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CHAPTER 1 INTRODUCTION 

The crystal structures of the three materials to 

be described in this thesis are each of int rest for a 

variety of reasons. These reasons will be utlined in 

detail in the separate chapters dealing wit their struc-

tures. There is, however, one common featu e of all three 

compounds which makes them of current inter st. They all 

contain atomic groups in which either sulfu or chromium 

atoms are found in at least approximate tet ahedral 

coordinations. 

The interest in this feature arises because 

Cruickshank (1) has described a mechanism f r TI-bonding among 

the atoms in tetrahedral groups where the c ntral atom is one 

of Si, P, S, or Cl, and the surrounding ato s are O or N. 

This TI-bonding occurs in addition to the ba ic a-bond mechanism 

which arises through the tetrahedral arrang ment of sp3 hybrid 

orbitals around the central atom (2, Ch.4). In the theory, the 

TI-bonding orbitals are formed by the 3d 2 x -y 
of the central atom together with the appro 

of the four surrounding atoms. If for any 

and 3d 2 orbitals 
z 

p orbitals 

strict 

tetrahedral symmetry should be lost, it is proposed 

that the 3d , 3d , and 3d orbitals can lso add to xy yz xz 

the TI-bonding strength. Cruickshank also the 

1 
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distortions from tetrahedral symmetry to be expected when 

some of the surrounding. atoms are not suite to take part 

in any ~-bonding. This is the case for the methylsulfonate 

ion in CsCH3so3 where a methyl group has re laced one of 

the oxygen atoms of a sulfate ion. LiN2H5so contains the 

sulfate ion itself, and Cruickshank has con idered this ion 

as a basic example in developing his theory of ~-bonding. 

Because sulfur and chromium are chemically imilar and 

because they both can be found with tetrahe ral oxygen 

coordinations, the dichromate ion cr
2
o

7
- 2 i 

dichromate might be expected to be similar 

-2 sulfate ion s2o7 (3). Since much of the 

potassium 

o the pyro

-2 
2o7 ion 

stereochemistry can be accounted for (1) on the ~-bonding 

-2 theory, a comparison with the cr2o7 ion o ght to indicate 

experimentally the extent to which the thee y is applicable 

when chromium is the central atom of a dist rted oxygen 

tetrahedron. 

Further·discussion of the ~-bonding theory will 

be postponed to later chapters where the de ails arise in 

explaining some experimental observations. 

. . 



CHAPTER 2 THEORY 

2.1 Introduction 

The use of x-ray diffraction as a t ol to investigate 

the arrangement of atoms in a crystal dates back to 1912 

when an experiment suggested by P. M. Laue emonstrated that 

x-rays could be diffracted by the three dim nsional periodic 

array of matter in a crystal. Since that d te, theory and 

experimental techniques have been developed to a state far 

superior to that available when the first f w simple crystal 

structures were determined. Today's studen s of crystallography 

are fortunate to have available a large n er of reference 

works and texts which describe the theory a d techniques 

of x-ray diffraction and crystal structure nalysis (4)-(12). 

Therefore this present discussion will only outline very 

briefly the methods used. A relatively lete descrip-

tion is presented for the least squares 

2.2 Crystal Structure Determination 

nement techniques. 

In single crystal x-ray diffraction experiments, a 

mono.chromatic x-ray beam interacts with the electrons in a 

crystal and is scattered by them. Since th electrons are 

concentrated mainly around the nuclei of th atoms which 

comprise the crystal, the· scattering can be considered to 

arise from atoms and can be described in te s of atomic 

3 
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scattering factors (7, Ch.3) for the differ nt species of 

atom present. 

Since the arrangement of atoms in a crystal is 

periodic, interference of the scattered x-r ys produces 

diffracted beams in well defined directions From the geometry 

of diffraction patterns, as detected on pho ographic film 

by special x-ray cameras, one can determine the unit cell 

parameters a b c a 8 y of the crystal latti e. The concepts 

of the reciprocal lattice (with unit cell p rameters 

* * * * * * a b c a 8 y ) (7, Ch.l) and the Ewald phere construe-

tion (7, Ch.I) are valuable in analysing th geometry of 

these diffraction patterns. It is customar to assign to 

each diffracted beam or reflection a set of Miller indices (hkt) 

corresponding to the set of lattice planes hich have produced 

the reflections (13, Ch.I). 

From the symmetry of the dif fractio patterns and 

from systematic absences (8, Ch.2). one can etermine much 

about the space_ group symmetry of the unit ell. The relative 

integrated intensities of the diffracted be s contain part 

of the data necessary to determine the arra gement of atoms 
.·. 

within the unit cell. These intensities I( kt) are real 

numbers and are related to the magnitudes o the structure 

factors. The structure factors are complex numbers of the 

form F(hki) = A(hkt) + i B(hki) where A and i B are the 

real and imaginary parts of F and ¢ = tan-l ! is the phase 

of the ~tructure factor. If both the magnit de and phase of 
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each structure factor were known, 'it would e possible to 

determine the periodic electron density p{x y,z) in the 

unit cell according to the three dimensiona Fourier series 

(~,Ch .1) 
+oo 

1 p(x,y,z) = V I· I I F(hk1) exp{-2ni(hx 
h k 1=-oo. 

ky + 1z)} [2-1] 

where x,y,z are fractional coordinates alon ab c and V 

is the unit cell volume. 

Simplifications of [2-1] are possible in wh ch projections of 

·electron density are calculated. For examp e a projection 

down b of the unit cell electron density is 
1 +oo 

p{x,z) = N I I F(h01) exp{- 2ni(hx + z)} 
h 1=-00 

where N is the area of the unit ce·11 projec ion. 

[2-2] 

A direct calculation of p by [2-1] r [2-2] is not 

possible since the phases of the structure actors F(hk1J 

are not measurable in diffraction experimen s. This lack of 

knowledge is called the phase problem of er stallography. 

If the structure is centrosymmetric, the im ginary part of 

the structure factor is identically zero an the phase 

problem reduces to a problem of determining the sign of A. 

It is common practice to devise a m del for the 

structure and calculate the magnitudes and hases of the 

structure factors for this model. These co plex numbers 

Fc{hk1) usually involve a scale factor K and a temperature 

factor T which allows jFc{hk1) I to be fittet to the observed 

I 
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F0 (hkt). Frequently l/K is applied to the st F
0

(hkt). 

N 
Fc{hkt) = K I: f. (hkt) T. (hkt) exp 2TI"i ( x. + ky. + tz.) [2-3] 

·1·1 1 1 1 l. 1= 

where f. (hkt) is the atomic scattering fact r of atom i (7,Ch.3) 
1 

T. (hkt) is the Debye Waller temperatu e factor (7, Ch.5) 
l. 

i is an index running over the N atom in a unit cell 

and x.y.z. are the fractional coordinates of atom i. 
1 1 1 

The temperature factor 

. 2 
T. = exp {- B. sin e} 

1 l. A 2 
[2-4] 

adjusts the calculated structure factors to account for the 

thermal motion of the atoms about their mea positions. B. 
l. 

is an adjustable parameter for each atom an can be related 

to an isotropic root mean square displaceme t {u~} 112 of 
l. 

atom i according to (7, Ch.5) 

. 20 
Since B sin -

).2 

2-2 
B. = 811" . u. 

1 l. 

B 2 *2 2 *2 2 *2 * * = 4 {h a + k b +t c + 2h a b 

[2-5] 

* cos y 

* * * * * * + 2hta c coss + 2k b c cosa } 

an anisotropic temperature factor .convenien ly takes the 

form of an ellipsoid according to 

with six adjustable thermal ~arameters 6
11 

622 633 612 s13 

and 623 . The directions and magnitudes o the three 
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principal axes of these ellipsoids can be f und and the 

root mean square displacements along these hree perpendicular 

directions can be calculated analogously to [2-5]. 

If the magnitudes IF (hkt) I calcula ed by eqn [2-3] c 
for the model are similar to the experiment 1 set F (hkt) , then 

0 

the model is considered a reasonable approx'mation of the true 

structure. The phases of the calculated F hkt) may then c 

be used with the observed magnitudes F
0

(hkt) to calculate 

an electron density function. A plot of th's function 

or one of its projections usually suggests djustments which 

will improve the model, and the whole proce ure can be· 

repeated. 

A difference electron density funct on uses the co-

efficients F
0

(hkt) - Fc(hkt) in place of (hkt) in eqn [2-1], 

with F (hkt) taking the calculated phases o F (hkt) ·when 
0 c 

their magnitudes are reasonably similar. T is function is a 

more sensitive indicator of the changes nee ssary to improve 

the model structure. 

At each stage one can examine how w 11 the proposed 

model structure fits the observed data by c lculating an 

agreement index R 
1/2 

[

L w 
R = [2-7] 

L w IF (hkt) 1
2 

0 

where the summations are over all ref lectio s (hkt) and w is 

a weighting factor for each reflection cust marily taken as 
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l/o 2 , where a is ~he estimated standard err r for F
0

(hkt). 

A decreasing R value indicates an improved it between observed 

and calculated structure amplitudes. 

A common method of initially devisi 

structure is that introduced by Patterson ( 4) where the 

squares of the experimental diffraction amp itudes are used 

as coefficients in a Fourier series 

+o:1 
P(u,v,w)= ~ l: l: l: IF

0
(hkt) 1

2 exp {-2iri(h + kv + tw) }f2-8] 
h k t=-CXI 

where P(u,v,w) is the Patterson function at u,v,w and u,v,w 

are fractional coordinates along ~ 'b c . T is Patterson 

function may be shown (8,Ch.l) to be equal o 

1 1 1 
V J J J P (x;y,z) p (x+u, y+v·, z+w dx dy dz 

0 0 0 

It will therefore have large values at posi ua + vb + we· 

corresponding to vectors in the unit cell c nnecting regions 

of large electron density. From such vecto maps a model 

structure can often be found (10). For pro ections, say down 

b, the Patterson function reduces to the fo 

1 +oo 2 
P(u,w) = N l: l: IF

0
(h0t) I exp{-2iri(h + tw)} 

h i=- 00 

[2-9] 

where N is the area of the unit cell projec 

To obtain a set of experimental str ampl1tudes 

F
0

(hkt) from the observed intensities I(hkt), it is necessary 

to apply some geometrical correction factor . These are: 
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I) The Lorentz correction which compensate for variations 

in the time periods for which different crystal planes 

are moving through their reflecting pos tions. This 

factor does depend on camera geometry. 

II) The polarization correction which compe sates for the 

fact that different polarization compon nts of the 

incident beam are not scattered equally 

Corrections I and II are commonly seen comb ned for a given 

x-ray camera technique. The squares of the experimental 

structure amplitudes are IF
0

(hkt) 1
2

0:: tp I( kt) where L 

is the Lorentz factor, and p is the polariz tion factor. 

For unpolarized incident radiation l = 
p 1 + 

where 0 is the Bragg scattering angle of th 

2 
OS 20 

(11,Ch.7) 

reflection. 

The Lorentz factor for various camera geome ries is quoted 

in reference Cll,ch.7). 

There is another group of effects f r which correc-

tions may be necessary. These include abso ption, primary 

extinction and secondary extinction (11,Ch. ) • Usually 

one arranges by experimental design that th se effects are 

small compared to the expected random error of intensity 

measurements. These effects are therefore requently 

ignored, at least during the preliminary st ges of a 

structure determination. 



10 

2. 3 Least S uares Refinement of Structure arameters 

With large memory high speed comput rs available, 

a convenient procedure for refining a promi ing model 

structure is a least squares analysis. In his approach, 

one adjusts the parameters in the model to inimize the 

sum of the squares of the differences betwe n the observed 

and calculated structure factors. Since the observed values 

usually contain certain unavoidable inaccur cies, and since 

these are usually random in nature, it is n cessary in using 

a least squares refinement to provide a lar e overdeterminacy 

of observed data. 

The steps involved in a crystallogr 

refinement process will now be described. 

least squares 

given model 

a set of structure factors is calculated a cording to the 

function f, one for each measured refiectio hki. 

i.e. F c (!.!_) = f(h,p.) 
- l. 

where the vector notation h denotes the set of indices 

hkt of the reflection and where p. are the arameters of the 
l. 

model. The set pi' i = l •••• N, contain t e x,y,z, s11 , 

s22 , s
33

, s12 , 613 , 623 , and a multiplicity factor for 

each atom. In addition, layer scaling cons ants are also 

considered as adjustable parameters and may be included 

in the p. list. The six anisotropic e's ma be replaced by 
t l. 

one pa~ameter B for isotropic temperature f ctor refinement. 
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The parameters in the model structu e are assumed 

to have approximately correct values given p. whereas the 
1 

true values are considered to be the set t.p.. In a 
1 

linear approximation using the first two te s of a Taylor 

series expansion one has the relation 

Clf ( 
f (p. + t.p.) ~ f (p.) + E t.p. · ~p 1 1 1 . 1 0 

1 

The discrepancy between the structure facto s calculated 

from the true parameters and from the appro imate set is then 

t.TF(h) = I FT (h) I- IF (h) I c -

N a F (h) I 
IFC{h) I + E {t.pi 

c - }- IFC(h) I = ap. i=l 1 
or N a IF Ch) I 

t.TF (h) E { t.p. c - } = . 
. 1 1 ap. 1= 1 

Ideally if one knew exact values for. IF
0

1-I cl these· could 

be substituted into the left hand side and ne could solve 

any_ set of N such equations for the N unkno n t.p. values; 
1 

However if the measurements of IF
0

(h) I ·are ubject to random 

errors, each may be considered to be in dis repancy.from 

FT(h) by an amount E(h) 

Therefore we have in the actual situation 
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Hence 

E (h) 
[ 

N a IF Ch) I] 
= - L flp. 

3 
c - - IF Ch) I + 

. 1 1 p. 0 -
1= 1 

IF (h) l . c -

Using the usual principle of least squares ne requires for 

a sufficiently large number of reflections hat the sum of 

the squares ·of the values E (h) should be a inimum, i.e. 

that L w(h) E2 (h) 
h 

be minimized. Here w(h) is a factor used t weight the 

individual reflections. 

This function is a minimum when its N first order 

partial derivatives with respect to each of the p. parameters 
1 

are all zero. 

i.e. a 
ap. , 

1 

i.e. 

