n relative to tl?e 2-8XIS SIMi-  (530) g9 61 (5200 abs 2 (1000) 36 50
lar to that of Oy relative to the x-axis. In trying (240) 15 20 (530) abs 10 (10,100 31 28
: . : (250) 16 19 (540) abs 5 (10,200 28 27 |
t<? find the proper pe}rameters theiodine to fluorine 50 35 43 (550) abs. 8
distances were considered to be equal, as were the (2700 37 43 (12,00) abs 22
iodine to oxygen distances. ) #e 8 ] a0, Py
The potassium parameters were determined 3 15 H;
. . ALUES OF Eril
roughly. from the projections and then .reﬁnefi.by (hkl) ~Obsd. Caled. (kkl) Obsd. Caled. (hkl) Obsd. Caled.
comparison of observed and calculated intensities. o2 s7 15 (801) abs 9 (211) 30 30 |
The parameters were varied subject to the condi- 004 98 148 (802) 63 55 (212) 85 94
3 . : 006 68 70 (213) 23 24
tion that distances from potassium to oxygen and (o3 55 49 ©@14) 100 126
fluorine be la_rger than 2.60 A_ 00,10 29 61  (111) @ 78 (215) abs 3
. Aaln ! (112) abs 10 (216) 69 80
The atomic positions fixed by the means de- (21 10 8 (113) 55 76 (217) abs 14
scribed in the previous paragraphs were finally = (202) 1 130 172 (114) abs 29 (218) 50 50
. . (203) 53 65 (115) 52 57
varied by small amounts (0.005 to 0.01) to obtain  304) “ss 80 (116) abs 12 (221) 25 33
the best fit between experimental and observed (205 ab§ 14 (222) 102 134
. oy . . (206) 73 68  (121) 83 98  (223) abs 13
intensities. The resulting parameters are given \ (122) 37 46 (224) 49 64
below: W (208) 50 . 62 (123) 70 89 (226) 49 64
(124) abs 5 (228) 38 45
x y z (401) 33 W47 (125) 78 96 b
1 0.00 0.067 =0.001 © 0.00 (402) 84 91 (126) abs 16 (231) 23 25
K .215=0.005 465 .005 | .29 =0.005 (403)  abs % (z2n - 39 80 [(23208R 82 ...83
Fr — .08 = .01 355+ .01 .00 = .01 (404) 119 1 (128)  abs
Fir 08 = .01 — .22 % .01 -—%09 = .01 405 25 22 %
o1 .215= .01 .175= .01 035= .01 (406) 74 80 @(131)  u8 131
Onr - .02 = .01 .19 = .01 .%ot .01 L M e
? : (133) 106 105
. o' (601) 22 33 1
The atoms occupying the positions Fy and Fi1 o2y s 73
it was felt must be the same, either oxygen or  (603) 27 32 (14L) 125 103
: It is fairl (604) 65 83 (143) abs 9
fluorine. The position of these atoms is %ry (605) abs 22 (143)% 101 83
well fixed and it is found that the agreement is Eggg; i? 2? j
considerably better for some of the weak refleg- i !
tions if fluorine atoms are placed in positions F As an additional cheelon the parameter
and Fy;. The fact t e I-O distance for this = ratio of intensities I;;/I;., were compared

assignment is so closely*eéqual to the same inter-

(7

port to this arrangement. s .

Tables II and III give the calculated and ob-
served Fyy's. Pauling—Sherman f-values were,
used in calculating the F’s. '

£

the calculated intensity ratio. Since the inter-
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planar distances dp; and dy;, are so nearly equal
quantitative use could be made of the Laue inten-
sities for such pairs of reflections. Reflections
with #\ in the neighborhood of the critical ab-
sorption” limit for iodine were not used in these
comparisons. The intensities were estimated
visually with the use of a calibrated scale. Table
IV gives th;e results.

TABLE IV
hkl Trri/Xikn obsd. Tnkt/Tikn caled.
1 (415) ; 15.0 13.10
2 (611) 5.5 4.22
3 (613) 2.4 2.02
4 (614) 1.0 0.98
5 (618) 7.5 6.30
6 (617) 7.5 10.8
7 (811) 4.5 4.5
8 (813) 3.5 4.9
9 837 2.0 0.0
10 429 8.0 6.2

¢ The calculated F’s for both reflections are so small for
this case 5.7 and 1.0 that a very small error in parameters
makes a very large error in the calculated intensities.

Discussion of the Structure.—The crystal
structure derived from the above parameters is
shown in Fig. 3. The fluoroiodate ion, as shown

:in the figure, consists of a central jodine atom
forming bonds to two fluorine and two oxygen
atoms. The fluorine atoms lie on a straight line
through the iodine atom and may be thought of
as forming opposed bonds. The oxygen atoms
lie in a plane perpendicular to the I-F bonds and
form bonds with the iodine atom at about 100°.
This arrangement gives the group as a whole the
appearance of an octahedron with two of the cor-
nersremoved. It may perhaps better be thought of
as a trigonal bipyramid in which one of the three
equivalent orbitals is occupied by an unshared
pair and the angle between the remaining two de-
creased from 120 to- approximately 100°. The
interatomic distances are: I-O; = 1.93 = 0.05A_;
-0y = 1.92 = 0.05A.; I-F; = 2.00 = 0.05 A.;
I-Fy; = 1.99 = 0.05 A.; O;-Oy = 2.85 = 0.10
A.; and the angle O-I-O;; = 100 = 7°. The
fluorine—oxygen contacts are the same within the
limits of error and equal to 2.75 = 0.10 A.

This configuration of the IO,F;~ group is the
same, within the limits of error, as that reported
by Stevenson and Schomaker? for TeCl, in which
the unshared pair of electrons has appa;gantly the
same steric eﬁect as in the I0,Fy—ion. =

3) D.P. Stevensou a;:ld Verner Schomaker, THIS Téumx AL, 62,
1267 (1940). S
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Fig. 3.—Structure of potassium fluoroiodate.

The effect of the unshared pair of electrons on
the bond distances may be discussed by compar-
ing the effective iodine radius in this compound
with the iodine radii in other related compounds.
The data for a number of these compounds are
shown in Table V. The table shows that a con-

TABLE V 15
) Formal 3
Compd. I=ix A, Configuration charge I-radius

KIO® 2.23 Octahedral ~ +3  1.18
(NH,).:H;IO 1.93 Octahedral —+1 g .27
KIO,F, 1.93 (O) Octahedral or -+1 ¥.27

2.00 (F) trig. bipyr. +1 1.36
IR 2.56 Trig. bipyr. 0 1.9
K112 2.34 Oetahedral = .35
K10 2.93 Octahedral -1 ‘qf 58

“ B. A Hazelwood, Z. Krist., 98, 439 (1938). |

» L. Helmholz, THISTOURNAL, 59, 2036 (1937).

¢ Braune and Pinnow, Z. physik. Chem., 35, 23%1937),
4 R. C. L. Mooney, Z. Krist., 98, 377 (1938).

¢ Zachariasen, Phys. Rev., 37, 1626 (1931).

siderable decrease in the effective iodine radius
can be correlated with an increase in formal
charge. Since the unshared pair in I0.F3~ con-
tributes the same number to the formal charge of
iodine as the two additional electron pair bonds

_in IO§~ the I-O distances in the two ions might be

expected to be nearly the same. The iodine radii
for the cases of the iodates and of IF; seém to be
much too large to be accounted for on the assump-
tion that the radius is a simple function of the
formal charge. It is true, however, that the de-
terminations of these two distances are not com-
pletely reliable, and satisfactory answer has not
yet been given to the question of the existence of
discrete IO;~ ions in iodate crystals.

If the 10dme—oxygen and jodine—fluorine dis-
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tances in potassium iodate and iodine penta-
fluoride are assumed to be even approximately
correct then it would seem evident that two cases
must be distinguished. If a vacant orbital exists
in the coordination polyhedron, the wunshared

pair may occupy that orbital and its effect on the
“iodine radius will be small and may be correlated

with the formal charge on the central atom. If no
such vacant orbital exists, then the extra electrons
become an ‘“‘inert pair” having no steric effect,
but causing a relatively large inerease in the iodine
radius.

The Structure.—The coordination of oxygen
and fluorine atoms about potassium is irregular
but it is probable that the packing of the IO,F,~
groups is the determining factor in the structure.

The K-O and K-F contacts are: O;—K = 2.75,
2.76 A.; OH—K = 2.63,3.03A.; F;—K = 2.64,
3.06 A.; Fi;—K = 2.74,3.04 A.

The mteratomlc distances which are less than
3.50 A. between oxygen and fluorine atoms of dif-
ferent anion groups are: Fi—Fy; = 2.77, 3.23 A.,

—Op = 340A.; F—0; = 3.24 A,

There are, in addition, two distances between
iodine atoms and oxygen atoms in different I0.Fy~
groups that are shorter than three Angstroms:
I-0; = 2.82A.; 1-O;; = 2.88A.

The similarity between this structure and that
reported for potassium iodate may be seen if one
considers an altered KIO,F, in which the I-O con-
tacts just mentioned are made real bonds so that
each oxygen atom is shared between two iodine
atoms. If, then, the iodine atoms and bonds to
oxygen atoms are placed in the x—z plane, then

.

" Linpsay HELMHOLZ AND M. T4

4,
g

this piane will be identical with a plane z myﬂ for
the .potassium iodate structure. In thxs altered
structure the I-F bonds will be in a vertical posi-
tion along the lines x = z = 0, ete. If now one
atom of oxygen is substituted for two atoms of
fluorine and this atom shared between two iodine
atoms the structure would become the cubic
structure attributed to potassium iodate. It is
suggested that the similarity, although not very
great, is sufficient to cause the orientation effects
observed on photographs of KIO,F, in which some
of the salt had hydrolyzed. The powder lines
had quite definite maxima at positions correspond-
ing to the equator and layer lines for potassium
iodate oriented with the cube edges parallel to the
orthorhombic axes of KIO,F,.

