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The Crystal Structure of Iodic Acid 

BY MAX T. ROGERS AND LINDSAY HELMHOLZ 

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. 1•2•3 This places a regular octa­
hedron of six oxygen atoms around each iodine 
atom with the distance r-o = 2.23 A. and gives 
the alkali atom a coordination number of twelve. 
Sodium iodate, which is orthorhombic, has been 
assigned a deformed anti-perovskite structure the 
alkali atom having a coordination number of six 
and the iodine atom twelve. Lithium iodate is 
hexagonal with a reported structure based on 
hexagonal closest packing, 4 in which octahedra 
of oxygen atoms surround both lithium and iodine 
atoms, the IOs octahedra sharing corners and the 
LiOs octahedra sharing faces. 

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

(1) V. M . Goldschmidt, "Geochem. Vert. Gesetze der Elemente ," 
VII and VII I. 

(2) W . H . Zachariasen , Skrifter Norske Videnskaf)sakad . Oslo I, 
Mat . Natur . Klass,, 1928, No. 4. 

(3) J . Garrido, Anales soc . esf)afl. fi,s. quim ., 80, 811 (1932). 
(4) W . H . Zachariasen and F. A. Barta, Phys. Rev., 87, 1628 

(1931), 

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 structure 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 that orientation, 
viz., 1:1:0.707. The oxygen parameter in lithium 
iodate is not closely enough known to give the oxy­
gen po "tions with any certainty. Hence none 
of the structure determintions can be accepted 
as sho 'ng what the configuration of the iodate 
group is 

One J,l;light expect on chemical grounds and from 
the correlation of Raman spectra in crystals and 
solution6 that discrete iodate groups or simple 
polymers would exist in the crystal rather than 
regular IOs octahedra with shared corners. The 
observed I-O distance (2.23 to 2.33 A.) in thes 
crystals seems rather large in view oi the value 
1.93 A. observed in KIO2F2 and (NH4) 2H3IOs, 6 

(5) James Hibben, "The Raman Effect and Its Chemical Appli­
cations," A. C . S. Monograph , 1039, p . 378. 

(6) L . Helmholz and M . T . Rogers, TH1S JOURNAL, 62, 1537 
(1940). 
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and the sum of the covalent single bond radii, 2.02 
A., obtained using the octahedra iodine radius, 
1.35 A., found for KIC14 

7 in which iodine 11as· a 
formal charge of -1 as in the iodates. The dis­
tances I-O = 2.87 A., 2.95 A., 3.18 A. reported 
for sodium iodate2 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. 2 

The presence of discrete pyramidal 103- groups 
in the crystal has been shown, with the observed 
I-O distanc~s 1.80 A., 1.81 A., and the O-I- O 
angles 96°, 98_0 , and 101 °. Three oxyge,n atoms in 
positions approximately opposed to tl}.e three 
bonded 103 o;.ygens and at distances 2.45, 2.70, 
2.95 A. complete a distorted 106 octahedron with 
three strong bonds and three weaker ones. The 
hydroxyl oxygen atom of each iodate groqp has 
two nearest oxygen neighbors at 2.78 A. 'l'here 
are thus two hydrogen bonds for each iodate group 
forming a moderately strong bifurcated bond of 
the type observed in glycine.8 The oxygen atoms 
are in a somewhat distorted 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 HIO3 molecules held together by hydrogen 
bonds, and secondary I-O bonds of the type ob­
served for arsenic and oxygen in arsenolite.9 

Procedure 

Jodie acid was prepared by oxidizing iodine with coned. 
"tric acid. The solution was evaporated at 150° to a thick 

sirup which was allowed to crystallize. Gqniometric 
measurements agreed with those given by Groth10 for the 
a- odification of iodic acid. 

Laue photographs were taken with X-rays normal to 
each axis using continuous radiation from a tungsten tar­
get. ,Oscillation photographs of 12 ° and 24 ° angular range 
were obtained with each axis vertical using MoKa radia­
tion and · a zirconium filter . 

0

The crystals were dissolved 
down to an approximately cylindrical shape and such a 

(7) R. C. L , Mooney, Z . Krist., 98, 377 (1938) . 
(8) Albrecht and Corey, THIS JOURNAL, 61, 1087 (1939) . 
(9) R. M. Bozorth, ibid., H, 1621 (1923). 
(10) P . Groth, "Cbemi1ehe JCristalloarapbie," Tei! II, Leipzig, 

11108,p. 74. 

size that the influence of• absorption was negligible for 
pictures taken with the "a''r, .and "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 
µ.r = 3.0. 11 The intensities of all equatorial and of 75 hkl 
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 between so that the 
intensity of the refle,ctions on the second film was about 
one-fifth of that on the first. 

In order to obtain correct estimates of the relative in­
tensities- of strong reflections a powder picture was taken 
using CuKa radiation of a film of powder held by a thin 
co~t ing of \raseline to a small diameter glass fiber. 

Space· Group and Unit Cell.-Laue photo­
graphs showed the Laue symmetry to be D2h-mm. 
The regular absences h00, h ~ 2n; 0k0, k ~ 2n; 
and 00l ~ 2n, were observed on Laue and oscilla­
tion photographs. The space group is thus D2

4-

P212121- This is in agreement with the crystallo­
graphic evidence that a-iodic acid is rhombic bis­
phenoidal, and lhe absence of a center of symme­
try has been confirmed by a positive piezoelectric 
experiment. 12 The dimensions of the unit cell are 
ao = 5.525. :1:: 0.010 A., bo = 5.855 :1:: 0:010 A., 
and c0 = 7.715 :1:: _0.010 A. This gives th~ ~ial 
ratios 0.944:1:1.317 from X-ray data to be com­
par~d with the crystallographic values 0.9388 : 1: 
1.3181 given by ·Groth.8 Using the observed 
density, 4.63 g./cc. the number of molecules in the 
orthorhombic unit cell is found to be four. Long 
exposure Laue photographs gave no reflections 
requiring a larger unit. , 

This is in essential agn,eement with the values 
ao = 5.53 :1:: 0.05 A., bo = 5.92 :1:: 0.05 A., c0 = 
7.75 :1:: 0.05 A. and Z = 4 with possible space 
groups V1 - V4 found by Zachariasen2 from meas­
urements of powder pictures. 

Determination of Structure.-The space group 
D24 has.only the fourfold positions 

4:(a) x,y,z; ¼-x,y,¼+z; ½+x,¼-y,z; x,¼+y,¼-z 

There are thus three parameters each to be deter­
mined for iodine and for· the three oxfgen atoms. 
The hydrogen parameters cannot be found di­
rectly. 

The iodi~e parameters were obtained,from Pat­
terson projections made with (0kl) and ,(hkO) data. 
The Patterson projection on the xy p1a~e 

P(X, Y) = 2:h'2:k I Fh,,. 12 cos 21r(hX + k Y) 

was made using observed intensities for 58 reflec-
cn> "Int. Tab. .zur Bestimmung von Kristallstrukturen II ," 

Ch. XI. 
(12) A, H•tth:b aacl H. Stai111ncts, Z , Ph:,silt , '1G, 700 (193!1), 
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tions (hk0). From this the iodine parameters x 
= 0.204, y = -0.088 were obtained. The inten­
sities of 70 reflections (0kl) were used to make a 
Patterson projection on (100) from which the 
iodine parameter z = 0.156 was obtained and the 
valu _y = - 0.088 confirmed. These projections 
were not used to obtain the oxygetl,parameters. 

The oscillation photographs wi h the b-axis 
vertical gave 200 equatorial reflectiop.s (h0l) going 
out to sin 0/X = 1.38. The signs of the F's of 
about 175 of these were determined_ at once from 
the sign of the iodine contribution using the above 
parameters in the structure factor': A prelimi­
nary Fourier projection of relative electron density 
on the x-z plane 

p(x, 1) = 2:h:2:l F(hOi) cos 21r(hx + lz) 

was then made. This gave the approximate po­
sitions of the oxygen atoms so that ' the signs of 
most of the remaining reflections co • d be calcu­
lated and these added ~9 the Fourier plot. The 
intensities of the strong reflections, which are ob­
served relatively too weak due to extin tion, were 
corrected using the method of Darwin.11 The 
corrected intensity 10 was obtained from the ob­
served I using the formula I = 10/l + glo with g · 
= 0.005. The final Fourier plot, shown in Fig. 1, 

z ---. 
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 contour lines. The pa­
rameter values obtained from this projection are 

Ox: x = 0.069, z = 0.250; Ou: x = 0.341, z = 0.090 
Om: x = 0.407, z = 0.447 

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

.... 
3 

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. This was then refined by 
adding the remaining reflections, a correction for 
extinction being applied as bef'A;>re. The projec­
tion is shown in Fig. 2. The peaks are not as well 

Fig. 2.-Fourier projection of the scattering m tter on the 
x-y plarie. 

resolved as in the projection on (0lQ) ince Ou, 
Om, 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 thr~e oxygen 
atoms and a check on the x-parameters are thus 
obtained. The values found are: 

01: x = 0.063, y = 0.534; Ou: x = 0.315, y = 0.193 
Om: x = 0.407, y = 0.173 

The peak marked F (Fig. 2) is believed to be false 
since any structure which could be derived inter­
preting it as due to an oxygen atom, and taking 
the x and z parameters from the Fourier projec­
tion 01i1 (010), was ruled out on spatial grounds. 
It also int:soduces serious discrepancies in the com­
parison of relative calculated intensities with ob­
served values. Th$ peak may arise from the in­
completeness of the data for (hk0). 

A confirmation of these parameter assignments 
and a more accurate value of the y-parameter for 
Ou, which was difficult to obtain from the pro­
jection on (001), was obtained by making a 
Fourier projection on (100). About 70 reflections 
(0kl) were used. The parameters obtained from 
this projection are 
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01: y = 0.533, z = 0.242; .On: y = 0.187, z =0.086 
Om: y = 0.160, z = 0.458 

used in the determination: The strongest re­
flections are usually observed somewhat weaker 
than they are calculated. That this is due to ex­
tinction was verified by estimating the intensities 
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 projections i~ therefore justi­
fied. 

We thus have two independent estimates of 
each parameter agreeing with but one exception, 
to,0.01 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 I 

"' y • 
I 
Oi 
Ou 
Om 

0 .204 = 0 .002 
.068 = 0.005 
.340 = 0 .005 
.407 = 0 . 005 

-0 .088 = 0 .002 0 . 156 
.534 = 0.005 .250 
.195 = 0 .005 . 090 
. 170 = 0.005 .447 

= 0 .002 
= 0 .005 
= 0.005 
= 0 .005 

Discussion 
The structure of iodic acid is shown in Fig. 3 and 

its projection on the y-z plane in Fig. 4. ' 
The values of Fhkl were calculated for all equa­

torial and for 75 hkl reflections using the Pauling­
Sherman tables of F-values and a Debye-Waller 
temperature factor with B = 1.0.11 Tables III 
and IV give observed and calculated F's for ap­
proximately one-third of the experimental data 

The iodate group is pyramidal with the dis­
tances I-O1 = 1.81 A., I-Ou = 1.89 A., I-O~n = 
1.80 A., and O1- Om = 2. 78 A. Ou-Om = 2. 78 
A., 0 1-011 = 2.75 A., giving the angl1s O-I-O 
the values 95°40', 98°10', 101 °25'. The dis­
tances are probably not in error by mo~e than 

TABLE II0 

VALUES OF Fu, 
~- (hkl) Obsd . Calcd, (hkl) Obsd. Calcd. (hkl) Obsd. Calcd. (hkl) Obsd. Calcd. 
1
(002) 50 70 (180) 28 18 (01, 12) abs. 6 (102) 100 ,, 190 
(004) 76 112 (1, 10, 0) 16 12 (021) 77 112 (104) 72 112 
(006) 64 88 • (210) 78 98 (023) abs. 7 (106) 45 49 
(008) 13 22 (230) 75 71 (025) 100 118 (108) 63 74 
(00, 10) 57 66 (250) 17 17 (027) 57 52 (10, 10) 40 36 
(00, 12) 42 45 (270) abs. 10 (029) 37 28 (10, 12) 31 29 
(00, 14) abs. 8 (290) 25 22 (02, 11) 43 49 (10, 14) 39 43 
(00, 16) 30 27 (220) 41 42 (022) 63 75 (10, 16) abs. 4 
(00, 18) 12 8 (240) 52 58 (024) 39 26 (10, 18) 23 J..6--e 
(00, 20) 14 11 (260) 68 65 .(0~q) 59 48 (10, 20) 18 Jl, ,, 
(200) 77 134 (280) 16 14 (028) 24 10 (201) 46 59 -
(400) 35 35 (310) 64 90 (031) 75 100 (203) 63 66 
(600) 10 10 (330) 15 18 (033) 91 146 (205) 36 29 
(800) 43 34 (350) 47 50 (035) 35 19 (207) 43 45 
(10, 00) 30 23 (370) 30 28 (037) 70 71 (209) 41 38 
(12, 00) 17 24 (320) 102 105 (039) 68 60 (20, 11) 12 14 
(020) 70 75 (340) 58 54 (03, 11) abs. 5 (20, 13) 26 20 
(040) 74 67 (360) abs. 1 (032) 17 14 (20, 15) 16 9 
(060) 84 67 (380) 25 31 (034) abs. 11 (20, 17) 6 4 
(080) 22 25 (011) 50 65 (036) abs. 13 (20, 19) 15 10 
(0, 10, 0) 30 26 (013) 71 110 (038) abs. 5 (202) 50 45 
(O, 12, 0) 17 18 (015) 45 31 (101) 49 66 (204) 77 120 
(110) 91 180 (017) 58 46 (103) 40 50 (206) 73 93 
(130) 36 41 (019) 53 42 (105) 44 39 (208) 11 7 
(150) 90 77 (01, 11) 18 14 (107) 12 7 (20, 10) 44 43 
(170) 57 49 (012) 80 155 (109) 22 19 (20, 12) 31 33 
(1, 11, O) 30 25 (014) 82 105 (10, 11) 20 20 (20, 14) 15 13 
(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 
(160) abs. 5 (01, 10) 22 26 (10, 17) abs. 2 (20, 20) 10 6 

" The X -ray photographs from which the (hk0) and (0kl) data were obtained were considerably less intense than the 
'(ftOl) pictures ; hence the fact that:sotne reflections (hk0) and (0kl) are not observed, in spite of the fact that the calculated 
Fs are larger than for reflections (h0l) which are observed, does not indicate a discrepancy between calculated intensitie,; 
an~ experimental data. 
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TABLE III 

VALUES OF Fhkl 

(hkl) Obsd. Calcd. (hkl) Obsd. Cal.cd. 
(111) 71 75 (223) 51 50 
(112) 50 46 (224) 69 58 
(121) 92 106 (331) 68 76 
(122) 56 52 (332) 78 79 
(123) 103 125 (333) 14 12 
(131) 103 135 (411) 81 93 
(132) 41 35 (412) 47 46 
(133) 39 35 (413) 30 31 
(23 1) 71 72 (431) 24 24 
(232) 42 41 (432) 33 31 
(233) 100 106 (433) 38 41 
(241) 81 83 (441 ) 36 37 
(242) 57 54 (442) 32 47 
(221) 85 100 (443) 32 47 
(222) 69 71 

TABLE IV 

VALUES OF Fhkl FROM A POWDER PHOTOGRAPH 
(hkl) Calcd. Obsd . 

(020) 73 72 
(200) 134 142 
(011 ) 65 55 
(ll0) 179 150 
(101 ) 66 59 
(102) 190 172 
(012) 155 146 
(021) 112 100 
(lll) 75 78 • 
(013) ll0 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-0 bonds with solid lines and secondary 
(weak) I- 0 bonds with dotted lines. Hydrogen bonds 
between oxygen atoms are represented by double lines. 

oxygen neighbors, three more at distances consid­
erably less than the sum of the v:in der Waals 
radii, 3.55 A. These are I-O'1 = 2.45 A., I-O'm = 
2.70 A., I-O"m = 2.90 A. (the prime and double 
prime refer to the oxygen atoms of second and 
third iodate groups) (the next iodine-oxygen 
contacts are at 3.30 A. and 3.45 A.). These six 
nearest oxygen atoms form a distorted octahedron 
about the iodine atom; the angles between the 
four atoms approximately in a plane are 66 °, 84 °, 
100° and 110°, while these make angles of 79 °, 
90°, 97° and 101 ° with 0 1 at one apex. The 
longer I-O distances are intermediate between 
bonded and non-bonded values and so correspond 
to secondary bonds of the type formed in arseno­
lite and senarmontite.9 The angles I-O-I = 
114 °, 131 ° and 138 ° for these weak bonds differ 
considerably from the tetrahedral value expected 
for two covalent bonds with oxygen but are not 
far from the tetrahedral single bond-double bond 
value-indeed they are close to the angles Sb­
O-Sb = 116° and 132° observed in valentinite13 

where the Sb.:..o bond has less double bond charac­
ter than the I-O1, I-Om bonds here. Each iodine 
atom has six nearest neighbors, two at each of the 

JI .OH 

f ··•··-· ·-: · ------+ ------·······-··+·····--···----- -· 
' ' ' . .. 

.. --······ ·····1······· ; 
···-··· · ·· ··· ··r···· · ··-···· · ··· ··t···--

..... ' 
\ 

·\. 

y-. 

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

(13) M . ]. Buercer aad S. B . He11dricks, z . Krill, , II, 1 (1937). 

I 
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three distances 3. 79 A., 4.03 A., and 4.13 A. There 
is an oxygen atom of the distorted octahedron be­
tween E:ach of the six iodine nearest neighbors and 
the central 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 KIO2-
F2 are 4.40 A. and for the alkali iodates 4.45 
to 4.65 A.) 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 types of oxygen atoms has a 
different set of iodine contacts which correspond 
to no simple arrangement. On has four nearest 
neighbors at 3.40 A., 3.44 A., 3.60 A., 3.85 A., Om 
four at 2.70, 2.90, 3.70, and 4.30 A. and 0 1 three 
at 2.45, 3.70, 4.00 A. exclusive of the iodine atom 
of the group to which each belongs. The oxygen 
atoms form a nearly closest packed structure. 
There are twelve nearest neighbors for 0 11 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, 3.60 A.; for On four at 
2.78 = 0.02 A. and eight at 3.10, 3.13, 3.16, 
3.16, 3.20, 3.35, 3.58, 4.12 A.; for Om three at 
2.78 :1: 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 On has two neighbors O', 
and O .. m, one from each of two other groups, at 
2. 76 and 2. 78 A. Since the distance I-Ou = 
1.89 A., 0 11 may be considered to be the hydroxyl 
oxygen. It forms the two hydrogen bonds O1i­
H-01

1 and Ou-H-O"111 of equal strength. The 

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 O1i-H = 1.01 A., the angle 
I-O-H - 109°, and the Ou- H bond bisected the 
O"111-Ou-O'1 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 (hardn~ss = 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 corresponding to the distance 
I-O'1 = 2.45 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 sp3 

(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
lite9 ; however, the sharing of oxygen atoms by 
SiO4 tetrahedra in silica and the silicates and of 
PO, tetrahedra in the pyrophosphates causes no 
lengthening of the Si-0 or P-O distances.14 In 
KIO2F26 the distance I-O = 1.93 = 0.05 A. and 
the angles 0-I-O = 100 :1:: 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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mining the structure may now be seen clearly. 
'ihe HIOa molecule contains essentially covalent 
bbnds, the pyramidal shape of the 103 group being 
determiqed by the type of iodine orbitals used for 
the single bonds (p-orbitals with some s character). 
The hydrogen atom of .~e hyroxyl group might 
form either one strong hydrogen bond to one of the 
•two remaining oxygen atoms (of another iodate 
group) or two weaker bonds, one to each of them; 
it actually forms the bifurcated bond. The iodine 
atom has less stable orbitals available to form 
additional octahedral bonds which it now can do 
partially by forming weak bonds with three oxy­
gen atoms of other iodate groups. Since the hy­
droxyl qxygen (Ou) is not available for these 
bonds the iodine atom must form the three weak 
bonds with the remaining two oxygen atoms and 
it does this by forming one weak bond with one 
-oi them (0'1) and two weaker bonds with the 

ther (O'm and O"m)-
Considering the relation of tile structure of 

HIOa to that reported for the iodates it seems 
likely that in th crystals the o en atoms are 
displaced from ift:he symmetry pas • ons of the 
perovskite struct:Ure in such a m'am!er as to form 
iodate groups .. w\n investigation of one of the 
pseudocubic io tes using the proper monoclinic 

.] ,, 

7. 

hemihedral space group and unit cell would settle 
this question. 