0 = L w(h) 
h [ 

N a IF (h) l 
2[{ L flp. 3c - } - !F (h) 

. 1 1 P· o -1= 1 

a[F~~~'. I] i' = 1. ..• N 

using the fact that second order derivative 

appear in the linear approximation. 

= 1 •••• N I 

+ IF (h) I] c -

a2
1FCh) I 

api' api 
dis-



These N equations may be rewritten to give 

!: 
h 

= !: 
h 

or 

N 
!: { 

i=l 

= 

N a IF Ch) I a IF Ch I 
{ c - } c -w(h) !: llp. 
i=l 1 

w(h) {fF (h) I 
0 -

a IF Ch) I 
!: w(h) c -

ap. h 1 

!: w (h) llF (h) 
h 

ap. 
1 

Clp. I 
1 

IFc{h) I} 
a I F(h 

- ap. 
1 

a IF {h) I 
c - } llp. op• I 1 

1 

i I = •••• N 

13 

where llF (h) =IF 
0 

(h)I - IF c (h)j. These are N 1 near equations 

in the N unknowns. Ap. i = l, •••• N. 
1 

In matrix notation these become 

with matrix elements defined by 

(A) .. 
1J 

(llP). = llp. 
1 1 

(B) . = !: w(h) llF (h) 
J h -

for i,j = 1 •••• N. 

Calculating A- 1 , the inverse of the matrix , one then uses 

matrix multiplication to solve for the matr x llP, 
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This yields directly the components of 8P hence the 

required adjustments for the set of approxi ate parameters 

inthe model. 

During least squares refi~ement, a 

estimated standard errors for the 

alculation of 

rameters p. is 
1. 

possible. The formula applicable would no ally be 

2 {Lw(h) 
a · h 
pi ·= ----~~~~N~~-----N~~~~~-

u 

where N is the nUrnber of reflections with on zero weight 
u 

used during refinement, and 8'F(h) are the ifferences between 

observed structure factors and those calcul ted with the new 

parameters p. + 8p .. Since these new struc ure factors are 
1. 1. 

not usually calculated until a later refine ent cycle, the 

a 
P· 1. 

2 are approximated according to 

a 
P· 1. 

2 
{ L w (h) 

h 
[8F (h) ] 2 - L 

i I 

-1 
(A ) .. 

1.1. 

From the definition of B., the correction t rm in this form 
1. 

can be seen to provide a valid approximatio for 8'F(h) in 

terms of the values 8F(h) available durin the present 

cycle of refinement. 

During refinement it is hoped that arameters to be 

simultaneously refined do not have large co rela.tions between 

them. Large correlations between two param ters in a model 
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structure imply that either or both of them may undergo a 

coupled adjustment in improving the least s uares fit and 

are not strictly refining as independent va iables. In this 

case there arises some uncertainty whether he proper adjust-

ment to either parameter has been determine . Large correla-

tions may also point out the unsuitable nat re of the model 

and in some cases may even indicate the str cture to be 

indeterminate. A relative measure of the s rength of inter-

action between any two parameters p. and p. may be inspected 
1 J 

from the C .. element of the correlation mat ix defined by 
1J 

c .. = 
1J 

-1 
[A ] .. 

1J 

{ 
-1 -1 [A ] . . [A ] .. 

11 JJ 
}1/2 

These elements are normalized to unity for =j and one hopes 

that elements for i~j in any refinement rem in small 

fractions of unity. 



· :CH.Al?TER ·3 · THE CRYSTAL STRUCTURE OF CESIUM THYLSULFONATE 

3.1 Introduction 

The interest in cesium methylsulfon 

(hereafter abbreviated as CsMS), and specifi ally in the 

methylsulfonate ion,arises from a discussio by Cruickshank 

(1) about possible ~-bonding between a cent al silicon, 

phosphorous, sulfur, or chlorine atom and s rrounding 

oxygen or nitrogen atoms when these substan form a 

tetrahedral group. Cruickshank also consid the case 

where the four ligands are not all identica either in 

chemical species or position, and suggests hat resulting 

distortions from tetrahedral symmetry might be expected. 

Since no bond lengths and angles have been etermined 

for the methylsulfonate ion, study of this roup is of 

value as an experimental test of Cruickshan 's theories 

for an example where sulfur is the central 

In addition, a comparison of the Cs S structure to 

a similar one such as Baso 4 points out diff rences in the· 

two crystal structures attributable to the ifferent 

stereochemistries of the methylsulfonate an sulfate 

. groups. 
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3.2 Experimental 

3.2 A Sample Preparation 

Several samples containing cesium m thylsulfonate 

crystals (CsMS) were supplied during the co rse of this 

work by Dr. E. A. Robinson of the Universit of Toronto. 

·* 

17 

The crystals were prepared (15) ,(16) from esium carbonate 

and an aqueous solution of methansulfonic a id. Equimolar 

quantities of the reagents were used and th solution 

evaporated nearly to dryness. The salt was filtered off 

and washed with methanol. It was dissolved in a small 

quantity of water and reprecipitated by add tion of 

methanol. Recrystallization was from aqueo s methanol. 

The samples contained white amorpho s lumps as well as 

a few colourless crystals of CsMS. As was iscovered 

during x-ray investigations there were colourless 

crystals of cesium sulfate cs 2so4 also pres nt in the 

samples. However, the desired CsMS crystal could easily 

be distinguished from cesium sulfate by the r x-ray 

diffraction patterns. 

3.2 B Crystal Data 

The colourless cesium methylsulfona e (CsMS) crystals 

were frequently needle shaped, elongated in b direction. 

They were found to be deliquescent and in h id weather would 

often deteriorate before a full set of x-ra intensity 

* In this reference, the material is called 
"Caesium methanesulphonate". 
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photographs could be collected. 

The unit cell parameters were measu ed from hkO 

and Okt precession camera photographs taken with Zr-filtered 
0 

Mo-radiation (A.MK = 0.70930 A (17)). The o a 1 
systematic absences were consistent with ei 

symmetric Pnma (D~~) or the noncentrosymmet 

space group. The structure analysis shows t 

space group is probably Pnma. The density 

observed 

her the centro-

9 
Pn2 1 a cc2v) 

the correct 

CsMS crystals 

was measured by floatation in a density col of tetra-

bromoethane and trichloroethylene calibrate using crystals 

of CaF2 , CaC12 and NaCl. The measured dens"ty agrees with 

the value calculated assuming four formula unit 

cell. The crystal data are sununarized in T 

3.2 C Intensity Data 

The crystal selected for x-ray inte photographs 

was a rectangular parallelepiped with dimen 

0.07 x 0.15 x 0.07 mm elongated in the [010] direction. 

It was mounted externally on a capillary si the photo-

graphs were being taken during a season of atmospheric 

humidity. Equi-inclination Weissenberg pho 

layers hkt k = 0,1,2,3,4, and 5 were taken using Ni-filtered 
0 

Cu-radiation (A.CuK~ = 1.54184 A (17)). E 

recorded on five photographs of varying exp sure times 

1 c3 , 1, 3, 9 and 27 hours) and each film was 

identical conditions. Collection of this ma exposures 



Crystal data for CsCH
3
so

3 
· 

System 

Systemmatic absences 

Space_ group 

Cell constants 

a 

b 

c 

Unit cell volume 

Reciprocal cell constants 

a* 

b* 

c* 

Density 

Measured 

Calculated 

Number of formula units 
per unit cell 

X-ray absorption 
coefficients 

Orthorhomb· 

hkO h = 2 

OkR. k + R. 

Pnma (Dl6) 
2h 

+ 9.526 - 0. 
+ 6.264 - 0. 
+ 8.692 - o. 
+ 518.7 - 0. 

0.1046 :!: . 
0.1596 :!: . 
0.1150 ':!: 

2.90 + 0 -
2.920 + 0 -

4 

MoKa. 75.2 
CuKa. 586. 
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c 

+ 1 

= 2n + 1 

0 

05 A 
0 

06 A 
0 

08 A 
0 

A3 

001 A_-l 
0 

002 A-1 
0 

001 A-1 

06 gm -3 
~m 

004 gm cm -3 

-1 cm 
cm-1 
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per layer allowed easy measurement of the w akest and 

strongest reflections and also provided mor than one in

dependent intensity measurement which could be averaged 

for the majority of the reflections. 

A lattice row template was used to 

Weissenberg films and the intensities were easured 

visually by comparison with a calibrated we ge film. The 

wedge was prepared by exposing a film to a if fracted 

beam of x-rays for successively longer time i.ntervals, the 

film holder being displaced slightly betwee each exposure. 

Each intensity measurement was assigned a s andard error 

which could be used for weighting the indiv'dual reflections 
. I 

during least squares refinement of the struqture. 
I 

The intensities were then corrected for the Lorentz 

and polarization effects. The form of thes corrections 

for the equi-inclination Weissenberg method is given in 

(11, Ch.7). No absorption corrections were attempted even 

though µR for Cu radiation was about 2.0 (5 Table 5.3.5B). 

3'.3 Structure Determination and Refinement 

3.3 A Solution in the ['OlOl Projection 

For both of the possible space·grou s Pnma and Pn21a 

the projection down [010] is a centrosyrnmet ic one having 

plane group symmetry pgg. A solution for ·structure in 

this centrosymmetric projection using the h t data was 
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attempted first. This projection was ed because 

the problem of determining the phases structure factors 

reduces to one of determining only the sign (+ or -) of 

the real part of each structure amplitude s·nce the imaginary 

parts are identically zero. Also, since Z 

number of formula Units per unit cell) the 

are restricted to lie on mirror planes 

4 (Z _ the 

S atoms 

orientation of the methylsulfonate group is similarly 

restricted by the mirror planes perpendicul 

Hence a solved [010] projection could possi ly distinguish 

the correct space group for the observed me hylsulfonate 

group orientation. 

The h01 observed structure amplitud s were used 
, 

to calculate a Patterson function projectio down [010], 

according to equation [2-9]. This function revealed 

probable positions for the large cesium s but little 

else, so a sharpened Patterson function (10, Ch.4) was 

calculated in order to increase the resolut"on. Figure 3-1 

shows this sharpened Patterson function. It as solved by 

the method of superposition (8,Ch.7) to giv the four Cs 

atoms and the four S atoms in the unit cell. With these 

proposed x and z atom coordinates and with temperature 

factor and scale factor provided by Wilson's method 

(8, Ch.4), structure factors Fc(~01) weie alculated 

according to eqn.[2-3]. These were found t be close 
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Q/2 

FIGURE.3-1 

Sharpened Patterson Function Projec ion· Down [010]. 
Contours are Drawn at Equal Intervals in rbitrary Units. 
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enough to the observed structure factor mag itud~s 

!F
0

(h0t) I to allow a [010] electron density 

be calculated according to eqn. [2-2]. The 

F (hOt) were considered to be known if 
0 

·1 
less than 2 IF 

0 
(hO t) I· 

to 

of the 

was not 

This electron density function, sho n in Figure 

3-2, revealed three possible positions clos to the S 

atom for the 0 and C atoms. Further Fourie syntheses 

indicated one of these positions to be the atom since 
0 

it was at least 1.7 A from the S O distances 

were not expected to be this long. One of he two remaining 

positions did not show spherical contours afd this was 

interpreted to be two O atoms which were pa tially super-

posed in this projection. The third positi n was inter-

preted to be the remaining O atom. No H at m positions 

could be seen in an~ of these initial elect on density 

p~ojections. 

3.3 B Refinement of Trial Three Dimensiona Structures 

Since there was some doubt that two of the O 

atoms overlapped exactly in the [010] proje tion, it was 

proposed that there was no mirror plane thr ugh the 

methylsulfonate group perpendicular to [010 and that 

the noncentrosymmetric space_ group Pn21 a sh uld be used 

for a trial three dimensional structure If nma should . 
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be the true space. group then the Pn21a refi ement should 

indicate this fact by. generating the mirror plane. A 

trial three dimensional structure was obtai ed by cal-

25 

culating appropriate y coordinates for a 

making use of the known x and z values. 

sible structure, 

structure was used as a starting point for east squares 

refinement. 

The least squares program allowed a justment of 

x, y, z and six anisotropic temperature fac or components 

for each atom along with scale factors fo~ ach of the 

layers of data. In Pn21a they coordinate f one atom 

must be chosen arbitrarily and so the Cs at was given the 

value y = ~ corresponding to its constraine value ih Pnma 

space group. After a few refinement cycles atom 

positions in the Pn21a model were not very different 

from those required by the centrosymmetric space group. 

Hence the structure was also refined in Pnm . The best 

weighted agreement index, Ras defined bye [2-7], 

obtainable in Pnma was 0.1206 compared to 0 1199 in Pn2 1a. 

Hence there was not very much difference in the fits to the 

observed data given by these two models. S nee Pnma used 

37 variable parameters compared to 59 for P 21a, one would 

normally prefer the Pnma model which uses wer variables 

to obtain a nearly equivalent fit. However the real question 

at this point seemed to be whether small de iations from a 
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centrosymmetric structure actually exist in CsMS. 

3.3'C Tests for the Correct Space Group 

An attempt to detect piezoelectrici y was made 

in order to investigate further the questio of the correct 

space group. The presence of a piezoelectr'c effect would 

indicate that the noncentrosymmetric Pn2 1a pace group was 

correct. The equipment constructed for thi purpose was 

essentially the transmission type piezoelec ricity detector 

described by Blume (18) except that 

generator was used as the FM source 

cial signal 

quency modulation 

chosen as 1000 c.p.s. A differential input oscilloscope 

with sensitivity of 0.1 mv. was used to dis lay the 

detector output. No piezoelectric resonanc s were observed 

in CsMS over the· frequency range 1 x 106 to 50 x 10 6 c.p.s. The 

absence of an observable piezoelectric ef fe is consistent 

with either space group so these measuremen s failed to 

resolve the question. 