Summary

From a determination of the crystal structure
of KIO.F; it has been found that the IO;F,~
group is composed of an iodine atom forming
bonds at approximately 100° with two oxygen
atoms, and perpendicular to the plane of these
three atoms, two opposed bonds at 180° to fluo-
rine.. The configuration may perhaps best be
thought of as that of a trigonal bipyramid in which
one of the three equivalent orbitals is occupied by
an unshared electron pair. The interatomic dis-
tances in the ion were found tobe: I — O =1.93
= 005A; T — F = 200A. = 005A The
O-I-O bond angle = 100 = 10°. The influence
of the unshared pair on the bond distance is dlS-
cussed.
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'ﬁi’)‘-g’;ﬁ,} R ‘
absence iﬂ‘i%m:of type (k0l), % odd, and
(hk0), h and k odd. The reflection (102) reported
by Hassel and Luzanski, which would eliminate
this group, was sought b m t observed on any
photographs. This justifies the choice made by
Pauling. The unit cell contains four molecules
and the dimensions of the unit were found to be
a0 = 8426 = 0.020 A.; bo'= 8.180 = 0.020 A.; ¢, =

_ ed 3.69 = 0.05 A,
The first two are f
the third from laye
giving ao and b, are shown i
correspond to axial ratios 1:0.97

Table I.

compared by goniometric values 1:0.977:0.444 =
ay:by: 6y (Groth). 3

¥

TaBLe I =
EQUATORIAL MEASURI
dobsd, RS
2.105
1.405
1.053
0.0842 =
Average a,
4.097
2.045
1.362
1.022
Average by

5

: intensities of all observed reflections
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'“! 3
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Fig. 1
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1 2
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A \2
sin’ 6
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s between calculated and ob-
‘planes of different types. %
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the following manner.
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: 0.01 since it e

0.5
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The Unit Cell and Space Group of Silver Iodate
(with Lindsay Helmholz)

Introduction

A gatisfactory crystal gtructure determination had
‘not been-made on any lodate although several had been studied
(see above, 'The Crystal Structure of Iodic Acid', Intoductionx
and it seemed desirable to make a complete study of one.
The pseudo-cubic crystals KIO3’and the Cg, Rb, and NHy’
isomorphous comprounds are probably monoclinic and hemihedral
(see avpended note on KIO;),and good, untwinned,single crystals
have not been vorepvared. The X-ray work done on these was
on the powder (Goldschmidt(l)).

It was thought that orthorhombic Ag IOz, which 1s readily
obtainable in good single crystals, might be 2 sultable
substance for a structure determination. No X-rav work

had been done on this comwnound.

Experimental

Crystals of AgIO; were grown from aqueous ammonia solu-
tion by slow evaporation. The crystals are thin plates, c(001),
with q(011) and r(101) developed. The crystallography asreed
with Groth(%)who guotes the axlal ratios
| Laitbie=0.4416: 1 @ 1.3072
(1) V. M. Goldschmidt, "Geochem. Vert-Gesetze der Elemente,"
VII and VIII.

(2) P. Groth,"Chemische Kristallogravhie", Teil IT, Leipzig,
1908’ DO 900

7.



Ekperimental

The cleavage parallel to €(001) is complete, and the plane
of the ovtic axes is €(001). The crvstals were observed to
show a positive nyroelectric e“fect.

Laue vhotogravhs of long exposure showed the Laue
symmetry to be Dpp- mmm. Marignac (se= Groth(z)) considered
the erystals monoclinic

Oscillation photogravhs were taken with each axis
vertical,yielding the following preliminary unit translations:

a, = 7.24A,

]

5.80 A,

i

b,
e =15.14 A,
The density was determined by pycnometer tolye?252=5.7§,
giving #=4 molecules in the unit cell.

A long exvosure Laue picture taken with the a-axis
vertical was indexed. Reflections wsre observed with nk<0.23£
which required doubling the length of the b axis.

The final values of the unit translations required to

account for all observed data are, then,

a,= 7.24 A,

b,=11.60 4,

c,=15.14 &,
and 2= 8 ,

The first order Laue reflections and oscillation vhotographs

indexed showed the characteristic extinctions?
ho1) - hf2n

(0% 1) - 142n,

(h ¥ ©) - 311 ordersobserved.

Jo
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Note on tre Crystal Structure of Potassium Iodate

Introduction

= X-ray diffraction investigatlon of KI Oz was
made Dby Goldschmidt,(ig the crystal powdsr. He used a
cubic unit with a,=4.46 & ana assigned the psrowskite
structure to this substance, reporting that no powder lines
showing any deviation from the 1ideal perowskite structure
were observed. In view of the structure obtained for HI Oz
(see above) it seemed unlikely that this would be correct ,

and Laue vhotogravhs were taken to obtain some qualitative

information on this voint.

Exverimental

Crystals of K]fQ3 were prepared by slow evaporation
over conc. HpoS04 of a solution of K10z in dilute HpS0y.
large crystals were obtained twinned always on m(110), four
individuals twinning to form a cube but revealed by etch
figures. *he crystals are revorted by Groth(g) to be
monoclinic prismatic with

a:b:c=1.0080 :/: 1.4394 , =90 45

They are colorless and strongly double refracting,showing a

negative birefringeme, 2v=457
V. M. Yoldschmidt, "Gesochem. Vert. der Elemente", VII and VII

P. Groth, "Chemische Kristallographie" Teil II, Leipzig,
1908, p. 93.
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e following dats are presented witheut conment.

troprusside ;a?Fe(CE)SEO.EEZO

eep red crystals were obtalned from agqueous solution.
ihey are orthorhorivie bipyremidal with axisl ratios:
atbie = 0.7865¢ 1 ¢ 0,4158 , (Greth I, 432),

‘They show positive birefrinsence with (100) the axial plane,
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i e E L 2 P R e = & 5= A e i R As
geelllotion snotorzranhs sbhout eagh axig were taken snd Tk

unit translations obtained from layer line spacings are:

. -
floﬂ_lu.uu _l_,
<
e B 0
by = 5.20 4,
Co = 14i.00 4,

ine A-rvay axlal ratlios are sibie=™ 2.0kt 1 3 2.40 , gnd to

'v.en_sit*rv(’<l 5»1.2 , hence z =3,

e dimendions or the unit eell ano the cleesvéaze sugoest that

the planes of the molecules are neariy parallel to b anc
nervendicular to ¢ . “he reflection (004) is the strongest

reflection observed, in agreement with the suggested orientation,
Leve photozranhs with Xllb and Y._L’g,shov: 2
and mirror plane,respectively,showins the Laue symmetry Lo

- ik

Con - 2/m. Zood Laue photographs are obtained,and osecillation
pietures go outb

Creatine ((methrl

Crystals from agueous solution contain one molecule of

weter of erystsllilzation per molesule,fhey are monoeclinie:

and throuzh ¢(00l) an axial fizure can be observed.

The unit translationz were obtained from layer line meas-

h {4



o
g e 19 A
a,=12,05 4 |

(-4

A
b, =12.55 4,

- -

2 1 b ¢ geeE.05 3

The density was found by exwcriment to e less than

1.446 and greater

above unit cell.

The molecules must lie

vendicular to ¢(001). but

P

fringence 1z negatives T

this orientation.

tilte

al cleavage agrees with

han 1.54 jhence Z= 4 molecules in the

'_l

thelr nlanes nearly per-

somevnat since the bire-

o

libriun in agueous solution the composition depending on

pHe In acid solution creati

the stronzer base,

and the simllarity in axi:

it has been sugzested tha

phous,

Because

t

The X-ray data show

this 1s not so.

is formed since it is

the ease of interconversion

s and monoclinic angles

two crystals are isomor-

It is

probable that the configuration of crestine is close to

«

that of

77

the cereatinine ring, however.



Part II

Electron Diffraction Investigations



ine Internuclesr vDistance in the Fluorine liolecule

lax T.losers,Veraer Schomaker and D.P.Stevenso

Tnere exists no spectroscopic walue for the eguilib-

riur1 internuclear distance in the ground state of the

luorine molecule, Tale and Tonkl pnotogranhed the band

spectrur obtalned in & discharge tube throuzh which fluorine

"

cas was flowed.They analysed two bands at Ve=18,372.8 and

- o .~
V.= 17,439.5,and reported the values r'=1.42 A, w”:W 26

Since these bands do not occur in absorption,and the sbsory
moximum of fluorine is not in ¢t
does not involye the ground stote of tue fluorine moleculs

1t has Turthery been showh by lulliken™ that it 48 wnlikely

refer to an excited state,.The only value renorted for the

inyvesti—atlon of [lourine wvapol wvhich ~ave F-F=1,45% 0.
Lttempts to observe w, directly by Aaman spectroscopy nave
P 1 1 N -1 . ¢ 5 5

falled but a value w = 536 cm — has been estimated using

adscrts rul c-
(1} Bale and vonk,istrovhys.d.; 89 , 77 (1£29).