The authors are · indebted to Professor Linus 
Pauling for detailed discussion of this work and 
ci:a:dy helpful suggestions. 

Summary 

The structure of the a-modification of crystal ­
line iodic acid has been determined. Laue and 
oscillation photographs show that the orthorhom­
bic unit cell with .ao '.= ,5.520 ± 0.005, b0 = 5.855 
± 0.005, Co,:;:: 7.716,, d:: 0.005 contains four mole­
cules of HIOa.• The.space group is B; ~ Pj12121 . 

Patterson and Fourie1 projections on the three 
axial planes calculated from visually observed in­
tensity data gave the twelve paramet~rs for the 
oxygen and iodine.atoms (Table II). 1'he struc­
ture is an aggregate <;>f HIOi molecules held to­
gether by hydrogen bonds of the bifurcated type 
and weak iodine oxygen bonds. Iodine atoms 
are surrounded by distorted octahedra of oxygen 
atoms and the oxygen atoms are in a nearly closest 
packed angement. The· influence of the dif-
ferent s of bond on -the structure has been 
discusse nd its relation to the perovskite struc­
ture shoW1'. 

PASADENA, CALIFORNIA RECEIVED SEPTEMBER 24, 1940 



The Following 'l'ables of Data are appended to 

'The Cryst a, l Structure of Iodic Acid' 

Table II. 

Values of F'hkl 

~ 

(hkl) 0bs'd Calc'd (hk l) 0bs'd C-3. le' d (hkl) 0bs'd Calc'd 

(002) 50 70 (310) 64 90 (630) 65 66 

(004) 76 112 (330) 15 18 (650) 26 22 

)006( 64 88 (350) 47 50 (670) c,k, 21 

(008) 13 22 (370) 30 28 (690) uk. 17 

(0010) 57 66 (510) ~- 3 (011) 50 65 

(0012) 42 45 (530) ot,,. 3 (013) 71 110 

(0014) dr,, 8 (550) 4>, 15 (01 5 ) 45 31 

( 0016) 30 27 (710) o.&. 14 ( 017) 58 46 

(0018) 12 8 (910) 29 27 ( 019) .53 42 

(0020) 14 11 (120) 6~ ..,, 65 (01,11) 18 14 

(200) 77 134 (140) ~- 1 (031) 75 100 

(400) 35 ~i;:; (160) oh. 5 (033) 91 146 _,, ..,, 

(600) 10 10 (180) 28 18 (035) 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) d:.. ~ __,, 

(020) 70 75 (360) t:lb. 1 (0"313) 39 43 

(040) 74 67 (380) 25 31 ( 051) 21 16 

(060) 84 67 (520) 36 72 (053) 59 45 

(080) 22 25 (540) 67 61 (055) ~- 8 

(010 .0) 30 26 (560 ) 37 65 (057) 32 27 

(0120) 17 18 (,580) 40 35 ( 059) ~- 17 

(220) 41 42 (720) 47 44 (071) 20 24 



Table II--con. 

(hkl) 0bs'a. Calc'd (hkl) Obs'd Calc'd (hl, l) 0bs' d Calc'd 
(240) 52 58 (740~ 37 33 (073) 42 49 

(260) 68 65 (810) al,.. 17 (075) o-to. 6 

(280) 16 14 ' 830) 25 32 (077) 57 30 

(420) 20 31 (10,10) ll,. 2 (079 ) 28 22 

(440) 20 19 (210) 78 98 (091) 21+ 27 

(460) 22 28 (230) 75 71 (093) 42 49 

(620) oh. 2 (250) 17 17 (095) ~- 13 

(640) "1,;,, 3 (270) ck. 10 (097) 50 35 

(820) 18 15 (290) 25 22 (011,1) 26 10 

(1020) 16 10 (410) 50 50 (011, 3) ~- 7 

(110) 91 180 (430) 86 79 (011,5) ah. 1 

(130) 36 41 (450) 23 24 (022) 63 75 

(150) 90 77 (470) 36 33 (024) 39 26 

(170) 57 49 (490) 47 33 (026) 59 48 

(1,11, 0 ) 30 25 (610) 37 37 (028 ) 2-4 10 

(0210) 40 33 (010,1) 30 30 (10,10) 40 36 

(042) 17 18 (012 ) 80 155 (10,12 ) 31 29 

(044) 50 53 (014) 82 105 (10, lLt) 39 43 

(046) 58 60 ( 016) 57 42 (10,16) ~- 4 

(048) al. 8 (018 ) 79 71 (10,18) 2~ 
,J 16 

(0410) 22 32 (01,10) 22 26 (10,20 ) 13 11 

(062) 50 41 (01,12) o.h. 6 (201) 46 59 

(064) 69 60 (032) 17 14 (203) 63 66 

(066) 75 73 (034) "'4. 11 (205) 36 29 

(068) J;, . 1 (036) 4. 13 (207) !+ 3 45 



TabJ.e II-- con . 

(hkl) Obs 'd Calc'd (hkl) Obs'd Calc'd (hkl) Obs' d Calc'd 

( 0610) 28 38 (038) .k. 5 ( 209) 41 38 

(082) oh. 4 (052) 77 87 (20,11) 12 14 

(084) ~- 16 654 71 65 (20,13) 26 20 

(086) c.,h. 20 (056) 46 21 (20,15) 16 9 

(088) o.4. 3 (058) 68 68 (20,17) 6 4 

(010,2) 26 10 (0510 ) ah, 19 (20, 19) 15 10 

(010,4) 24 25 (072) 57 58 (202) 50 45 

(021) 77 112 (074) 39 33 ( 204-) 77 120 

(023) oh. 7 (076) al.o. 16 (206) 73 93 

(025) 100 118 (078) 29 37 (208) 11 7 

(027) 57 52 (092) oh. 13 (20,10 ) 44 43 

(029) 37 28 (094 ) ak. 10 (20,12) 31 33 

(02,11) 43 49 (096 ) cJ... 0 (20,14) 15 13 

(041) 80 92 (20,16) 29 26 

(043) 48 50 (101) 49 66 (20,15 ) 10 7 

(045) 79 76 (103) 40 50 (20,20') 10 6 

(047) 49 4Lf (105) 44 ,;Q ( 301) 60 80 _, ../ 

(049 ) do. 20 (107) 12 7 (303) 12 4 

(0411) 36 46 (109) 22 19 (305) 77 95 

(061 ) 20 23 (10,11 ) 20 20 ( 307) 44 46 

(063) o/o. 3 (10,13) 7 9 (309 ) 31 31 

(065 ) J~. 1 (10,15) 6 6 (30,11) 42 40 

(o67) at,. 4 (10 ,17) ~- 2 (30,13 13 5 

(069) d,,, 1 (10,19 ) oh. 0 (30,15 ) 2 -', 18 

/0. 



Table II--con. 
(hklO Obs'd Calc'd (hkl) Obs'd Calc'd (hkl) Obs 'd Ca l c 'd 

(081) 79 56 (102 ) 100 190 (30 ,17) 20 14 

(083 ) oh. 5 (104 ) 72 112 (30,19 ) olo . 2 

(085 ) 32 45 (106) 45 49 (302) 73 98 

(087) Jo. 27 (108 ) 63 74 (304) 50 49 

(306) 23 15 (502 ) 10 4 (702 ) 40 35 

(308) 50 56 (504 ) 23 14 ( 70LJ-) 20 15 

(30,10) 25 18 (506) Jc. 2 (706 ) ala. 6 

(30 ,12) 25 24 (508 ) 11 13 (708 ) 23 22 

(30 ,14) 21 19 (50 ,10) Jo. 0 (70,10) 12 10 

(30 ,16) ah. 3 (50 , 12 ) r.t. 
,... (70,12) 15 10 0 

(30, 18 ) 14 10 (50,14) ~ - 2 (70,14) 13 9 

(30,20 ) 10 5 (50 ,16 ) at. 0 (70, 1_ 6) ~- 1 

(402) 37 30 (50,18) ofu 1 (70,18) 6 6 

(404) 34 30 (602) cJo. 2 (802) 22 23 

(406 ) 47 42 (604 ) 2~ _, 19 {804 ) 2Q ,, 26 

(408 ) ~- 2 (606 ) 15 10 (806 ) 32 30 

(40 ,10 ) 20 23 (608 ) o/4. 2 ( 8C8 ) at,, c:, 

(40 ,12) 17 111. (60, 10 ) ~ - 4 (80,10) 20 ./ 29 

(40 ,14) -t. 4 (60 ,12) 8 7 (80 ,12) 21 17 

(40 ,16) 12 10 (60,14) at. 4 (30 ,14) c,k. 2 

(40 ,18) ot. 2 (60 ,16 ) ,.,.!.,, 6 (30,16) 13 9 

( 401 ) 55 49 (60 ,18 ) at. 0 (801) 41 32 

(403) 80 106 (601 ) 54 45 (803 ) 52 37 

(405) 29 29 (603 ) 79 71 ( ~505 ) 7 4 

(407 ) 60 66 (605) 22 15 (807 ) 34 20 

/( 



Table II.--con. 
(hkl) Obs'd Calc'd (hkl) Obs'd Calc'd (hkl) Obs'd Calc'd 

(1+09) 49 49 (607) 47 51 (809) 26 21+ 

(40,11) ob. 7 (609) 40 41 (80,11) Ja. ,; .,, 

(40,13) 37 35 (60,11) ,J,, 3 (80,13) 23 14 

(40,15) 20 14 (60,13) 33 29 (80,15) 13 8 

(40,17) 12 12 (60,15) 20 11 (80,17) 12 4 

(40,19) 18 11 (60 ,17) 10 8 (901) 34 20 

(501) 73 84 (903) ,.. 
9 :) 

(503) 33 26 (701) 66 61 (905) 30 27 

(505) 70 87 (703) 10 5 ( 907) 18 10 

(507) 50 50 (705) 54 50 (909) ~, ~- 8 

(509) 34 31 (707) 27 23 (90,11) 17 10 

(50,11) 45 46 (709 ) 26 28 (90,13) 
,,. 

4 0 

)50,13) 11 5 (70,11) 34 35 (90,15) 9 9 

(50,15) 23 21 (70,13) 12 11 (902) 51 37 

(50,17) 25 17 (70,15) 18 13 ( 904) 40 31 

(50,19) oh. 0 (70,17) 18 9 (906) 15 14 

(903 ) 34 30 

(90,10) 13 10 (12,01) ~ 7 

(90 ,12) 20 12 (12,03) 11 7 

( 90, 14) 2-z. .,, 12 (12,05 cl.,, l 

(10. 02) 18 13 (12, 07) 8 4 

(10,04) 35 25 (12,09 ) 8 5 

(10,06) 54 34 ( 7. 2 , 0 , 11 ) ah. 1 

(10,08 ) at.. ,; (13,01) 14 9 .,, 

(10,0,10) 29 22 (13.03) 5 4 

(10,0,12) 18 10 (13,05) 12' 
,,. 
0 

/2, 



Table II.--con. 
(hkl) 0bs'd Calc'd (hk l) 0bs'd Calc'd 

(10 ,0,14) 
,,.. 

4 (13 ,07) 8 5 0 

(10 ,01) o.t,. 7 (13,02) 20 13 

(10,03) 12 10 (13,04 ) 16 9 

(10,0 ~ ) ~ 0 (13,06) d.. 2 

(10, 07) ah. 5 (1 3 ,03 ) 16 11 

(10,09 ) 7 4 (1 --z; 01r-·) 5 ~ 
~.,, ' .I . V ..., 

( 10 , c , 11 ' r.Jo. 0 (lL+, O? ) 7 3 

(10,0,13) 
,,.. 

4 (14,04) 7 4 0 

(11,01) 8 0 (14,06) 11 5 

( 1 7 , 03) d,kJ, 0 (14,08) al. 0 

(11,05) oh. 2 (14, 01) 8 6 

( 11,07) ~- 2 (14, 03) 14 10 

( 1 7 , 09) ~- 1 (14,05) do . 0 

(1 1,0,ll)oh. C (14, 07) 8 6 

(1 7 ,0,13)~. 0 

(11,02) 36 25 

(11,04) 30 25 

( 11, 06) 14 14 

(11,08) 34 22 

(11, 0 ,10 ) ,~ 
~ . ..., ~ 

(11,0,12) 15 9 

(11,0,14) 15 9 

(12,02) 12 10 

(12,04) 19 15 

(12,06) 26 19 

(12,08) ~- 0 

(12,0,10 ) 15 11 

(12,0,12) 13 7 

/3 



Te,ble III. 

Values of %kl 

(hk l) <)bs'd Ca lc ' d (h k l) Obs ' d Calc'd 

(111) 71 75 (243) 39 37 

(112) 50 46 (244) 48 51 

(113) 42 35 (245) 62 61 

(121) 92 106 (251) 62 63 

(122) 56 52 (252 ) 67 _,,.,.... 
0 )1 

(123) 103 125 253 30 34 

(125) 32 24 221 gi::: _, 100 

131 103 135 222 69 71 

132 41 35 223 51 50 

133 39 35 224 69 58 

134 35 28 331 68 76 

135 80 104 332 78 79 

142 66 66 333 14 12 

143 93 98 334 67 61 

144 53 4.0 335 71 59 

145 29 20 336 34 29 

146 37 34 

151 51 4-z. _,,. 542 19 23 

152 42 46 

153 33 30 544 28 38 

154 52 55 513 65 . 59 

155 30 29 523 13 17 

156 60 65 411 81 93 

161 26 22 412 47 46 

162 77 74 413 30 31 



Table III. --con. 

(hkl) Obs'd Cale 'd ( h1{1) Obs 'd Calc'd 

163 a.h. 16 414 46 50 

164 47 56 415 51 63 

261 22 22 416 34 36 

262 35 29 431 24 24 

263 43 46 432 " ·,; 31 _, ./ 

269, 37 46 433 38 41 

231 71 72 434 57 59 

232 42 41 435 ~- 11 

233 100 106 436 O
~ ,, 

,_, 72 

234 45 38 441 39 37 

235 18 15 442 63 67 

241 81 83 443 32 47 

242 57 54 444 44 38 



[Reprinted from the J ournal of the American Chemical Socie ty, 62, 1537 (1940).) 
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The Crystal Structure of Potassium Fluoroiodate KIO F , 2 2 

BY LINDSAY 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 effects men­
tioned above. 

It has been found that the IO2F2- 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 KIO4, is clearly impossible. 

A distinction between oxygen and fluorine 
atoms or ions in the structure is suggested by the 
intensities and the interatomic distances, but it 
is impossible for us to insist on our assignment 
and so to give any detailed discussion of the in­
fluence of electronegativity on bond distance. 

The observation that potassium iodate, formed 
by 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 
structure) that the crystal resembles KIO3 much 
more than KJO4. 

Procedure.-Potassium fluoroiodate was pre­
pared by dissolving potassium iodate 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 direction of 
growth was normal to the plate. Goniometric 
measurem ts showed the crystals to be identical 
with those de cribed by Groth. 1 In order to pre­
vent reaction f the crystals with atmospheric 
moisture they w r~ coated with a layer of lacquer. 

(lJ Groth, " C he w..isc!u, f Y,.S,\Al.llographie ," Tei! II, L eipzig, 1108, 
p . 94. 

Oscillation photographs were taken with CuK 
and MoKa radiations and Laue photographs with 
continuous radiation (Amin. = 0.24 A.) from a 
tungsten target. Intensities were estimated visu­
ally using a calibrated scale and photographs of 
different exposure times. For the CuKa 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 D2h. The 
regular absences h0l, h =I= 2n and 0kl, l =I= 2n wereob-

d •• cs du serve g1vmg 2v an D2h as possible space groups. 
A pyroelectric experiment which gave a positive 
result eliminated D2h and established c;. - Pea 
as the correct space group for the crystal. 

The dimensions of the unit cell were found, 
from oscillation photographs, to be a0 = 8.38 ± 

0.02 A.; bo = 5.97 ='= 0.02 A.; c0 = 8.41 ='= 0.02 
A. The data from which these values were ob­
tained are listed in Table I. The X-ray data 
give the axial ratios a:b:c = 0.996:0.7098: 1 to be 
compared with the crystallographic axial ratios 
a:b:c = 0.9925:2 X 0.7074: 1 given by Groth.1 

Assuming the density of the fluoroiodate to 
have a value close to the densities of potassium 
iodate (3.89 g./ cm.3) and periodate (3.61 g./cm. 3) 

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. 3 Nu­
merous Laue photographs of long expos\ire time 
showed no reflections requiring a large it. 

Determination of the Structure.-For the 
space group c;. - Pea there exists only one set 
of positions, the general four-fold positions 4a) :2 

x, y, z; x, y, ½ + z; ½ - x, y, ½ + z; ½ + x, y, z. 
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 positions 4a, and the eight' oxygen 
atoms also in two sets of the four-fold positior,is. 

The first step in the .structure analysis was the 
determination of the iodine parameters. For this 

(2) "Int. Tab. z. Bes_timmuuic v . Kriststrukturen. " 
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TABLE I 
ao 0 

(h00) 

(200) 
(400) 
(600) 
(800) 
(10,00)a, 

ao (obsd.) ao (calcd.) 0k0 bo (obsd.) bo (calcd.) 001 co (obsd.) 

8.30 
8.37 
8.47 
8.408 
8.412 
8.409 

Co (calcd.) 

8.41 8 .346 8.38 010 5.963 5 .97 (002) 
8.376 020 5.974 (004) 
8.382 030 5.990 (006) 
8 .368 050 5 .960 (008) 
8.381 060 5.984 (00,10)a1 
8.378 070a1 5.978 a2 

a2 5.974 

purpose a Patterson projection on the x-z plane 
was made using h0l data. This projection (Fig. 
1) shows strong peaks, corresponding to iodine­
iodine interactions, at x = ½, z = O; x = 0, z 
= ½; and x = z = ½- This distribution can be 
accounted for only if the iodine parameters Xi = 
zi = 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 (hkl), 
with h + l =I= 2n were observed to be very much 

1.0 

0.75 

~ 0.50 © 

0.04--~..l..l.lJ'-----'----'-..,.....----'-----'W....UL...-1 
0.0 0.25 

X. 
0.50 

Fig. !.- Patterson projection, P(x,~}. on x-z plane. 

weaker than the reflections with h + l = 2n even 
for large values of h, k and l. For the iodine 
paramt:ters Xi = Zi = 0 the iodine contribution to 
the intensities of the type of planes first mentioned 
is zero. 

A Harker projection, H(xy½), 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 projection 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 (hk0) 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 approximations. From the 
first of these the potassium ions were found to 
have x ::z 0.25, y ::z 0.50. • 

As long as only reflections to which iodine con­
tributes were used, a ·plane of symmetry, not pres­
ent in the crystal, persists along a line x = 0. The 
strongest F to which iodine does not contribute, 
F310, was next introduced arbitrarily with positive 
sign. The introduction of this single Fa10 destroys 
the plane of symmetry and permits the assign -
ment of approximate x and y parameters for po­
tassium ions, fluorine and oxygen atoms. The 
final projection, shown in F!g. 2, was obtained by 
including all the F(hkoi's in the Fourier series. 
The letters refer to the aton{s with parameter z, 
the primed letters to equivale~t atoms at z + ½­
The c-glide planes are indicated by dotted lines, 
the a -glide plane by the dashed line. Contour 
lines have been drawn at 20, 30, 40, 50, 100, 150, 
250, and 350 on an arbitrary scale. 

Figure 2 shows clearly the iodine atoms at I and 
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Fig. 2.-Fourier projection of scattering matter on (001) face . 