Hamilton's tables for significance 

the crystallographic R factors were also us 

(19) on 

an attempt 

to determine the correct space group. Thes significance 

tests indicate the statistical chance of er if one accepts 

an unrestrained model with a lower R factor in preference 

to a restrained model with larger R factor. Since the R 

factor ratio for the two refinements was sm 11 

(R(Pnma)/R(Pn21a) • l.006), it was necessar to extend 
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the series of' tables given by Hamilton to h gher levels of 

significance. This was done using Hamilton s relation 

between the R factor ratio and the F table alues (19,Eqn.24), 

and Merrington and Thompson's relation (20) which gives the 

F values for significance levels greater th n 0.5 in terms of 

those less than 0.5. Only t~e necessary t le values were 

calculated corresponding to R201366 ,a for t e significance 

levels a= 0.750, 0.900, 0.950, 0.975, 0.99 , and 0.995, 

and these were examined as a function of a. Since the 

observed ratio of 1.006 still lay below the lowest of these 

calculated values (1.010 calculated for a = o.995), there 

is statistically more than 99.5% chance of rror if one 

excluded the Pnma refinement and proposed t at only the Pn2 1a 

refinement is correct. Hamilton's test the efore indicates 

a very remote chance of the space group bei g Pn2
1
a, and 

the rest of the discussion will be based on the structure 

refined in Pnma space group. 

3.3 D Possible Hydrogen Positions 

In an attempt to detect hydrogen positions, 

a difference electron density projection do [010] was 

calculated. The Fourier coefficients used ere the dif-

ferences between the observed h0£ structure factors and 

those calculated from parameters refined in Pnma with · 

three dimensional data. The function is sh wn in Figure 

3-3. The broken straight lines enclose reg'ons in which 
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hydrogen peaks might be expected, assuming etrahedral 

S-C-H angles and C-H bond lengths of 1.10 or less. 

Some density is found in this region, but e peaks are 
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smaller than other difference Fourier peaks in this projection 

and it would be unwise to draw any conclusi ns in such cir-

cumstances. 

Another attempt to detect hydrogen toms was made 

by including them in the model at likely po itions and 

examining any improvement in the agreement etween cal-

culated and observed structure factors. ee hydrogen 

atoms were included in the model assum~ng t at they were 

part of a rotating methyl group. The struc ure factor 

contribution for each such atom may be calc lated like any 
·' 

other atom in eqn. [2-3] but with a modified atomic scattering 

factor (see Appendix I} . The rotating hydr gen atoms were 

constrained to make tetrahedral S-C-H angle and to have 
0 

C-H distances of 1.10 A (6, Table 4.2.3}. he calculation 

was insensitive to this small addition of s attering matter 

as R only decreased by 0.001. Consequently from this 

analysis and from the [010] difference elec ron density, 

no hydrogen positions could be confirmed in this x-ray 

analysis. 

Table 3-2 gives the final atomic rdinates and 

anisotropic temperature factors in space up Pnma together 

with the standard errors calculated during he least squares 

refinement. 
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TABLE 3-2 

Atomic parameters for CsCH3so3 in space_ groljJ.p Pnma. (Figures 

in parantheses are the standard errors in tljl.e last digits quoted.) 

Atom 

Cs 

s 

01 

Multiplicity 
and sitet 

4 (c) 

x 

0. 0610 (2) 

0.2740 (7). 

0.1366 (17) 

1/4 

3/4 

3/4 

z 

0.1324 (2) 

0. 2182 (7) 

0.1538 (22) 

02 

· 4 (c) 

4 (c) 

8 (d) 

4 (c) 

o.3015 (14) o.~569(25) o.3072 (18) 

c 0.4015 (32) 

* Temperature factor components 

Atom 811 822 833 81~ 

Cs 88 (2) 215 ( 7) 116 (2) 0 

s 63 ( 7) 224 ( 2 8) 84 (7) 0 

01 55 (18) 310 (80) 129 (30) 0 

02 118 ( 18) 187 ( 55) 171 (22) 40 (~ 

c 97 ( 37) 623 (165) 147 ( 42) 0 
. . . ' . . . 

* appear in ~ Anisotropic temperature factors 
factor calculations in the 'form 

T = exp[-l0- 4 (8 11h 2 + 822k 2 .. 2 
+ 8 33 . + 2s12hk 

tSite symbol as defined for the space group 
Tables ( 4) • 

3/4 0.0647. (.39) 

813 823 

-10 { 2) 0 

-10 ( 6) 0 

3 ( 18) 0 

2) -21 (18) 97 ( 31) 

113 ( 37) 0 

he structure 

+ 28 13ht + 28 23kt)]. 

Pnma in International 
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Table 3-3 presents the obaerved str cture amplitudes 

F
0 

together with their estimated standard e rors a and 

the structure factors, F , calculated from c parameters of 

Table 3-2. The atomic scattering.factors u ed throughout 

these calculations were taken from (6, Tabl 3.3.lA) for 

S ref. SXC-69, O ref. SX-8, C ref. SX-6, an H ref. Q-1; 

and from (6, Table 3.3.lB) for Cs. 

3.4 Description of the Structure 

Figure 3-4 shows the structure of o e unit cell 

of cesium methylsulfonate (CsMS) projected own [010]. 

The two mirror planes perpendicular to at y = 1/4 

and y = 3/4. Then and a glide planes perp ndicular·to a 

and c respectively are shown by broken line • The groups 

shown in heavy outline lie on the mirror pl ne at y = 3/4, 

while those in fainter outline are below on the mirror plane 

at y = 1/4. The oxygen atom 02 is situated below the mirror 

plane in each methylsulfonate group and is elated to another 

oxygen atom by reflection in the mirror pla e. 02 and 02' 

its mirror image,are superposed when viewed down [010] as 

in Fig. 3-4. By operation of the n and a g ide plane 

symmetry elements on the atoms of any asymm tric unit, the 

complete unit cell and its neighbouring eel s can be generated. 

Fig. 3-S(a) shows an extended diagram of th [010] projection. 

Here the anions have been drawn as projecti ns of triangular 

pyramids with the carbon atoms marked as bl ck circles. The 
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H K l F0 FC rr H K l FP. FC tr H K l F~. FC rr .. < F~ FC 'J' ~ K F3 •c rr 
2 0 3 414 475 27 8 I 0 lH7 223 31 3 2 l 190 -42!> 35 2 3 2 12- lb Jb l 4 4 222 l 86 23 
4 0 0 130 197 lb lO l 0 n& 200 39 4 2 l 681 870 S4 3 l 2 362 36& 2l 2 4 4 bH -bn 51 
b 0 0 808 -~.\b SS 17 l 0 Hl 114 4l s 2 l 100 32b l1 4 3 2 •J- -82 47 3 4 4 123- Id b) 

8 0 0 M• -f)88 bb Ci l l 4d4 -4lH 34 b 2 l 398 388 80 s 3 2 1?1 -ns 71 4 4 4 l2b l 18 H 
ID 0 0 153 -Bl 44 l l l 220 -247 21 7 2 l 370 364 31 b 3 2 l&O -l 75 40 5 4 4 182 l4j " lZ 0 0 lto -90 40 2 l l 156R -1S44 l3H 8 z I 223 210 37 7 3 2 714 -74b 40 b 4 4 i!.8 I 275 2> 

l 0 l 1217 1279 10 3 l l 80b -Bbl 9• • 2 I 157 388 7.2 B 3 2 ll8- 86 59 1 4 4 122 IS H 
7 0 l 760 -'76 46 4 I l 17 98 19 lO l I 271 -286 23 9 j 2 3H -351 2J 8 4 4 404 164 22 
3 0 I ·101 Ill n s l l 906 -808 Bb II 2 I 89- 112 44 lO 3 2 91- -84 4b • 4 4 85- H 41 
4 0 l l 38 l -1548 ro 6 l l 341 HS 29 0 2 2 291 271 19 ll 3 2 l 42 -120 18 I 4 5 jJJ - j }'.J 25 
5 0 l 168 -210 28 7 l I 328 -HO H I 2 2 13SS 1064 ll l 0 3 j 808 765 71 2 4 5 45• 4H 26 
6 0 l llO -LB 28 6 I l 665 614 bb 2 2 2 71- -71 3b I 3 3 H b6 20 j 4 5 1?8- -10 "' 7 0 I 451 -411 75 ? l l 146 157 36 I 2 2 1269 ILS2 'JI 7 3 3 273 301 lO 4 4 5 •n 405 D 
H 0 l lH -HI 44 10 l l 2,, 254 22 4 2 2 217 201 20 3 3 3 852 -qab 41 5 4 5 128- '" 64 
~ 0 l 411 -412 41 II l l 270 7.24 16 s 2 2 951 975 S7 4 3 3 L 74 LH 2l 6 4 5 14• HS 25 

10 0 l 150 HS 44 12 l l 18- -? l? 6 7 2 116 -164 79 5 3 3 600 :"'595 30 1 4 5 n; l47 B 
IL 0 l 103 -ll2 26 l l 2 1726 -lHS lH 7 7 2 217 281 36 6 3 3 428 -398 24 8 4 , ,,_ 

-ll 41 
12 0 l 180 !SB 24 2 l 2 174• ll 7 0 8 ~ 2 12?- 50 65 7 •3 3 207 -220 17 • 4 s 61- 68 }J 

0 0 2 IOI& -l0l4 n ) l 2 871 -760 SL 9 2 124- -142 62 8 l ) 2)2 -2H 2• 0 4 6 12>- [Qj "' l 0 2 qs& -832 80 4 l 2 141 -l3l 23 10 2 2 109- -98 SS 9 3 ) 104- 87 52 l 4 b IH- 106 64 
z 0 2 687 596 43 5 1 7. 324 372 20 II 2 2 250 -2Sl 14 10 3 3 167 -l6H 21 2 4 6 158 I 75 26 
3 0 2 160) -lbl9 96 6 I 2 lSS lb6 26 l 2 3 12q9 1053 116 l 3 4 l 73 -1R6 12 3 4 6 &OH &50 lj 

4 0 2 410 -160 29 7 l 7 771 897 HJ 2 2 3 625 52S 55 2 3 4 S90 -5Sl 32 4 4 b 177- -H b4 
5 0 2 l05o -l 107 98 8 I 2 119 -132 30 3 2 3 S20 483 40 3 I 4 102- 49 51 5 4 6 272 JO> 27 
6 0 2 114 9S 28 9 l 2 411 457 42 4 2 3 5S7 5 73 46 4 3 4 845 -891 63 ; 4 b 112- -IJ 56 
7 0 2 125 -7H n 10 l 2 76- 89 36 5 2 3 52R -498 47 5 3 4 270 -222 25 1 4 6 l6b 181 42 
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Observed and calculated 

of 1/10 electron per unit 

structure factor (F and F ) in units 
0 c 

cell with estima ed relative standard 

errors (o) in F
0 

A minus sign following 

observed reflection; an asterisk indicates 

measurement which was not used in the leas 

indicates an un-

an unreliab:e ~ 
0 

squares .refinement. 
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FIGURE 3-4 

Structure of cesium rnethylsulfona e 
viewed down [010]. 
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FIGURE 3-5 

The structures of (a) cesium methylsulfonate and (b) barium 
sulfate projected down [010). The groups in heavy outline lie 
on the mirror plane at y = 3/4; those in faint outline lie on 

. the one at y = 1/4. The atoms 02 and 02' a e related by re
flection in the mirror plane at y = 3/4. 
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dark and light shading is again used to ind cate. groups 

on the y = 3/4 and y = 1/4 mirror planes re pectively. 

Figure 3-6 shows the environment of a cesium 
0 

ion, with the distances in A marked for ea h neighbour. 

Six of the nine oxygen atom neighbours can e considered 

as forming a slightly distorted triangular rism which is 

shown by dotted lines. Two more O atoms li outside 

the triangular faces. The ninth O neighbou is situated 

outside one of the rectangular faces. The 
0 

atom at 3.77 A is found outside one of the ther rectangular 
0 

faces. All other C atoms are more than 4.3 A away. The 

dotted lines drawn around one Cs atom in Fi . 3-S(a) describe 

this same set of O neighbours· viewed in the [010] projection. 

The environment found for a carbon tom is shown 
0 

.in Fig. 3-7 with distances marked in A unit This 

figure does not explicitly show the O and S atoms 

belonging to the same methylsulfonate group as the C atom, 

nor does it show any H atoms of the methyl roup since 

these could not be located. The C atom approximately 

bond since all these atoms lie in the same irror plane. 
0 

No other C-0 distance is less than 4.15 A e cept of course 

those O atoms belonging to the same methyls lfonate group. 

Each C atom is related to two others by cen res of symmetry. 
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Environment of a cesium ion in cesium meth lsulfonate. 
Distances are marked in A. Atom label are~as 

defined in Table 3-4. 
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FIGURE 3-7 

02(b)Ol0 

0 Ol(a)lOO 

02 I (b) 

Environment of a carbon atom in ce ium methyl-o 
sulfonate. Distances are shown in A. Sulfur 
and oxygen atoms belonging to the ame CH 3so3 
ion are not shown, nor are the hyd ogen 
atoms since these were not located. Atom 
labels are as defined in Table 3-4 with the 
additional 2

1 
axis through (x,z) = (1/2,0). 
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These features of the C atom environment ar also evident 

from the [010) projection in Fig. 3-5(a). 

Table 3-4 gives the interatomic dis ances and angles 

in CsMS together with their standard errors In certain 

cases distances are also given after applyi g corrections 

and C atoms on the heavier central S atom. he significance 

of these corrections and the standard error will be dis-

cussed in Section 3.5 c. 

3.5 Discussion and Conclusions 

3.5 A Comparison of CsCH 3so3 and Baso4 

In discussing many of the features f the.CsMS 

structure it is useful to make a comparison with the structure . 
of the isoelectronic compound barium sulfat , Baso4 . Barium 

sulfate also crystallizes in space group Pn a with four 

formula units per unit cell, and has cell c nstants a= 8.86, 
0 

b = 5.44, c = 7.14 A. The barium sulfate s ructure was 

studied by James and Wood (22) in 1925 as o e member of 

an.isostructural series which they suggest ncludes strontium 

and lead sulfate, strontium and barium sele ate and chromate, 

potassium and rubidium permanganate, and po assium fluoborate. 

More recent neutron diffraction work on bar um sulfate (23) 

has yielded more reliable values for some o the oxygen 

coordinates. The fact that barium sulfate nd CsMS crystal-

lize in the same space group with similar c 11 constants 
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TABLE 3-4 

Interatomic distances and angles in cesium methylsulfonate. 
(Figures in parantheses are the standard e rors in the last 

digits quoted.) 