(2) se8.iulliken, Phys.lev., o8 659 (1880},

rz g ~ b} Vomga sty T 7 3 = Mo LS 7 )
'(\(_)) L..L.,A,I“OC;“‘.‘&;.' s v niic\J‘.i{‘)n 3 oY ) lu‘l' \l(:\)\ ) &
3 - o~ ~ o o . - g b O 8 = o [a 2o Lode oy S
(4] §.8.0umier anf T.oa.To8t, JewB.8,, 58, B788 11987).
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he «iiscussion of hils worl,Droc'tway pointed out

Jdetermination was bezed on sorewhat unsatisfactors

e g wvalues for the Internuclear
cabained frowm the various rinss sbov rether vilder veristions,

200 whE Juoted 1inie of error ig much larser,than is uswal lop

raction dcterminations,so that the repvorted valve,

1452 0,00 4 wes resaried a8 only nrovisional.
In ouilding: uwp & tanle of covalent radii -sasullng and
12 o
=usging uged the walue 0.94 &2 Tor fluorine. This led te

feviations from the aums of the covalent radii for bonds
wetween flucrine zud very clectronc-eative elenents €.,

U a8 S i g ~ o .. A LR AN % =
\Observéd L. 4BE£0.,05 . oum of Pefii1,]l,.304); ¥.0 (observed

A1+ 0, OSj,uv~ of vadll,l.00 L) NOIOE (observed 1.¢gt.o.oaf,
). It has recently been shovm 4 that = table
of wadidi im waien fivoPine iz riven & covalent radius o sbout
0«79 & is mMier more =atisfaclory. . seceursle value o 1he

- ) SR, -

internuclear diastance in Tiuvorine is therefore oi interest,

g ] B = :) ) g} B TP e e e = . = e 2

It Das been shown that the electron diflraction metiiod
¥ill give cecurate vilues of dlsbamess ln 1isht molecules,
arrecing,for distoric moledules,to better than 1 with

+

“e Tesort in thls poper

investization of fluorine wenor in vilch we have obtained

the resuitz of an electron «iffraction

value of the internuclear dlstance with this derree of nrecision

v

(4) C.3.6:pner and D, .Yast,d,1.0.5.,68, E¥a8(1807).,

=y

(5) Verner Schomalker and »H,r,.3tc Vehson,é.A.C.E.,dl,b?(la&l).

bod)

~J

Linus fauling and U0 .Hogedins,f.irist. ,87,205(1854) .
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Fluoerine was sresared by the hizn temverature methed.,

A mixture of HE I in 2 monel can was electrolyzed
0 . - 5 = -
at 200" wlth a grephite anode. The gas produced was nassed

over X&' to remove iF an

-

1 through a copper trap immersed in

ry ice to remove easlly condensgdle impurities, Several

i
o v

llovied to pass throush a brass

- ()

volumes of fluorine vere

M

container fitted with an all-metal sylohon valve whlch was
then closed off and attached by brass tapered joints to the

nozzle of the electron dilffraction machine, The system 1n

whicn the fluorine was handled was entirely metal and care

5

s talien to eliminate all grease and organic matter which

il present, reacts ver

impurities are small amounts of CF4 resulting from the de-

composition of the graphite anode,and 0. from the electrolysis

o
& = <

-

of HZO not completely removed from the electrolyte. The

rate at which the anode 1s attacked indicates that the gas
probably contzins less tian 3. CF,, and the amount of 02 is

probaebly much smaller since the samples were collected after

20-30 hours electrolysis wnich should remove all i ,0. Samples
()

of fluorine were also collected by condensing the gas to a

t

e

Gi 1ling into an evacuated metal

Qs
[#]

ligquid in a pyrex tra

j3v)

I

container. Only very slight differences in the aprearance of

nictures telien with different fluorine samples could be ob-
served. The eWGCurOﬁ diffraction apraratus has deen des-
L) 6 J p 173 L3 ~ bJ = 1 L e 5
cribed  and a ciscussion of the present teclhnigue jiven .
Cut film wes used and a swell correction apuvlied for errors

(6) L. C. Brockway, Rev. liod. Phys., 8, 231 (1936)

Yo



ariging from tiols Source,

FPour different samples of fluorine gzave twenty-five nictures
of sood diatomle annesarance showing slx ecleerly resolved maxims
amd slx minima, ln peneral there were only very slishi deviations
if any,from normal <¢istomic appearance., The heavier pictures were
taizen using hizh pressures (up to 1000 mnm, ) of gas and only

one or two one-tenth second exposures with a strong,but smsll,
electron besm.in this way pletures with rincs extendins to
s = S0 were obtained without the background of incoherent
scattering building up too much. The lack of sharpness of the
diffraction pattern observed by Drockway was not observed., 1hls
was attributed by hin te the slow removal of fluorine Trom

the gppaprutus whlech resulte,nol snly in an unsvesdiness 1in tae
ogeration of the tube due to the resulting rise in pressure and
nigh voltage dilscharse, but also a scattering of electrons

along the beam, This investigation,along witix those of other

&

1isnt molecules has shown that,althougn the gas is not
condensed out and so spreads taroucn the apparacus causing a

Wiz« veltase discharge, the pletures are as Jood,and the results
25 reliable,as for ranidly condensable substances., The nhotograph
is taken before the snreadin~ of the as lias caused the discharge
and wvhile the voltace 1s stlll reasonably constant. The guality
of the pletures shows that inconerent zcattering 1s not apprec-
lably lorzer than Tor condensable subsvances,

H(



Ovserver

bach of us nas mace two or more sets of neasurements of
the ring diameters., IFrom these rieasurements wvalues of
Se= 4 (5in 8/2)/» , (Eaufé.VZS),were calculated and com=-

nared with the maxima and minima of the theoretical curve

for a diatomic molecule (the function EiE:LE With,/=il

1

[e)

a7 .
)

vas used). Values of the internuclear distance ( %«)

o
so obtained were averaged for eacnh set of measurements and
these averages, along with thelr average deviations for

eicsht sets of measurements, are shovn in Table I,

(o
o

ilo,of features 1Io.of meas, Features in- Aversgze r Average

included in on each ciuded in Deviation
average feature averag
g PP e ©®
7 5 2nd maxX.-5th max. L.488 A 0.008 A

¢ i 50 0.004

(@}
l,__l
*

S

S 10 ord max.=5th nin, 1.43% 0.004
3 5 200 Mid.=5tn mex. 1,431 0.004
7 10 2nd max-5th max, 1,452 0.005

Vi 10 e 1.441 0.005

o 5 4tn MifA.=0t1 max. 1.430 0.004

o & 2nd maF.=6th mix, Ll.455 0008
s 4 WS - °
Final Aversag 1.454 A 0.005 A

16 precision of these measurcments 1s 1/5 of 1%, The

aceuraey of the slectron diffractlon metlicod apalied to other

ES

diatomic molecules,where comparison with spectroscopic
4

valwes 1lg possible, is in 2ll ecases better than 15, hence

a

t is inmprobable that this result is in error by more than

f—te

Y.



+ 0,01 4. LYprom this value we may calculate, using Badger's
7 rm -1

rule’, a value of¢w . for Fo. The values @ o=1030 cm

and = B89~ cﬂ—l are obtalned using the constants ¢

ol .we- QTG Ie L > Gt ks Sl Lo Lball oy ml’

dij,fo: colums and for rowis of tie »eriodic table respect-

ively.

Surmmea.ry
PRERsRESm— ~S
The internuclear distance in the {luorine molecule
has been Tound by the eleciron diffraction method to be

F-I'=1,455 £ 0,01 A.

¥3.



‘he Electron Diffraction Investigation
of

Tellurium Dibromide
Intoduction:

an electron diffraction investication of tellurium diha-
lides was made by Grether(l)who reported the values Te-C)= 2.36&,
Te-Br = 2.49A ,and ABr-Te-Br and £C|-Te-C| = 150% The vapors
of these compounds show extensive band systems in absorption
and varicus investigators have gtudied these spectra. Wehrli(g)
reported that TeC|[o 1is nearly linear in both the ground and
first exclted state,from an investigation of isotope effect
in the spectrum. Larionov(B}on the other hand ,considered
that the angles were closer to 00° The interpretation of the
spectra 1s, however, very difficult and, in the absence of
a complete analysis of any of these spectra, the conclusions
of the above authors carry little weight.

One would exnect that the bonds in these comvounds would
be p bonds ith some s character giving an angle between 00°
and 109°281 as is the case for SCly (&Cl-S-C| =103") and for
Se and Te in the crystal ({Te-Te-Te=102"). In view of the
above results tending to establish a nearly linear configura-
tion for the tellurium dihalides a more careful invegtigation
of one of these comnounds by the electron diffraction method
was considered desirable. Tellurium dibromide is the most
sultable of these because it is stable in the vapor state
and has a more favorable ratio of structure factors than TeC| o,

The angles should be similar for SeC|»2, SeBro, TeC]» and TeBro2,

hence a value fer the latter will establish the others to within

44



a few degrees.
Experimental:

Powered €. P. tellurium metal was placed in a tube and
c. p. bromine added in slight excess. The mixture was heated
until the reaction was over and the product then distilled
in vacuo to remove halides of heavy metals, Brg,and TeBr,.
The vroduct was sublimed in wvacuo and pvlaced in the high-
temverature ﬁozzle of the electron diffraction mwachine, avoid-
ing contact with moist air.

A series of photographs obtained using temveratures up
to the bolling voint showed maxima out to S$=28. "

Tellurium dibromide was studied by Yost and Hatcher( :
who report that the vapor is not appreciably dissociated until
750°. Selenium dibromide and dichloride decompose in the
vapor state, and may not be studied by the electron dif-
fraction method.

The resulits of the radial distribution treatmen%5’5)

Fal

are shovn in Table I and in curve R of the fisure. The

o~
«

o)
nrominent peak at 2.52 A. and the smaller one at 3.30 A.

Sym=-

j{s)

resnectively; the Br-Te-Br angle is then 987, The
o

metrical pealk at about 5 A. is without significance--in the
curve containing only nesative coefficients a deep minimum

appears in this region. If these coefficients were rml-

6]

tiplied through by the proper factor, the total curve

e

(€3]

would be nearly smnooth beyond the peair ot 3.80 A, False

¥

7 tw

=2

ce those of »nrominent features

)

nearLt

e

e

ssé&a

neaks at abe

1121 distribution curves.

.

are cormon In I"ac

(&N
3

ys.



The theoretical curves were calculated with the use
of the formula )
z ~f)7% . 251" L oan(E7TE
7'( e/-),m(——-"/o Zr)l'r (/0

I~ 75 (z- flg-

where Z is the atomic number, f the atom form factor, r

the Br-Br distance, and q = ‘5—19 aun & . Though account

o

was talen of the variation of the scattering coefficients

G
with © , it was found that curves drawn with atomic nwnbers
as coefficients were also satisfactory. The Te-Br distance

was talen as 2,51 R. in all cases. The models are A, r= 3.70 X.,

(0] (0] 0
% Br-Te-mr=95°; B, 3.77 A., 97.5; C, 5.85 4., 100°;

2

(@]
D, 3.98 A., 105°; T, 4.90 K., 155°.