I'. The peak K (and K') is unresolved and due to 
equivalent potassium ions at xyz and ½ - x, y, z 
+ ½. The differentiation of oxygen and fluorine 
atoms cannot be made on the basis of the projec­
tion, and evidence for the distinc!ion 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 0 1 (Of) is due to oxygen atoms 
and the clearly defined maximum at F 1 can be 
identified as a fluorine atom. The remaining 
somewhat diffuse maximum in the neighborhood 
of Fu and Ou 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 Ou. Two pos­
sible positions for this atom are compatible with 
the projection; (1) the maximum corresponding 
to Ou lies so close to I that it is not observed, or 
(2) the maximum for On is part of the Ou-Fu 
maximum which is unresolved. A decision in 
favor of the second alternative was made with 
reasonable certainty on the basis of the intensities 

• • 

of reflection which are independent of the iodi_ne 
atoms. 

The evaluation of the z parameter was car ied 
out by making use of the general characteristics 
of the X-ray spectra, the Patterson projection, 
and structural arguments as outlined below. It 
is seen (most clearly on Laue photographs) that, 
for all pairs of reflections (hkl) and (lkh) having 
the same type of structure factor, the intensities 
are very nearly equal for all values of h and l. 
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 Fr is associated with any iodine atom it must 
be bonded to I and not to I' since the projection 
of the distance I' - Fr on the x- y plane (see Fig. 
2) is greater than could correspond to an iodine­
oxygen bond. The projection places another 
fluorine atom at Fm which might be bonded to I' 
as far as the projection is concerned. If this were 
the case and if I - F 1 were equal to I' - Fn 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 
Fn is the same distance from I as Fr and lies on a 
straight line through I and Fr (in the projection) 
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it is suggested that these two atoms form opposed • 
bonds with iodine and by referring to the argu­
ment in the previous paragraph the values of Xp1 

and Xp11 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 
the Patterson projection. 

The oxygen atom 0 1 may be assigned fairly 
definite parameters, the Patterson projection in­
dicating that zo1 cannot be very large. From the 
projection x has two possible values ::::.0.25 ± 

0.025. This choice must be made on the basis of 
structural arguments and intensities of hkl planes. 
If I02F2- groups are postulated then certainly x 
must be less than 0.25. The possibility that x 
is larger than 0.25 is not altogether unreasonable 
and was considered seriously but no fit between 
experimental and calculated intensities could be 
obtained on this basis. With F 1, Fu and 0 1 

placed the choice of parameters for On was made 
by concluding from the Patterson projection that 
it must have a position relative to the z-axis simi­
lar to that of 0 1 relative to the x-axis. In trying 
to find the proper parameters the iodine to fluorine 
distances were considered to be equal, as were the 
iodine to oxygen distances. 

The potassium parameters were determined 
roughly from the projections and then refined by 
comparison of observed and calculated intensities. 
The parameters were varied subject to the condi­
tion that distances from potassium to oxygen and 
fluorine be larger than 2.60 A. 

The atomic positions fixed by the means de­
scribed in the previous paragraphs were finally 
varied by small amounts (0.005 to 0.01) to obtain 
the best fit between experimental and observed 
intensities. The resulting parameters are given 
below: 

I 
K 
Fr 
Fu 
Or 
Ou 

" 
0 . 00 

.215±0.005 
- .08 = .01 

. 08 = . 01 

.215= .01 
- .02 = .01 

,, 
0.067 ±0.001 

.465 = . 005 

.355 = . 01 
- .22 = .01 

.175± .01 

.19 = .01 

0 . 00 
.29 =0.005 
.09 = .01 

- .09 = . 01 
.035= . 01 
.210= .01 

The atoms occupying the positions F1 and Fu 
it was felt must be the same, either oxygen or 
fluorine. The position of these atoms is fairly 
well fixed and it is found that the agreement is 
considerably better for some of the weak reflec­
tions if fluorine atoms are placed in positions F1 

and Fu. The fact that the I- 0 distance for this 
assignment is so closely equal to the same inter-

atomic distance in (NH4)2H3I s· also lends sup­
port to this arrangement. 

Tables II and III give the calculated and ob­
served Fhk/s. Pauling-Sherman j-values were 
used in calculating the F's. 

(hkl) 

(010) 
(020) 
(030) 
(040) 
(050) 
(060) 
(070) 
(080) 

(110) 
(120) 
(130) 
(140) 
(150) 
(160) 
(170) 

(200) 
(210) 
(220) 
(230) 
(240) 
(250) 
(260) 
(270) 
(280) 

(hkl) 

002 
004 
006 
008 

00,10 

(201) 
(202) 
(203) 
(204) 
(205) 
(206) 

(208) 

(401) 
(402) 
(403) 
(404) 
(405) 
(406) 

Obsd. Calcd. 

70 100 
81 79 
14 17 

abs 6 
30 24 
35 30 
46 50 
28 35 

TABLE I! 

VALUES OF Fhkl 

(hkl) Obsd. Calcd. (hkl) Obsd. Calcd. 
(310) 54 68 (600) 64 56 
(320) abs 10 (610) 82 89 
(330) abs 4 (620) 50 52 
(340) 18 26 (630) 23 19 
(350) abs 6 (640) abs 7 
(360) abs 2 (650) 28 24 
(370) abs 12 (660) 23 30 

(670) abs 25 
(680) 28 30 

abs 6 (400) 112 152 
abs 3 (410) 81 94 (710) abs 

20 24 (420) 92 80 (720) abs 5 
26 28 (430) abs 0 .0 (730) abs 1 
14 15 (440) abs 1.0 (740) abs 4 
15 20 (450) 23 27 (750) abs 

abs 16 (460) 24 28 
(470) 27 32 (800) 35 42 

94 136 (480) 31 31 (810) 50 54 
129 169 (820) 31 32 
45 35 (510) abs 14 
69 61 (520) abs 2 (10,00) 36 50 
15 20 (530) abs 10 (10,10) 31 28 
16 19 (540) abs 5 (10,20) 28 27 
38 43 (550) abs 8 
37 43 
33 27 

Obsd. Calcd. 

87 145 
98 148 
68 70 
56 49 
29 61 

10 8 
130 172 
53 65 
88 89 

abs 14 
73 68 

50 62 

33 · 47 
84 91 

abs 31 
119 12 
25 22 
74 80 

(12,00) abs 22 
(12,10) 23 34 

TABLE III 

VALUES OF Fhkl 

(hkl) Obsd. Calcd. (hkl) 

(801) abs 
(802) 63 

(111) 71 
(112) abs 
(113) 55 
(114) abs 
(115) 52 
(116) abs 

(121) 83 
(122) 37 
(123) 70 
(124) abs 
(125) 78 
(126) abs 
(127) 39 
(128) abs 

9 (211) 
55 (212) 

(213) 
(214) 

78 (215) 
10 (216) 
76 (217) 
29 (218) 
57 
12 (221) 

(222) 
98 (223) 
46 (224) 
89 (226) 

5 (228) 
96 
16 (231) 
50 (232) 

(131) \JS 131 
(1 32) 12 28 
(133) 100 105 

Obsd. Calcd. 

30 30 
85 94 
23 24 

100 126 
abs 3 

69 80 
abs 14 

50 1\0 

25 33 
102 134 
abs 13 

49 64 
49 64 
38 45 

23 25 
32 33 

(601) 22 33 
73 (602) 80 

(603) 27 32 (14ll 125 103 
(604) 65 83 (142) abs 9 
(605) abs 22 (143) 101 83 
(606) 65 68 
(608) 45 45 

As an additional check on the parameter the 
ratio of intensities 11,ki/lzkh were compared with 

the calculated intensity ratio. Since the inter-
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planar distances dhkl and dzkh are so nearly equal 
quantitative use could be made of the Laue inten­
sities for such pairs of reflections. Reflections 
with n}-. 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 the results. 

TABLE IV 
hkl lhkz/ Izkh obsd. lhkz! Iz kh calcd. 

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 (615) 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 30 .oa 

10 429 8.0 6.2 

a 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 iodine 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
ners removed. 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- O1 = 1.93 ± 0.05 A.; 
I- Ou= 1.92 ± 0.05A.; I-F1 = 2.00 ± 0.05A.; 
I- Fu = 1.99 = 0.05 A.; O1- Ou = 2.85 ± 0.10 
A.; and the angle Oi-I- Ou = 100 ± 7°. The 
fluorine-oxygen contacts are the same within the 
limits of error and equal to 2.75 ± 0.10 A. 

This configuratjon of the IO2F2 - group is the 
same, within the limits of error, as that reported 
by Stevenson and Schomaker3 for TeC14 in which 
the unshared pair of electrons has apparently the 
same steric effect as in the IO2F2 - ion. 

(3) D. P. Stevenson and Vern er Schomaker, THIS JouRN AL , 62, 
1267 (1940). 

z -+. 

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 
Formal 

I - X, A. Configuration charge I-radius Compd. 

KIOl 
(NH.)2HaIOl 
KIO2F2 

2 . 23 Octahedral +3 
1 . 93 Octahedral + 1 
1. 93 ( 0) Octahedral or + 1 
2. 00 (F) trig. bipyr. + 1 

IF." 2.56 Trig. bipyr. O 
KI C.l_.d 2 . 34 Oetahedral - 1 
KIO.' 2 . 23 Octahedral -1 

0 E. A: Hn.zelwood, Z. Krist., 98, 439 (1938). 
b L. Helmholz, Tm&'.)"OURNAL, 59, 2036 (1937). 

1.18 
1.27 
l!.27 
1.36 

.90 
1 .35 
1.58 

• Braune and Pinnow, Z. physik. Chem., 35, 23!J-.(1937). 
d 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 IO2F2 - 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 IF6 seem 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 IO3- ions in iodate crystals. 

If the iodine- oxygen and iodine- fluorine dis-
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tances m 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 unshared 
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 increase 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 IO2F2-
groups is the determining factor in the structure. 
The K- O and K-F contacts are: O1-K = 2.75, 
2.76 A.; Ou-K = 2.63, 3.03 A.; F 1 -K c!:: 2-.64, 
3.06A.; Fn-K = 2.74, 3.04A. 

The interatomic distances which are less than 
3.50 A. between oxygen and fluorine atoms of dif­
ferent anion groups are: F 1-Fu = 2.77, 3.23 A.; 
F 1 -Ou = 3.40A.; Fu-O1 = 3.24A. 

There are, in addition, two distances between 
iodine atoms and oxygen atoms in different IO2F2 -

groups that are shorter than three Angstroms: 
I-O1 = 2.82 A.; ! --'-Ou = 2.88 A. 

The similarity between this structure and that 
reported for potassium iodate may be seen if one 
considers an altered KIO2F2 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 

this plane will be identical with a plane z = 0 for 
the potassium iodate structure. In this altered 
structure the I-F bonds will be in a vertical posi­
tion along the lines x = z = 0, etc. 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 KIO2F2 in which some 
of the salt had hydrolyz7d. 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 KIO2F2. 

Summary 

From a determination of the crystal structure 
of KIO2F2 it has been found that the I02F2-
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 to be: I - 0 = 1. 93 
± 0.05 A.; I - F = 2.00 A. ± 0.05 A. The 
O-I-O bond angle = 100 ± 10°. The influence 
of the unshared pair on the bond distance is dis­
cussed. 
PASADENA, CALIFORNIA RECEIVED APRIL° 5, 1940 
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A Redetermination of the Parameters in Ammonium Bifluoride 

BY M. T .. ROGERS AND L. HELMHOLZ 

Introduction 

Th,4:- structure of ammonium bifluoride has been 
dete ·ned by Pauling, 1 who gave approximate 
values of the parameters obtained with the use of 
the data of Hassel and Luzanski. 2 He found a 
hydrogen-bonded structure with each ~itrogen 
atom surrounded by four fluorine atoms at tetra­
hedral corners, the mean N-F distance being 
2.76 ± 0.06 A. and the F-F distance 2.37 ± 

0.10 A. The value we have found 3 fotthe F-F 
distance in KHF2, 2.26 ± 0.01 A., is equal to 
Pauling's value of the distance in NH4HF2 to 
within its limits of error, so it is not possible to 
say whether or not the distance has been increased 
by the formation of two additional hydrogen 
bonds in NH~F2. For this reason a more accu­
rate determination of this distance has been made. 

(1) L . Pauling, Z . Krist., (A) 85, 380 (1933). 
(2) 0 . Hassel and N . Luzauslci, Z. Krist., 83, 448 (1932). 
(3) L. Helmholz and M . T. Rogers, THIS JOURNAL , 61, 2590 (1939) . 

The unit translations found by Hassel and Luzan­
ski2 and the parameters given by Pauling1 have 
been revised and the limits of error reduced. From 
these new.values the F-F and N-F distances have 
been calculated to be F-F = 2.32 ± 0.03 A. and 
N-F = 2.82 ± 0.03 A. The weakening of the 
F-F bond.in the formation of two hydrogen bonds 
in passing from KHF2 to NH4HF2 is thus shown to 
exist; the increase in bond length amounts to 
0.06 ::1: 0.04 A. The space group D!h used by 
Pauling has been confirmed by the absence of 
reflections of the type (hOl), h odd, observed by 
Hassefand Luzanski. .. 

Experimental Method and Results 

Oscillation photographs about the c and a 
axes were taken of crystals of orthorhombic 
NH4HF2 prepared by evaporation of solutions of 
NH~F2-in glacial acetic acid. 

The space group was shown to be D!h by the 
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absence of reflections of type (h0l), h odd, and 
(hk0) , hand k odd. The reflection (102) reported 
by Hassel and Luzanski, which would eliminate 
this group, was sought but not 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 

ao = 8.426 ± 0.020 A.; bo = 8.180 ± 0.020 A.. ; co = 
3.69 "= 0 .05 A. 

The first two are from oscillation photographs, 
the third from layer line measurements. . Data 
giving a0 and b0 are shown in Table I. These 
correspond to axial ratios 1: 0.971: 0.438 = ao: bo :co 
compared by goniometric values 1: 0.977 : 0.444 = 
ao: bo: c0 (Groth). 

TABLE I 

EQUATORIAL MEASUREMENTS 

(hkl) dob8'1. A. a o oi..d. A. 
400 2 . 105 8 .421 
600 1.405 8.434 
800 1.053 8.424 

1000 0.0842 8 .423 
Average ao 8.426 

020 4 .097 8 . 195 
040 2.045 8.180 
060 1 .362 8 . 172 
080 1.022 8.177 

Average bo 8 . 180 

The relative intensities of all observed reflections 
were estimate.d visually using a calibrated scale. 

0.120 U.l:.l.:> .131) U.135 0.145 
u -+-, 

Fig. 1 

Theoretical values for the relative intensities 
were calculated using the formula 

1 = C 1 + cos• 20 F2 _ 3 0 (sin 8) 2 

sin 28 exp • X 

where F is the structure factor and exp -3.0 

( ~
8
)

2 

the temperature factor. The structure sm· 
factors for the four classes of planes are 

I F = 4/ F sin 2 ,,,-ku sin 2 1rlv for h odd, k even 

II F = 4/ NR, cos 2,,,- (h ! k + tz) - 4/Fsin 21rkzt sin 

2 ,,,-lv for h even, k odd 

III F = -lfp (cos2 1rhw - cos21rk1t cos 21rlv) for h odd, k 
odd 

IV F = 4/NH• cos 2 ,r (h ! k + lz) + 4fp(cos 21rkw + 
cos 2 ,,,-ku cos 2 1rlv) for h even, k eve(! 

The f values used were those of Pauling and 
Sherman. 4 The intensities of reflections (h00) 
depend only on parameter w, and of reflections 
(0k0) only on parameter u, and a rough deter­
mination of these parameters might have been 
made using the observed (h00) and (0k0) intensi­
ties. The intensities of these reflections, however, 
are so sensitive to the choice off values for F ­
and NH4 + that little confidence was felt in the 
determination carried out from this starting point, 
and, indeed, the parameters thus obtained led to 
marked discrepancies between calculated and ob­
served intensities for planes of different types. 

To overcome this difficulty the determination 
was carried out iri • the following manner. The 
parameter u was determined first using observed 
intensities for planell of class I with l = 1. The 
factor sin vis known closely enough from Pauling's 
determination of v = 0.135 =1: 0.01 since it enters 
only as a common factor. The calculated intensi­
ties are plotted as functions of u 'in Fig. 1. The 
value u = 0.131 == 0.002 is found. 

Accepting this value of u it is now possible to 
choose the f values for NH4 + which will account 
for the observed intensities ·of (0k0) planes. The 
appropriate f NH, values were found to be close to 
the values used by Pauling. 1 Experimental 
values of !NH, have been ?btained by Wyckoff 
and Armstrong5; a comparison of these values 
with those we have used is shown in Table II. 

TABLE II 
Sine/ >. 0.1 0.2 o.~ 0.4 0 .5 0.6 0 .7 

f NH, (Pauling) 8 . 11 6 . 01 3 . 96 2 . 65 l.~9 l. 68 I. 55 
f Na, (Hartree} 6 . 7 4.4 ·3 _ 1 2.50 2 . 0 1. 65 1 . 05 
f NH, (used) 7 . 7 5 . 64 3.70 2 . 43 2 . 00 I. 68 l . i°>,> 
f NH, (Wyckoff) 8 . 8 5. 5 3,1 1.8 1.2 

We next obtained an approximate value of w, 
0.137 == 0.004, from reflections (}iO0) . The valu~ 
of v was obtained by comparing intensities of 

(4) L. Pauling and J, Sherman, Z . K ri st. , 81, 1 (1932) . 
(5) Wyckoff and Armstrong, ibid., 72, 319 (1930) , 
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planes of Class I with varying values of z," using 
the value found for u. The calculated intensities 
plotted as functions of v are shown in Fig. 2: 
Planes with k = 2, 6, 10 were used since these 
vary negligibly with u in the allowed range for 
that parameter. 

The value v = 0.131 ='= 0.003 was ob{ained in ·~ this way. A more accurate value of w was then 
found using intensities of reflections of type III 
with l = 0, which depend only on u and w. Plots 
were made of the calculated intensities as func-
tions of both u and w for these planes and values 
of these paramet~rs giving the best agreement with 

· observed intensities were taken. To account for 
the observed intensity ratios of 910: 930: 350: 530 
it was found necessary to use the lower limit for 0.100 0.110 0.120 0.130 0.140 0.150 

V -+. 

TABLE III Fig. 2 
TYPE I PLANES 

hkl Calcd. Obsd. hkl Calcd. Obsd. u (u = 0.129) . The value of w chosen was w = 
121 32 33 921 5.4 4 .5 0.137 ± 0.002. This choice was confirmed by 
141 1.9 2.3 122 20.5 14 plotting calculated intensities for reflections of 
161 8.4 7.4 142 1.4 1.2 
181 . 1.2 abs. 162 8.5 6.7 type III with l = 1 as functions of w using pre-

1,10,1 5.0 4. 1 322 12.5 14 viously obtained values of u and v. 
321 20 .5 20 342 1.1 abs. 

TABLE V 341 1.4 1.8 362 7.8 4 .0 
361 6.8 6.6 123 7.0 5.4 TYPE III PLANES 

521 11 .2 14 143 0 .8 1. 0 hkl C-al cd . Obsd . hkl Calcd . Uhsd . 

541 1.0 abs. 163 4 .7 4.1 110 3.7 4 .2 931 4 .6 4.9 

561 5.6 4.5 323 5.6 4.4 310 67 61 151 17.7 23 

721 6.4 5.7 343 0.5 abs. 510 22 .5 30 351 5.6 7 .7 

741 0.6 abs. 363 4.6 2.5 710 2.6 3.3 551 0 .2 abs.-

761 5.3 4.0 910 4.4 3.3 751 10.5 8.6 
130 63 61 171 0.2 abs. 