* * Uncorrected Corrected 

0 0 

S-01 1.424(18) A 1.434(19) A 
0 0 

S-02 X2t 1.460(16) A 1.485(18) A 
0 0 

s-c 1.804(33) A 1.846(38) A 
0 0 

Mean s-o 1.448(12) A 1.468(17) A 

Ol-S-02 X2 111.9 ( 8) 0 

02-S-02' + . 111.9(13) 0 

01-s-c 109.2(16) 0 

02-s-c X2 105.8(11) 0 

0 

Cs-01 X2 3.22 (1) A 
0 

Cs-02 X2 3.35 (2) A 
0 

Cs-02 (a)·§ X2 3.18 (2) A 
0 

Cs-02(b) X2 3.34 ( 2) A 
0 

Cs-01 (c) 3.12 (2) A 
0 

Cs-C (d) 3.77 ( 3) A 

* For a discussion of these corrections for hermal. motion, 
see text. 

tThe multiplicity X2 indicates that two equivalent bonds 
exist related by the mirror plane through t e central atom. 

tThe atom 02' is related to 02 by reflectio in the mirror 
plane y = 3/4·. 

§The following are synunetry transformations applied to the 
coordinates 6£ Table 3-2. 

(a): x-1/2, y, -z + 1/2; 
(b): -x + 1/2, y - 1/2, z - 1/2; 
( c) : -x' -y + 1 ' - z ; 
(d): -x + 1/2, y - 1/2, z + 1/2. 
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might lead one to expect that they were isostructural. 

However a detailed comparison indicates that this is not 

the case even though the structures are closely related. 

Fig. 3-S(b) shows the structure of barium sulfate 

projected down [010] and may be compared to the [010] 

projection of CsMS in Fig. 3-S(a). In both structures, 

the a glide planes and b translations generate layers 

perpendicular to the c axis. The structure of an individual 

layer is very similar in the two materials with only a 

slight difference occurring in the orientation of the 

anions within a layer. 

However the stacking of the layers relative 

to each other is quite different in the two crystals. 

Adjacent layers in CsMS are displaced relative to one 

another by about a/4 compared to the positions of the 

corresponding adjacent layers in barium sulfate. This dis

placement may alternatively be seen as a difference in the 

positions of the atoms along the a direction when measured 

from the centre of symmetry at the origin, or when measured 

from the n glide planes. The particular arrangement of 

the iayers in CsM.S is seen to provide channels in the 

structure running parallel to b. Since the S-C bonds are 

directed into these channels, the methyl groups are expected 

to occupy these relatively open regions, and in so doing 

they avoid close contacts with Cs ions. On the, other hand 
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this arrangement of the layers is observed to retain close 

contacts between O atoms and Cs ions. 

In both barium sulfate and CsMS each O atom has 

three neighbouring cations. The Ba ion has twelve O neighbours 
0 0 

at distances ranging from 2.7 A to 3.3 A (22), whereas the 
0 

Cs io~ has only nine O neighbours at distances between 3.12 A 
0 

and 3.35 A. The nearest O neighbours to the Cs and Ba ions 
, 

have been indicated by dotted lines in Fig. 3-S(a) and (b). 

Since barium sulfate and CsMS are isoelectronic 

compounds whose forms can be pictured as compact ionic 

structures, one m1ght expect to be able to relate any 

prominent structural differences to the differences in the 

constituent ions. Since Ba and Cs are neighbouring elements 

in the periodic table they are expected to have similar 

effects on the packing even though they carry different 
0 

charges when ionized and have different ionic radii (1.35 A 

for Ba+ 2 , 1.69 i for Cs+l (2, Table 13-3)). However, in 

considering the differences between the two anions, one would 

not be surprised to find them in quite different environments 

as a result of their interactions in a structure. There 

are two points of difference that are relevant. The first 

is a difference observed in the geometry of the anion when a 

methyl group replaces an O atom. The elongation of the 

anion along the S-C direction and the addition of three H 

atoms is expected to increase the volume of the anion. The 
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second difference is one of charge distribution. In both 

-2 -1 the so4 ion and the CH 3so3 ion the negative charge 

is expected to be evenly distributed among the oxygen 

atoms of the ion. However the methyl group will probably 

carry very little negative charge and when viewed externally 

would appear to carry a slightly positive charge since 

the H atoms have their electrons mainly in bonding orbitals 

between the protons and the C atom. The differences in the 

structures observed for Baso4 and CsCH
3
so3 can be explained 

in terms of these simple pictures of volume and charge 

distribution differences for the two anions. The volume 

difference results in a structure for cesium methylsulfonate 

which has relatively open regions to accommodate the methyl 

groups. The arrangement of the methyl. groups in these. 

regions results in only a small amount of contact between 

the methyl groups and positive cesium ions. 

The stable configuration adopted by CsMS is one 

which maintains three cation contacts for each oxyge~ atom 

as is the case in barium sulfate. Local charge neutrality 

may be demonstrated by assumi~g that electron charges on 

each oxygen atom are -2e x 1/4 = -0.Se in Baso4 , and 

-le x 1/3 =-0.33e in CsCH 3so3 . 
+2 Each Ba is then surrounded 

by 12 oxygens each contributing 1/3 of its -0.Se, or a 

total of 12 x-0.Se x 1/3 = -2e, to balance the +2e charge 

on the barium ion. 
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Each Cs+l is surrounded by 9 oxygens each contributing 

1/3 of its -0.33e, or a total of 9 x -0.33e x 1/3 = -le, 

to balance the.+le charge on the cesium ion. 

3.5 B Possibility of ·Hydrogen Bonding 

Although no hydrogen atoms were located by this 

x-ray analysis, possible hydrogen bonds could be inferred if 

short c-o distances were observed. Any hydrogen bonding 

between carbon and oxygen is expected to be quite weak, and 

examples known to exhibit such hydrogen bonds are comparative-

ly few. The three closest oxygens to each carbon atom 

(excluding those on the same anion) have been shown in Fig. 3-7 
• 0 

and lie at distances of 3.32, 3.53 and 3.53 A. The first of 
0 

these is within the value 3.4 A found for the sum of Van der 
0 

Waal radii for the methyl group and the oxygen atom (2.0 A 
0 

and 1.40 A (2, Table 7-20)), and might ·suggest a hydrogen 

bond. However the C-01 direction seems unsuitable since it 

gives a S-C-01 angle of 85°. The other two oxygen neighbours, 

while probably too distant to consider, also are unsuitably 

located as they both have s-c-o angles of 96°. 

It seems very unlikely that the strong covalent C-H 

bonds which are expected to form tetrahedral s-c-H angles 

(109.5°) would distort by 25° or so in favou~ of any weak 

hydrogen bonding interaction with the neighbouring oxygen 

atoms. For this reason no hydr~gen bonds are likely to 

exist in CsMS. Indeed the lack of close interactions for 



\ 

t~e H atoms with the rest of the structure suggests 

that the methyl group may be rotating about the s-c axis 

at room temperature. 

3.5 C Bondlength Errors and Thermal Corrections 

Standard errors have been given in Table 3-4 
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for the bond lengths and angles. These include the standard 

errors in the atom coordinates provided by the least squares 

refinement and the standard errors in the cell constants. 

This error does not include possible systematic errors such 

as those caused by the thermal motion of the atoms. ·It is 

possible to correct the s-o and s-c distances for temperature 

effects (21) by making assumptions about their relative -

motions. The values of the thermally corrected bond lengths 

are given assuming that the methylsulfonate group is under

going a riding or librational type of motion. The standard 

errors quoted for corrected distances take into account the 

standard errors in the uncorrected values and the standard 

errors calculated by the least squares program for the 

temperature factors. 

H~wever, since the intensity data were not corrected 

for absorption, these temperature factors may contain 

sy'stematic errors which would not appear in the standard 

errors derived during their least squares refinement. 

In addition the methylsulfonate_ g~oup may not be undergoing 

a riding motion but instead the relative motions of the sulfur, 
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oxygen and carbon atoms might be uncorrelated. In this 
0 

event the corrected values in Table 3-4 are 0.05 A too small. 

The assumption of a riding motion is probably a better one 

to make for a group such as the methylsulfonate ions since 

it is more likely that a covalently bonded group would 

undergo a rigid body type motion rather than a random motion 

of the individual atoms. However, with possible uncertain-
0 

ties of 0.05 A in any of the corrected bondlengths, the dif-

ference between the distances S-01 and S-02 is probably 

not significant. The mean values for the observed S-0 

bondlengths as quoted in Table 3-4 should provide the most 

reliable values for these distances in the methylsulfonate 

ion. 

The neglect of the H atoms might be expected to 

affect the position and the temperature factor of the c 

atom. However, when the rotating cha!ge distribution was 

included in the model to take account of H atom scattering (see 

Section "3.3D), no significant shortening of the s-c bond 

could be observed. Hence the atomic coordinates used 

in calculating the thermally uncorrected s-c distance 

were probably not affected by the omission of H atoms 

in the model. However it seems quite likely that the C 

atom anisotropic temperature factors would be affected 

by this omission. Hence the thermally corrected S-C bond

length value could be less-reliable than its standard 
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error would indicate. 

3.5 D The Methylsulfonate Ion 

Certain features of the methylsulfonate ion 

have previously been described, particularly those which 

influence the crystal structure as a whole. The following 

discussion deals with the stereochemistry of the ion and its 

chemical significance. 

The methylsulfonate ion is only required by the 

crystallographic space group to have Cs point symmet~y 

(S, C, and O lie on a mirror plane, H neglected). However, 

within the accuracy of our results it probably has the 

higher c3v symmetry. An idealized diagram of the ion in 

this symmetry is shown in Fig. 3-8. 

The bond distances and angles in the methylsulfonate 

ion agree fairly well with values found in the literature 

for similar groups involving S-0 and s-c bonds. The mean 

S-0 bond distances of l.~48 ~ .012 A or 1.468 ~ .017 A * 
(see Table 3-4) can ~e compared to the following values: 

+ 0 * 1.461 - .005 A in potassium methylenedisulfonate, 

+ 0 + -
1.44 - .02 A in sulfanilic acid monohydrate NH 3 c6H4so3 · 

H20 (25); 

1.44 ~ .01 A in metanilic acid NH 3+c
6

H4so
3 

(26); 

* The values marked with an asterisk include 
corrections for thermal motion. 
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FIGURE 3-8 

The structure of the meth¥lsulfonate ion 

shown in the idealized symmetry c3v . 
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.and 
0 

1.454 A in sodium napthionate tetrahydrate 

0 + The uncorrected s-c bondlength of 1.80 - .03 A can 

be compared with the following values quoted for s-c single 

bonds which are also uncorrected for thermal motion: 

+ 0 

1.770 - .007 A in the bridged carbon of K2 [CH 2 (S03) 2J ( 24) ' 

+ 0 + -1.77 - .02 A in NH 3 c6H4so3 •H
2

0 ( 25) 1 

+ 0 + -l.80 - .01 A in NH 3 c6H4so3 (26) 1 and 
0 

l. 766 A in NH 2c10H6so3 Na•4H 2o ( 27) • 

The thermally corrected s-c bondlength value of 

1. 85 
+ 0 

.04 A may not be too reliable because of unusual carbon 

atom temperature factor effects (see discussion in previous 

section) • 

3.5 E -1 Comparison of the CH 3so3 Ion and a Related Series 

It is useful to compare the bondlengths and angles 

of the methylsulfonate ion with others in the isoelectronic 

series containing the sulfate ion so4- 2 (1), the dimethyl 

sulfone molecule (CH
3

) 2so2 (28), the trimethyloxosulfonium 

ion (CH
3

) 3so+ (29) (30), and the hypothetical (CH 3) 4s+ 2 ion. 

This comparison is presented in Table 3-5. The bond lengths 

used in this comparison have been corrected for thermal motion. 

For dimethyl sulfone these corrections have been made using 

the average of the temperature factors quoted by Sands (28) 

and assuming a riding motion for the molecule. 
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TABLE 3-5 

Comparison of the interatomic distances and angles in so4
2-, 

- + . . 2+ 
CH

3
so

3 
, (CH

3
) 2so

2
, (CH

3
)

3
so , and the hypothetical (CH3 ) 4s . 

(Figures in p~rentheses are the standard errors in the last 

digits quoted. ) 

0 

so 2-
4 

Bonds (A) 

s-o 
s-c 

1.49 (1) 

Angles( 0
) 

o-s-o 109.5 

o-s-c 
c-s-c 

1.47(2) 

1.85(4) 

111.9(13) 

106.9(16) 

1. 4·7 ( 2) 

1. 79 (2) 

117.9(8) 

108.8(8) 

103.0(8) 

1.47(2) 

1.79 

112. 7 ( 7) 

106.1(8) 

(CH ) s 2+ 
3 4 

1.79 

109.5 
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Certain trends are apparent as successive O atoms 

are replaced by methyl groups: 

(1) With methyl groups present the angles at the S 

atom deviate from the tetrahedral value of 109.5°. 

Angles which are subtended by O atoms increase at 

the expense of angles involving the C atoms. The 

experimental errors indicate that these observed 

differences are significant. 

(2) None of the s-c distances differ too significantly 
• 0 

from 1.80 A. 

(3) The S-0 bond distances appear to decrease as more 

methyl groups are substituted for O atoms. However 

this decrease may not be significant. 

The configurations for this series can be understood 

in terms of the theory proposed by Cruickshank (1) . The 

theory suggests that appreciable TI-bonding exists in certain 

tetrahedral groups in addition to the· usual er bonding. This 

TI-bonding arises from overlap of d 2 and d 2 2 electron 
z x -y 

orbitals of the central atom with p orbitals of the four 

surrounding atoms. When one or more methyl groups are 

substituted, this hypothesis suggests the following effects: 

(1) The S-C distance will be that of a single a-bond 

since the C atom has no p electrons available for 

TI~bonding. 



(2) If the arrangement is not strictly tetrahedral, 

say if the angles deviate from tetrahedral values, 

still stronger ~-bonding can arise from the dxy' 

d , and d orbitals of the central atom. With 
yz xz 
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methyl groups present the o~s-o angles can open because 

the C atoms are more distant and the negatively 

charged O atoms can repel one another by electrostatic 

forces. The angle changes which are observed when 

methyl groups are present satisfy this criterion 

necessary for even stronger ~-bonding and the 

remaining S-0 distances are expected to be shortened. 