(s ]

and C both reproduce nearly sufficiently well the

(D)

appearance orX the vhotographs. One observes that the third,

j85]
Co

fifth, and seventh minima are shallow, but decreasingly

shallow in the order nemed. The fifth, sixth, seventh, and

eizhth maxima decrease nearly regularly in intensity, with
the sixth a 1ittle more prominent than the rest. O0Our con-
clusions are that the photographs would be best represented
by a curve intermediate between B and C, and we have chosen

- o o . ; i
most probable the angle 98 * 3~ given by the radial

jas)
16)]

L G "

tribution curve., Comparison witii B and C (Table II),

(8]
e

S
. 9 . . . e S "
gives Te-Br =2,51 A. This angle 1s reasonable in the light
ol 3 o T 2 3 b '7 = s 7 P 1
of the value 101 which has been reported for sulfur djchloride,
and the lmown tendency for bond angles ol elements in a.col-
umn of the periodic table to decrease with Inecreasing
atomic number., The Te-Br distance is the sum of the co-

8
valent radiil .

. 3 3 T o a . )
Curve L, with fDBr-Te-Br =155 , has been included because

%



(1)

it hes been reworted that the bond ansle in TeBm™ 1s
(Y7 L)

o 2o . ,
greater than 1507, This curve bears no relation to the
appearance of our nhotographs., 4 wider angle is also not

possible: curves for such models show rezularly spaced
strong maxima falling off somewhat more gradually on the

=

putslde; these do not correspond to the photorraphs.

D

Swimary s

o

The structure of TeDBr:, has been redetermined by the
electron diffraction method. Te-Br =2.51 2, ¥,02 R.,

o} o %
¥ Br-Te-Br =98 +35, Br-Br= 3,30A%,08 A.

47.
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Min,.

Mex.

Table

Qeots

Q.23
13.94
17.54
21.52
25.87
30.08
3333
3762
k20
46.39
49.92
S54e14
57.92
6202
65.62

I

T
£

46.

845
-3.9
5.6
-6.2
6.6
-2.8
3.1
~Jad
2.8
-1.5
Le3
-1.3
1.0



Table I1

14N, a9 (B) a/q. (C)
lax. Qobs.  (B) q.{¢)
1 g.28 0.4 {1.127) 10.3 11.118)
2 13,94 14,2 1,019 14,0 1,004
2 17.54 17.7 1.009 17.5 .9¢8
3 21,52 21.5 .£99 21,6 1.004
5 25.8 26.5 986 2.2 1.015
4 30.08 30.0 997 9.9 .99
4 5 Wt 55.5 1.005 580 959
5 57,62 37.1 986  zg,0 1.010
5 42,04 42,3 1.006 42,0 1.000
6 46,39 46,0 .991 45,7 .985
& 49,92 49,6 .993 49,4 .990
7 54,14 53.5 .988 s54.3 1,008
7 57:92 58.2 1,003 53,0 1.001
8 62,02 62.0 1.000 61.3 .088
Average 90 » I8
Average deviation JOOY <00%
Final Te-Br 2,51 3. 2,51 2.
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Part III

Determination of Magnetic Anisotropy



The Determination of the Magnetic Anisotropy of Crystals

I. Introduction

It was discovered by Faraday that the induction in a
crystal isnot in the same direction as the applied field
but depends , in general, upon direction, the magnetic
constants in different directions defining a triaxial
ellipsoid. Qualitative measurements of the susceptibilities
of crystals were made by Tyndalf}gglackeé}égrailich and Lang}l7)
and Rowland and Jacqueé}Bgnd later,quantitative measurements

4) a (5)

( " )
on a few dlamagnetic crystals by Stenger, Konig, and Voigt

(2) 19
and Kinoshita,and on paramagnetic crystals by Finckef )

20 (3)
Jackson, and Rabi.

The relation of the magnetic constants

of a crystal to those of the individual molecules bullding

it up was first shown by Krishné%? He showed that diamagnetic
crystals of aromatic substances showed relativeblarge anisotro-
piles and that if the magnetic constants of a single molecule
could be estimated those of the crystal might indicate the
orientation of the molecules in the crystal.

A value of the principal susceptibilities of a molecule
can be obtained from a knowledge of the Cotton-louton constant
for the liquid and the depolarisation factor for light if
we can assume an axis of symmetry for the molecule. Then
the principal susceptibilities of the crystal must be obtained
by the tensor addition, for all the molecules in a unit cell
of the crystal, of the constants for the individuagl molecules.
Since the induced moments are very small we may neglect the
interactions between molecules and thelr orientation only is

significant.

s/,
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IT, General Theory
A crystal nlaced in a magnetic fleld experiences a
magnetization II »roportional to the apslied field:
o
I = XH
vhere X is the magnetic susceptipility per unit volume,

~

o Ry £y 5, =r . ~ _ ~ =)
“or diamagnetic substances X 1s of the order of -10 “czgs

-

(e m u.) in a direction opposing the field, and

(=5

ts mag-

nitude depends ¢hlefly on the distribution of eleectron

density in the constituent molecules or atoms. For para-

P

magnetic -ubstances X 1s about lO-écgs (e.m.u.) and de-
vends on tem erature. The naramagnetism arises largely
from the »resence of unonalred clectrons in constituent mole-
cules or ilons, 4« is independent of T for both these cases
but not for ferro magnetic materials,

~ . ~

II does not have the same direction as H, in general,
but the components of b along any three orthogonal direct-
ions are linear functions of the field componentss:

A
IL —Ak:i IIk .

o

- . o g
Since I 1s a contravarient tensor and H(=-—<7a;3 a covariant
tensor of rank one, the coefficients Xy transform as a

doubly contravariant tensor of second rank,

Xelm ( for cartesian axes)

and depend on the orientation of the crystal axes to the
coordinate axes.
Zeqy= X3 by conservation of energy,and the tensor 1is

syrmietrical.



II. General Theory

The susceptibility in any direction is obtained by a trans-
formation of axes from O0X, 0¥, O to O0X1l, Oyl, 0Z!s when

X is desired in the OZ! direction,then X1z = ¢%; X3p +
055Xop + C33X33+ 2073003 X1p + 2015033%13 + 20p5033%e3 (1)
where the Cqx are the direction cosines of the unprimed axes
with resvect to the primed ones.

This is the equation of a “riaxial ellipsoild so we may
choose the coordinates appropriately and obtain

XB% = C132 Xy + 0232 Xo 4~ 0‘532 X3
where Xl, Xo, X3 are the principal susceptibilities along
the three orthogonal directions of principal magnetization.

Then X in any direction is the length of the radius
vector to the surface of the ellipsoid from the center.

The number of coefficients of susceptibility is limited
by the crystal symmetry. Magnetism is a centro-symmetric
property so only the 11 Laue point groups need be considered.
These reduce to 5 grouvs here since ;?EQZ$oups with an axis
of order higher than 2,(the order of the tensor), have the
same restrictions.

The transformations of these five symmetry groups apnlied

to the Xii's give the non-zero components.

Y
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These limitations on the X's avnlied to equation (2)
=iye the posslble orientations of the sllipsold of imdueiion

viithh respect to the crystal sx
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II. General Theory

*hus in the triclinic system the -rientation is arbitrary.
In the monoclinic system one 2axis of the ellivsold must
coincide with the twofold axis of the cryst=1,the other two
are in the (010) plane with Y The angle from X7 to C. In
the orthorhombic system and higher, the axes of crystal and
ellipsoid are coincident. In uniaxial systems the ellipsoid
1s one of revolution and,in the cubic system, a sphere.

There 1s a relation amon: the principal magnetic
constants of the crystal ,viz. X; + X2 + Xz = ﬁi: where X
is the mean value found from a measurement on the crystal
powder. Thus 2 measurement of two values of A X with the
crystal in %nown orientation (combined with a measurement of
¥ in the monoclinic system orvﬁyyzbyﬁ in the triclinic system)
will give the absolute values of X3, X2, X3z, if the values of

X 1s known.

Methods of Measurement.

The orientation of the magn=tic ax@s with respect to
the crystal axes for monoclinic crystals may be measured
directly by observation of the orientation of the crystal
in the magnetic field. It may also be obtained by measurement
of AX about three crystal directions from which¥and the
anisotropies can be found by equation(l).

The anisotropy may be measured by directly determining

X along the principal axes (Voigt and Kinoshita(g), Rabi(z)l

This method is moere difficult and gives a less accurate value
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II. General Theory

Methods of lMeasurement

than the method of Stenger (4) in which a sphere of the materiasl
ieg suspended from a quartz fiber with a known axis vertical
in a homogemoys magnetic field and the couple acting on
the crystal measured. This isdone by measuring the angle ¢
through which the crystal moves when the torsim fiber is
rotated through a measured angle, & radians.
If, for convenlilence, we say XB is vertical and pervendi-
cular to éﬁ and Xl the axis of greatest susceptibility in
the plane pervendicular to XB’ then
Xp =X Cos2¢ + X5 Sin3¢ is the value of
X in any direction in the Xl‘ Xo plane where f is the angle
between Xy and H. The couvle acting on the crystal is:
dag. _ 4
ag - 'E;F (-% XhHQV) , Wnere E = potential energy
of crystal in Tield,
= $V(X1-Xp)81in 2 H2 |
If the torsieficonstant of the fiber is k, and X melal is used
instead of X per unit volume,
kx = 3 52 sin 26 (x1-%p) (3)
The value of Xl-Xg may be obtained from x and ¢, o
more easily, by measuringe¢, the value of &« when the couple
is a maximum (¢==45°), then
X ( Me- T74)=11"1 B2 (X,-Xp) ,
This is observed directly as the point beyond which a small

increase in &« causes the crystal to move through a large angle.
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II. General Theory
Methods of Measurement

‘he couple acting on the crystal may also be determined
from its period of oscillation in and out of the field.
An anisotropic crystal 1s subject to a varying force when
oscillating in a homogergus fleld and the equation of motion,
obtained by equating the accelerating torgque to the angular
acceleration for simple vibratory motion plus a term represent-

ing the2 nstant%neous magnetic force on the body, is

a
L3877 77 f+v H2 (X3-%)81n § casf,

where ¢ is defined as above and I is the moment of inertia of

T

VL[;E <}52 -VHQ(Xl'—Xé)Cosa.?! + const.
T
v

and 80 can only be integrat=d for the case of infinitely

the crystal aboutits axis of suspension.