TABLE IV 330 2 .6 4 .0 371 12.4 11 
TYEE II PLANES 530 5.5 5.8 571 8 .3 8.1 

hkl Calcd. Obsd. hkl Calcd. Obsd. 730 15.2 17 771 2.0 abs. 
011 20.4 18.7 012 27.7 30 930 6.6 7.3 191 1.6 3.6 
031 22 26 . 5 032 7.9 7.9 150 25 37 391 9.6 7.4 
051 12.6 10 052 4.6 4.2 350 3.6 4.3 112 16 .8 16.7 
071 2 .2 abs. 072 7.5 8 .2 550 2.0 abs. 312 13.9 14 
211 31 36 092 9.2 10 750 11 .7 11 .5 132 10.6 14 
231 9 11 212 7.8 6 .1 950 5.2 5.0 332 11.0 7.5 
251 5.7 7.1 232 15.6 17.8 170 1. 6 abs. 152 6.7 5.8 

• 271 5.2 J:l .3 252 11 .7 1L6 370 14.5 15.3 352 6.7 5.8 
291 6.1 4 .4 272 1.4 abs. 570 9.4 10 .2 172 5.4 2.5 
411 8 .9 7.1 013 0.2 abs. 770 0 .3 abs. 372 5.7 5.8 
431 11.3 14.1 033 8.5 10 190 0.9 abs. 113 12.8 13 
451 8 .1 9.2 053 7.9 8.5 390 10.3 8.4 313 2 .8 4 
471 1.8 2.0 073 1.1 5 590 w+ p.0 133 0.6 2 .5 
611 8. 5 10.0 213 9 .7 11 111 10.4 14 .0 333 11 .7 7 
631 3.3 3.1 233 0 ab~. 311 42 .5 45 153 l. 5 abs. 
651 3.2 3. 1 253 0.8 abs. 51 I 12. 6 14 1.73 9.5 3.5 
671 4.6 3. 6 273 • 6.6 7 .1 711 4 .6 5. 9 Jl4 10 .2 5.8 
811 2.8 1.1 014 4 .1 7.5 911 3 .4 2.5 314 1.2 2 
831 5.2 5. 1 034 5.2 4 .1 131 37 43 134 0.6 abs. 
851 6.2 3.4 054 5.5 5.4 331 7.3 7 334 10.5 6 

10,1.l 5.3 5.0 214 4 .4 1.4 531 1.5 abs. 552 3 :4 vvw 
234 4. 1 5.2 731 12.3 15 553 6.5 vvw 
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i The reflections of type II, h even and k even, 
with different values of l were used to obtain a 
v.aiue of z. Intensities which were very sensitive 
tb u, 'll, or w were not used. As before, calculated 
ii'itensities were plotted a's a function of z and the 
best value chosen; z = 0.54Q .i: 0.005 was found. 

Comparison of calculatef~nd observed intensi­
ties fpr reflections of type II (Table III) served as 
a check on all these parameters. The calculated 

f,kl Cal ed. 

020 7.3 
040 25.9 
060 6/ 7, 
080 22 

0,10,0 • 0 
200 0 
220 35.8 
240 27.0 
260 9.1 

1··230 r.o 
...., 4.-00 27 

420 42 
440 20.2 
460 14.6 
480 5.5 
600 10.8 
620 16 
640 12.8 
660 9.6 
680 4.4 
800 20.8 
820 1.4 
840 4.7 
860 1.9 

10,0,0 3.3 
003 0 
004 3.0 
021 78 
022 9.7 
023 15.7 
024 5 
041 7.1 
042 21. 7 
~ 10.4 
044 17.8 
061 21.3 
062 3.3 
063 : 10.8 

TABLE VI 

TYPE IV PLANES 

Obsd. hkl Calcd. 

7.9 
19.4 
8. 1 

15.8 
abs. 
abs. 
40 
43 
8 .6 

abs. 
27 
31.5 
19 
13 
3.4 

13 
14 
12 
7.7. 
2 .6 

20 
2 .2 
5.3 
2.0 
2.5 

abs. 
vvw 
75 
9.3 

14.7 
3.3 

10.5 
21 
8 .3 

10 
16.4 
5.6 

10 .5 

081 
082 

O,fO,l 
201 
202 
203 
204 
221 
222 

': 223 
·\ 224 

241 
242 
243 
261 
262 
263 
281 
282 
4.-01 
421 
441 
461 
481 
601 
621 
641 
661 
801 
821 
841 
404 
402 
403 
802 
442 

, 443 
662 

7.2 
13 
11.4 
61 
14 . 1 
4. 1 

12.5 
30 
13 .5 
6.0 
2.5 
4.4 

10.5 
7.9 
7.4 
4.0 
5.9 
9.7 
5.5 

21.2 
6.8 

12.4 
1.4 
7.6 

22.4 
2.7 
3.4 
1.1 
7.0 

11.8 
4.9 

, 11.5 
6.3 

18.9 
10.7 
2.7 
5.5 
8.1 

Obsd. 

8.6 
12 
14. l 
70 
14 .1 
abs. 
w 
44 
10 .6 
6.1 
3.3 
4.5 

12.3 
7.2 
5.9 
8 
4.4 
8.2 
5 

28 
10.5 
19.4 
3.6 
5.2 

20 
3.8 
5.5 

abs. 
8 .3 

10 
3.3 

w 
vw 
m 
m 
vw(w) 
vw(m-) (m+) 
m++ 

and observed intensities for all reflections observed 
are listed in Tables III to VI. Intensities of re­
flections observed by Hassel ·an·a Luzanski2 and 
not by us are designated by letters rather than 
numbets. 

Conclusions.-The values of the F-F distance 
calculated using these parameters are· 

F1-F1 = 2.31 ± 0.035 A. 
F2-F 2 = 2.320 +0.03 A. 

-0.02 A. 
The lower limit is less in the latter case since the 
value chosen for u was the lower limit (0.129) giveri 
it in the determination above; probably u cannot 
be less than 0.129. • • 

Comparing these values with the . value F-If 
2.26 ,;,, 0.01 A. for KHF2 it is seen that there is a 
slight increase in the distance in NH4HF2, amount­
ing to between 0.03 and 0.08 A., due to the weak­
ening of the bond by the two extra hydrogen 
bonds formed in NH4HF2. 

The N-F distances found are N-F1 = 2.80 :1:: 

0.02 A., and N-F2 = 2.80 :1:: 0.03 A. This value 
is larger than the average found by Pauling 
(2.76 A.) and is 8% larger than the value N-F = 
2.63 A. for NH4F. We thus confirm the observa­
tion of Pauling that the hydrogen bond in NH4-
HF2 is weaker than that in NH4F. The longer 
ammonium ion to fluorine contacts are: N-F1 = 
3.02 A. and N-Fn = 3.40 A. 

Summary 

The unit translations for the orthorhombic 
crystal NH4HF2 have been revised to a0 = 8.426 
A., bo = 8.180 A., co = 3.69 A. The space group 
and structure given by Pauling have been con­
firmed and the parameters redetermined: 

z = o.540 ± 0.005 +· · u = 0 129 + 0.003 A. 
w = 0.137 ± 0.002 A. • - 0.001 A. 

v = 0.131 ± 0.003 A. 
The four small t -F distances are all equal to 

2.80 :1:: 0.025 A. and the F-F distance~ in the two 
nort-~quivalent Hf.- ions are found to be 2.32 :1:: 

o.o3A. • 
PASADENA, CALIFORNIA R E CEIVED MARCH 13, 1940 
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A Redetermination of the Fluorine-Fluorine Distance in Potassium Bifluoride 

BY L. HELMHOLZ AND M. T. ROGERS 

Introduction 

In an electron diffraction investigation of gase­
ous hydrogen fluoride, Bauer, Beach and Simons 1 

obtained the value 2.55 ± 0.03 A. for the F-H­
F distance and confirmed the existence of poly­
mers (HF)n. The reported values for the F- H­
F distance in crystals are: 

NH,HF2 = 2.37 ± 0.1 A.2 

NaHF2 = 2.50 ± 0 .2 A. 3 

KHF2 = 2.25 ± 0.2 A.' 
The assumption that the mean Vqlue 2.25 A. 

reported for potassium bifluoride is correct leads 
to the conclusion that the F- H-F bond is weak­
ened and the distance correspondingly increased 
when additional hydrogen bonds are formed as in 
(HF),.. Also the distance is not accurately 
enough known to judge whether the two addi­
tional hydrogen bonds from fluorine to nitrogen 
in ammonium bifluoride cause a lengthening of the 
F-H-F distance over that in alkali bifluorides. 
In view of the large limits of error ascribed to the 
F-H-F distance, a redetermination of the parame­
ter in potassium bifluoride has been carried out 
in order to test this conclusion. 

In this work the value 2.26 ± 0.01 A. has been 
found for the F- H-F distance in close agreement 
with the mean value reported by Bozorth. 4 

Experimental 

Potassium hydrogen fluoride crystallizes in the 
tetragonal system forming plates with { 001 l de­

(l) S. H. Bauer, J. Y . Beach and J . H. Simons, THIS JOURNAL, 61, 
19 (1939) . 

(2) L. Pauling, Z. Krist. , 811, 380 (1933) . 
(3) C. Anderson and 0. Hassel , Z. physik. Chem. , 1ll8, 161 (1926). 
(4) R. M . Bozorth, THIS JOUR NAL , '6, 2128 (1923) . 

veloped and sides parallel to { 110 l - The struc­
ture was determined by Bozorth, 4 who gives it the 
space. group D418, four molecules in the unit cell, 
with the atoms in the following positions 

4H in O½O; ½00; ½O½; OH 
4K in 00¼; 00¾; Ht; ½H 
SF in u,½ + u,O; u,½ - u,O; ½ - u,u,O; ½ + u,1'i,O; 

½ + u,u,½; ½ - u,u,½; u,½ - u,½; u,½ + u,½ 
a = 5.67 A. c = 6.81 A. u = 0.14 + 0.01 F- H- F = 
2.25 ± 0.02 A. 
Symmetric and asymmetric Laue photographs 
were taken with the beam normal to (001). The 
parameter was narrowed down to a small range by 
the use of qualitative Laue data. 

Theoretical curves for the dependence of inten­
sity on the parameter u were calculated from the 
equation 

I = CI S 1• e-3.0(sin B/ )..)' 

using f values from the Pauling-Sherman tables. 
Comparing observed intensity ratios with the 

theoretical curves of Fig. 1, the upper and lower 
limits shown in Table I were placed on the value 

TABLE I 

PARAMETER DETERMINATION FOR POTASSIUM BIFLUORIDE 

U~ING INTENSITIES OF LAUE REFLECTIONS 

Sin 8 Observed 
Reflecting intensity 

planes -),,- ),, ratio Parameter 

(802) 0 .720 O. 349 (802) < (732) u >0.1393 
(732) ' .687 .350 
(662) . 762 • 333 (752) > (662) u< . 1413 
(752) .773 .328 
(914) .851 • 361 (194) > (732) u > . 1390 
(732) . 687 .367 
(864) .924 • 406 (864) > (934) u > .1381 
(934) .884 .408 
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0.135 0.140 
802-732-+-. 
- 752-662. 
194-732 -+-. 
864-934-+-. , 

u -+-, 

Fig. 1. 

0.145 

of u. This gives 0.1394 u 0.1413 and 
2.235--'---F-H-F distance--'---2.265 A. 

A more exact value of the parameter was then 
found by visually comparing intensities of reflec­
tions on oscillation photographs. Theoretical 
curves for the dependence of intensity on parame­
ter were draw~ (Fig. 2) using 

I = Const. . S e-3.0(sin 8/1')' 1 + cos
2 

2 O I 1
2 

sm2 20 

From a visual estimate of the ratio of the intensi­
ties of two reflections, estimates of the parameter 
value probably good to ± 5% were made using 
the theoretical curves. Comparisons were made 
between reflections in the same layer line and not 
too widely separated values of sine. The mean 
va!µe for the twenty-seven independent estimates 
made was weighted by multiplying each value by 
the angle between the intensity curves for the 
planes involved. The weighted mean for the 
parameter u is 0.1408, the average deviation is 
0.0015 and the most probable deviation is 0.0015/ 
27'1' or 0.0003. The value u = 0.1408 ± 0.0003 
corresponds to the distance F-H-F = 2.258 ± 

0.005 A. This is in good agreement with the 

0.135 0.140 

Fig. 2. 

TABLE II 

PARAMETER DETERMINATION FOR POTASSlUM BIFLUORIDE 

USING INTENSITIES OF 0sCILLATION REFLECTIONS 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

(hkl) 

(400) (006) 
(600) (204) 
(204) (206) 
(008) (604) 
(602) (604) 
(026) (024) 
(026) (422) 
(321) (125) 
(224) (024) 
(323) (523) 
(600) (206) 
(512) (215) 
(420) (024) 
(424) (024) 
(521) (323) 
(321) (226) 
(321) (422) 
(125) (323) 
(424) (321) 
(026) (321) 
(611) (411) 
(611) (413) 
(316) (411) 
(510) (514) 
(512) (514) 
(510) (215) 
(413) (316) 

Angle 
between 
F curves 

22.5 
55 
35 
20 
6 

24 
20 
27 
20 
20 .5 
15 
16 
30 
24 .5 
23 
22 
13 
19 
31 
31 
37 
32 
31 
34 
24 
20 
23 

Intensity 
ratio 

0.5 
1.10 
1.25 
1.20 
0 .20 
0 .91 
1.3 
1.1 
1.25 
0.83 
1.25 
1.33 
1.1 
0.91 

.74 

.57 

.67 
1. 75 
2.3 
2 
1. 75 
2 

Parameter 

0.1432 
. 1417 
.1408 
.1423 
.1409 
.1410 
.1400 
.1420 
.1408 
.1417 
. 1408 
.1416 
. 1368 
. 1420 
. 1411 
.1423 
.1396 
.1390 
. 1419 
.1400 
. 1370 
.1402 
. 1389 
. 1418 
. 1442 
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Laue data, and, considering both, the value of the 
F-H-F distance may be given as 2.26 A. with a 
probable error of not more than 0.01 A. 

Discussion 

In going from the HF2- ion in crystalline potas­
sium bifluoride to the (HF)n polymers in gaseous 
hydrogen fluoride there is a lengthening of 0.29 
± 0.06 A. in the F-H-F distance. This shows 
that form¥ion of additional hydrogen bonds 
lengthens the F-H-F distance. While the value 
2.37 ± 0.1 A. for the F-H-F distance in ammo­
nium bifluoride leaves some doubt as to a lengthen­
ing, it is strongly inciicated that the formation of 
two additional N-H . , . F bonds causes a weak-

ening of the F-H-F bond and a probab!e length­
ening of' about 0.1 A. The theoretical value cal­
culated by Pauling5 for this distance is 2.32 A. 
with a symmetrical linear configuration for F­
H-F. 

Summary . ' 
A redetermination of the parameter in potas-

sium bifluoride has been carried . out using Laue 
and oscillation photographs. The valu~ u = 
0.1408. ± 0.003 leads to the fluorine-fluorine 
distance 2.26 :±:: (J'.01 A. in {F-H-l<'}-. A com­
parison is made with other reported-v.alues. 

(5) L. Pauling, "The Nature of the Chemical• Bond," Cornell 
University Press, Ithaca, N. Y., 1939, p. 277. • 

PASADENA, CALIFORNIA ,• RECEIVED JUNE 26, 1939 
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The Unit Cell and Space Group of Silver Iodate 
(with Lindsay ·Helmholz) 

Introduction 

A satisfactory crystal structure determination had 

not been-made on any iodate althoup;h several had be en studied 

(see above, 'The Crystal Btructure of Iodic Acid', Introduction), 

and it seemed desirable to make a comolete study of one. 

The pseudo-cubic crys ts.ls KI03, and the Cs, Rb, and NHy., 

isomorphous compounds are probably monoclinic and hemihedral 

(see a ppended note on KI03 ), and 500d, untwinned, single crystals 

have not been prepared. The X-ray work done on these was 

on the powder (Goldschmidt(l)). 

It was thought that orthorhombic Ag I03, which is re 3.di ly 

obta inable in s ood single crystals, might be a suitable 

substance for a structure determination. No X-ra-y work 

had been done on this comoound. 

Experimental 

Crystals of AgI03 were g rown from aqueous ammo nia solu­

tion by slow evapora tion. The crystals are thin plates,c(OOl~ 

with q(Oll) and r(lOl) developed. The crystallography a~reed 

vri. th Groth (~)who quotes the axial ratios 

.,,1a:b:c:::0.4416: l: 1.3072 

(1) V. M. Goldschmidt, "Geochem. Vert-Gesetze der EJ.emente, 11 

VII and VIII. 

(2) P. Groth, "Chemiache Kristallop;raphie", Te ~.l II, Leipzig, 
1908, p. 90. 

) 't. 



Experimental 

The cleavap;e parallel to C(OOl) is com-olete1 and the plane 

of the optic axes is c.(001). The cryst':l.1s were observed to 

show a positive nyroelectric e f fect. 

Laue phot•Jr; raphs o f lori_5 exposure s howed the Laue 

symmetry to be D2h- mmm. Marip.;nac (se "" Groth(2)) considered 

the crystals monoclinic~ 

Oscillation photographs were taken with each axis 

vertical,yielding the followin;:r, preliminary unit translations: 
0 

a
0 

= 7. 24A, 
0 

b 0 = 5. 80 A, 
0 

C0 = 15 .14 A. 

T11e density was determined by pycnometer to b~ ~25°- 5. 76~ 

glving c= 4 moleculBs in the unit cell. 

A long exposure Laue picture ta1,en with the a-axis 

vertical was tndexed. Reflections were observed with n~<0.231 

which required doubling the length of the£ axis. 

The final values of the un:1.. t trans la tio:1 s required to 

account for all observed data are, then, 
• 

a0 = 7. 24 A 7 
.. 

b0 :::. 11. 60 A, 

C0 .= 15 .14 A, 

andl= 8 , 

The first order Laue reflections and oscillation nhotographs 

indexed showed the characteristic extinctions! 

(h 01) -hj:2n, 

(o k 1) - 1 'f, 2n, 

(h k O) - all ordersc:ibset-ved, 



:::i_i,e not d e:finitel;r clirdn::_ted , J10,:-:cvc 2-" . 

__ needle elone_;2- ted r~ lons ~ u2_ s obtaine d ,_-::cli ch nas nearly 

0 . Oo x O. 05 r12:! . in d i n ensions . It r:as no1.E1t cd ni t~1 u ver·tical and 

_-_bout f ift:T four reflecti ons (Ox:l) -.vcrc ind exed and the inten­

sities e stimated . Values of IFl 2 uere c a lculate ( usin3 t he formula : 

l= C 1 t- CO S ;: ; ~~ 6 
sin 28 

exp . 

where ' is the ab2or9tion correction coefficient c a lculated f rom 

t he ) O'ii'der ro ( 2-bsor'.':1 ti on f orrr:ul a e 0 
• '1.'::10 ob se i,vcd values of \Ff2 

rrere used to 1-:12.l:e a ?a tterson projection 

P(y , z )= 

This pro jection c,;:-1- v e s har }) pcalcs 1.-.rhich corre !:mond to -\ s -I, 

I~I, ~nd ~~ - he dis t ances,enab lin~ roush ~arw~eters for these 

atoms to be estimated . 

d ro~J ed a t t h i s p oint s inc e the 

a n ~ I ~tom2 ~n;s t be p l a ce d in t wo sets of four - fol d positions 

de t er2dna tion of ;_,,Q ~nu, f:,r 1-1.>ters - n c:1Jc c. S)CCially c'i i ff icul t b";:r 

t ~1-e ,'.:'.b s0nce of c enters of S~/17F:e try in 2-l l but one :9 r o jec tion , 

i ::_'. 1)_n_f 9_ vor2_ble . 



·' r•IO h2s been ll.<._J 3 an d o s cil~ati a n data to be 

ort::--,orhm-:-:b ic :1.E::mihed ral '.'.'i t::1 Laue S}'imn etq,- rtJtw:n. , ~::;_nd unit 

trnnsla t:i.o n::: , Z::: 8 

rn.o1ecules in t ~1. e unit cell. Tne s ::_) ace c;roui) is 

-Fmc. 'i.1he crystal is not suitable 

for a comp lete s tructure i ~vesti5ati on by X-ray d iff raction. 



Note on t ~e Crystal Structure of Potassium Iodate 

Introduction 

.nn X-ray diffraction investigation of KI07, was 
(1) ✓ 

made by Goldschmidt, on the crystal powder. He used a 

cubic unit with 4 0= 4. 46 1 and assigned the p,~rows kite 

structure to this substance, report~ng that no powder lines 

showing any deviation from the ideal perowski. te structure 

were observed. In view of the structure obtained for HI Q7, 
✓ 

( see above) it seemed unlikely that this would be correct , 

and Laue photographs were taken to obtain some qual i t a t 1_ve 

information on this point. 

Experimental 

Crystals of KI 03 were prepared by slow evaporation 

over cone. H2S04 of a solution of K 103 in dilute H2S04. 