The data of Table 3-5 appear to verify these pre-

dictions. Hence these results are in accord with the 

predictions of Cruickshank regarding the nature of the bonding 

in compounds of this type with S as the central atom~ 



CHAPTER 4 STRUCTURAL INVESTIGATIONS ON 
LITHIUM HYDRAZINIUM SULFATE 

4.1 Introduction 

4.1 A Literature Survey 

The preparation of lithium hydraziniurn sulfate, 

LiN2H
5
so4 (hereafter referred to as LiHzS), was described 

in 1916 by Sommer and Weise (32). Crystals of LiHzS at 

room temperature belong to the orthorhombic space group 

9 
P~n2 1 cc 2v> with cell constants a= 8.99, b = 9.94, 

0 

c = 5.18 A, and four formula units per cell. In 1958 these 

crystals were reported by Pepinsky, Vedam, Okaya, and Hoshino 

(33) to exhibit good ferroelectric hysteresis loops over 

the range -15°c to 80°c, but no dielectric anomalies were 

0 0 observed between -196 C and 140 c .. Excessive conductivity 

interfered with both the ferroelectric and dielectric 

measurements above these two temperatures. In 1963 Cuthbert 

and Petch (34) reported the results of proton and Li 7 nuclear 

magnetic resonance studies. This work indicated the· probable 

hydrogen atom configurations and motions in the crystal, and 

suggested from the Li7 signals the possible existence of-a 

high temperature polymorph above 160°c. Also in 1963 Bline, 

Schara and Poberaj (35) used electron spin resonance experi-

52 
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ments to study paramagnetic centres produced in y-irradiated 

LiHzS. 

Crystal structure analyses of room temperature ferro-

electric LiHzS were reported simultaneously in 1964 by 

Brown (36) and by Van den Hende and Boutin (37) and a two 

dimensional structure was reported by Niizeki and Koizumi (38) 

which agreed with the other two determinations. Also in 

1964 Vanderkooy, Cuthbert, and Petch (39) reported the 

results of conductivity experiments on LiHzS crystals and 

suggested that the large conductivity in.the c direction was 

caused by proton transfer along the sequence of hydrogen 

bonds linking the hydrazinium groups. Studies of Raman 

spectra from LiHzS were published in 1965 by Krishnan and 

Krishnan (40). A neutron diffraction study on LiHzS 

published in 1967 by Padmanabhan and Balasubramanian (41) 

describes a crystal structure in agreement with the x-ray 

results. These authors also report hydrogen atom positions 

and prefer a static model rather than their attempted 

* + refinement· of a dynamic model in which the NH 3 groups of 

the hydrazinium ions would be rotating. A recent paper by 

MacClement, Pintar and Petch (42) reports measurements of 

the proton spin-lattice relaxation time along with improved 

*The dynamic model structure.factor contribution 
formula which these authors report they have used is either 
in error or suffers from a misprint. See Appendix I. 
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proton magnetic resonance measurements. These results 

contradict the interpretation from the neutron diffraction 

experiments that the hydrogen positions of the NH 3 groups 

are static. 

4.1 B Description of the Structure 

The x-ray, neutron, and NMR experiments have given 

considerable information about the room temperature 
~ 

structure of LiHzS. Fig. 4-1 shows the structure in the 

(001] projection. The sulfur and lithium atoms are each 

surrounded by four oxygen atoms at the corners of a tetra- . 

hedron. These tetrahedra form a framework by sharing 

corner oxygen atoms. + The hydrazinium groups, NH2~NH3 , 

are situated in channels running through the framework 

along c and have their N-N bonds approximately perpendicular 

to c. The earlier proton magnetic resonance studies (34) 

+ have shown that the atoms N2 are part of the NH 3 groups 

and that these hydrogen atoms are probably rotating at 

room temperature about the Nl-N2 direction. The neutron 

diffraction results (41) have been interpreted as favouring 

a static model for these hydrogens, but this interpretation 

has since been challenged (42). The atoms Nl are part 

of the NH 2 groups and each Nl is hydrogen bonded to the 

adjacent Nl atom within the same channel. Each Nl is also 

hydrogen bonded to the oxygen atom 04 of the framework. 

Fig. 4-2(a) and (b) show the two possible configurations 
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f?r the hydrogen bonds linking adjacent NH 2 groups of the 

hydrazinium ions. On the assumption of tetrahedral N2-Nl-H 

and H-Nl-H angles the proton resonance results would 

favour the hydrogen bond configuration of Fig. 4-2(b). 

However the neutron diffraction results, while confirming 

that the hydrogen bonds are ordered in the crystal, favour 

the configuration of Fig. 4-2(a). 

4.1 C Possible Ferroelectric Mechanisms 

Possible theories for ferroelectric behaviour in 

LiHzS must explain the origin of permanent electric dipole 

moments along the c direction and the mechanism for re

versal of the direction of these moments upon reversal of 

an applied electric field. Since Pbn21 space group has b 

and n glide planes perpendicular to a and b, the c axis is 

the only possible direction in which any net dipole moment 

can occur. The ferroelectricity in LiHzS might arise in 

one of, or a combination of, three possible ways: 

I The noncentrosymmetric structure may possess a 

permanent net dipole moment which can be reversed 

exactly by a change of the crystal to its 

enantiomorphous (opposite handed) structure. 

II The polar hydrogen bonds between nitrogen atoms can 

contribute a dipole moment to the 2'.:ructure. This 

moment could be reversed by ~n interchange in the 

roles of the donor and acceptor nitrogen atoms in 



each hydrogen bond,i.e •. a switch between the two 

structures shown in Fig. 4-2. 

III There may exist some molecule or ion such as the 

sulfate ion which, because of its own electronic 

configuration, may possess a dipole moment. These 
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dipoles might be reversed by a change in orientation 

of the group itself or by a change to another 

degenerate state of the group in which the polar1-

zation direction is different. 

4.1 D Difficulties with Mechanisms Assigned to LiHzS 

To date there seems to be no conclusive .experimental 

evidence explaining the ferroelectric mechanism in LiHzS. 

For any ferroelectric crystal, a mechanism of type I above 

is an obvious choice to consider. The simplest framework 

change to produce the enantiomorphous structure involves a 

rotation of about 46° for the sulfate group about an axis 

close to the S-02 direction. This involves a change of 
0 

about 1.1 A in the position of 01. Simultaneously the 

enantiomorph would have its Nl~ H ···N2 hydrogen bonds 

reversed and the Nl~ H ··· O hydrogen bonds would have 

to change from 04 to what had previously been 01. Other 

ways of switching to the enantiomorph require even larger 

motions for the oxygen atoms and seem less probable than 

the method described. In any case the atomic shifts 

necessary to reach the enantiomorphous structure are quite 
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large. The mechanism of type I therefore seems unlikely, 
~ 

especially in view of the relatively low coercive field 

necessary to produce ferroelectric switching in LiHzS (320 

volts/cm. at room temperature (33)). Furthermore Niizeki 

and Koizumi (38) mention dielectric studies which have 

shown an increase in the saturation polarization with 

applied electric field. They claim that this phenomenon 

does not support a mechanism involving a reversible frame-

work polarization, hence making a type I mechanism unlikely. 

In ferroelectric crystals known to contain hydrogen 

bonds, the type II mechanism is another obvious one to 

examine. If the series of polar hydrogen bonds which connects 

separate Nl atoms into a chain is an ordered series, it can 

contribute to a net spontaneous polarization along the c 

axis. The neutron.diffraction work (41) indicates that 

the series is an ordered one. A reversal in the roles of 

acceptor and donor nitrogen atoms is equivalent to moving 
0 

each proton about 1.0 A along the chain (see Fig. 4-2). 

So far this corresponds to a type II mechanism, but suffers 

from the objection that the two structures are crystallogra-

phically distinct and probably have different energies. 

Any polarization arising from the framework and Nl~H···04 

hydrogen bonds does not change when the Nl ~ H···Nl 

polarization reverses, and therefore asymmetric hysteresis 

loops might be expected. These have not been reported, and 
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a simple type II mechanism seems doubtful. 

Cuthbert and Petch (34) have discussed ari explanation 

wherein.a type II switch triggers a type I mechanism. They 

suggest that if the Nl ~ H···Nl hydrogen bonds reverse from 

the NMR favoured configuration shown in Fig. 4-2(b), then 

the assumed tetrahedral N2-Nl-H and Hl-Nl-H2 angles no 

longer allow nearly linear Nl ~ H···Nl and Nl ~ H···04 

hydrogen bonds. Cuthbert and Petch suggest that in such 

circumstances the structure is not in its lowest energy 

form and the framework must switch as well to its enantio

morph. The net result is a type I mechanism. The following 

objections may be raised for this compound mechanism: 

(a) The framework reversal still requires large atom 

shifts and it is uncertain whether the energy of 

reversing the Nl ~ H···Nl hydrogen bonds is a 

large enough triggering energy to induce a frame

work reversal. 

(b) The NH 2 group hydrogen positions reported in .the 

neutron diffraction study (41) do not confirm that 

nearly linear Nl ~ H···Nl and Nl ~ H···04 

hydrogen bonds are necessary for a stable structure. 

If one accepts these results, then the assertion is 

suspect that the framework would choose to reverse 

in an electric field in order to achieve nearly 

linear hydrogen bonds. 
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Van den Hende and Boutin (37) examined a possible 

mechanism of type III where a polarization might arise from 

distorted sulfate ions. Their x-ray structure analysis 

indicated that the S-01 bond was significantly longer 
+ 0 + 0 

(1.55 - .01 A) than the other S-0 bonds (mean 1.47 - .01 A), 

and they considered that the sulfate ion might have a 

permanent dipole moment. It would be extremely surprising 

if such a distortion in a so 4- 2 ion were real. Brown's 

refinement (36) indicated that a11· S-0 distances were equal 

within experimental errors. In fact S-01 was reported by 

Brown to be the shortest of the four distances. Padmanabhan 

and Balasubramanian (41) find a slightly distorted ion with 
+ . 0 

a S-01 distance of 1.51 - 0.02 A. However their standard 

errors cannot definitely confirm that a real distortion has 

been observed. Krishnan and Krishnan (40) in their Raman 

scattering experiments have concluded that the sulfate ion 

has tetrahedral symmetry. Hence a mechanism of type III 

involving the so 4- 2 ion seems very unlikely. It is possible 

that the anomalies seen for S-01 distances are the result of 

parameters such as Ol(z) not being ideally suited to refine-

ment by least squares. 

An alternative mechanism of type III might involve 

dipole moments arising from the lithium atom occupying 

differ~nt degenerate sites within its approximately tetra

hedral oxygen environment. This proposal is not supported 
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by arguments based on the ionic radii of lithium and oxygen 

which suggest that the lithium ion is snugly bound by the 

four oxygen atoms. The sum of oxygen and lithium radii 
0 0 0 

(2, Table 13-3) is 1.40 A+ 0.60 A= 2.00 A compared to 
0 

a mean Li-0 distance of 1.94 A (36). If such a mechanism 

did exist it would be a difficult one to detect by x-ray 

analysis because the weakly scattering Li atom position 

cannot be as accurately resolved as the larger atoms. 

4.1 E Further X-ray Analysis 

Since the work of Cuthbert and Petch (34) had 

suggested the existence of a high temperature polymorph 

above 160°c, an attempt was made to examine by x-ray 

analysis the space group and crystal structure above this 

temperature. The Li 7 results above 160°c indicated that 

the orientations of the principal axes of the electric 

field gradient tensors are coincident with the crystal 

axes. While this could be just coincidental it suggested 

that a higher crystallographic symmetry might exist for 

the Li sites. ·and hence a high temperature space group 

different from Pbn2 1 or Pbnm which could be detected by 

different systematic absences. It is possible that such-

a polymorph might be a paraelectric form but since exc·:::- ::;:·.~·r. 

conductivity interferes with ferroelectric measurements 

above so0 c (33), no evidence for· a Curie point above this 

temperature can be obtained directly. 
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Prior to examining the high temperature structure 

the two sets of room temperature x-ray data (36) (43) were 

subjected to further refinement. This seemed advisable 

since there were significant differences in some features 

of these two reported structures, particularly the so 4- 2 

ion distortions. 

4.2 Continued Refinements of Room Temperature Structures 

4.2 A Description and Comparison of Continued Refinements 

Additional full matrix least squares refinement 

was carried out on each of the two room temperature struc-

. * tures. The structure factor data published by Brown (36) 

together with his published atomic parameters and cell 

constants were used as a starting point for one refinement 

(hereafter referred to as the B refinement). A similar set 

of datat(43) (37) was used for the continued refinement of 

Van den Hende and Boutin's structure (hereafter referred 

to as the V refinement) • In each refinement the atomic 

coordinates, anisotropic temperature factor components and 

layer line scaling constants were varied. 

In their original refinement, Van den Hende and 

Boutin assigned a weighting factor of l/F to each reflection. 
0 

As Brown had estimated standard errors (cr) for his data, 

these were used to give a weighting scheme based on 

* Misprints appear in Brown's reflections 941, 951 and 
961 for which F should appear as <l.4, 2.7 and 2.0. 

tThe ob~erved structure factors (43) of Van den Hende 
and Boutin are given in Appendix II. 
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2 w = l/cr • Since Brown's standard errors had nearly a 

constant value for all observed reflections, this weighting 

scheme was essentially one of unit weights. In order to 

produce comparable refinements, the present analysis used 

unit weights (w = 1) during the continued refinements of 

the V data. 

Table 4-1 gives the atom coordinates and aniso-

tropic temperature factors together with their standard errors 

as determined in the final cycle of each refinement. The 

weighted R factor for the B data was reduced from 0.111 to 

0.-071 and for the V data from 0.164 to 0.124. 

Table 4-2 gives the bond distances and angles cal-

culated for the two sets of atom coordinates in Table 4-1. 

The standard errors in these values take account of standard 

errors in the coordinates and cell constants. The other 

entries in.Table 4-2 give the differences in the distances 

and angles, the standard errors in these differences, and 

the ratio of the difference to the standard error. Here 

and in other tables in this chapter the following subscript 

convention denotes atoms related by symmetry to those for 

which x, y and z appear in the coordinate tables: 

Aabc -------+- x + a, y + b, z + c; 

Babe + .1 + + 1 + b, + ~ -x 2 a, y 2 z c· ' 

Cabe + .1 + + 1 + b, + 1 
+ ~ x 2 a, ~y 2 z 2 c; 

Dabe + l + -y + 1 + b, + 1 
+ -------+- -x a, z c. 