This reduces to t=ﬁ

small vibrations.
_ M 4meT (_L_i%
Then Xj-Xo2 — m  HZ (7%

or _T2 -T2 x I
T Ty H2 m ,if T is not known but k is.

The values of Ty must be reduced to infinitely small amplitudes

’

of oscillation.

If the anisotropy of the crystal 1s large and the field
sensibly homogernesus then the crystal may be used in its
natural form rather than a sphere. These methods have been
applied by Krisnan etal.(6> to a large series of crystals

and the method has been discussed (see Lonscale(7)),

W's



ITI Experimental
(2) Apparatus

The apparatus used for the measurement of crystal
anisotropy 1is illustrated didgrammatically in Figs. 1 and 2.
The magnet has a square yoke with the pole pieces centrally
placed. 3" diameter plane parallel pole pieces of mild
steel, separated by a gap of 2 cm.. wers used. The winding
is in four parts,of 300 turns $.C.C. enameled covper wire each,
separated by  vpancake cooling coils.of 3/8" covver tubing
through which cool water is circulated. A field of 8375 gauss

was obtained at 12 amp. and could be maintained without
heating. A reversing switch and variable resistance
was provided for demagnetizing the iron.

Ihe torsion head was mounted on a shelf about 60 cm.
above the magnet and consisted of a 3" ball bearing to the
bottom of which was attached alucite disc and to the top a
protractor and knob for turning.

The torsion head pin was fixed in a second lucite dise
which was attached to the first by. contact—a film of oil
held the discs together but enabled the lower one to be moved

to center the suspension. One end of the quartz
fiber was attached to the pin, the other had a short, stiff,
glass fiber 2 cm. long rermanently attached to it. This was
suspended centrally between the polepieces and the whole

shielded from air currents by zlass tube and box (not shown).
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The magnetic field strength wes measured for a range
of cubrent values from 3-15 amperes by measuring the charge

wiren a search coll was removed from the field, using =2

ballistic galvanometer. The galvanometer was callbrated
against a stendard mutual induciance with secondary nlaced

The inhomogeneity of the field was estlmated Dy sus-

nending a cryst 1l of KI of known anisotroplc shape and mass

o
V

the torsue on 1t. The resulis

are expressed in terms of the crystal anisotropy equivalent

to this torgue, fﬁé (see

WAL -

and error shimming of the magnet, and by moving the windings,

but could not be elimina v  Nerrowlng the

&
reduce it so the Zem. gap was retalned as most convenlent,

Crvstals were mounted withh a lmovn axls vertical in the

v

165}
[6]

following manmner. A thin glass filber was set vertical on a
coniometer head in & two circle goniometer, The crystal was

47

mounited on thisg fiber in the field of the goniometer with
the desired axls aporoximately vertical using shellac dis-

solved in a sultable solvent (one in which the crystal is

_Jo
I,..J
-
ct

insoluble)., The crystal was then moved unti V&S COI=
rectly oriented, as determined by observation in the gon-

iometer, and was kept in this nosition until the shellac

became {irm, Some time was allowed to make certalin the
crystal did not move. This glass fibre was now attached to

é/



JJIxperimental

the gusnension by & small amount of zlyptal or shellac =0
that the fiber was parallel to thie suspension.

e orie tion of the crystal in the Tield could now
be observed by determining the orientation of a developed face
or ed~e with respeet to the grogs hair of the viewing system.
I no face was developed g very fime guarts fiber weaz attached
to bthe ecrystal In Immown orientation,using the sonlometer,so that
the orientation im the Tield cou:d now be measured by measuring
the orientation of the fiber,

The anzle ¥ of 2 m noelinic crystal vas now observed
directly by recording the snglc of a fege or the cross fiber

17 wie g@¥enlece,the ansle eorrespondlinsy to the Tield direction
was then found by suspendinsg 2 ncedle of benzil (or other
sultable erystal) in the field and noting the direction of

its edee dn the eyeniecce-this is toe Tleld direction., Bines

this measurement of ¥is by dircct compurison,and is rnade without
any acjustment of the vicwing system mounting,it 1e not affected
by the zecuracy 67 e eansbruction of tho ~ounting.

The anisotrop; of the cryatal waa then messured by getting
the crystal borsionless in the field,indls Bas done by rovating
the torsion head until,vihien observed in the viewin~ s—ste 5
the grystal did not rotate hen the Figld w.8 Gxeibed.lhe

torsion hieal wasnow slowly rotated until 1t wes at 45° to the
Tield,vwhen 1% Suodenly turns thrausi o larese

bz.



III. Exverimental

(b) Method
angle. The reading of the torsion head for this position
is recorded (Xc). This is reveated,rotating the torsion
head in the reverse direction,and values recorded.

About 6-10 measurements were made at each field strength
and, in general, measurements were made at two fileld strengths,
8375 gauss and 6000 gauss.

Measurements were also made on two or three Jdifferent
crystal zpecimens in the same orientation, where possible,
and three values of AX obtained for each crystal (the three
orientations used devended somewnat on the develoved faces
of the svpecimen).

The mass of the crystal was determined by weighing on
a miero,or semi-miero,balance.

The torsion constant of th= fiber was measured by sus-
pending bodles of lmown moment of inertia from the fiber and
measuring the period of oscillation. A pilece of aluminum
rod of known mass and length was suspended from its center
of gravity,and caused to execute small oscillations which

were timed with a stop watch.

k= A4Te.L 4
T

© TG
k

moment of inertia of body
neriod of oscillation
torsion constant

u W

For fibers of very small torsion constant the period becomes
long for vodies with a moment of inertia which 1s accurately
measurable (Le. errors in measurement of length and mass are

less than 1-2%), Since the oscillations damp out rapidly the
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ITL Experimental

(t) Method

period is very difficult to measure in this way for thin

fibers, and it 1s more practical to measure the torque on

a' crystal of known anisotropy and calculate k from this.
For the fiber used in most of these expyeriments:

Aluminur rod m= 0.02670 zram, T, = 30.0 sec.,

1=0.754 cm,,

:
I=%— = 0.001265 gmen?,

kK = 5.3 % 1072 gmcm2 sec™?,

IV. Discussion of Method
In a perfectly homogenews field the only torque on a
spherical mass of crystzl 1s that due to its magnetic
anisotropy. If the shape deviates from cylindrical symmetry
about the axis of suspension,there will be a couple due to
this shape anisotropy tending to rotate the crystal so that
its long axis i1s along the field. The force on a diamagnetic
substance is toward weaker fields,and the field Hl = H =DM
inside the body is leazst along the long axis since the
demagnetizing factor D is least then. For a prolate ellip-
soid of revolution of semi-major axis m, semi-minor axis n,
and permeabilitny, suspended from its minor axis, where
K 1ls the angle bétween the major axis and the fileld,
T'=1/6 (u-1) m°n 4 (H-H1)Sin 2 *)
Since H-Hl 2 (/u-l)H and /{-1210‘6 for diamagnetic substances,
T 2 10-7 gmem? sec-?  for m = 20n .
# Ssthe = Stutic and Dyme-ieslectrisity - clrew-iill,1009,n07,
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IV. Discussion of Method

This causes a rotation of about 0.01 radian when k=5.7 x10-5
for the torsion const nt of the fiber, hence it may be
neglected.

In an inhomogenesus fi=2ld there 1s no torque on a sphere
of isotropic material jbut there is on =2 body whose shape
deviates from cylindriczl symmetry about the axis of suspen-
sion. This tends to rotate it so its length is in the
position of minimnum demagnetizing force. This torque is
equivalent to a magnetic anisotropy in the body of4¥§,and
gilves rise to an error in the result,since this torque acts
independently of that due to magnetic anisotropy,and cannot
be separated from it. The wvalue of‘%? was measured using
a vlate of a cubic crystal (see above),and amounts to

8X20.01 to 0.02 for the field used here and a body with

.

m=10n. Hence for crystals of regular shape and large
magnetic anisotropy the error is small (abcut 1% for a crpstd
with m = 5n andAX = 50), but for a large difference in
dimensions and 2 small anisotropy the error 1s large and it
is not vpossible to obtain relisble values of AX. In such
cases it is possible to surround th= crystal by =2 bath of
the same volume susceptibility and so eliminate largely the
torque due to shape anisotropy which depends on (X crystal
—X medium). (Krishnan (6)X

The inhomoaenﬁus comnonent of the field causes an
additional torque on an anisotropic crystal. A sphere of
anisotropic crystal will tend to be rotated so that 1lts
axis of greatest susceptibility is the vosition of minimum

e

45



IV. Discussion of MMethod

demagnetizing force. 8Since the long axis of the crystzal

and the Xj axlis are not related it 1s not possible, in general,
to calculate the €£€fect in a given case and a:tempts to
correct for these effects have not been found »nractical.

A third effect which enters is a translational force on the
crystal due to the inhomogeneous comvonent of the field tend-
ing to move the crysﬁal to the weaakest part of the field.
This is very small, but the bending moment of a long quartz
fiber is so small that the effect i1s in some c2se observed.
Since the field is constant to 1% in the space within which
the crystal can move, 6 the error introduced in this way 1is
small.

The torgue due to cryvsizl anisotropy 1s independent of
the dlstance of the center of gravity from the axis of
suspensionv(since the magnitude of a couple is the same
for all axis that are parallel))anﬁ the couple nroduces no
translation,so the change 1n rotation 1s about an axis through
the center of mass. However, the torgue in an inhomogenesus
field may incre=ase with this ~“istance,hence it is desirable
to have the crystal suspended as near’y from the center of
mass as possible.

The anisotropy of a crystal may thus be mezsured with
some accuracy by suspending the crystal in its natural shape
with a known axis vertical and measuring the torque on it
in a homogereous field.