Large crystals were obtained twinned always on m(llO), four 

individuals twinning to form a cube but revealed by etch 
(2) 

figures. 01.'h e cr·ys tals are reported by Groth to be 

monoclinic prismatic with 

0 ' a : b : c :::: 1 . 0089 : / : 1. 4 394 , ~= 90 45 

They are colorless and strongly double refracting,showing a 

negative birefri::1gerre, 2V = 45: 

V. M. Goldschmidt, "Geochem. Vert. der Elemente'', VII and VII 

F. Groth, "Chemische Kristallographie" Tell II, Leipzig, 
1908, p. 93. 

3 '3 



·,n indi vidu2.1 n .c,_s cle:?.vecl frm: one of t:1c croups o·;"' four 

c:eys t c, 1s i'ormin_:_:: 2. pse1.-1.clo -c~1.be , 2.;1d lon __ 0xposure _ auc 

(110) vertic2.l) 

electrL: effect s.mc~ 3 0 bclon_:; to e!~ ther c 1as s C(-) 01') ,_, 

intensi tiE;S o.f the stron,;e'.J t ::·eflcctions corres;,o:1d to 

of tho ~ca~ c~ reflections ~re ob ~crve C indic2tin2 that the 

:) ot2.ssim::. 1:i.;1 1:i. io cline a tons c,1,c:; in Jocd tions of cubic sym:;w try, 

r-1.oved from t::-1 c Josi tio::1s of t:1.e j.C:fc:: l lJCl,ovrsLi to structure . 

with iodic nci~,i.e.,~e ~ould exnect that ~iscretc iofa te 

, ·ro1F:is ( IO, .. ',1 y1ould r:Jc n resent, n robc1bl --- J'orned by t hE, 
~ .,_ u - .._ V \I 

iodine 

• -1---
l L, 

Srunr:.J.r-:T 

1.~_.::J_itc1.tivc olJserv2tior1 of t11e inte~s1tie:-J it is cortclucle{i_ 

thn t the structure,~ti~l o based on that oI' Joro~s~ite , devi2.tes 

. ! .L 

..l. V of n. tr)1~1s • 



~iscellancous x - ~ay ~ata 

T>.e follo-.·rin~ c:.2.to. are :-n'es cntcd wi t l1out co1m,e:1t . 

,:__ oci_i "l.m n:i. tro3Jrus:: ide . 1f-!. ,:);
1e ( ClT) r)W . 2E,) 0 

1-...J V 0 

a :b : c = o . ri05 : 1 : 0 . 1155 , ( :~~-1~ot l1 I , ✓:02) . 

'i'he:,~ shovr )OS i ti ve bi:eefrin~_;ence ':ri th ( 100 ) the a:ci2. l plane , 

anisotropy , wit~ 

~ t h e axis of :reatest susceptibility . 

Oscillation photo~raJhs about each axis ~ere taken and 

t ~ e followlnc ~nit translat ions calculated fr om layer line 

0 

11.30 ""'- , 

c;, 
15 . 40 .'l. , 

h ence Z = 4 . Z10 axial ratios from 

t h e X- r2.y J ata a re a : b : c ~ 0 . 7GG 1 : 0 . 400 . 

Cre2. tini ne 1 - r:,.ethy l 

':i.~1is substance crysl2. l l izes f ro;:: cold aqueous solution 

in nonoclinic ;::i r lsr,1s conta inin; 2li0 C )Gr molecule , ~nd efflor-
G 

e scin.c; in air. 

~ t ' ( 1· I T - ~-7 ) ., r o n . _ , :::iu .:i ves : 

0. b : c = 1.1571 l ? ' 

Cle .c: v9._:; c i s co;,tl)lcte 11 2 r D. llel to a ( lO)) . 



• 10 . jJ !'.. , 

clensity,f < 1 . 5 ) 1 . 2 , !,.ence Z = 3 . 

o ::' t ~IC: unit cc 11 c:.ll(l th2.t 

1_Jer:,) endicula r to c . '_/1-:e reflection (00 4 ) is ·::.he stron0es t 

reflec tion observed , in usr eenent with th~ sug3es t ed orientatio~ 

~ood ~aue photoiraphs are obtuined , nnC oscillation 

pictures 3 0 out to t he limit or Cu!: « r aJi a tion . 

Creatine 

~ryst2ls fro~ aqueous solution contain one molecul e of 

\'ia tcr of crys t2.lJ_i :::a tion per nolecule. r:::::.j_e:T nr e monocl:i_nic : 

a :b : c = 2 . 404 : 1 

birefrin0 ence is lon and ne ::;ative . '.i.'i1c 2.xial plane i s (010) 

can b G ob s erved . 

ure□cnts on osci l lation pho to~raphs . 



Cre a tine 

0 

a .. == 12 . 05 1-i 
~ 

0 

b 'I) ].;? • 5 5 
, 

== J-i 

0 

c. = 5 . 1~2 A 
' 

D. : lJ : c C" ;~~ • 3 5 : 1 : 2 . 45 , 

The density ,.-ras found by e::~ ,j(;l'ili1ent to be le ss t l,an 

1.446 and ,srea t er th2n l. 34/1ence l= 4 :nolecules in the 

above u.ni t cell. 

The mo l e cul e s mu s t lie ,:i t h t h eir ~) l ane s nearly per-

·oencli cul2. r to c(OOl) but tilted somer1~,at since t 11e bire-- ) 

fringence is nesa tive. The b asa l clea vase agrees with 

t hi s orientation. 

The substances creatine and crea tinine a re in e :1ui --

libriun in aqueous s olution t he compos ition der)endin,s on 

:pH . In 2.cic.1 solution creatinine i s fo r med s ince it is 

t h e s tronger base . Because of t he e a se of interconversion 

an d the siMilarity in axial ratios and monoclinic an g les 

it has been sussested t h a t t he t wo crystals a re isomor-

phous . The X-ray da t a s~o~ t h i s i s not so. It is 

]) robable t J-:i.,a t t he conf i 0uration of cres.tine is clo s e to 

t:cia t of t he ere a tinine rinc , h ov1e v e r. 



Part II 

Electron Dif f r ac tion Invest igations 



'_i_'.:ie Int e rnucl ear Dist2.nce in the ~" luo11 l ne Lole cule 

::; n t ro cl:.1.c ti on : 

'ir-ne r e exists no s:r_)e ctro s c o~J ic w 1lue for U-ie e quilib-

11 iun internucl e ar c::.is t ance in t he [;round state of t;_1_e 

S}Jec trwn ob tained in 2. d. i s char~;e tube E 1rou ::h Yihi ch t luorine 

0 
t' , G V'1 7 ue n 11 I 7 4 '.:) r .1l .. .., c,,.__ ,J ... 

0 
s::: -- • _; ..._.1 •• A., 

:o r t~e initial an d f i nal s t 2 t es of a transition 

3 i nce ~-h e Em bands do not occur i n o.bsor:::-l tion , 1--1n d t h e ::,bso r ·,.)tion 

2112.xiL:ut1 of ~luor i ne i s not in t hi s re~).on , t he trans ition 

does not involve t ho ,:roun.:~. sto.te of t:oe fluor·ine 1;1olecul e . 

unlil~ely 

c--tn-'·e i• s 0+·1·•,-,,11 ·'- 1-,o ·n I, "'O .L.",1-0-'-.._) , .... l, V-1'-' l,,..:...1. t-~ . .J.. ,tt:::,_ , .:::> L J. c.. l., we may 

2. s suv..e that the spec t roscopic 

r efer to a n exci t ed s t a tc . Z~e only value r o~ortcd f or the 

:~ r ounc:L s t ~1 t e i s , t hen , t he result of 2.n electron cl L"frac tion 

~ ·'. nve-"' .L..i ~n -'· -; 0°--i o f' ·? l ,....,,·n·i J"' e v ·,,,o·,,o ""~' -i c', --,, v· c, ;:;: ~ - 1 L15"+ -~ :' r::: i --·- ,.:.:,v-..._..,.._ .. Li_ -~- __ ____ ,._,~,,.._.L __ _ i. '-~;_- ...,_ • .. ,_. J • • L l .. ... ... (. ... v - - .!. - • .,:; - J . Vv .1.. •• 

faile d ~ut a value 

( 1s ::.Jo ) • 

~- . ·, ( . _.,, 7 '.' ,] -· 
u • . :-:. e V e 1..) •, ~ , _0 ';i;' 



clec tro:n c.7.i.ffr:,c tion r1 c tc::.":';in.:-;. tion ·, , so vs. lr e - ) 

• 1 . 45 ± 0 . 05 ~ , ~2s recardcd as only provis i onal . 

of , 
2 .. l"1C.t 

7 0 

.~:clns used the value 0.04 for fluorine. ~1is leG to 

.'l,.1 Ci V C!..··.; 

• • 
·: _, ::~ 1.1:-:·~ OJ~ 11 ~ ~ l_j_ i , l . 0 0 .\.) ; ( o1)sGrved 

• l . 41 :t O . 0 3 .:. , s UT: 

t able 

._:: iven u covalent radius of ,_:,bout 

"ati nfD.ctory . .n t"=. CC1H'8. te V(,lue o.C the 

i ntc~nuclear tlls t ~nce ~n rluorine ther efo re of int~rest . 

·:. :i. l 2 ci ve 

s;cctroscoJ ic values. 

vc::-~luc of t>c internuclear cl.istD.nce with t h is cl.c::_;rcc or ~:,:.eecisio~1 

( c:. ) 
\ V 

Ve-· ·_," l,8".L" __ C',c'_·.,or.~,-.. .'-01.·.·•_,o.r ,'" .. I1(,L ·c·, · ·: .::: •-c.uc,,1c:on ·; :, ('::: _..)_ • •• '.'. ;"1' (lC;l'"IJ' ., _ _ _,, ..,_ ,.__ \..., _ _· .. e .L e t . ,• l, V V VJ. ~ . ' (.; e .n. e ,I e 1_, e , ~ ' V '- ::,: _,_ e 

( 7 ) 



.i:-'. mixture of nonel c an Das electrolyzed 

The c;as i-1roducecl WE,s ) O.Ssed 

over iu" to I'emove i~F 2.nd t:irouch a copJ er tI'a:9 im.mersed in 

d r y ice to renove e2 .. si ly conJ.ens ~o lc im:)uri ties. SevePo..l 

vol wries of fluorine rier e a llor,-ed to :-Jass throu0h a brass 

container fitted vrith an all-:metal syll)l;.on v2.lve rr:1ich v11:1s 

then closed off and attached by brass tapered joints to the 

nozzle of the electron diffr2ction machine. The system in 

n)_')_ ic:h tl1e fluorine YI::-: .. s handled vms entirely metal o.nd c are 

was t a:: en to elininate all crea se a n d o r eanic ~atter which, 

if vre sent, r e 2cts very r ap idly with t he fluorine. The chi~f 

im_:;:,urities are STi'lo.11 o ... m.ounts of CI<\ rcsultin0 from tl-"Je de-

COI'llJOSi tion of t , ' . t d , O -" ne graJnl e ano e, a n a 2 Lrom the electrolysis 

of E
2 

0 not coBlJ letely remove o_ from t:ne electrolyte. Tl1e 

rate a t v1hich the anode i s attacl-::ed indic 2. tes that the ga s 

probably cont :: .. ins less t~ :..an 3i; CF 4 , anc~ the anount of o2 is 

p robo..bly much smaller since tl-":.e sm>J.ples ·:rere collecteC. after 

20-30 hours elec trolys1s vfr1.icl1 should rer.1ove all II0 0. Sa.rnp~es 
SJ 

of fluorine were a lso collected by condensing the sas to a 

li quid in a pyre.x tr2.p ancl c.istillin0 into a n e v a cu2. ted me t a l 

co~1.kdner. Only very slight differences in the D.p:; ea1·2.nce of 

:) ictures t 2.l~en Yri th different fluorine s2..nples could be ob-

served. The electron diffraction apy1.ratus hc,s ;)een des-

6 ., ., . . . . 5 
cribed ano. a c.iscussion of the present teclmi que :--~ iven . 

Cut film v2s used and a s~a ll correction apJ lied for errors 

(6) L. C. Brock.Y:Cty, :i1ev. lfod. Phys., 8, 231 (1936) 



arisin3 from this s ource. 

Four diff erent sa~ples of fluorine Ga v e twenty- five 9 icture s 

2,rn-: sL,~ :::inim<:':. . In c;encral t :::10rc r;ere only v e ry sl i r;h t deviations 

if 2,ny, from tw rr.ml ,_1i 2, ton ic a1:i1:ie 2,r c.,__ncc. 'Er.Le heavi e r p icture s nore 

on ly 

one or' t no o:.1c - tenth secon d 0xoosurcs rd tj1 2. :::tron3 , but sm:::: 11, 

electron b c an1 . In t i,.i s ';:ay ;;i icture s ni t L rin::;s extencU n:::; to 

s = 30 1.-:erc obtained 1:1:i t hout t he bac ksro~"'ld of incoherent 

t i1.e ap) O. I' c.tu ~, 1.-rlli cl1 resu1 t s , n.o t -:;n ly in an unst02-c.: incs s i n t ::ie 

2. lonz t he b earn . 'Fr1i s L 1v es ti c;.s. tion, alon6 nith t h o se of other 

11 :::/i t mo l e cule s 

condensed out a nd so s-oreads t:i:1rou ,·fr1 tJ:rn an -::iara 'cus causilv· a 
.I.. ..._, - ... I....) 

~ is vnl ta:::;e ~i s ch arce ,thc p icture s ~re as :ood , and the results 

of t~c ~ ictures sho~s t hat incoherent s c a tterin~ i ~ not apprec -



:::;ac>. of us :;_-_,_[;_ s F!C.C.e t vio or n orc s ets of ne2. surc1;:cnts of 

the :r·in.:_; di a.me t ers . F'ro:m t11.ese n easurenents va l ues of 

o a red ~ith the maxima an d minima of t ~ e t heoreti c al curve 

for a r_~jJ1 t omic 1:1ol e cul e ( t;·1e function Sin J s with )= 1 
,/ fl 

y;c._s used ). V3.lues of' t he inte:c>nuclec..r d i s tance ( .'.?--) 
so 

so ob t a ined ~ere averaged for eac ~ se t of me asur ffinen t s and 

t h ese a verages, along with t heir a v erage Qe v lations for 

eigh t sets of measurement~ are sho~n in Table I . 

Table I 

Ovserver r o . of fea tures 
incJ.u c:ed in 

2. v e r a c;e 

:To . of r '1. ef1s . 

on ec,ch 
fcc..ture 

Features i n -
-i ., :) • 

C J.UU.CC ll1 

Av er~s e r Av e r a3e 
=)evi a tion 

v. s . 

v.s. 

v. s . 

7 

7 

0 

" 0 

7 

7 

6 

9 

5 

5 

10 

5 

10 

10 

5 

C' u 

2nd na.x .-5 t 11 max . 

2t1d n12.x .-5th :ril :1.n . 

2nd min .-5th ma x . 

Ii 

:2n d T:'l8.X • 

Final li.v e ra.;e 

0 

J. . ½: ~~ 8 .~ 

1 . 430 

l . 1.:37 

1.401 

1 . 432 

1 . 430 

1 . 435 

C:' 
1 . <:34: 1~ 

Th8 :irecision of the s e n easurcmcnts i s 1/3 of 1;t . 

0 . 008 

0 . 004 

0 . 004 

0 . 004 

0 . 005 

0 . 005 

O. 'J0 4 

0 . 008 

0 . 005 

'l~"J.8 

accuracy of the ele c t r on d iffracti on me thod a9J l i ed to other 

cUa tonic I!:.Ole c-ulcs , vih ere cor11:9ari son ·:ii th s::,e c t roscol) ic 
4 

V [ '.J.U8S i s l)OSs ib le ~ i s in a11 c as es b e tt e r t h2.n 1;s , hence 

it i s :i.r.F:i robable t h2. t t h i s re suJ.t is in e rror by Hiore t 11an 

~ 
~i 

• 1-1. 



±. 0 . 01 ~ram thi s value we Eay c a lculate, u s inc_; Bad.:;er rs 

'l'hc v a lues w 8 ::ir lO GO cm- 1 

rmcl w 8 =- 892 cr::- 1 o. re obtained usi n:_; t11.e cons t ants cnm' 

di j, fo r colunms and for ro\·Ts of t l1e ) erioclic t abl e resp ect ­

ively. 

S UJ'.IT,10. rv 

~he internucle ~r d istan ce in t he fluorine molecule 

has been founc~ by t he electron d iffraction method to be 

e. 
F -F= l .435 t 0 . 01 A. 



ihe Electron Diffraction Investi~a tion 

of 

Tellurium Dibromide 

Introduction: 

An electron di f fraction investi~at i on of tellurium diha-
( 1) ' , 0 

lides was made by Grether who reported the va lues Te-Cl= 2. 36A, 
• 0 

Te-Br= 2.49A..,.and 4-Br-Te-Br and 4- CI -Te-Cl ~ 150. The va pors 

of these compounds show extensive band sys t ems in absorption 

and vari ous investigators have studied t hese s pectra. Wehrli 

reported t ha t TeCl2 is nearly linea r in both t h e ground and 

firs t excited sta te,frorn an investigation of isotope effect 
( 3) 

i n t h e spectrum. Larionov on the other ha,n d ,,co:1 s idered 

tha t the anp;les were closer to 90~ The interpretation of the 

spec t r a is, however, very difficult and, in the a bsence of 

a complete anal ysis of any of these spectra, the conclusions 

of the above au thors carry little we i ght. 

One wou l d exuect t hat the bond s in these comoounds would 

be p bonds -.· i t h some s charc:,c ter g iving an angle betwe en 90° 

and 109°281 a.s is the cas e for SC12 (.Cl -S-CI -=103° ) and for 

Se and Te in the crys tal (,Te-Te-Te =-102° ) . In vi ew of the 

a bove resu l t s tend i ng t o establish a nearly linea r conf i gura­

tion for t he tellurium dihalides a rr:ore ca reful investigation 

of one of t hese comt)ounds by t h e electron diffraction method 

was considered desirable. Tell ·.1rium di bromide is the most 

suitable of thes e because it is stable in the vapor st~te 

( 2) 

and has a ~ore favorable r a tio of structure factors t han TeCl2. 

The angles should be similar f or SeCl2, SeBr2, TeCJ2 and TeBr2, 

hence a value (o~ the l at ter will establi sh t he others to within 



a few degrees. 

Experimental: 

Powered t. p. tellurium metal was pla ced in a tube and 

c. p.· bromine added in sl i ght excess. The mixture was heated 

until the reaction was over and the product then distilled 

in vacuo to remove halides of he avy metals, Br2,and TeBr4. 

The product was sublimed in vqcuo and placed in the high­

temperature nozzle of the electron diffraction ,-nachine, avoid­

in~ contact with moist air. 

A series of photographs obtained using temneratures up 

to the boiling point showed maxima out to S=28. 
(4) 

Tellurium dibromide was studied by Yost and Hatcher 

who report that the vapor is not appreciably dissociated until 

750°. Selenium dibromide and dichloride de c or,11)ose in the 

vapor s t a t e , and may no t b e s tudied by t he electron dif-

fraction method. 
( 5 G) 

':i:he r esults of t he radial distribu tion tre a t ment' 

2.re shown iE Table I nnd in curve R of • t s.1.e f i~ure . Tl1e 
0 0 

·0ro~·1in0nt p eak a t 2 . 52 A. ancl t ~rn sr,wl ler on e a t 3 . 80 A. 

may ~e t aken as r epresenting t he Te-Br and Br-Br d istances 

rcsi)ec ti ve l y ; t he Gr-Te-Br an .::; le is t hen 98°. The asym-
o 

me trice.1 peak a t nbout 5 A. is vri tl-wut s i gnif icance--in t h e 

curve containinc; onl:r ne0 a ti v e coeffi cj_ents a dee r> mi n i mum. 

appear s in this regi on . I f t hese coeff ic tents ·we r e nu l ­

ti p li ed t h rou5h by t he ~roper f ac tor, the total curve 

7 t , b , t· ' t 7 "O <i? ·would be near_y snoo i-1 eyono. n e ~)e[LC o. o. o .: .• Fal se 

9eaks at abci ssae ne.e.rly t v1ic e t h ose of }) roEin <:;n t fea tures 

a re conmon in r 2di 2.l d i s tribut i on curves . 