2 



TABLE 4-1 

STRUCTURAL PARAMETERS FOLLOWING CONTINUED REFINEMENTS 

Atom Structure t Coordinates 
. 4 

Temperature Factor Components (x 10 ) 
Factor 
Data x y z Sll S22 S33 S12 813 S23 

s B .1281(3) .1581(2) .2500(0) 74 ( 3) 48 ( 2) 74(15) - 5 (3) 2 (12) - 1 ( 7) 

v .1285(4) .1591(4) .2500(0) 13 ( 4) 1 ( 3) 37(12) - 4 ( 3) -3 ( 10) -20(9) * 

01 B .1075(10) .1889(9) .5130(26) 99 (12) 79(9) 191(62) -15(9) -50(26) - 4 ( 20) 

v .1069 (13) .1883(14) .5416(22) 21 ( 15) 43(15) -71(37) - 8 ( 12) 10(24) 28(21)* 

02 B .1537(8) .0101(6) .2194(30) 121(11) 39 ( 6) 376 (68) -16 ( 7) 42(31) 18(23) 

v .1519(14) .0128(12) .2333(38) 5 8 ( 18) 9 ( 11) 76(49) . 8 ( 11) 7(36) -46(31)* 
• 

03 B .2598(10) .2299(7) . 1487(22) 78(10) 78(9) 283 (74) -21(8) -5(19) 32 ( 18) 

v .2566(16) .2338(12) .1628(31) 38(16) 10(12) 149 ( 52) -9 ( 12) -18(26) 77(26)* 

04 B .4958(10) .3021(9) .5981(23) 86(12) 106(10) 183 (54) -22(10) -37(19) 35(19) 

v .4941(17) • 3035 (17) .6061(36) 28(18) 60 ( 17) 231(77) -3(16) 5(29) 54 (-31) 

Nl B .4176(10) .0235(9) .7492(38) 99 (13) 83(10) 330 (76) -30(9) 60(38) 37(37) 
.. 

v .4188(17) .0297(17) .7482(55) 36(19) 46(17) 184 (64) -5 (14) -25 (54) 59(50) 

N2 B .2176(9) • 4401 (8) .7384(40) 94 (13) 60 ( 8) 279(70) 2 ( 8) 81(36) 49 (30) 

v .2144(15) .4448(16) .7353(47) 23(18) 58(18) 34(51) -9(13) 7 ( 38) -66(39)* 

Li B .4341(20) .3306(17) .2670(66) 89(21) 72(16) -42(75) 16(18) -44 (62) -45(44)* 

v .4344(49) .3224(41) .2377(224) 82(52) 45(44) 842(356) -24(39) -103(173) 166 (161) 

* Denotes a non positive definite temperature factor matrix. 
t The symbol B refers to the data of Brown (36) , while V refers to that of Van den Hende and Boutin 

(4 3) 

O'I 
V1 



TABLE 4-2 

COMPARISON OF BOND LENGTHS AND ANGLES IN THE CONTINUED REFINEMENTS 

0 Refinement Refinement 
/j. T~T Refinement Refinement 

Bonds (A) B ·v CJ An_gles (0
) B v 

S-01 1.408(13) 1.550 (12) -0.142 (18) 7.9 Ol-S-02 109.6 (4) 105.1 ( 7) 

02 1.498 (7) 1.471 (13) 0.027 (15) 1.8 03 110.1 (6) 108.0 ( 8) 

03 1.479 (9) 1. 443 ( 15) 0.036 (18) 2.0 04
cioI 

110.5 (7) 110.1 (9) 

04
cioI 

1.480(10) 1.467 (10) 0.013 (19) • 7 02-S-03 108.3 (9) 112.1 (20) 
. 04

cioI 
109.3 (6) 109.8 (11) 

Li-olcooI 2.050(28) 1.857 (74) 0.193 (79) 2.4 
03-S-04 - - 109.0 (5) 111. 5 ( 8) 

02
BOOO 

1.966(19) 2.046 (43) -0.080 (47) 1.7 ClOl 

03 1.957(22) 1.866 (51) 0. 091 (56) 1.6 01coor-Li-0 2Booo 10 8 .1 ( 15) 111.3 (67) 

04 1. 825 ( 35) 1.991(113) -0.166(118) 1.4 03 111.1(30) 125.1(191) 

04 110.9(24) 107.1(101) 
Nl-N2BOlO 1.472(12) 1.467 (21) 0.005 (24) . 2 

02BOOO-Li-03 95.9 (8) 96.3 (20) 
04 2.962(14) 2.899 (25) 0.063 (29) 2.2 

04 112.4(10) 101.6 (35) 

NlDOlO 3.021(25) 3.031 (37) -0.010 (45) • 2 
03-Li-04 117.3(21) 112.7 (92) 

N2-0l 2.929(15) 2.905 (22) 0.024 (27) .9 N2BOlO-Nl-04 135.4(10) 136.0 (19) 

OlBOOO 3.155(15) 3.074 (21) 0.081 (26) 3.1 -N1ooio 110.5(14) 108.7 (16) 

02
BOOO 3.008(24) 2.944 (30) 0.072 (38) 1. 9 -NlooII 106.6(13) 104.0 (16) 

02
B001 

2.834(24) 2.925 (30) -0.091 (38) 2.4 04-Nl-NlDOlO 104.8 (4) 106.7 (6) 

-Nl --* 18.6 <4r 81. 6 (6) 
03

A001 3.004(19) 3.073 (26) -0.069 (32) 2.2 DOll 

04 2.944(14) 2.958 (22) -0.014 (26) . 5 NlDOlO-Nl-NlDOll 118.1(13) 117.4 (16) 

*This angle should appear in reference (36) as 80°. 

/j. 

4.5 ( 8) 

2.1 (10) 

0.4 (11) 

-3.8 (22) 

-0.5 (13) 

-2.5 (10) 

-3.2 (69) 

i-14.0(193) 

3.8(104) 

-0.4 (22) 

10.8 (36) 

4.6 (94) 

-0.6 (21) 

1.8 (21) 

2.6 (21) 

-1.9 ( 7) 

-3. 0 (7) 

0.7 (21) 

°' °' 

l~l 
CJ 

5.6 

2.1 

• 4 

1. 7 

• 4 

2.5 

.5 

• 7 

.4 

. 2 

3.0 

. 5 

. 3 

.9 

L2 

2.7 

4.3 
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The subscript AOOO is always deleted. 

4.2 B Discussion of Continued Refinements 

The bondlengths in Table 4-2 suggest that each set 

of data refines to a structure with distorted sulfur-oxygen 

and lithium-oxygen tetrahedra, assuming significant bond 

differences to exist where the discrepancy is more than 

twice the standard error. The directions of these distor-

tions do not agree since the B refinement gives a signifi

cantly short S-01 distance of 1.408 ± .013 A compared to 

the significantly long distance of 1.550 :!: .012 A for the 

same bond in the V refinement. The respective Li-01 
+ 0 + 0 

distances are 2.05 - .03 A and 1.87 - .07 A . 

Such distortions, if real, might suggest some 

contribution to the ferroelectricity in LiHzS from a 

mechanism of type III. One could suppose the opposite 

distortions to represent two possible configurations with 

opposite permanent dipole moments. If this were true, 

then both structure analyses must have been carried out on 

single domain crystals which were by chance spontaneously 

polarized in opposite directions. 

While both sets of data after continued refinement 

indicate a possible mechanism of type III for both the 

s.ulfate ions and the lithium sites, it would be extremely 

surprising if these effects were real. In particular the 

indicated shortening and lengthening of a S-0 distance in 
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the covalently bonded sulfate ion cannot be explained by 

any accepted theory of chemical bonding. A change in the 
0 

S-01 distance from 1.41 to 1.55 A could not represent a 

switch between two states of equivalent energy of the 

-2 sulfate ion. The large change in the energy of the so 4 

ion would have to be exactly balanced by a corresponding large 

energy change elsewhere in the structure. It is much more 

reasonable to suppose that the S-01 bondlength discrepancies 

arise from some systematic errors in the data or that they 

occur because of unusual behaviour of the least squares 

refinement. Difficulties in refinement of the z coordinate 

of 01 would be sufficient to cause the problem. Since the 

refined z coordinates of 01 and Li are suspect, no conclusive 

assessment of a type III mechanism for the lithium ion site 

can be made either. 

4.2 C Analysis of Anisotropic Temperature Factors 

The anisotropic temperature factors derived during 

the continued refinements can be analysed to give the 

root mean square displacement tensors and the direction 

cosines for their principal axes. This has been done 

for the B refinement and the results are. given in Table 4-3. 

No such analysis is presented for the. V refinement since the 

temperature factors are non positive definite for the 

atoms S, 01, 02, 03, and N2, probably indicating some systematic 

errors in the data. Non positive definite values are 
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TABLE 4-3 

Principal Axes Analysis for Anisotropic Temperature Factors 

Atom 

s 

01 

02 

03 

Nl 

N2 

Li 

* 

R.M.S. 
Displacements 

0 

(A) 

0.166 

0.144 

0.094 

0.212 

0.182 

0.128 

0.232 

0.196 

0.120 

0.212 

0.176 

0.148 

0.234 

0.170 

0.132 

0.226 

0.216 

0.124 

0.232 

0.168 

0.110 

0.206 

0.162 

imaginary 

Direction Cosines 
With Respect to 

a b c 

-.949 

-.316 

.021 

.795 

-.323 

.513 

-.691 

.672 

-.266 

.398 

-.565 

-.723 

-.419 

- • 80 2 

. 425 

-.730 

.240 

-.640 

.630 

.586 

-.509 

-.673 

-.718 

( .178 

.315 

-.949 

-.017 

-.481 

-.852 

.209 

.040 

. - • 331 

-.943 

-.735 

.275 

-.619 

.852 

.510 

-.121 

.229 

- . 797 

-.559 

.313 

-.792 

-.524 

-.686 

.696 

.215 

-.026 

.010 

·-. 99 9 

-.370 

.413 

.833 

-.721 

-.662 

.202 

-.549 

-.778 

.306 

-.314 

.312 

- . 897 

-.644 

-.555 

.527 

.710 

-.171 

.683 

.279 

-.022 

• 9 6 0) 

Non positive definite case. 

* 



inconsistent with physically possible motions. Since it 

is difficult to assess intensity measurements of other 

workers no further attempts have been made to trace the 

source of these errors. The B refinement has one atom (Li) 

with a non positive definite temperature factor but this 

could be made positive definite by increasing s33 by less 

than its standard error. 

The thermal motions described in Table 4-3 are 

roughly consistent with the motions observed by Brown (36) 

for the oxygen atoms in a difference electron density pro-

jection calculation based on an isotropic temperature 

factor model. While this projection had indicated a li-

-2 brational motion of the so4 group around an axis parallel 

to c, the three dimensional motions for the oxygens in 

Table 4-3 suggest a motion more complicated than a libration 

about any single axis. The root mean square displacements 

for the oxygen atoms seem too small to suggest that the 

crystal might easily be transformed to a centrosynunetric 

one or completely reversed to its enantiomorph. 01 was 
0 

seen (Section 4.1 D) to require a motion of 1.1 A in changing 

the crystal to its enantiomorph whereas the maximum RMS 
0 

displacements at room temperature are only about 0.23 A. 

These estimates of RMS displacements are valid provided 

the refinement of temperature factors has not been greatly 

influenced by systematic errors in the intensity data. It 



is quite unlikely that they could be in error here by 

a factor of four. 

4.2 D Hydrogen Positions 

Prior to the recent study of Padmanabhan and 

Balasubramanian (41) which reports hydrogen positions, 

some attempts were made to locate these atoms from the 

x-ray data of Brown (36). One attempt placed a ring of 

charge density beyond N2 with the plane of the ring 

perpendicular to the Nl-N2 direction. This model was an 

+ approximation for the three hydrogen atoms of the NH 3 

group reported by Cuthbert and Petch (34) to be rotating 

at room temperature. Appendix I discusses the modified 

structure factor formula used in this calculation. 
0 
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An N-H distance of 1.01 A {6 1 Table 4.1.2) and tetrahedral 

Nl-N2-H angles were assumed. The R factor decreased by 

only 0.001 when these atoms were included indicating that 

the refinement was relatively insensitive to the addition 

of these hydrogen atoms on a rotating model. 

A second attempt placed hydrogen atoms of the NH 2 

group in positions calculated from the data of Cuthbert and 
0 

Petch, again assuming N-H distances of 1.01 A. The two 

atoms were placed at the following positions in accordance 

with the ordered configuration of Fig. 4-2(b): 

Nl -- Hl•••Nl1 Hl x = .471 y - .015 z - .923 

Nl - Ha• • •04 I H2 : x • • 388 y • .120 z = • 712 
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In addition to refining positions and isotropic temperature 

factors of Hl and H2, the coordinates of Nl and 04 were 

allowed to vary from their best values found prior to in

cluding Hl and H2. No significant changes occurred for 

Nl or 04. Since the hydrogen atom temperature factors 

underwent large fluctuations over several cycles of 

refinement, it was difficult to assess whether the lowering 

of R by 0. 002. actually indicated that hydrogen atoms were 

at these places. The refined parameters gave 

Hl: x = .467 (17) y = .050 (15) z = .887 (45) 

B = 1.1 (4.9) 

H2: x = .353 (26) y = .087 (25) z = .704 (103) 

B = 12.6 (104) 

These may be compared to the more recent neutron diffraction 

results which favour the reversed configuration along 

hydrogen bond chain (see Fig. 4- 2 (a) ) • 

Hl: x = .467 ( 4) y = .036 (4) z = .571 (4) 

B = 5.15 ( 34) 

H2: x = .381 ( 4) y = .. 118 ( 3) z = . 796 ( 3) 

B = 3.56 ( 33) 

No further attempts to locate hydrogen positions were 

made from the x-ray data. 

the 
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4.3 Structure of High Temperature LiN
2

H
5
so

4 

4.3 A Experimental 

The crystals used were kindly supplied by J. Cuthbert. 

These crystals were from the same batch used in the NMR 

experiments (34) and had been prepared by evaporating an 

aqueous solution of (N2H6)so4 and Li 2co3 with purification 

by one cycle of recrystallization. 