The altefnative method of measuring torque, ie. by

measuring the veriod of oscillation of the crystal in and
out of the field, was not used since it is subject to the
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IV. Discussion of lethod

same errors as the above and is less co:venlent. In order
to obtain accuracy in the result using equation (5)(aboveL
the perliod must be measured for small amplitudes of ogcilla-
tion which makes the experiment rather difficult.

The value of AX{and mass)varies widely with available
crystals and as a result periods very inconvenient to measure
are encountered unless different fibers are used for each
crystal. If a method of counting small amplitude oscilla-
tions of a wide range of periods were avallable this would
be a useful method. A photoelectric relay and counter
using a beam of light reflected from a crystal face might
be used.

The nrecislon of the measurements may be estimated—

Sog . gn 28 4 X 4 &

The mass was measured on a micro,or semi-micro,halance
and was accurate to better than 1%. The field strength is
measurable to 0.5% but may not be constznt or reproducible
to that,so 1% is a more reasonable probable error.

The angle & is measurable to 0.01% or better but is
not reproduci nle to that accuracy. Fluctuations in tempera-
ture, air currents, and fluctuations hl;{may cause an error
in the measurement of K. Jue to irreproducibility of, say, 1%.

The measurement of the torsion constzant of the fiber, X,
involves the measurement of mass and length of a small object
and of time of oscillation (here 30.0 sec.). We may estimate

an error of 1% in this value.
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Iv. Discussion of Method

X
While absolute values have this probable error, relative

Then 84X _ 0.05 |, or AX,.=AXX 5%

values of AX obtained on the same crystal have only the
error in K¢ contributing.

Measurements of AX are, in general, reproducible to
within 5% although individual deviations from the mean may
be higher. The valu= of the anscle Y can be read to+0.2°
but is reproducible to only about *0.5. In agreement with
these general considerations of the accur-cy of the method
results of different authors usually agree to within about
5% although there are many cases of greater deviations.
Certain errors are possible which are difficult to estimate.
The desired axis may not be quite verticsl—up to 2° this
should cause no appreciable error and the eye can detect
deviations from vertical of this order. This error could
be eliminated entirely by mounting an autocollimating sonilo-
meter perpvendicular to the axis of suspension. Imperfections
in the crystal or deformations s.ch as often occur in organic
crystals cause variation in results from svecimen to specimen.
Large crystals which are as vnerfect as possible are therefore
used.

The properties of quartz fibers are unique and make
them especially suited to thls purrose. The coefficients of
thermal expansion and hysteresis are both small. The Yound’s
modulus Y= 11x10"11, the modulus of rigidity Z= 6.6x10-11,
the value of% for failure x 0.06, and the value of —}3 for
failure & 0.05. The strength thus comrares with the strongest

materials and a fiber B/Lin diameter can be twisted through
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IV, Uiscussion of llethod.
20 revolutions per cm, before it fails,
The elastic limits for normal and tangential stresses

with point of failure,hence,even in cases where & was

200 revolutions, the elastic limit was not aporoached,
{25 » oY L

The fibers used here should show a falrly constant value of

the torsion constant for the variations in room tem:erature

5 =

and K should remain constant for the smal

|._.I

variat-

@]

ions in load and for variations in angle of rotation {temper-

il
ature coefficients of ¥ and 2 are & 10 ser degree).
s o
-12
The internal viseosity is wvery 1ow)7-= 1 x 10 noises,

hence for neriods of the order of 1-—100 seconds the vib-
rations should damp out very slowly. dctually the dampning
is inconveniently rapid and it might be best to work in a
vacuuwm vien determining the torsion constant of the sus-
nension (or the tor-ue by the measurement of neriod).
Using the finest fibers (k=5 x 10 gm e sec-g) it

is possible to measure very omall tor. ues so that with
proper refinement of techmigue zn anisobtropy of tie order
of AX & 10 in a crystal welghing 0.0lﬂfould still corresp-
ond to a value m¢a:lOO°,and so be easlly measurable to tne
degired aceuracy. Tor erystals welghing sbout 1 mg. it
would be possible to use the field of idelmholtz colls whieh

s the most uniform aveailable,

I—-'l
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V. Results (a)

A check on the measurement of field strength and torsion
constant was provided by measuring AX for naﬁmhalene. Large
crystals of naﬂmhaléne welghing up to 2.5 mg, and of regular
shape, were grown from amyl alehol solution. Crystals were
suspended frem the monoclinic b -axis and AX determined as
described above for several crystals.

Crystal #1. m = 0.002320m., ¥ = 128,06, k=5.7gx10"52
gm Ci sec™

X3-Xg = 2% 5.73 x 10-5 x 128,06  (%-74) for #=6000 gauss
0.00a3a x36x /6-5

and X =515.5 radians (average),

Mh=0,786 radians.
Hence X1-Xp = 90.6 x 10-6 cgsemu.. (6000 gauss)
and ol =980 radians (av.),
X1-X,= 88.3 x 10-6 czsemu.. (8375 gauss)
Crystal #2 m = 0.00118 gmn.,
K=268.8 rad-ans, and X1-Xp = 91.0,
Note:
Values of AX are in cgsemu. per mole and the factor 10‘5;3
Lhere omitted, is understood.
The average value X=X = 90.7 £ 3.0 x10'6 was obtained.
This és in agreement with the value given by Lonsdale &
Krishnan EJ) X1-X2 =80.6 and confirms thei?éitatement that the
original value, X1-X2 =122,given by Krishnan in an earlier
paper, was 1in error.
(b) Measurements of AX and V¥ were made on the substances

listed below chiefly because crystzls of them were obtainable wiih

regular shape and aprreciable mass (about 1 mg. or more).
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V. Results

Naphtha zarin#*

Dark red prisms of a form of ngﬂmhazarin not previously
reported were obtained by evaporation of a benzol solution.

The crystals are monoclinic prismatic with

8o = 5.41,
bo = 6.40 .
Co = 12.81',
= 91. 32’ »
-2

The anisotrovies observed were

X,-Xp = 63.0,
AX = 10.4  ( (100) horizental),
DX

12.9 ( (100) vertical)
Vo= 41 401

S

The notation adopted is that of Xrishnan and Lonsdale.

‘he suscevtibility along the monoclinic b-axis is Xz. 1In the
(010) plane

Xy is the axis of greatest

susceptibility and X, is at
right angles to it.

The angle from ¢ to X7 in obtuse ? is V,and from a to X, in
obtuse Q is ¢ :

We may then transform from a set of axes

a, E, and C;)
which is pervendicular to the ab olane}to the

magnetic axes,
to obtain the expressions foraAX

in terms of Xl, Xo, X3

# The X-ray study was made by ¥Vr. W. Shand to whom I am
indebted for the crystals used here.

T



V. Results
Naphthagzarin

The direction cosines for the transformation are (for

Nephthazarin)
P , a b cl¢
X Cos 0 Sin
X smﬁ 0 casg
= 0 1 o’ .

1 axis ( ((001)

Hence if the crystnl is susvended from the c
horizontal) we have X, = X; Cosg¢ +-X2Sin2¢,along the a-axis,
and the observedAX =% Xz F(X; Cose¢ + Xo Sin2¢> '

the upper signs holding if the twofold axis 1s along the
field direction. The case is similar for (100) vertic=l and

horizontal except that we transform to axes al,b,c,wmi¢1-= 42,2°

Hence aX = Xz- (0.546 X+ 0.454 X,)=12.9
AX = X3~ (0.454 X + 0.546%,) = 10.4

From these and X3+ Xo +X<
z - E—3

-~

X mean= -84.7 (Baner jee @))
we obtain X1= -57.3,
Xo= -120.7Z,
X3= -7701 .
The crystal was now suspended from the three vprincipal
magnetic axes, in turn, and the anisotropies determined

directly.

From these the values were found,in agreement with the above,

X1= -58.2,
X2=—119 . 2 ’
Nz= -T7¢2 .

providinz a check on the results.
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V. Results
Coronene C24H12
Long yellow--brown needles of coronene were obtained
from ¥elvin S. Newman. They are monoclinic vrismatic with
b tne needle axis,and have a fibrous cleavage parallel to b.
r~

The largest crystals available weighed only 0.25 mg.

The unit cell is;”
a. = 10.1% &, g=110° 491
b° = 4-82 K'
ce =16.17 & 2= 2

” . .
The anisotropy was determined arout each magnetic axis:

Xl-XQ = 180 s

X2"X3 = 40 ’
X1-X5 = 220 ,
¥ = 90.8°
¢ = 20.0°

An estimate of Xmean= -213 was made from Pascafs 12w ad@pted
to condensed ring hydrocarbons. The empirical relation for

these hydrocarbons that X,= -7.x0.718 gilves the value =215

e

Using the average of these

Xm= X1+_§9+X3 - =214 '

Then, Xq = :83,

X2 3 =260 »

X3 = =302 .,
Because the crystals are highly anisotropie in shave and of
small mass the error introduced by inhomogeneity in the field

may be rather largze so there values have a large possible

error.

* Dg.J. H.SturpivanT
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V. Results

Potassium nickelocyanide K N1 (CN)y. Hp0
Orange yellow crystals weighing up to 20 mg. were obtained
by evaporation of an aqueous solution of Ni (CN)2 in KCN.
They are monoclinic prismatic with:

.= I13.7A,
b, = 15.4A g- 107° 16,
ce = 18.6A.

Z =16 .

The measurements of anisotrovy gave:

Xl"'XQ = 20-3

?

(001) vertical AX =(Xy Cos217.1+ X,81n17.1 )-Xz =15.5,
(001) horizontalAX=(X15in2 17.1 +X5C008217.1 )-X,=2.9,
v=0"

)
fé=17.1°.

The mean susceptibility has been measured by Biltzﬂo)
who reported

X mean = —14Ox10'6 per mole,

= 3(Xp+ Xp +X3),

Hence the principal susceptibilities are:

X, = -127.8 x107%

b
no
n

-148.0 x10-5,

S
N
(

= -144.2 x10-6

T,



V. Results
Copper Imidazole Comnlex Cu (C3H9N2)4.2H2O

Crystals of this comoound obtained deep blue from an
acueous solution ofimidazole and cutr welghed about 1.5 mg.*1
They are orthorhomblic with the following dimensions for

the unit cell:

a1 = 9./A
7 ! Z2=4 molecules of
by = /384
! B Cu (03H¥N2)4.QH20,
C-l= /aKA’

The values of AX were measured suspending crystals
from each crystallozraphic¢ axis:

Xl“Xz s 228 )

Xé-x—g = 293 ?