The theoPetic a l curves were c a lcul2. ted with the use 

of t h e f ormula 
2 (z -f )re . (22!-"" $--} f- ..!..... ~ ( r :r tr) 

To,/. 2 .s1 (z- fJsr A,br, io r to 

where Z is the a tomic number, f the a t om form factor, r 

the Dr-Br dista n ce, and q = 'lff ~ ~ Though 2, ccount 

was tal-::en of t h e vari a tj_on of t h e s c a tterinc coefficients 

, it was f ')und t ha t curves dravm ,vi t h atomic numbers 

a s coefficients were also satisfactory. 'I'he Te - Br distance 

'Ha s t uJcen as 2 .51 ~ - in all cases. The mod els are A, r = 3 .70 11 ., 

* 0 0 0 0 
100°• Br-Te-:?ir -- 95 • ; B 3.77 ti 97 . 5 . c, 3.85 CJ 

' ..,_ . ' , ...... , , 
0 

105°; ~ ., 155°. D, 3 . 98 A E 4 . 90 .h. . , 

' 
B and C both rel-:iroduce nearly suffici ently i_;,rell the 

a p)ea rance of t h e ~hotoeraphs. One ob s erves tha t t h e third, 

fifth , and sevent h minima are shallow, but decre a sincly 

shsl low in the order na.,"ned . The fifth, sixt h, s e ven th, and 

ei3hth ma xima decrease nearly recula rly i n intens ity, with 

t he sixth a l ittle more proffi inent t han the re s t. Our c on ­

cl11sions are tha t the ~hoto3raphs would be best represente~ 

by a curve intern1ed iate between Band C, a nd we h a ve ch osen 

as Y11.ost }:)robable t he anc le 98°± 3° c;iven by t h e r a di a l 

di s tri bution curve . Con i)2.rison rritl1 B ancl. C (Table II), 

0 
0 j_ ves Te-Br =- 2 . 51 A. This anc; l e 

0 
of t h e v a lue 101 which h a s been 

is rea sonable in t h e lis ht 
(7) 

rep orted for sulfur d!chloride, 

and the lcnown tend ency fo1~ bond an0 les of e le:,1ents in o. col­

u..rnn oC' the periodic t able to decre a se Vii t h incre&sin:; 

c. tomic nUY11.b e r. The Te - Br dista nce is t:1.e su.E1 of the co-

valent , . i8 r r,cn . 

0 
Curve E, i:: i t h k Dr- Te - 3r-== 155 , h as been included because 



it h2.s been 
( 1) 

re?or ted t hat t he bond 2n3le in TeB~ is 

c;reater than 150°. Tl1is curve bears no rela tion to t h e 

appea rance of our pho t osraphs . ~ ~ider ancle is also not 

possible: curves for such models show recula rly spaced 

s tronc r.w.xima fallinc.; off soT.1ewh2. t more cr•adually on tlJ.e 

outside; these do not corres) ond to t he ~:hotocra:)hs . 

The structure of TeBr:2 has been redetermined b:.r the 

elec tron diffr ac ti on method. Te-Br"' 2.51 ~- ±- .02 



'i~urc for .1elluriu.ri. Ji"!JI'O' irie . 
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Table I 

Min. Max . qe,(.s 
T Ck ..l. 

1 9 . 23 10 9 . 5 
2 13. 94 -10 - 9 .0 

2 17.54 10 8.5 
3 21.52 -5 -3. 9 

3 25. 87 8 5. 6 

4 J0 . 08 -10 - 6 . 2 

4 3J. J3 12 6.6 

5 37. 62 - 6 - 2 .8 

5 42 . 04 8 3 .1 
6 46 . 39 -10 - J . J 

6 49 . 92 10 2.8 
7 54 .14 -7 -1. 5 

7 57. 92 8 1.3 
8 62 . 62 -10 -1. 3 

8 65. 62 10 1. 0 

1/f. 



Tabl e I I 

r ~ 
J.:- ...1.. n . q/qc. ( B ) q/ ~ ( C) 

Liax . q obs. '-lcJ_B ) q.,,,Jc) 

1 S . 23 10 . 4 (1. 127) 10 . 3 ( 1 . 11 6 ) 
2 13 . 94 14 . 2 1~01 9 14 . 0 1 . 00 4 

2 17 . 54 17.7 1 . 0 09 17 . 5 . 9S8 
3 21 . 52 21 . 5 . 999 21 . 6 l . 'J04 

3 25 . 8 7 26 ... 5 .9 86 26 . 2 1 . 013 
4 30 . 08 30 . 0 . 997 29 . 9 . 994 

4 33 . 33 3 3 .5 1.005 33 . 3 . 9S9 
5 37 . 62 37 . 1 .986 38 . 0 1 . 0 10 

5 42 . 04 42 . 3 1. 00 6 42 . 0 1 . 000 
6 46.39 4G. O . 991 45 . 7 . 98 5 

6 L19 o 92 49 . 6 . 993 49 . 4 . 990 
7 54 . 14 53 . 5 . 988 54 . 3 1. 003 

7 57 . 92 58 . 2 1 . 005 58 . 0 1. 001 
8 62 . 02 62 . 0 1. 000 6'1~'3 .988 

8 65 . 62 65 .5 . 998 04 . 9 . 990 

Average . 999 . 999 
Aver age devia tion . 0 07 . 00 7 

Final Te- Br 2 . 51 i . 2 . 51 lt . 
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Part III 

Det ~rmination of Map:netic Anisotropy 



The Determination of the Magnetic A.n.isotropy of Crystals 

I. Introduc tion 

It was discovered by Faraday t hat t he induc tion in a 

crystal is no t i n t he sam e di rection as t h e applied f ield 

but depends 1 in general, upon direction, the magnetic 

constants i n d ifferent d irections defining a triaxial 

el l ipsoid. Qualitative measurements of t he susce ptibilities 
(I S ) u (16 ) (17) 

of crystals were made by Tyndall, Plucker, ~railich and Lang , 
(1 8 ) 

and Rowland and Jacques, and l a t e r., quantita tive measurements 
(4 ) " ( r:, ) 

on a fe w diamagnetic crystals by Stenger, Konig , and Voigt 
(2) (19) 

and Kinosh ita, and on par am agnetic crystals by Fincke, 
(20) (3) . 

J ac kson, and Rabi. The relation of the magnetic constants 

of a cr ys t a l to t hose of t he individual molecules building 
(1) 

it up was first shown by Krishnan. He showed t hat d iamagnetic 

crys t a ls of aromatic s ubs t ances sh owed rela tive~large anisotro­

pies and t hat if the magneti c cons tants of a single molecule 

cou l d be estimated those of the cryst~l mi ght indicate t h e 

or i en t ation of t h e mole cules in t h e crystal. 

A va lue of t h e prin ci pal susceptibili ti es of a molecule 

can be obtained f r ol!l a knowledge of t h e Cotton-Mouton constant 

f or the li qu i d and t he depolarisa tion factor for l ight if 

we can as sume an axis of symmetry for t h e molecule. Th en 

t he principal susceptibilit i e s of t h e crystal mus t be obtained 

by the tens or addi t ion, f or all t he molecul e s in a unit cell 

of t h e crysta l , of t he constant s for t he indi vidual molecules. 

Since th e induc ed moments are very s mall we may neglec t the 

interactions between molecule s and their or Lenta tion only is 

signii"icant. 



~.Intro6uction 



II. General T}-:eory 

A crys tal olaced in a mas netic fiel d experiences a 

-magnetization IT :_) ropor t:l.onal to tl'"le a_p) lied f i el.cl : - ...... M-XH 

,:rllero X is the maznetic suscep tibility per unit volume. 

substances X is o-r the -6 order of -10 cgs 

in a direction op~osing the fiel~, and its mag-

nituQe de,ends chiefly on the distribution of electron 

density in the constituent molecules or atoms. For para­
-3 

magnetic ,:,ubstarices Xis about 10 cg s (e ·-r.. v . . ) 2_nd de-

) ends on tern erature. Th e ) aramagnetism arises largely 

from the ) resence of u.11.i)aired electrons in constituent mole-

-cules or ions. Xis independent of H for both these cases 

but not for ferro - magnetic materials. 

~ ~ LI does not have t:i.1.e same direc.tion as H, in general, 
,._ 

but the components of I.1 a long any three orth ogonal direct-

ions ar-e linear functions of the field components-; 

1-i v H 
k = Aki k 

Since TI is a contravarient tensor and H(~ -~L) a covariant 

tensor of r ank one, t h e coefficients Xki tr 2..nsform as a 

doubly contra.variant tens or of second rank, 

V C r, '" 1 ( ·f' ' • a es) Aik = il "' l::m -"-e m - or car-cesian ccX , 

and dep end on the orientat ion of the crys tal axes to the 

coordinate axes . 

Xki = x1k by conservat ion of anergy , ancl t he tenso r is 

syrnr,1e trica l. 



II. General Theory 

The susceptibility in any direction is obtained by a trans­

formation of axes from ox, OY, oa to oxl, oyl, oz.l; when • 

X is desired in the o-i.1 direction, then x13 = cf3 X11 + 

C~3X22 + C33X33 + 2C13 C23 X12 + 2C13C33X13 + 2C23C33X23 ( 1 ) .. 

where the C1k are the direction cosines of t he unprimed axes 

with respect t o the primed ones. 

'fhis is the equation of a '.:.riaxial ellipsoid so we may 

choose the coordinates appropriately and obtain 
1 2 2 2 

X33 = C13 X1 + C23 X2 -t-- C33 X3 ) 

where X1, X2, X3 are the principal susceptibilities along 

the three orthogonal directions of pr 1- ncipal 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 susce ptibility is limited 

by the crystal symmetry. Magne tism is a centro-symmetric 

property so only the 11 Laue point groups need be considered. 
non-wb,c. 

These reduce to 5 gr oups here since allAgroups with an axis 

of order higher than 2,(the order of the tensor), have t he 

same restrictions. 

The transformations of these fl ve symmetry gr·oups apnlied 

t o the X1k's give the non-zero components. 
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II. General Theory 

~bus in the triclinic system t he ~rlentation is arbitrary. 

In the mons clinic system one axis of the ellipsoid must 

coincide with t h e t wo4'old :1.xis of the cryst""l., the other two 

are in the (010) plane with f' 'rhe angle from X1 to C. In 

the orthorhombic system>and highe½ the axes of crystal and 

ellipsoid are coincident. In uniaxial systems the ellipsoid 

is one of revolution and.in the cubic system, a sphere. 

There is a relation am.on_::; t he principal rr;agnetic 

-cons tan ts of the crystal, viz., X1 + X2 + X3 m 3X, where X 

is the mean value found from a measu rement on the crystal 

powder. Thus a measurement o·f two va lues of AX with the 

crystal in known orienta t ion (combined with a measurement of 

'f" in the monoclinic system or!1 'r2 y,,; in the triclinic system) T 1, , .., 

will give the absolute values of X1, X2, x~, if the valu2 of .., -Xis known. 

Methods of Measurement. 

The orientat i on of the rr.agn"' tic ax.es with respect to 

the crysta l axes for monoclinic crystals may be measured 

d \rectly by obs ervation of the orientat ion of the crystal 

in t he magnetic fi eld. It may also be obtained by ~easurement 

ofAX about t hree cryst-:tl directions from whichYand the 

anisotropies can be found by equation(l). 

The anisotropy may be measured by directly determining 

X along the principal axes (Voigt and Kinoshita( 2 ), Rab1(31 

This method is mo~~ di f ficult and gives a less accurate value 

.rt 



II. General Theory 

I~ethods of J\foasurement 

than the method of Stenger (Li) in whi ch a sphere of the material 

is suspended from a qun.rtz fiber with a 1mown axis vertical 

in a homogent>l:!)_S magnetic field and t he couple acting on 

the crystal measured. This iscbne by measuring the angle <j> 

through which t he crystal moves when the torsiGn fiber is 

rotated through a measured angle, CX radians. 

If, for convenience, we say x3 is vertical and perpendi~ . 

----cular to H, and x1 t h e axis of greatest susceptibility i n 

the plane perpendicular to x~, then 

Xh=X1 

X in any direction 

between X 1 and H. 

,/ 

Cos
2

~ + x-
2 Sin2f is t he value of 

i n 

The 

t h e Xl . X2 plane where f is the anp::le 

couple acting on t he crystal is: 

(-½ XhH2V), Where E = potential energy 
of cryst 9,l in -field. 

If the torsionconstant of the fiber is k, a nd X molal is used 

instead of X per unit volume, 

The value of x1 -x2 may be obtained from I>( and ~' or, 

more easily, by measuri77p; t><c, the value of C>(_ when the couple 

is a :naximum (f; == 45°) , t'~en 

k (fXc.-11J4)=iH2 (X1-X2),. 

This is observed directly as the point beyond which a small 

incre;:tse in 0(. causes t he crystal to rrove through a large angle. 



II. General Theory 

Methods of Measurement 
.1.' he couple ac ting on the cryst~l may also be det ermined 

from its period of osc i llation in and out of the field. 

An anisotropic crystal is subj ect to a varying force when 

oscillating in a homop; enous field and the equatio!l. of mo tion, 

obtained by equating the accelerating torque to the angular 

acceleration for simple vibratory motion plus a term represent­

ing th~nstantaneous magnetic force on the body, is 
d2 - -r,-c.,r 

I dt = ~ 1 + V H 2 (Xl-X2)Sin ¢ CO.s~,, 

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

the crystal aboutits 

This reduces to 

and SQ can only be integrat~d for the ca se of infinitely 

small vibrati~ns. 

T'l en 

or - T12 - T 2 
- T12 

k M 
H2 m , if I is not known but k is. 

The values of T1 must be reduced to infinitely s mall amplitudes 

of oscillation. 

If the anisotropy of the crystal is large and the field 

sensibly homog 0 ~ous then the crystal may be used in its 

na tural form rather than a sphere. These methods have been 

applied by Krisnan et al. (6 ) to a large series of crysta ls 

and t h e method has been discussed (see Lons ~ale(7)). 



III Experimental 

CJ ) Apparatus 

The apparatus used for the measurement of crystal 

anisotropy is illustrated diagrarnmat1-cally in Figs. 1 and 2. 

The magnet has a square yo ke wi t h the pole pieces centrally 

placed. 3 11 diameter plane parallel pole pieces of mild 

1 t b f 2 d ~h 1 d. stee , separa ed . y a gap o cm:., were use . .,_ e w. n , ing 

is in four parts,of 300 turns S. C.C. enameled copper wire ea ch> 

separated by pancake coolin~ coi~,of 3/8 11 copper tubing 

through which cool water is circulated. A field of 8375 gauss 

was obtained a t 12 amp. and could be maintained without 

heating. A revers ing switch and va riable resi s tance 

was provided for demagnetizing the iron. 

·rhe torsion head was mounted on a shelf about 60 cm. 

above the magne t !=i.nd cons isted of a 3" ball bear.;.ng to the 

bottom of which was attached aluci~ disc and to the top a 

protractor and knob for turning . 

The torsion h ead pin was fixed ln a seco:1d. lucite disc 

which was attached to the first by.contac t-a film of oil 

he ld t h e di scs together but enabled the lower one to be moved 

to center the s us pension. One e nd of the quartz 

f ·;ber was a ttached t o the pin, the other had a short, stiff, 

g lass fiber 2 co . long ne rrnanently attached to it. This was 

suspended centrally between t h e polepieces and t he whole 

shi elded from a tr currents by glass t ~,.be and box (not shown). 
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III.Lxperinontal 

~oloTI the crystal t h e apparatus for vicwinz the cryst~l 

·:·as 2oun tecl so the obj ec ti ve c~:rne about l ·~_ :; d:i.I'e ctly bclov1 

t::-~c enc: of tr~c s1.u;rlension. 7-:,e :'.1ount i n.::; provided. ::notion of 

t:-w ::1icroscope "..,;,) r,.nd U. O'im., fo r focusin,:::, and in tYro r, e rp en-
. 

d i cul 2.r c:11,c c tion~ no n nn.J. to t'.1.e cr·;,7s t::1:i. to enable t:ne 

cryst2 l to be brousht into vie~ . 

• • t ( ~- -- ) .1.• 77 ,,·1 e·'""·n··· .,,.,.o c-. ·,..,"' ''S ·;·J·•·• >- .,.,_,~" e"'ce-:--. l,i ,:, , _r -=, - ~• ~ .., U •~ . .._ J..._ 1....,,,..1. .._._ I.A ·- -v • ,_, 'Il le-., - ,.J •J ~J. C.:.. --J ....... 

45° to the line of obsorvation,to e n ab l e the eyepiece to be 

placed in a conveni ent ~osition psr~endicalar to t he suspen-

sion. Tl1e obj ec ti ve w.·J.s a :,~ :r 2ausch and Lomb :: i c1,osc0Je 

Schmidt ~)olarimeter. '.i.'~10 .:::;r::tdu2.teC::. scl'lle i s :::;ro.d1J.aj:; cd. i:.1 

;::, rovi c.1ec1. n :.:.or t:~rc ct obscrv::!_t ion o"C' t >c c. r~: s t 2. J. 



III. :S::::.""J erimental 

(b) I:ethod 

The mo.cnetic field stren ;:;th 1.·12. s meas-c1red for· o. ro.nze 

of cu}rent v c.. lues from 3-15 ar1p eres by me2.surin6 
L' , "t.,ne c.L1arc;e 

y;h en a search coil w:J. s removed from the field, usin0 2. 

b a lli s tic galvanometer. Th e g a lvnnon eter was c a libra ted 

o.gainst 2 .. st2 .. 11Ctar d_ n1ut11a l ir1cl 1---~c L.::~11c c r1Itl1 :2) c c o 1~ c_~-~~-r•~;- ~} J .. r1.c ec1 

i n ~er1 ~s ~1 t h t~e se a rch coil. 

Tl1e inhornoc:;enei ty of t:r.1e field was es tin1a tecl b::t sus-

) Cnc"i inc; 2 cryst l of lCI of kno-.;;n o.nisotropic s 11.a:)C and 11 2 s$ 

in tl1e fi e ld s.n cl r-te 2.surin0 U-1e tor ,1ue on j_ t. The results 

a re ex.p re s sec j_n terrn.s of t l'~ c crysta l anisotrol')Y equiva lent 

to thi.s tor ~1ue, ( see belov1 ). It wa s reduced b y a trial 

r:mc1_ error s }1irnmin:::; of the wa0net, and by movin,s the v✓incJ.ings, 

but could pot be No.rrowing the gap failed to 

reduce it so t h e 2cm. sap v a s retained a s most convenient. 

Crystals were 1;1olmtGd with a knorm azis vertical in the 

follo wing m2.Tu10r. A thin 6 1 2.ss fiber nas set vertical on o. 

coniometer h ead in a two circle goniometer. The crystal was 

mounted on this fiber in the field of t h e soniometer with 

t h e desired axis a p] roxin ately vertical using s h ellac dis­

sol vec: in a suitable sol vent ( one in which the cr-ystal is 

insoluble). The crystal -.vas t h en move c~ until it v1as cor­

rectly oriented, as dete~dned by observation in t~e son-

iometer, 2.nd vras lcep t in this ~) osi tion until the shellac 

became firm. :Some tbie \'las allo1.'1ed to mak e certain t h e 

cryst2.l d id not ~ove. This gla ss fibre was noD attached to 

'- I 



( o) 1:ethod 

that the fiber was parallel to the susp ension. 

1h c orientation of the crysta l in the fiel d coul~ no w 

bo observed by detenninins the orientation of a developed face 

or ed: e Dith respect t o t h e cro : s h a ir of t h ~ vi eTiin~ system. 

to tl1e crystal in 1.=nov.':n. oriento. tion, usi:.1.c; the:; ,sonio:met cr, so th&. t 

the orieri t r~ t:1.on L1 t:i.1c fiel C:i. cou~, d now be r,easurcc:.. 1Y/ r.-:e2.su.rins 

the orientation of the fiber. 