Early diffraction experiments at temperatures above 

about 75°c indicated a rapid decomposition of the crystals 

was occurring. The decomposition product appeared first 

on the surface of the crystals and rapidly spread throughout 

their volume. The effect of the decomposition product 

remained in the diffraction patterns when the temperature 

was lowered. It produced Weissenberg diffraction spots 

typical of a crystal with a large mosaic spread. Cell 
0 0 

constants were roughly measured as a= 8.88 A, b = 8.79 A, 
0 

0 3 
c = 5.30 A with V = 413 A . All axes were parallel to the 

corresponding axes in LiHzS, at least to the accuracy with 

which the centres of the broad spots could be determined. 

No change in systematic absences from those of LiHzS was 

noticed. The decomposition product was not identified. 

In order to slow down this decomposition, silicon 

oil was used to coat the LiHzS crystal surfaces. Large 

crystals were necessary in order to achieve reasonable life-

times even with the coated samples. A coated needle shaped 
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crystal of mean diameter 0.75 mm was mounted with high 

temperature glue inside a Lindeman glass capillary. This 

sample was used to obtain intensity measurements with a 

Nonius Weissenberg camera equipped with apparatus for 

achieving exposures at high temperatures. 

The size of this crystal was quite large compared 

to what one would normally select for negligible absorption 

and extinction effects. To overcome the large difficulties 

of absorption and extinction in a crystal this size, ·films 

were double exposed to obtain both the room temperature 

and high temperature diffraction patterns from the same 

crystal together on the same film. The film carriage was 

displaced slightly between exposures to separate the high 

and room temperature reflections. Since both exposures suf-

fered approximately the same absorption and extinction 

effects, the ratio of the intensities of the high and room 

temperature forms would not depend to first order on these 

effects. These ratios could be measured and applied to 

a set of room temperature intensities collected under normal 

conditions, thus giving a true set of high temperature. data. 

Ni-filtered Cu-radiation was used to obtain double 

exposures for the layers hkO and hkl. Because of deterioration 

in the first crystal, a second one of similar size was used 

for the hkl photographs. + 0 The desired temperature of .180 - 5 C 

was attained during the high temperature exposures by b3.t21i::cr 
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the crystal mount in a stream of hot air. The air was 

heated by an electrical element while it flowed through an 

insulated tube. The exhaust nozzle of this tube was designed 

to fit inside the end of the Nonius camera layer line 

screens. The temperature was contrOlled by adjusting either 

the air flow rate or the heater voltage. A thermocouple and 

potentiometer were used to measure the temperature of the 

air flow close to the position of the crystal. The accuracy 

of this temperature measuring arrangement was verified prior 

to the diffraction experiments by mounting a second thermo

couple on a goniometer head in the exact crystal position. 

The high and room temperature double exposures in

dicated that the cell constants undergo slight changes due 

to thermal expansion. Accurate measurements of these in

creases were not made since the effects were small ones. 

No changes in systematic absences were observed indicating 

that the space group must still be either Pbn2 1 or Pbnm. 

For each double exposed reflection, the ratio of 

the high to low temperature intensity was determined by 

measuring each intensity visually with ~ calibrated we~ge 

film. The ratios were then applied to a set of room 

temperature intensities (hereafter referred to as room 

temperature data RT) derived by independent measurements 

of Brown's original hkO and hkl photographs. The choice 

of a set of room temperature intensities is not too critical. 
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Parameter shifts between the room temperature and high 

temperature structures are related in a first approximation 

only to the changes in intensities, and these can be 

derived from the measured intensity ratios. Hence all 

that is required is a set of room temperature intensities 

which adequately describe the room temperature structure. 

Table 4-4 gives the measured intensity ratios 

(IHT/IRT), their standard errors, the room temperature 

intensities, and their standard errors. 

Table 4-5 gives the high temperature intensity 

data and standard errors as calculated from the data of 

Table 4-4. The high and room temperature data of Tables 

4-4 and 4-5 were then corrected for Lorentz and polarization 

effects for the equi-inclination Weissenberg method (11,Ch. 7). 

4.3 B Structure Refinement 

Least squares refinement was carried out in the 

space group Pbn2 1 using the high temperature observed 

structure amplitudes (HT data) . For comparison a similar 

refinement was done using the room temperature data (RT data) . 

In each case isotropic temperature factors were used since 

the amount of data was insufficient to allow enough over

determinacy if an anisotropic model were used. The final 

weighted R factors for these refinements were 0.129 for the 

high temperature data and 0.113 for the room temperature data. 

Since the high temperature structure fit the data just about 



TABLE 4-4 

Measured Intensity Ratios R - (IHT/IRT) with Standard 

Errors and Room Temperature Intensities with Standard 

Errors. 

The letters U, L, and G after the ratio column denote 

the following cases for the reflections on the doubly 

exposed (HT and RT) films: 

U both IHT and IRT were unobservable, 

L IHT was unobservable and IRT was observable, 

G IHT was observable and IRT was unobservable. 

Minus signs after the IRT column denote unobserved re

flections on the room temperature films and asterisks 

denote unreliable IRT measurements which were deleted 

during least-squares refinement. 
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H K L 
0 2 0 
0 4 0 
0 6 0 
0 8 0 

. 0 10 0 
0 12 0 
1 1 0 
1 2 0 
1 3 0 
1 4 0 
1 5 0 
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1 7 0 
1 8 0 
1 9 0 
1 10 0 
1 11 0 
1 12 0 
2 0 0 
2 1 0 
2 2 0 
2 3 0 
2 4 0 
2 5 0 
2 6 0 
2 7 0 
2 8 0 
2 9 0 
2 10 0 
2 11 0 
2 12 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 ·o 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
3 10 0 
3 11 0 
3 12 0 
4 0 0 
4 1 0 

2 0 
3 0 
4 0 
5 0 

R 
1.15 
1.00 
1.00 
0.90 
1.20 
0.65 
1.25 
1.15 
1.35 
1.00 
1.05 
1.50 
1.15 
1.00 
0.85 

L 
0.50 

u 
0.40 
1.30 
1.15 

u 
1.50 
0.60 
1.15 
1.10 
1.00 
1.00 
0.45 
0.50 

u 
0.55 
1.15 

u 

O"'! r~ ) 
0.20 
0.30 
0.25 
0.20 
0.20 
0.15 
0.25 
0.25 
0.25 
0.20 
0.20 
o.3o 
0.20 

. 0. 20 
0.15 

0.15 

0.15 
0.30 
0.20 

0.40 
0.15 
0.20 
0.20 
0.20 
0.40 
0.10 
0.10 

0.15 
0.25 

l.25G 0.50 
1.00 0.25 
1.00 0.35 
o.so 0.15 
0.75 0.15 
0.85 0.20 
0.85 0.20 

L 
u 

1.15 0.25 

1.20 
0.75 
1.00 
2.00 

L 
4 
4 
4 
4 
4 
4 

6 0 o.so 

0.25 
0.20 
0.35 
0.40 
0.20 
0.15 

4 
4 

7 0 
8 0 
9 0 

4 10 0 
4 11 0 

0.50 
u 

0.65 
0.75 

u 
4 12 0 0.30 
5 l 0 ·1.10 
5 2 0 0.65 

0.20 
0.20 

0.15 
0.25 
0.15 

TABLE 4-4 (Continued) 

I (RT) 
756 
540 
972 

25 
30 

108 
2106 
2106 
5022 
1458 

729 
22 
31 
48 
54 

6 
24 

3 
216 

4320 
216 

9 
84 

486 
180 
153 

17 
7 

21 
91 

3 
486 

1782 
5 
2 

48 
12 

261 
138 

12 
19 

6 
1-

459 

14 
108 
207 
216 

12 
594 

24 
1 

15 
38 

1 
l* 

48 
351 

u( I ) 
162 
108 
162 

5 
6 

20 
486 
486 
972 
270 
162 

4 
5 

12 
10 

3 
5. 
1 

36 
1080 

36 
2 

18 
108 

54 
36 

4 
3 
5 

18 
1 

108 
486 

2 
1 
9 
2 

54 
36 

3 
5 
3 
1 

81 
3 

27 
36 
45 

3 
135 

6 
1 
3 
7 
1 

9 
81 

H K L 
5 3 0 
5 4 0 
5 5 0 
5 6 0 
5 7 0 
5 8 0 
5 9 0 
5 10 0 
5 11 0 
6 0 0 
6 1 0 
6 2 0 
6 3 0 
6 4 0 
6 5 0 
6 6 0 
6 7 0 
6 8 0 

·6 9 0 
·6 10 0 
7 1 0 
7 2 0 
7 3 0 
7 4 0 
7 5 0 
7 6 0 
7 7 0 
7 8 0 
7 9 0 
7 10 0 
8 0 0 
8 1 0 
8 2 0 
8 3 0 
8 4 0 
8 5 O· 
8 6 0 
8 7 0 
8 8 0 
8 9 0 
9 . 1 0 
9 2 0 
9 3 0 
9 4 0 

9 5 0 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
11 
11 , , 
l. " 

6 0 
7 o. 
8 0 
0 0 
1 0 
2 0 
3 0 
4 0 
5 0 
6 0 
1 0 
2 0 
3 0 

R 
1.15 
0.60 
0.75 
0.40 
o.so 
0.65 
0.70 
0.40 

u 
1.60 
0.65 
2.50 
0.50 
a.so 
0.75 
0.40 
0.75 

u 
0.50 
0.65 
0.50 
0.90 
0.55 
o.75 
0.40 

L 
0.50 
1.00 
0.55 
l.oo 
0.60 

u 
0.60 

u 
0.60 

u 
o.55 

u 
L 

0.40 
u 

0.40 
0.65 
0.40 

0.55 
0.50 
l.oo 
0.50 

u 
0.50 

u 
0.40 

u 
0.50 

u 
0.40 
1.00 

11 4 0 0.5:::; 
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Cf(Rl !(RTl 

0.20 261 
0.15 36 
0.25 i.;.:· 
0.20 9 
0.25 3 
u.15 150 
0.20 72 
0.15 54 

1 
0.40 20 
0.15 387 
0. 70 12 
0.20 18 
0. 30 10 
0.15 270 
0. 20 14 
0.20 72 

1-
0. 20 16 
0.20 9 
0.10 243 
0.20 108 
0.15 24 
0.15 102 
0.10 66 

6 
0.15 24 
o.35 20 
0.10 27 
0.25 15 
0.15 243 

1-
0.15 108 

1-
0.15 17 

1-
0.10 63 

4 
0.15 57 

1-
0.10 58 
0.15 99 
0.10 32 

0.20 13 

(){ I l 

54 
6 

~~-*-~** 

2 
l 

36 
14 

9 
1 
4 

72 
2 
4 
2 

63 
4 

18 
l 
3 
3 

36 
5 

24 
15 

3 
6 
5 
6 
5 

72 
1 

27 
1 
4 

1 
15 

1 
2 

13 
1 

12 
24 

8 

4 

0.20 
0.20 
0.15 

9 ~ 

0.15 

0.15 

0.15 

0.15 
0.?5 

14 3 
. -;.,· ·:.· .. *** 
1-

60 12 
1- 1 

19 5 
1- i 

81 21 
1- 1 

20 6 



H K L 
0 2 1 
0 4 1 
0 6 1 
0 8 1 
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0 12 1 
1 0 1 
1 1 1 
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1 4 1 
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1 6 1 
1 7 1 
1 8 1 
1 9 1 
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1 11 1 
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2 1 1 
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3 1 1 
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3 
3 
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I+ 

4 
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l+ 
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5 0 1 

R 
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0 .'67 
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0.42 
0.90 
0.75 
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L 
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L 
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1.75 
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u 
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u 
0.75 

u 
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v< R} I (RT> 
0.20 2754 
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0.20· 15 
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0. 20 45 
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0.14 21 
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4 
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0.15 9 
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3 
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45 
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L 4- 4 
L 4- 4 
u 4- 4 

0.10 0.14 
u 

. 0.82 0.17 
L 
L 
L 

0.67 0.14 
0.50 0.10 
i.10 0.20 

u 
u 
u 

o.so (.),18 
0.30 0.12 
1.00 0.20 
0.65 0.20 

u 
0.75 0.18 

u 
u 
u 

o.67 o_.30 
L 
u 

48 

39 

9 
/;.-

4-
4-

36 

6 

12 
4 
9 
4 

4 
9 

12 
.5 
4 
l~ 

4 

9 
9 

4- 4 

4-

9 
/.:.. 

4-

6 
4 
4 
4 
3 
4 

4 



TABLE 4-5 

High Temperature Intensity Data with Standard Errors. 

Minus signs after the IHT column denote that the in

tensities are less than the value quoted. Asterisks 

denote unreliable IHT values which were deleted during 

least-squares refinement. 
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TABLE 4-5 (Continued) 

H K L I (HT) O" ( I ) H K L I (HT l Cf ( I l 
0 2 0 869 338 
0 4 0 51+0 270 

5 3 0 3CC 1 l4 

0 6 0 9 72 405 5 4 0 22 9 

0 8 0 23 10 5 5 0 1 ~~ -~-¥ .. -~ .,--? 

0 10 0 36 13 5 6 0 4 3 

0 12 0 70 29 5 7 0 2 1 

1 l 0 2633 1134 
5 8 0 98 46 

1 2 0 2422 1085 5 9 0 50 24 

1 3 0 6780 2568 5 10 0 22 12 

1 4 0 1458 562 
5 11 0 2* ~--*-~- ~~-

1 5 0 765 316 6 0 0 32 14 

1 6 0 33 13 6 1 0 252 105 

1 7 0 36 ] 2 6 2 0 30 13 

1 8 0 48 22 6 3 0 9 6 

1 9 0 46 17 6 4 0 5 l+ 

1 10 0 6- 3 6 5 0 203 88 

1 11 0 12 6 6 6 0 6 4 

1 12 0 3-i:- **-~.)~-
6 7 0 54 28 

2 0 0 86 47 
6 8 0 2- 2 

2 1 0 5616 2700 6 9 0 8 5 

2 2 0 248 85 6 10 0 6 4 

2 3 o. 9* **{~-~-
7 1 0 122 51 

2 4 0 126 61 7 2 0 97 54 

2 5 0 292 138 
7 3 0 13 6 

2 6 0 207 98 
7 4 0 77 33 

2 7 0 168 70 7 5 0 26 13 

2 8 0 17 7 7 6 0 6- 3 

2 9 0 7 6 
7 7 0 12 7 

2 10 0 9 4 
7 8 0 20 12 

2 11 0 '+6 18 
7 9 0 15 6 

2 12 0 3 7't **~-~-
7 10 0 15 9 

3 1 0 267 132 8 0 0 146 80 

3 2 0 2049 1004 8 1 0 2- ") ,_ 

3 3 0 5 ~~- -'A-,*--~--~ 
8 2 0 65 32 

3 4 0 3-:<- -}} -* -x- .. ~~- 8 3 0 ., 2 L-

3 5 0 48 21 8 4 0 10 5 

3 6 0 12 6 
8 5 0 2-

., 
L 

3 7 0 2U9 82 8 6 0 ?. ~ 15 -'.) 