If we choose a mean value/ﬂﬁal.TB for cu*tin comnlex salts
and add to this the diamagnetism of imidsole and water we
may estimate:

Xmean = 1234 x10-6 per mole ,

Then X;-1288 | Xp=1353 , X3 =1060
are the individual susceptibilities.

Copper phenylpropiolate Cu (C6H5CEEC—COOH)2.4H20
A crystal of this compound weighing 3,88 m~. was obtained
from agueous solution.¥2

#1 These cry#als were obtained from Mr. P.A. Shaffer who
has done the preliminary X-pray work guoted.

*2 These crystals were prepared by ¥r. R. W. Snitzer and the
dimensions of the unit cell are from his X-ray investigation.
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VI. Discussion of Results

I'ne observed values of X may be interpreted in terms
of the molescular anisotrovnies Ky, Ko, Kz and the orientatlons
of the molecules in the crystal by makinz certain assumwntions.
This problem has been treated by Lonsdale and Krishnan(9)

To relate the observed susceptibllity for the crystal
to the principal susceptibilities K, Ko, K3 of an indiwvidual
molecule we add up the tensor r~omvonents for esch molecule
in the crystal with proper regsrd to symmetry.

In the monoclinic system the coordin= tes of eculvalent
points related by reflexion and inversion are:

+ | xvz ;5 xyz |

(considering only the holohedry since magnetism is a centro-
symmetric property). A mol=scule at (xyz) and its inversion
#ill now be related to a set of orthosonal axes (a,b,c') by

a set of direction cosines,

a c
K1 o4 P Ui
Ko xo @2
Kz w3 @3
the orientation of the ref d molecule and its inversion
are then given by:
o /
o) c

K1 011~(31 71
Ko ™o~ 2 2]
K3 ®z-82 73

These are added and the resultant comoonents along (a,b,cl) are:

2 2 2
Kaa = K1[><12+K20<2 +K'% D<3 ’
Kpp = Kl@%-&-KQQ +Kz§32 p
Kee = K11 +-K2V2 + Ka73"

Kea = Kacl= K]_ D(-L 71 -+ K2 D(2T2 +K3 0(3}/5,

Kpe =Kep = Ky = Kpa = O, where the K's are per
gram molecule.
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VI. Discussion of Results
Thus one of the princinal axss of the crystal lies along b
z 0,

X3 = Kpp= Kqf 1 K2 2%+ K3 e 52,

and the other two lie in the (010) plane (Xy and X, as defined
above),

We may now transform the ny's in the (010) plane to the

macnetic axes. If (as before) the angle betwesen Q.and X1
is<? , then the cosines for the transformation are:

ap 8 el
X Cos o 8in

X% Sin¢ 0 Cosg
X2 0 il o

~

P4

and Kyy x3=Cip Omm  K(gpo )l ;

or Kyy = Kaa Cos® + Koo Sined + 2K, Cos¢ Sinp=X; 1
Ky, = Kea Sin2¢ + Kok Cosg¢ — 2Kachcs¢>Sin7>=X2 :

Ky1xo= Kx2x1 = -KaaSing Cosd +KggCosd Sinp+Kye (-Sin2¢+Cos2d)=0,

*nis glves the values of Xy Xp Xz 1In terms of the K

a,b,e!)
The last relation gives a relation for Tan¢:
Tan¢= KC’C' —Kaa .t \]7 (KC'C' -Kaa)e +~ 4Kacl2
2 Kael ’

This enables us to simnlify the values for Xi to:

X1 = Kag + Kae! Tan¢ = F(Kgp+rde =+ \] (Kaa-Kceh@ + 4Kad?

X2 = Keo'=~Kger Tan¢ = #(Kaa+ K& :F\f (Kaa-Koe)2 4Kgqd® X
the latter relatfions
gince Tan CF =X1-Kgg _ Koi-Xp
Kac! Kac!

?

and, further, X3+ Xp+X3=Kq+Kp+Kz=EKzs+ Kpp+ Kee!

e



VI. Discussion of Results

Hence, expanding,

)
X1 = %(aky + bK2 + cK3 + \/(dKl + eKo +¥K3)%_ 1K1+ mK2+ nK3)2 );

Xo= 3( aKy+ bK, + cKz— J(dK1+eK‘é+ £K3)2+ (1K1+ng 1K, )2
2 -

).
) >
Tanc]; = Tan (Q—W‘___ X1 —?(19(12..K20(22—K3 XKz

ISESWARR OV CW IR SLCTE

Hence we conclude that:

(1) If X1, X2, Xz and 3 independent direction cosines of the
molecule are known we can calculate K3, Ko, K3 and Tan‘#.

The measured value of Tan.? is then a check on the calculation.
(2) If Xy, Xp, X3adTan$ are known and if Ky & Kp we can
obtain approximate values of Kiand the direction cosines of

Kz with respect to the axes (a,b,c’'). Thus supplying Ky Ko

in the above eguations we obtain:

’

Xp = Kz — (K3-Kp) § 32,

X3 ~ XK1 + (K3-K1) @32 , Tand x-.}é .

X{ is thus the line in which the plane of the molecul= cuts
(010) if K = Kgl,and Xg is the»projection of K3 (the normal
tc the molecular plane and, fep aroratic molecules,where
Kz » Ky xKp  a unlque axis),

If we cannot assumre K1ﬁ=K2 then the above does not
hold. However, in two special cases the angle ¥ turns out
to be the angle between € and the projectlon of Kq (the long
axis of the molecule) on (01C). <Tinose cases are:

(a) Molscule is plane and normal to (010) so Xo=Ksz i

(b) K, of molecule lies in (010) plane so Xy1=Kqy .
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VI. Discussion of Results

In either of thege cases, and only then, can we determine
the orientation of the molecule in the plane of K7 Ko from
measurements of Xy, X3, X3 and Tan#seven though Kq, Ko, Kz
are known.

If a structure approximates to one of these cases the
orientation of the molecules may be comvnletely obtained if
the K's can be estimated. Otherwise it 1is necessary to
assume Ky X K5 and only the direction of the normal to the

planensfixed.
Orthorhombic System

A gimilar treatment may be applied to the eight equiva-
lent points of Doy -mmm,:thyz;iyz;x?z;xyz)].
. The result gives X, = Ky O(l2+ Ko 0(224,- L 0<32 ’
Xp = K1 @7 + K2§22+K5%32 ,
Xe = K10%  +Kp ¥ 2% +Ks 5
Then if three independent cosines are known the X's give the
K's directly. If the X's are known and KlérKg,then we can,
as before, obtain the direction cosines of the normal to
the molecular vlane:
Xe= K + (K3-KD)A3
Xp=K; + (KE-Kl)gsg,
Uniaxial systems
A knowledge of Xa, Xe and three independent cosines will

give the wvalues of Ky, Kz,if KiZ%>K,.

Lo -
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iIf the X's are known,and K i®REK,, on eshtimate of E; and kK.
A 2 L 5
will give the orientstion of E. to ¢ ,but not 1ts
5 £

~0te~ IT molecules are in two or nore independent sets
of positions in 2 space group there will be :more than three

indenencent direction coginecs and the orientaticons cannot

e cecuced unless there ls a relgtion Imovn aron” the sets.

here are no values for I,,K.,k;,hence we can only assume

=

o

wiere 6. ,8 .94 are the values of the angles of the normal
to “he plane of the rolecule, Xz , with axes ( a,b,c!'),

regpectivelyans the nlenes of the molegilles cut the (010)

e, S & & S B gl = F Qe o Sope Loy & . S et
hthezarin izivestigated By Jeanerjes ives

values Ky==00.7 , K-=-108.8 , Hebg.l Tor nayhthagzarin,
= o/

Values of A X would be expected to be between tihe probable

value A »# 104,8 for naphthajulnone and twice the value

obgerved Ifor benzoguinone,i,e.,; A K=80. The aassumpiion

for benzene,

*“.E
o
&
0
]-
55
@]
[
[N
cr
| te
n

that is »robably nearly

naphthalene, =snd benzoguinone (for benzoguinone Ky - K, = 3.7).
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05'= e$;



VI. %iscussion of Results
Coronene
For coronene the assumntion that Kyja Ko should be very
good since it has symmetry Dy4.We then obtain:
Ky = Xy= -83,
K3& Xpo+ X3 - Ky = -482
and AK=399

Then Q—' s Xz=-K1
7 K = 0.741 , and 6,=Cos™1 F3 =42 10",

Ang Tancfb.—-Tan 20°=0.3642 - X3 |
z :

and (K3 =0.231 61 = Cos 1 5 = 76 401,
{3= 0.634’ ez

P

- Py
Cos 13’3-50 40+,

where &1, ©2, 6z are the angles btetween Kz and the (a,b,c')
axes. Relative to the (Xl Xo X3) axes e,'-9o°, 6_,1:47"48',
o, = 42°10' give the position of Kz.

‘he value of K1 =Ko seems too low for coronene in view
of the values observed for somewhat similar condensed ring
hydrocarbons (-88 in chrysene, -80.6 in pyrene, -81 in
verylene, -93 in naﬂahacene, -1CC in bvenzpyrene—all of these
in some doubt due to assumptioné made in arriving at the wvalues;
vidke Krishnan(122 Banerjee(ll)). Hence the value of Kz= -482
and of Kz_. 5.8 are probably upver limits.