1,: noclinic 

directly by recordinc t h e ~nz l c of a f 2c0 or the cross fiber 

in t }1c eye~iece,the an:le correspondin3 to the field dir ection 

n E-.E,dl s o :;.' benzil (or ot}1er 

sui t 2.ble in the; field and notinc; t}w direction of 

it s e6.:;e in t 1~c cycyi 8ce-tl: is i s t~::e i' i chi c"i.irection . .S ince 

by t he 2ccura cy of t ~e c~nstruct i on or t ~c 0u~tin~ . 

tb.c t orsion :1.ead m1.tiJ..,'i,'hen observed in tlce viffi:in:: s~-ster,,, 

tors ion h e2.. ,~. r;asnov; r, loi:.r l;:,c rota ted until it ':.' ::... s 2- t 45° to the 



III. Exnerimental 

(b) T,k thod 

angle. 'rhe read::i:ng of the torsion head for this position 

is recorded (o<'c). 'rhis is repeated, rotating the t-:)rsion 

head in the reverse direction,and values recorded. 

About 6-10 measurements were made at each field strength 

and, in general, measu rements were made at two field strengths, 

8375 ~auss and 6000 gauss. 

Measurements were also made on two or t ~ree dl~ferent 

crysta l 2pecimens in the S'.1me orientation, where possible, 

and three values of AX obtained for each crystal ( the t h ree 

orientations used de nended somewhat on the developed face-s 

of the specimen). 

The mass of the crystal was determined by welghing on 

a micro.or semi-mioro,balance. 

The torsion constant of th~ f:ber was measured by sus­

pending bodies of l·nown moment of inertia from the fiber and 

measuri·'.lg the period of oscillation. A piece of aluminum 

rod of known mass and length was suspended from its center 

of gravity, and caused to exe cute small oscillations v1hich 

were timed wi th a stop watch. 

I = moment of inertia of body 
T0 = period of oscillation 
k : torsion constant 

For fibers of very small torsion consta nt the period becomes 

long for bodies with a moment of inertia which is a crurately 

measurable ( j.e ., errors in measurement of length and mass are 

less than l-2J0. Since the oscillations damp out rapidly the 

b3 



III Experim0nta l 

(o) Method 

period is ve ry difficult to me a sure in this way for t h jn 

fibers> and it is more practicc3, l to mee. s ure the t orque on 

a· crystal of known anisotropy and calcula te k from this. 

For the fiber ·,1 sed in most of these experiments: 

Aluminu:r rod m = 0. 02670 gram, 

I= 

1 = O. 754 cm., 

ml 2 
12 = 0.001265 

k = 5.73 X 10-5 

IV. Discussion of Method 

2 gmcm, 

T0 = 30.0 sec., 

2 sec- 2 . gm cm 

Iha pe r fe c tly homogen~us fiel d the only tor1ue on a 

spherical mass of cryste. l is that d\J.e to i ts magnetic 

anisotropy. If the shape deviates from cylindrical symmetry 

about the axis of s uspension,there wi ll be a couple due to 

this shape anisotropy tend i ng to rotate the crystal so that 

its long axis is along t he fteld. Th e force on a diamagnetic 

substance is toward wea'ker fields , and the field Hl = H -:.;; 01"\ 

inside the body is le,?.s t along t he long axis since the 

demagnetizing f 2ctor Dis least then. For a prolate ellip­

soid of revolution of semi-major axis m, semi-minor axis n, 

and permeabili ty,fl, suspended from its minor axis, where 

~is the angle between the ma jor ax is and the field, 

T' = 1/6 (µ.-1) m2n H (H-Hl )Sin 2t(. . *) 

Since H-Hl ~ (f-1 )H and f- -1 ~ 10-6 for diamagnetic subs tan ces, 

T ~ 10-7 gmcm2 sec-2 , for m ::=. 20n . 



IV. Discussion of Method 

Th is causes a rota tion of abou t 0.01 r adian when k= 5.7 xio-5 

for t h e torsion co~st nt of t he f ibe~hence it may be 

neglected. 

In an inho~oge nerus fi eld t here is n o torque on a s phere 

of isotropi c mat eria lJbut t here is on ~ b ody ~hose shape 

dev i a t es from cyli ndr i ca l symmetry about t h e ax i s of suspen­

sion. This tends to r ot a,te it so its length is in t h e 

position of minimum de mafne tizing force. This torque is 

e quiva lent to a m3,gnetic anisotropy in t h e body of ~,and 

gives rlse t o an error in t he result, s :L'l.ce this torque ac ts 

independently of that due to ~agnetic anisotropy 1 and cannot 

be separa ted from it. Th e value of¥ wa s measured using 

a plate of a cubic crysta l (see above))and amounts to 

.6.f~0.01 to 0.02 for t he field used here and a body with 

m = 10n. Hence for crys t als of regular shape and l arg e 

~agnetic anisotropy t ~e error i s small (abcut 1% for a c:rysta 

w·. th m = 5n andAX = 50)~ but f or a l a r ge d ifferen ce in 

dimensi on s and a s mall anisotropy t h e error is l a r ge an d it 

is not possible to obtain r e l i.abl P va l ue s of AX. I n s uch 

ca ses it is pos sible to su rro'J.nd th 0
' cr ysta l by a bath of 

the same volume su sc eptibility and so elimina te largely the 

torqu e due to shape anisotro py which d.e11ends on (X crystal 

-X medium). (Krishnan (6 )), 

Th e inhomop;e~u s component of t he f ield causes an 

additional torque on an anisotropi 0 crystal. A s phere of 

anisotro pic cry s tal will tend to be r ota ted so t ha t its 

axis of gre a test s usce ptibility is t be positi on of minimum 



IV. Discussion of TTe thod 

demagnetizin~ force. Since the long axis of the crystal 

and the X1 axis are not related it is not possible, in general, 

to calculate the ~fPct in a g iven case and a ~. tempts to 

correct for t hes e effects have not be en fo und prac t ic al. 

A th i rd effect which enters is a translational :Poree on the 

crystal due t o the inhomoge:ne.ous component of the field tend­

ing to move the crystal to t he wPa~est pqrt of the field. 

This is ve ry s m~1ll, but t :1e bending moment of a l on~ qu8.rtz 

fibe r is so small tha t the effect is in some ca se observed. 

Since the field is cons tint to 1% in the space within wh ich 

t he crysta l can move,the error introduced in this way is 

s mall. 

The torque due to crystal anisotropy is independent of 

the distance of the center of gr avi ty f rom t he qxis of 

suspension (since t he magnitude of a couple is the same 

for all axis t hat are parallel),and t h e couple produces no 

translation,so the change in rota tion is about an axis through 

t11e center of mass. However, t he torque in an inhomop; eneous 

field may increqse with this ~istance,hence it is d~sirable 

to h o,ve the crystal suspended as ne 'lr ., y from the center of 

mass as possible. 

The anisotropy of a crystal may thus be rn e ,, s ured with 

so~e a ccuracy by sus pending t he crysta l in its natural shape 

w'th a known axis vertica~ ~nd ~eqeur \ ng the torque on it 

in a ho:::1ogereous field. 

The alternative method of ;;1easur ing torque, le., by 

measuring the period of oscillatio~ of the crystal in and 

out of the fiel ~ , was not us ed since it i s subject to the 



IV. Discussion of Me thod 

same errors as the above and is less co 1venient. In order 

to obtain accuracy in the result using equation (S)(abovet 

t he period must be measured for s mall amplitudes of oscilla­

tion which makes t he experiment rather difficult. 

The value of ~X (and mass) varies widely with ava ilable 

crystals and as a result periods very inconvenient to measure 

are enco untered unless different fibers are used for e c1 ch 

crystal. If a method of count ing small amplitude oscilla­

tions of a wide range of periods were available this wo~ld 

be a useful method. A photoelectric relay and co'mter 

using a beam of light reflected from a crystal face might 

be used. 

The nrecision of the meas urements may be estim9.ted-

Sk 
T 

The mass was measured on a micro >or semi-micro~ 1::,alance 

and was accurate to better than 1%. The field strength is 

measurable to 0. 5% but may not be const:mt or repro dv.cible 

to that~so 1% is a more reasonable probable error. 

The angle tx.c.. is meci,surable to 0. 01% or better but is 

not reproduci ~le t o that accuracy. Fluctuations in tempera-

ture, air currents, an::1 fluctuations in H,may cause an error 

in the measurement of P<.c. due to irreproducibility of, say, 1%. 

The measurement of the torsion const:1nt of the fibPr, 1{ , 

involves t he me ~surement 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. 

67 
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Then ~6X ""0.05 ,, 
X 

While absolute values have this probabl~ error, relative 

values of 6 X obtained on the same crystal have only the 

error in ex<:. contributing. 

Measurements oC:~X are, in general, reproducible to 

within 5% although individual deviations from the mean may 

be higher. The valu~ of the ans le "V can be read to±. O. 2 
0 

but is reproducible t0 only about ±0.5: In agreement with 

these general considerati 8ns of the accur qcy of the method 

results of different authors usually agree to within about 

5% although t >ere are many cases of great""r deviations. 

Certain errors are possible which are difficult to esti~ate. 
. 0 The desired axis r.!ay not be quite vertical-up to 2 this 

should C:ause no appreciable error a:1d t he eye can detect 

deviations from vertical of this order. This error could 

be eliminated entirely by mounting an autocolli1f¥3,ting s onio­

meter perpendicular to the axis of suspension. Imperfections 

in the crystal or deformations s ·,ch as often occur in organic 

cryst2ls cause variation in results from specimen to specimen. 

Large crystals which are as uerfect as possible are therefore 

used. 

The properties of quartz fibers are unique and Take 

them especially suited to this purpose. The coef.,,. '.cients of 

thermal expansion and hysteresis are both small. The Youngs 

modulus Y= llxlo-11
, the modulus of' r'.gidity Z = 6.6x10- 11 , 

the value off for failure ~ 0. 06, and the valu8 of ¥ for 

failure~ 0.05. The strength thus com~ares with the strongest 

materials and a fiber 5fin diameter ca.n be twisted through 

6tr 



IV. ~iscussion of Method . 

20 revolutions per cm. before it fails . 

The elastic limits for normal and tancential stresses 

coincide vii th lJOint of f a ilure, hence , even in cases where °'' lc)a.s 

200 revolutions, the elastic limit Tias not ap9 roached. 

'l'l1e fibers used here sl1ould sho-,·1 a f a irl:r constant value of 

the tor s ion constant for t he variations in room ten:erature 

shoul6 remain con stant for t he small variat-

ions in loo.d 2.ncl for V<"~rio.tio:'.ls in anc;le of rotation ~ temper-
_ L,_ 

ature coefficients of Y and Z are~ 10 ~ J er d egree). 
-12 

Tl:.c Litern:tl viscosity is ve1°y lo·:r,~::: l x 10 ooises - > 

~1ence f or ) eriods of t he ord er of 1-100 seconds t he vib-

rations should cla:1:p out very slowly . i:..ctually t:he dam:,n in0 

is inconveniently ra9 i d and it micht be best to Dork in a 

va cuu...."'11 rrhen determining the torsion cons t ant of the sus­

:i) ension ( or tl1e tor y e by ti1e 1r:easure,11en t of ::_Jerioo. ) • 

2 - 2) . , Usin0 t :1e f ines t fi bcrs ( k == 5 x 10 ::,Til cr.1 sec i c 

pro_:_)er- I'efinement of technique 2.n an:i..sotrorYJ of tlc.e order 

of ,6. X ~ 10 in a crystal r:e i:::;hinc Q.Ol,,'J'"1ould still corresp -

o 
and to 2, v o. lue lX.c.. ~ J.00 1 .'.?.nd so be e 2. siJ.y :neasur3.ble to tne 

des:red accuracy . ., .... 
-'· L, 

wo~;_ld be ::::i ossible to u se the field of iiel::mhol tz coils vrhich 

is the most uniform available . 



. V . Re s u 1 t s ( a ) 

A check on the measurement of field strength and torsion 

cons t ant v1as provided by measur i ng ~X for n ephthalene. Large 

crystals of n¥~thal ~ne weighing up to 2.5 mg~ and of r egular 

s hape,were g rown fro m amyl a"kohol solution. Crystals were 

suspended fro m the monocl ~. nic b -axis and AX determined as 

described a bove for several crystals. 

Crystal #1. m = 0. 0 0232,?;m ., r,,r: - 128.06 k-=5.73xlo-5 
o:m cm2 sec-2 

2 X 5.73 X 10-5 X 128.06 
o.oo~a.a. ><3/.)(/0-6 

and CJ(c.= 515. 5 radians (average),. 

7y'L~::.0. 786 radians. 

rlence X1-X2 == 90. 6 x 10-6 cgsemu .. 

and ~ 0 980 radians (av.), 

X1-X2 = 88.3 x 10-6 cg semu .. 

Crystal #2 m = 0.00118 gm., 

~ , 

(~-"97 4) for H• 6000 gauss 

(6000 gauss) 

(8375 gauss) 

O<'..c.=2 68.8 rad'.ans,a!1d X1-X2 - 91..0. 

Note: 

r Values of .6X are in c g semu. ner mole and the factor 10-6 '} 

~here omitted, is understood. 

The a vera ge value 90.7 ! 3.0 xio-6 was obtained. 

This is in a ~reement with the value given by Lonsdale & 
(9) 

Krishnan Xl-X2 = 90. 6 and confirms their statement that the 
, ( 6) 

original value, X1-X2 = 122 ,given by Krishnan in an earlier 

pape~ was in error. 

(b) Measurements of ~X and "'V" were made on the substances 

listed below chiefly because cry ste.ls of them we re obt.ai 1'!able vr i th 

regular s h a pe and appr~c ~able mass (about 1 mg. or more). 



V. Results 

Dark red prisms of a form of nsphtha,zarin not previously 

reuorted were obtained by evaporation of a benzol solution. 

The crystals are monoclinic prismatic with 

ao = 5. 41. 
bo = 6 .40. 
Cc, ,:- 12. 3 1 , 
~ == 910 -z;r'. f . 

,..,, C . I 

~ = 2 

The anisotropies observed were 

6X '= 10.4 
> 

( (100) horizental) , 
.6X -=12.9 ( (100) vertical) , , 

'V :: 41° 401 
' 

¢ = 50° . 

The not a ti on adopted is that of I-Crishnan and Lonsdale. 

r he susceptibility along t he :nonoclinic b-axis is X7,. In the _,, 

(010) plane 

c' 
X1 is t he axis of greatest 

susceptibility and x2 is at 

right angles to it. 

Th e angle from £ to x1 i n obtuse ~ is "V, anc. from !!:, to x1 in 

obtuse ~ is <p . 

We may then transform from a set of ax es~. £, an1 £1_, 

which is perpendicula r to t he ab olan~to t he magnetic axes, 

to obta in t he expressions for.6X 

* The X-ray study was made by iftr. W. Shand t o whom I am 
indebted for the crysta7 s used here. 
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V. Results 

Napht hazar in 

'l'he direction cosines :for the tra:1.sforma tion are (for 

Naphthaz:i,rin) 
a b 

0 
0 
1 

Hence if the cryst r1 l is s uspended from the c 1 axis ( ( (001) 

horizontal) we have X4,"' = x1 Cos 2~ + x2s1n24,a1ong t he ~-axis, 

and th e obse~·ved 6 X = :t x3 :;: (x1 Cos2 ¢ + X2 Sin2 <p )., 

the upper signs holding if the twofold axis is along the 

fieJ.d direction. The case is si:rr:ila r for (100) ver tic .?, l and 

hori zonta l except tha t we transform t o axes al,,b,c,andr>l = 42.2° 

Hence~X = X3- (0.546 x1+ 0.451+ x2 ) =- 12.9 

6X = X3- (0.454 X + 0.546r,~) = 10.4 

From these and XJ + X? +-X~ X n4 7 ,;- - = mean= -o . ..., 

.ie obtain 

( Ban er Jee m.)) 

The crystal was now suspended from t ~e three pri ~cipal 

magnetic axAs, in t urn, and the anisotrop ies dete rmined 

directly. 

Fro rrJ these the values were found, in a g reement wi t h th e ab ove.> 

X1= -58.2, 
X2=-llS . 2 , 
X3= -77 • 2 • 

providin~ a che ck on the results. 



V. Results 

Coronene 

Long yellow--brown needles of coronene were obta:!.ned 

fro m Melvin S. Newman . They are monoc7-inic prismatic with 

~ t ~e needle axis,and have a fibr ous cl~avage parallel to b. ,_ 

The largest cryst9.ls available weighed only 0.25 mg. 
,t 

The unit cell is; 
0 

ao == 10.13 A. 
b. =- 4.82 JL 
Co :::: 16.17 l 

1'he anisotropy was determi ne d about e s.ch magnetic axis: 

X1-X2 = 180 

x2-X3 == 40 • 

x1-x3 = 220 

1/1" "' 90. 8°, 

¢ " 20. 0°. 

An estimate of X mean= -213 was made from Pascals l 3,w adopted 

to condensed ri rig hydrocarbons. The empirica l rela ti on for 

t hese hydrocarbons that~-= _r~ .x0.718 gives t h e value - 21 5 . 

Using t h e aver age of these 

X -~-

Then, 

Xi+ X:;i +- X3 - -214 
✓-: __, 

Because the crys tals are highly an isotropic i n sha:oe a ·1d of 

s mall mass the error introduced by inhomogeneity in the field 

may be ra t her large so t here values have a l a r g e possible 

error . 

., Drt. J. H. S'tul\l)ivANT 
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V. Results 

Potassium nickeloc yanide 

Orange yellow crystals weighing up to 20 mg. were obtained 

by evaporation of an aqueous solution of Ni (CN) 2 in KCN. 

They are monoc 7.inic prismatic with: 

bo =- 15.4A, 

C 0 = 18.6A. 

~ = 16 . 

O I 

~ = 107 16., 

The measurements of anisotroDy gave: 

x1 - x2 ::::. 2 0. 3 , 

(001) vertical 6X = (X1 Cos217 .1+x2s1n217 .1 )-X3 = 15. 5, 

( 001) horizontalAX =(X1 Sin2 17. l t-X2Cos217 .1 )-X2 = 2. 9, 

The mean susceptibility h =i.s been me2.s 11red by Biltz CID) 

who reported 
X mean = 4 -6 -1 OxlO per mole, 

Hence the principal susceptibiliti e s are; 

Xl = -127.8 xio-6 

X2 ::: -148.0 xio-6, 

x~ .,, = -1 -44. 2 x10-~ 

?'f. 



V. Re sults 

Copper I midazole Complex 

Crysta ls of this com~ound obta \ned de ep blue fr om an 

a queous solution ofimidazole and Cu-t-+ v.:' e 'L ghed about 1.5 mg .*l 

Th e y a re orthorhomb ic with t h e following d i mensions for 

t h e unit cell: 

0 

a1 = 9. I A, 
~=4 mole cules of 

0 

= bl 13. 8 A, 
Cu ( C3H6'N2 ) 4· c2H20 • 

cl=-
0 

l~ -5' A, 

'rhe v a lues of .6 X wer e me asured s u s pen di ng crys tals 

from each crystallog r a phic a xis; 

X2-X1 ::. 65 . 

If we choose a me a n va lue f--a"' 1. C3 for Cu++ in complex s al ts 

and a -J.d to this the d iamagn e tism of i midiiole a nc, water we 

may e s ti :r:a. t e : 

Xme an ==- 1234 x10-6 per mole . 

Then x1 • 1288 ) X2'"" 1353 ) 

are the individual suscep tib ilitie s . 

Coppe r phenylpro p iola te 

X-:i; ~ 1060 .., 

A crystal of t h is compound we i gh iYJ.g 3. 88 ID? . •:;as obta i ned 

fro m aqueou s sol u t i on.*2 

~~1 Thes e c r ys:,als were obt 9_1__ ·•1ed from Mr. P.A. Sha f f e r who 
h a s done the p r e limi na r y X- ►ay work quoted. 

*2 Thes e crys tals were prep,i. re d by }!fr. R. W. Spitzer a :1d the 
dime ~sion s of the unit cell a re from his X-ra y inve s tigat ion. 
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VI. Discussion of Results 

'rhe observed values of X m,:i.y be 1. nt erpreted in terms 

of the molecular anisotro:9ies K1, K2, K3 3.nd the orientB,tions 

of the molecules in the crystal by making certain assumctions. 