Thglvalue of 6, the angle of tilt of the normal to the
ring to the b-axis calculated from the thickness of the ring

(3.70R estimated) and the unit translationalongb,is z6° 457,

A2 a.



vl. Results
Coronene
The anisotrory oif condensed ring aromatie

hydrocarbons has been calculated theoretically by Pauling,

nd by London™ " .iaulin: consideréd the 2p, electrons of the

aromatic ring free to move under tiie influence of the magnetic

benzene, calculated AL= -40.2 x 107° assuming
3 F) O

b
o

eld arl,fol

L}

that the value of X.is given by the Paull expression:

7(—' ﬂ m c™v (Q\>wu,

-2
where@?l}s the mean square of the c¢istance of the elec

é

from an axis through the nucleus and parallel to the field I,

o “

for the impressed field parallel to the nlane ol the molecule;

e is measured from the hexagonal axls of the molecule

to the carbon atoms, for ﬁ'perpendicular to the plane of the
molecule., oy higher condensed aromatvic ring compoundas solution
ulvalent problem of the masnetie effect o currents
induced in & condueting networ!s ave the expression;

Aii=- 35,0 x 1077 kST,
where k 1s the ratio of the strengtn of ma
the hydrocarbon network and the benzene networi, & 1s the
electron density per C-C bond ,and T
to take into account the tendency of the electrons to nove
in circular arcs rather tham rectilinear paths.

For ecoronene, ;~L1¢,rauL1ng ¢aleulates:

[

np =Ky = - 182 & 10 .
- -5
K, = = 704 x 10 5
. —_— A=
AL = - 572 x 10 7,
weing the empirical relation

2b.



Y1, lesults

Coronene e

“or Coronkne this is equivalent to L= 3235. If the

wperimental resylts are combined with this value of K we obtain;

7g= -139 = 1079, Ky=L,=-189 x 1077,
= =580 10"'6 560 x 10‘5
= =<0y T % L= =oY X >
Xy= =409 x 1077, AKX = -401 x 1077,
It 1s thus probable that the FPauling theory gives somevhat

too high values for the anlsotropy of the higher molecular
welght aromatic condense.. ring hydrocarbons, iondon calculates
ALK guantum mechanically and obtains values which are, in
seneral,snaller than those given by the Pauling theory.The
calculation Tor ¢oronene has not been made on the vbasis of the

Londoh theory,nowvever,

% L.Pauling,J,Chem.ihys.,4 ,375 (1938).
% I',London, J.Phys.dadiam,S,387 (1837).
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ite Intervretation of paramarnetic gnisolroplies 1s,88

o ES

Tet,somewhat obsecure because the wvalues depend on tihic environ-

the Lon.'he masnetic anisotrony of Cu30,.,.5i,0 hias been deter-

they found that the Cu lon ,gurrourided ln the grystael by
Tour oxysen lons in & planc at closer dlstence,znd two sone-
Wit Tarther away corpleting an octahedron,shovied ennyroximabely

; & o . -5 X i
tetragonal symmetry magnetically: y= 17a7 x 10 (unique axis),

o o T W e ryr -5 e ! * - - - 1 +
and k.,® how ], = 1237 x 10 °,so that the anisotropy of the cutt
ion is gbout ﬂ(-KL= 550 x 107°, It mi-hit be expected that

inidazole croups neld in a plane about Cutt and the two oxysen
atoms of tihie water molecules at larger distances completing
bhis were the case,and the value Ly, Tor
5u504.5ﬁ2? assumed,we could calculate the orientation of the
nlanes contalning thHe sroups Cu(i~idazole),.

t4
Copner phenylnrop
complicated by a considerable contribution to the anisotropy
by tiie benzeme rings,The larze anisotropy observed wouwld be
3 = 3 3£ ++ SEAER i gkt Baon AT 1 -
expected 1f Ju "were surrovided by 4350 (lar

e 7 G vig / ..
el 20-0CCE (clogsn) .
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VI. Discussion of esults

Fotassium Niclelocyanide

It 1s interesting that this compound shows a magnetic
nisotrony large corpared to inorganic compounds in general,

This sugzests that there 1ls considerable anisotropy assoc-
lated with the sguare covalent group Ii(GI)4. This might
be expected to be similar in magnitude to that obserwved
o) - & ) (ot AT = - - C 7] L7
for CO, and EFO_,, about 4 or 5 x 10 <. cer grouop, since there
o)
is possibility of resonance to structures having double
bonds from nickel to carbon (Faulings). A knowledse of
the structure of a crystal containing s;uare covalent comp-
lexes combined with a knowledge of the anisotropny ol the
retal would give an estimate of the value of & K for the
J ()
group anc so enable the orientation of the complexes to be

digcussed in otner erystals.

The presence of 18 molecules Kpﬁi(CE)A in this crystal
maltes guantitative interpretation impossible until the
crystal structure is known., The magnetic data are in qual-

ltative agreement with the ontical data—the crystals are
strongly birefrigent with & = 1.44, Q--— 1.594, ¥ = 1.593,

:
oV =15°24! (Mellor—*)

. Groth gives (010) as t&
the ontic axes and Ilellor (100), however,

‘ ling, "The Lature of the Chen
griell Univeralty Pregg, libaca,

v



VII. Summary

An apparatus for measuring the magnetic anisotrovoy of
crystals has been constructed. The magnetic anisotropies
and orientations of maznetic axes have been measured for
several crystsls. The results have been interpreted, where
vossible, in terms of the orientations of molecules in the
crystal.

The experimental method, and the interpretation of the

results of measurements,have been dlscussed.

&~
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Summary of Thesis

(a) *he crystal structure of iodic acid has been determined

and shown to contain Iog groups held together by hydrogen bonds.
The structures of other iodates have been discussed in the

light of this knowledge.

(b) The crystal structure of potassium oxyfluoiodate has

been determined. It has been shown to contain IOQFé'groups

with the unshared pair of electrons on the ilodine atom sterically
active.

(c) A redetermination of the parameters in ammonium and
potassium bifluorides has given accurate values of the distances
F-F of the HFp groups. It is shown that the two extra
hydrogez%;g";%monium bifluoride weaken the F-H-F bond of the
bifluoride 1ion.

(d) rl;‘he internuclear distance in the fluorine molecule has

been orecisely determined and thus the covalent radius of
fluorine estab’ished.

(e) The molecular structure of tellurium dibromide has been
determined and the results of other authors shown to be in
error.

(f) The magnetic anisotrovy of several crystals has been
measured and, in the case of two aromatic diamagnetic compvounds,

the approximate orientation of the molecules in the unit cell

has been calculated.
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Yrovositions.
I, Tie voint sroun synEietry mm Ceterriined for
- e e ) - 2
n-dinitrobenzene Dy Hendriecits , and Lertel and Sergh™,
amnd T . R - O 2 an - " T~ Mt e Patt
end gssumed by Daneprlee 1n interpreting hnis Patterson

(I21-0)

tlen of

.

S0

e

.
s

stance,

DT 86 LE VEora. ass
the crystal nhemihedral ,the space group becomes FPna ,and the
Giffieulty of accounting for intensities,; vwhich led Hend-

riglss Lo postulate gn imnroboble stricture, 1s OvVercome.,
2
I3 A slructure wmay be derived Tor ecinnaber which nas
. J
normal 3-Iiz-5 and iig-3-Ig angles and distances., The »nara
4
meters sugsested by De Jong and Willems correspond to this

@ d=-a11q

cture

ITI., A study of the reactions of interhaloge
one znother should yleld interhclozens conteining three

S

Fferent

ai i lomens . resction of ls 2 Gls &
vasor Hhigse orobebly zives rise to such o compound.
IV , If it is correct To assume tiet the splitfing of
thie 9esir at 2.6?*6, cbserved by Buswell, layecocl and
=5
sdocebusih” for crystalline ITF,, i1s due to a double minimum

in the potentisl Tunmetion or Uhe lon, then the potentigl
barricr is sreater then 38 K.Cal. per mole, It is thus

unlicely that the observed splitting 1s due to a double
minimum,

V. Tellurium hexalfluoride is a sultable substance for
use in an lonizatlion chanmber uhen nich stonping pover is

a
e

desired,
Ve

sphere

re is a torgque on an anisotropic crystaliine
inomogeneous nagnetic field, This torqgue is

&8 .



oniw anareciable if The axis of gusvension i: not thirous:

O

the center of gravity of the crystal, and is not corplet-

elvy eliminated by immersing the erystal in a medium of the

!
o = D i = G

D

0

same mesn suscentibility. This hos been neglected in dis-
cussions o1 relsted nhenomensa ,

V1l. ©The ¢iscussion of the effect of Tormal charge on

the iodine radius siven by Helmholz and Jdosers (above p. 20
reflects a generzl tendency to overestimate this effect.

4 Peovised table of Interalomlie distanees lavgely removes

Tire dlscussion of lodine radius zgiven by Braune

iz not harmless as shovm Dy a remark of

ton about Yithe shortening observed in IF.
The. - B, 000, will exlst bebween o electerodes placed

at the top eni bottori of a tube containing the solution of

~

a naramarnetic salt 1f one end of the tube 1s in a magne

5

glce the field. IT is tius nosgible

field and thie other ol
to have clectric nolarization in a medium due to magnet-
1 ester

4e The erystal Mmegityloxide oxalie acid nebhs

T
J

bed by Sommerfeldf” is monoclinic, Cg-m. 1t

nrovides the only exarmle of &n optligally getlye grystal

S

:

)
)
(o7

a symmectry element ol tiie second kind as »Hrec -

: ; 5 13 —_ ; - ;
dicted by the Born theory ~. This provides nroof that the

X

.
¢ Tutbon—

Q
‘.j
I -
(g
®
=
1=
9]
{681
fia
<
[©]
3
o
¥
<
(%
{0
£
-
-
L)

for the classes in
whied optieal aetlvity 48 Dossible aPe not correet, I

a crystal is ontically active we noy only say with certain-

ty that it leciks g center of sgyumetry.
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XI. 'an slementery Formulation of Statistical lechan-

. I 5 14 -
ics!' by yring and walter acnieves little by way of simp-

lification for a sacrifice of logic and ricor in oresent-

XII. The magnetic and peculiar ontical nronerties of

i ol 0 ) YHEO are jualitatively accounted for by the

x

presence of sguare covalent Pt(CH)A groups in the crystal

(Bozorth =nd Pauling” ).
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