Th is problem has be en trea ted by Lonsdale and Krishnan(9 ) 

To relate the observed susceptibility for the crystal 

to the principal susceptibilities K1, K2, K-z, of an individual 
.,; 

molecule we add up the t ensor ~omponents for each mole cule 

in the crystal with proper regard to symmetry. 

In the monoclinic system the coordin ~tes of e quiva lent 

points related by reflexion and inversion are: 

+ \ xvz ; xyz I 

(considering only the holohedry since magnetism is a centro­

symmetric property). A mol~cu le at (xyz) and its inversion 

will now be related to a set of orthogonal axes (a,b,cl) by 

a set of direction cos l nes, 

a b 

, 
the orienta t ion of the reflected molecule and its inversion 

are then g iven by: 

"c 
I a C 

K1 ~1-p1 01 
K2 

~~=;~ r2 
K3 7f-z, . .., 

These are added and the resultant comnonents along (a,b,cll are: 

Kaa :: 

Kbb = 
Kee -· 

,..; 2 2 2 
K1v\ 1 +K2~ +K3 0( 3 

2 2 2 
K1 ~ ~ +K2~ 2 +- K3~32 ' 
K101 +- K2r2 + K3(3 , 

Kca=Kac1 : K1tx.111 + K2iX2Y2+K3\'X3f3, 

Kbc = Kcb = K=1b =- Kba == 0, where the K's are per 
gram molecule. 
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VI. Disc~ssion of Res ults 

Thus one of the p r inc i ~al ax~ s of t½e crystal lies a long b ,_.., 
2 2 2 

X3 ==' Kbb- Kl~ 1 +- K2 ~ 2 +- K3 f 3 , 

and t he othe r two lie in the (010) plane (X1 and x2 as defined 
above). 

We may now tra nsform the Kxy's in the (010) plane to the 

magnetic axes. If (as before ) the angle betwe en ~ anc. x1 

is 1, then the cosines for the transformation are ~ 

a b cl 
X1 Cosf ¢:· Sint 
X2 Sin1 0 Cos~ 
X-z, 0 1 0 , _, 

and Kxi X_i == Ci1_ Ckm K ( abc' )..lht. . , 

or K1,1
1

: Kaa Cos 2f + Kc'c 1 Sin2<j> + 2Kac' Cos p Sin<j>= X1 : 

K t"Lt2.-
-: Ka a Sin2f + Kc1c' Cos2t - 2Kac' Coscp Sin 1 = X2 > 

Kx3 "f3 = X3 Kx2x3=Kx3x2= Kx1x3= Kx : xl = o; 
Kx1x2= Kx2xl = -KaaSint Cos1 +Kc1cCos cf> Sint+Kac' (-Sin2¢-+Co s 21)=0 . 

.J. 
h is g ives the value s of x1 X2 x3 i n terms of t h e K(a,b,c' )· 

The l as t re l a. ti on g ive s a re la ti c n for Tan ef> : 

Tan f = Kc'c ' -Kaa + ✓ ( Kc'c' -Kaa )2 + 4KacL2 

2 Kacl 

This enab l es us to sim~l ify t he values for Xi to: 

X1 = Kaa +- Kaer Tan <p = ½(Kce,+Kc'c' + ~ (Kaa-Kc'c~ 2 4- 4Kad2 , 

X2 = Kc'c'-:-Kac' Tan<j> = :¾ (Kaa+ K~' + ~(K~a-Kc'c')2 4Kac2 ~ 
the latter rela t ions 

since Tan f = XJ -K;;i.il = 
Ka c' 

7f 



VI. Discussion of Results 

Hence, expanding, 

✓ 2 . ) 
-½(aK1 + bK2 + cK3 + (dK1 + eK2 +#K3)+ lR1+mK2+ nK3) 2 ) ; 

-½( aK1 + bK2 + cK3- JdK1+eK2+ fK3) 2 + (lK1-1-mK2 + nK .. ,;)2 )) . 
_, :, 

Tan f _ Tan (~-1'7 = X1 -KlK. l S. K2.K22-K3 o<...7, 
2 

K1K 1 Y-1+K2<K"212 K3~'3. 

Hence we conclude that: 

(1) If Xl, X2, X3 and 3 independent direction cosines of the 

molecule are knovm we can cal cu late K1, K2 , K3 and Tan <p. 
The me2.sured value of Te,n t is t~en a check on the calculation. 

(2) If X1, X2, X3arJTanf are known, and if K1 ~ K2 ,we can 

obtain approximate values of Kiand the direction cosines of 

K3 with respect to t he axes (a, b, c' ) . Thus supplying K1 ~K2 

in the above equations we obtain: 

X1 ~ K1 , 

X-2 ~ K,, (K3-K1) f 32 _, 

X3 - K1 + (K3-K1) ~ 32 

Xi is thus the line in which the plane of the molecul"' cuts 

(010) if Ki= K2) and x2 is the projection of K3 (the normal 

to the mole~ular plane and, fot- 1,rorm.tic molecules, where 

K3 )) K1 ~K2 ; a unique axis)J 

If we ca:1-1.ot assume K1 ~ K2 then t 1:. e above do es not 

hold. However, in two spe=>ciaJ.. cases t h e a'rl_gle,Vturns out 

to be t h e angle between~ and the projection of K1 (the long 

axis of the molecule) on (010;). Tilose c 8. ses are: 

(a) Molecule is plane and normal to (010) so X2=- K3 

(b) K1 of molecule lies in (010) plane so x1 =K1, 

7f 



VI. Discussion of Results 

In either of these cases, a~d only then, _can we determi~e 

t he orientation of the molecule -Ln t he plane of Ki K2 from 

measurements of X1, X2, X-z, and Tan A- even tho '.lgh Ki, K2, K-z; 
✓ T; J 

are known. 

If a structure a pproximates to one of these cases t he 

orientation of the molecules may be completely obtained if 

t he K's can be estimated. Otherwise it is necessary to 

assume K1 ~ K2 and only the direction of the normal to the 

plane,,fixed. 

Orthorhombic System 

A similar tre a t ment may be applied to the eight equiva­

lent points of D2h -mmm, +/( xyz; xyz; xyz; xyz) I . 
2 2 2 The r esul t 5 j_ves Xa = K1 <X.i + K2 CX..2 + K3 o<..3 ' 

Xb ::: Kl ~;i.. + K2 ~ 22 +- K3 ~ 32 , 

Xe =- K1 o?+ +- K2 Y 22 + K,:, ~-;;
2 

I ✓ ✓ • 

Then if three independent cosines are known t h e X's give the 

K's directly. If the X's are known and K1~K2 ,then we can, 

as before, obtain t he direction cosines of the normal to 

the molecular plane: 
2 

Xa = K1 + (K3-K1) t(3 , 

Xb=K1 + (K3-K1)r3
2

_ 

Uniaxial systems 

A knowledge of Xa) Xe and t½ree independent cosines will 

give the values of K1, K3
1
if K1%K2· 



VI . ~iscussion of Jesults 

Y:ill cive t~e oriont2tion of ~~ to c ~, , ;Jut not 

'i'llore c.re no v n. Jue.s for ·i.·e can onl;,, as 21rne 

-7 V cos - o c, == . v 

-1 0 cos o< ";: :::e 4S os , = e, .. ; 
V V 

r"o c') 
.;.!, ' ' ' 

~ si@il ~r inter,retution of t ~e ~~ta fo~ 2nother crystal-

V2.lues of A IC ':.rou1 r~. be expectec. to b e 1::,etvrnen t ~·L e Drobe.ble 

observed :f.'o::· b enz o ,ruinone ,i. c ., 6 K = fr) . The 2.sn.u1nt i on 

nci.phE1a lene , ::: n cL bcnzoquj_none ( for benzoquinone L.l - 1>.2 = c· . 7). 



VI. LJiscussion of Res ults 

Soronene 

For 6oronene the a ssumry tlon t h at K1~K2 shou l d be v e ry 

good since it h as symmetry~~. We t h en obtain: 

Then ~ 3 == 

K1 ~ X1 = -83 , 

K3SX2+X3 - K1= -482 

and .6K = 399 . 

0.741 

and 

1.c1:1 ere 0-1, 82, 83 are t h e ang les betwee v-i K3 an d the (a,b,c') 

axes. Rela tive to t h e (x1 X2 X3) axes e.'• 90°, 6~-=-47°48 ', 

e~ = 42Ql O') g ive the position o f K3. 

1he value of Ki= K2 seems too low for coronene in view 

of t h e v a l u e s observed. f or sorae wh3. t similar condensed r i n g 

hydroc a rbons (~88 in ch r ys en e, -80. 6 in pyrene, -81 i n 

}:'J erylene, -93 i n n arhthacene, -l0C in benzpyrene-all of t he se 

i n some doubt du e to assumptions made in ar ri ving at the value~ 

vire Krishnan(l 2 ) Banerjee(ll)). H-ence t h e value of K3= -482 

a nd of~= 5 .8 are p r ob a bly upne r J.i rn its . 
Kl 

The value of el- t h e angle of tilt of the no r mal to the 

ring t o t he Q_- axis ,calcu l a ted f r om t ~ e thicknes s of the r i.ng 

(3. 70.A estimated) and the unit translati on along b, is 39° Li5 ' • 



Coron_ene 
T~e a n isotro~y or con~ense d rin ~ nroraa tic 

hvdrocarbons has been calcula ted theoretically by Paulin ''" ~:-
(,; V ~ t 

a n d by London~~~ . ~aulin~ considercl the 2o electrons of the .. ., ... z 

arom2tic ring f ree to move u....""1.der the inf luence of thG :m.asnetic 

.f iel cl ancl , for b enzene, calcu l2. ted .61'~ = -4S . ~~ x 10-6, as sur;lin.0 

tho t the value of Xi s z iven by the Pauli ex9 ression 

- E e '.: 
4 m c~ 

where(~1~ s the rnean square of t he c_i s tance of t he e lectron 
....... 

fror.i a n axis t hruugh t he nucleus a n d parallel to t h e fi e l d H, 

for the i r.1.p ress ed field parallel to t>'lc "'.; J_ nn e or t he mol e cule ; 

and ~ i s me 2- sured f rom the hexae;onal axis of t he molecule 

to t he c a7bon a torns , f or ff perpendicula r to the p l ane of the 

molecule. 7''or hi0l,e1~ condens ed aroma tic rin:-; comp :::rU11-0s solution 

of the e qui val en t p roblem of the mac;netic effe c t o.f current s 

i nduced in ::. conc.1uc tine n e t ,;ror'- -~. ,i <' the expression: 

whe re k i s t Jic rat io of t ho streng tl--1 of ma;ne tic dipoles for 

t h e ~-iydro carbon network 8.n6_ the benzene net \·.,ork , <S is t he 

electron d ensity p er C- C bon~ , ~nd f is a correction fac tor 

to t ake into a cc ount the t en dency of t he e lectrons to Eove 

in cil0 cula r arcs r2 t he 1, t ll3.n r ec ti linear paths. 

For 

132 

704 

- 5'72 

u s i n~ the en~irical r e l a tion 

- 6 
X 10 • 

- 6 
X 10 • 

" 

_f. 
A 10 



Vl. :;:1esul ts 

Coronene 
~ or Coron:ene tl1i s is equi val en t to I:= 323. If the 

e:xrlerimental resµ:l ts are cor.1bined with this value of K vrn obtdin; 

Ji= 
,, 

-139 J~ 10- 0 · ;- , · =- F -18S X 10- 0 
1'.l l\...r"':: ) 

G 
, 

7\= -369 y 10-6 
.!.1.3 .:: -590 X 10-G ,. 

~ J 

;-,= -409 .. ~_ 10- 0
) A :I: = -401 X 10- 6 . 

J: t is thus prob2.ble that the Faul in.::; theory c:i ves sor1e'l''l12 t 

too hi.c)1 values for tl1e anisotropy of t:ne hi.sher molecul2.r 

'c·,ei::)1 t arm'.'ta tic condense rin0 hyclrocarbons. },onclon calculates 

~ L ,luantu:m :mech2.nically :::,nd obtains values which are, in 

z.;eneral , sr:aller thE.n those si ven by t:::-w Paulin~ theory. 'i'he 

calculat ion for c-=irone::-ie l1.:.::s no c been made on the b2.sis of the 

Londoh theory,however. 

( 7c: ro-r7) 
_;:Jv • 



mcn t o~ thn i ons , ~~ ich v a ries ~ith the : iffc r ent crystals 

c on t 2 inin: a ziven ion, 2nd d ~~end s on the coord ina tion of 

Cu.SO, . 5 ;: ,_i O i:,as been de t e r-
•;.: ; _, 

:~our oxy::en ions in ~~ plane at clo ss r c;_i s t 2.nc e , 2.n(i. t v:o son8 -

anG that the anisotropy of the 

in copper i n i dazo le a simil~r situation soul d exist ~ith four 

i n i c7.[.,_zo l c c roups D.8 l d in a pl .J.ne ,'lbout Cu 1-+ and t ::.-1e tv;o o:,cy: e n 

a tons (1Slf t:i--...e wa te:e ,~1ol8cule s at J.a r c;e r distances compl etin.::; 

the oc tahcc..ron. If this v!ere t l1.c 

Cuso4 • .:::; ~:,--, C L7SS"i..uiecl. , v1 e cou. l c~. calculate the orientation of the 
,:_, 

CopJer p~cnylpropiola t c 

conplica tecl b:r a consi uc rable con tribution to t he anisotrop:,r 

ancl. 



VI. Discussion of Results 

I'oto..s si um Nic~:elocyo..nlde 

It is interest1.:i..1:£ that t h is com1J ound s rnvrs a mo.0netic 

anisotropy l a rge cor.) a red to ino:i..,,0 anic comp ounds in c;eneral. 

'lrnis SU''" 'ests t ho. t t ::e re is consid er2.ble anisotro·,Jy assoc-
'-.J..._, ..J.. t., 

iated vd.t~"2. the 

be exrJected to be si:r:1ilar in ma0nitude to that observed 

s ~ - c 
for co3 2.nd H0

3
, about 4 or 5 x 10 c.gs. __ ,e r g rou:9, since tirnre 

is p ossibility of resonance to structures havin0 double 

bonds from nic~rnl to carbon . ( Pauling•:i). A lrnowled.r:; e of 

the structure of a crystEtl containins s ::uare covalent com1)-

lcxes conbined ··::i th a lcno·,1leclce of the anisotI•oiJY of the 

crystal Tiould sive an estim2te of the value of A K for the 

group and so enable t:i.ie ori entation of t he cor.i.p lexes to be 

d i s cuss ed in othe r crysta ls. 

'I'he :ri resence of 1 6 molecules crystal 

crystal structure is known. 'rhe c1a3netic da t o.. 2.re in qual -

i t 2. ti ve az;reement \'ii th t h e oi)tic a l data-th e cr-y s tals are 

stron::;ly birefrigent ':iith <X..= 1.44, ~-: l.594, o== 1.598, 

2V=l5°24 1 (I.lellor14 ). Groth gives (010) D.s the ::-; lane of 

the optic axes and ~ellor (100) , h oTiever. 

·"·T TJ n•,1·i n=-" " 1111}, e ,.~..., turc· of' ,__,1,- 0. ;-, e,;1·' col n.LJ• J. C.:-.l..l. _ o , ~-, J.. 1C.. _ l..d. . v_ ... J.. .1. l- -

Cornell Unive::csity Press, It1'"1b.oa, lJ .Y., 
Bond" , 2n d i;d . , 
1939, p. 25G. 



VII. Summary 

An apparatus f or measuring the m.'3-gnetic anisotrouy of 

crystals h ~s been constructed. The magnetic anisotropies 

and orientations of magnetic axes have been me asured for 

several crysts.1s. The results have been intRrpreted, where 

possible,in terms of the orientations of molecules in the 

crystal. 

The experimental method,and the interpretation of the 

results of measurements,have been discussed. 
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Summary of Thesis 

(a) rhe crystal structure of iodic acid has been determined 

and shown to contain ro; groups held t ogether by hydrogen bonds. 

The structures of other iodates have been discussed in the 

light of this knowledge. 

(b) 'l)ie crystal structure of potassium oxyfluoioda te h a s 

been determined. It h a s been sho \im to ccmtain I02F2 groups 

with the unshared pair of electrons on the iodine atom sterically 

active. 

(c) A redet erm i nation of the parameters in ammonium and 

potassium b1fluorides has g iven a ccurate va lues of the distances 

F-F of the HF2- groups. It is shown that the two extra 
bol\.l s .fo~ll(ed. 

hydrogen"in ammonium bifluoride weaken the F-H-F bond of t he 

bifluoride ion. 

(d) 1be internuclear dist ,=mce in the fluori n e molecule has 

been precisely determined and thus the cova,J.ent radius of 

fluorine es t ab 7 ished. 

(e) The molecular structure of tellurium dibromide has been 

determined and the resul t s of other authors shown to be in 

error. 

(f) The magnetic anisotrony of several crystals ha s been 

measured and, in the case of two aromatic diamagnetic compounds, 

the approximate orientation of the molecules in the unit cell 

has been calculated. 
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1.1oc.,_e1)1.lS /l 

n +­
d, L, 

ror cr;:r s t fllline 

in E :8 ) Ot entL, l functicm of t h e i on, tllen the 'J otent io. l 

It i s t h u s 

V. 'I'el J.uriw-n '.:cexafluori d e is a rmi t o.b lf; substance for 

u se in c~n ioniza t ion cl1. 9.r.1ber '.i1ten :i.1i ;):--,!, sto) ,_; :Ln[; po,.-;er i s 

c1 e s i 1'l 0cl . 

VI. 'Ynere is .'.:'. to rque on 8.n a n i s otro:;::iic cr::s t 2.lline 

T~-:i s t or que is 



Tl1i s h: ,.s been ne0 1e c te cl in c':. i s -

c -u "' S l. 0·11..c,. oP r>G 7 "' "- ""'C·; ··; ·,,., c.no;-,,en ,._, u ....., ~ _... - _ ........ l,v ,._ .i. __ \...., __ ... . L -- •--- e 

VII. The Qiscuss ion of t he effect of f orm2l charGe on 

i orlinE: 

ref le e t s ;~ 2_;e~10:c·2.l te:r:.c::.enc -y to overes ti,J2. te t h i s cff ec t. 

A r evi sed table of i ntera tomic d istances larcely remo ve s 

a n d Pinr1orr3 i s not hm0 1~11css as slwrm by a rc~12.rk of 

abou t ~th e shortenin5 ob se rved in 

a )O.r 8.,11a:,:netic :~2.l t i f one encl oi' the tube i '" in a masnetic 

It is t !1us ·o ossible 

to hav e electric ·:o l ?.1: iz2.tio,1 in 2. J:i1ec].iun due to masne t-

5.z a t ion . 

d • J... .-:i b J...' D t' 13 lCGeu ·y Gfle Lo rn neory . Th i s prov ides p roof t ha t t he 

criter i a ::-;i v cn b;y- D2n 2 1 1 o r Tutton12 :for t he c J.1:~sses i n 

~i1ich o~ tic a l acti v ity i s J ossible are no t corre ct. If 



J_l. 

of simp-

lification for a sacrifice of loeic and ri c or in present-

D .. tion. 

XII. 

r, rese:;.1ce of s ,luo.re covalent Pt( CF ) 
4 

gro-..11')s in t he cr-.:,rstal 

(Bozarth - ~ . g 
2.l1(L .Paul J. nc ) . 

VL U . .. _ . .. -, -
-~,.J_: - ~ · ~j_ .._-:, 

-.-- .,.. --; 
' . . ' i ' ;j 

0 

B-.·-?=l.8J.t.0.02 A 

0 

T> .=: r--:::' ·:~ ·, t ,n 1 ce ir1. Ir.;, : ,, ·1 .S5±. O.O o /:,. r 0.t lJ<.;; ~· c :: 2.n t ;-:_ e - , • • ..L ' · - -.J.J.. .... - 5 - . -

value 2. s,; ~\ r epor te d oy Brc1u;,.e d.l1J 1 Pin::io,; 10 

The ir valu e s u~3ests t~at it Di~ht be J ue t o L-, J.'ro2,, 
,:, 

of stopcoc lf 3re ase .~1ei r other investications o~ f l u ori 

are suspect for this reason , s inc o these flu0r i de 2 react 

very rapidly with api ezon. 

7'0 
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