3 8 0 104 48 8 7 0 2-. 2 

3 9 0 10 5 8 8 0 !+-
., 
<.. 

3 10 0 16 8 
8 9 0 23 14 

3 11 0 6- 3 
9 1 0 2- 2 

?. 12 0 2- 2 
9 2 0 2 3., 11 

,J 

4 0 0 528 208 9 3 0 64 3C 

4 1 (J 14- 3 9 I+ 0 1 ?. 6 J. _,. 

4 2 0 130 59 
9 5 0 7 5 
9 6 0 5 3 

4 3 0 155 68 

4 4 0 216 121 
9 7 0 l 1+ 6 

4 5 () 24 11 9 8 0 1 i~- ·)r~~- ~- -;.:-

4 6 0 475 227 
10 0 0 2- -, 

L 

4 7 0 12 7 10 1 0 30 • r 
l J 

4 8 0 2·* **~--;t-
l u 2 0 

,.., 2 ,,_-

4 9 0 10 5 
10 3 () 8 ., 

L~ 10 0 29 13 
10 4 0 2-

.., 
L 

•'+ 11 0 2-)(- ~~ -~~ -;\· -~- 10 s 0 Ltl 2 ?, 

I~ 12 u O* ~* ~~ ~~- -~-
10 6 0 2- .., 

L 

,. 
1 0 53 22 

11 1 0 p :;, 
:.i 

u 

<.:. ") 0 228 105 
11 ,.., c_; .., ~ : 1 

_,. <'. 
L LL. 

l l ~ ~ ~;- .'.:. .:) 
1 1 li " ~ 

.. -" 
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T.ABLE 4-5 (Continued) 

H K L I (HT l CJ'( I l H K L I (HT l ()"( I l 
() 2 1 2754 1442 5 1 1 120 6r· ,) 

0 4 1 252 104 5 2 1 70 33 
0 6 1 20 11 5 3 1 43 18 
0 8 1 36 16 5 4 1 5 3 
0 10 1 4 3 5 5 1 6- 6 
0 12 1 26 16 5 6 1 60 26 
l 0 1 1944 1134 5 7 1 14 8 
1 1 1 1134 608 5 8 1 5- 5 -
1 2 1 1134 1+48 5 9 1 7 6 
1 3 1 11 7 5 10 1 4 3 
1 4 1 39 15 5 11 1 22 13 
1 5 1 27 11 6 1 1 16 10 
1 6 1 162 68 6 2 1 13 7 
1 7 1 48 24 6 3 1 66 32 
1 8 1 15 7 6. 4 1 3 2 
1 9 1 5 3 6 5 1 9 6 
1 10 1 5 4 6 6 1 2 3 
1 11 1 7* **** 6 7 1 19 9 
1 12 1 32 15 6 8 1 5 3 
2 1 1 3078 1669 6 9 1 9 5 
2 2 1 139 61 6 10 1 5- 5 
2 3 1 216 88 7 0 1 33 16 
2 4 1 105 39 7 1 1 81 39 
2 5 1 162 86 7 2 1 30 15 
2 6 1 16 7 7 3 1 3 4 
2 7 1 115 50 7 4 1 5 4 
2 8 1 5- 5 7 5 1 12 7 
2 9 1 28 14 7 6 1 5 6 
2 10 1 5- 5 7 7 1 13 7 
2 11 1 5- 5 7 8 1 5- 5 
2 12 1 5- 5 7 9 1 5- 5 
3 0 1 540 216 8 1 1 5- 5 
3 1 1 280 12 5 8 2 1 34 15 
3 2 1 234 101 8 3 1 4-:<· ** ~} ?~-
3 3 1 27 12 8 4 1 32 14 
3 4 1 324 162 8 5 1 5- 5 
3 5 1 63 32 8 6 1 5- 5 
3 6 1 83 32 8 7 1 5- 5 
3 7· 1 18 1 r, 

" 8 8 1 24 11, 
3 8 1 7 4 9 0 1 27 11 
3 9 1 21 12 9 1 1 10 5 
3 10 1 12 6 9 2 1 5- 5 
3 11 1 9 7 9 3 1 5- 5 
3 12 1 22 14 9 4 1 5- 5 
4 1 1 21 11 9 5 1 29 14 
4 2 1 162 86 9 6 1 5 5 
4 3 1 11 7 9 7 1 6 4 
4 4 1 180 99 10 1 1 6* ~~- ~- -x- -;~ 

4 5 1 4 c; 
10 2 1 5- 5 _,, 

4 6 1 43 18 10 3 1 18 9 
4 7 1 5- 5 10 4 1 5- 5 ... 
4 8 1 51 27 10 5 1 5- 5 
4 9 1 5- 5 11 /"'\ 1 5* -;(- -!~ -;.f- -~-v 

4 10 1 7 4 11 1 1 6 5 
4 11 1 5- 5 11 2 1 5- 5 
5 0 1 176 76 11 3 1 5- 5 
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as well as the Pbn2 1 room temperature structure, Pbn2 1 space 

group was considered to be the correct one for the high 

temperature structure. Hence no trial structure in Pbnm needed 

to be examined. At some stages during the high temperature 

refinement the Li(z) coordinate oscillated between 0.20 and 

0.30 with R as low as 0.139. By setting it at the mean 

value 0.25 and refining it further, it stayed nearly fixed 

and R decreased to the 0.129 value quoted above. 

The atom parameters from the high (HT) and room 

temperature (RT) refinements are compared in Table 4-6 

and their calculated bond distances and angles are compared 

in Table 4-7. 

Table 4-8 gives the differences in the coordinates 
0 

in A units for the two structures. Since the standard 

errors for the high temperature structure are a composite 

of the errors present in the room temperature structure 

together with the errors in the intensity ratios, the standard 

errors in the differences of Table 4-8 are calculated 

2 2 
according to cr 0 = crHT 

2 
- crRT . Table 4-9 gives the 

differences in bond lengths and angles between the two 

structures with standard errors calculated in the same way. 

Here also ratios of differences to standard errors are given. 

In Figure 4-3 the dots show the room temperature 

atom positions as projected down [001]. The directions of 

the observed shifts for the high temperature structure are 
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TABLE 4-6 

Comparison of HT and RT Refinement Parameters 

Atom Structure x y z B 

s HT .1256 ( 4) .1594 (4) .2500 ( 0) 2.49(11) 

RT .1286 (3) .1582 ( 3) .2500 (O) 1.62 (5) 

Ol HT .0995(18) .1911(19) .5071(153) 4.62(52) 
j 

RT .1053(11) .1909(10) .5189(119) 3.16(29) 

02 HT .1563(13) .0153(12) .2036(154) 3.96(29) 

RT .1539 ( 8) .0099 ( 7) . 2134 (121) 2.48(16) 

03 HT .2570(15) . 2324 ( 11) .1384(136) 3.72(29) 

RT .2585 ( 8) .2294 (6) .1468(117) 2.42(16) 

04 HT .4952(20) .. 3085(14) . 5904 (135) 4.54(37) 

RT .4954(10) .3057 ( 8) .5866(109) 2.67(17) 

Nl HT .4141(17) .0223(16) .7272(191) 4.60(38) 
RT. .4166(11) .0242 ( 9) . 7299 (164) 2.63(20) 

N2 HT . 2145 (16) .4394(15) . 7171(210) 3.82(31) 

RT .2187(10) . 440.0 (9) .7338(190) 2.40(17) 

Li HT .4347(41) . 3386 (27) .2558(500) 3.72(59) 

RT • 4294 (27) .3338(18) .2596(403) 2.80(43) 



TABLE 4-7 

Comparison of Bond Distances and Angles from HT and RT Refinements 

0 

Bonds (A) HT RT Angles (0 ) HT ET 

S-01 1.389 (76) 1.445 (60) Ol-S-02 114.0 (14) 113.3 ( 7) 

02 1.479 (18) 1.504 (11) 03 113.1 (33) 111.0 (24) 

03 1.502 (30) 1.466 (23) 04
cioI 

110.8 (40) 111.9 (30) 

04
cioI 

1.470 (42) 1.509 (33) 02-S-03 105.0 (14) 107.9 (10) 

Li-olcooI 1.986(178) 2.029(136) 
04

cioI 
105.5 (11) 106.4 ( 7) 

03-S-04 - - 107. 8 (30) 108.2 (23) 
02BOOO 

1.956 (48) 1.919 (34) ClOl 

03 2.008 (88) 1.944 (69) 01cooI-Li-02BOOO 110.9 (78) 109.7 (65) 
04 1.841(253) 1.816(202) 03 108.6(153) 111.5(140) 

Nl-N2B0l0 1. 421 (22} 1.477 (13) 04 111.5(167) 107.5(144} 

04 3.021 (35) 2.980 (28) 02BOOO-Li-03 95.6 (16) 98.l (12) 

NlDOlO 3.048(119} 3.031(103) 04 113.5 (67) 112.5 (57) 

N2-0l 2.888 (55} 2.900 (46) 
03-Li-04 115.8(145) 117. 2 (132} 

OlBOOO 3.200 (51) 3.156 (43) 
N2Boio-Nl-04 137. 2 (23) 137.0 (16) 

02BOOO 2.998(120) 3.011(105) 
-NlDOlO · 111.1 (70) 107.8 (55) 

02
B001 2.876(119) 2.823(103) 

-NlnoII 10 7 •,,2 ( 6 8) 109.2 (56) 
03

A001 3.024 {95) 3.015 (82) 

04 2.914 {37) 2.925 (32) 04-Nl-NlDoio 102.4 (18) 104.1 (14) 

-NlDoII 79.4 (18} 80.0 (1,4} 

NlDoio-Nl-NlDoII 116.4 (67) 117.4 (54} 

·---

co 
lJ1 
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. TABLE 4;._g 

Coordinate Changes from RT to HT Refined. Structure 

Atom ti.X ti.Y ti.Z 
0 0 0 

(A) (A) (A) 

s -.032 ( 3) .012 (5) .000 (0) 

01 -.052(13) .002(16) -.061 (50) 

02 .022 (9) .054(10) -.051 (SO) 

03 -.013(11) .030 (9) -.044 ( 36) 

04 -.002(15) .028(12) .020 ( 41) 

Nl -.022(12) -.019(13) -.014 (51) 

N2 -.038(12) -.006(12) -.087 ( 4 7) 

Li .048(28) .048(20) -.020(153) 
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TABLE 4-9 

Bond Length and Angle Changes From RT to HT Refined Structure 

0 

li (0) Bonds li (A) li/ cr Angles li/ cr 

S-01 -0.056 ( 4 7) -1.2 Ol-S-02 2. 7(12) 2.3 

02 -0.025 (14) -1. 8 03 2.1(23) 1. 2 

03 0.036 ( 19) 1.9 04 -1.1(26) -0.4 

04cioI -0.039 ( 2 8) -1. 4 02-S-03 -2.9(10) -2.9 

04 -0.9 ( 9) -1. 0 
Li-olcooi -0.043(114) -0.4 03-S-04 -0:4(19) -0.2 

02BOOO. 0.037 ( 34) 1.1 

03 0.064 ( 55) 1.2 , Ol-Li-02 1.2(44) 0.3 

04 0.025(152) 0.2 03 -2.9(62) 0.5 

04 4.0 (85) 0.5 
Nl-N2BOlO -0.056 ( 18) -3.1 02-Li-03 -2.5(11) -2.3 

04 0.041 ( 21) 2.0 
04 1.0(33) 0.3 

NlDOlO 0.017 ( 60) 0.3 03-Li-04 -1.4(60) -0.2 

N2-0l -0.012 (30) -0.4 
N2Boio-Nl-04 0.2(17) 0.1 

OlBOOO 0.044 ( 2 7) 1. 6 
NlDOlO 3.3(43) 0.8 

02BOOO -0.013 ( 58) -0.2 
NlooII -2.0 (38) -0.5 

02B001 0.053 (60) 0.9 
04-Nl-NlDOlO -1.7(11) -1.5 

03A001 0.009 ( 48) 0.2 
NlDOll -0.6(11) -0.5 

04 -0.011 (19) -0.6 
NlDOlO-Nl-NlDOll -1.0(40) -0.3 
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F:GURE 4-3 
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04 

Observed atom shifts in [001] projection between room 
temperature positions (dots) and high temperature 
positions (crosses).· Arrows show schematically the shift 
directions and are scaled ten times longer than the 
actual shifts. U or D at a vector tip denotes a signifi-

cant shift up or down the c direction. · 
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shown schematically by vectors which have a length scaled 

ten times larger than the actual observed shift in the 

projection. The letters "U" and "D" at the vector tip 

denote significant shifts up or down the c axis respectively. 

Another attempt to display these shifts was made 

by calculating a [001] difference electron density pro

jection using (FHT - FRT) and the sign of Fcalc as the 

Fourier coefficients in eqn. [2-1]. No definite shifts 

could be seen in the plot of this function since they were 

masked by the differences in temperature factors. 

4.3 C Conclusions from High Temperature Analysis 

Systematic absences indicate that the high temperature 

space group is either Pbn2 1 or Pbnm. The refinement of the 

available high temperature data indicates that at 180°c the 

space group of LiHzS remains Pbn2
1

• This result fails to 

explain on the basis of any change to a higher crystallogra-

phic symmetry why the electric quadrupole coupling tensors 

at all four lithium sites are identical in magnitude and 

orientation as reported in the nuclear magnetic resonance 

studies of Cuthbert and Petch (34). Such a high symmetry 

would not be required crystallogrc:i-phically even if the 

space group did change to Pbnm. 

The slight increase in cell constants at high 

temperatures is due to thermal expansion. The small 

magnitudes observed for atom.shi;fts when the temperature 
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is raised to 180°c suggest that no significant changes 

occur for the heavy atoms in the crystal structure. If 

there is a distinctly different structure above 160°c 

it must differ primarily in the hydrogen configurations 

which were not seen, or possibly in the nitrogen and 

lithium z coordinates the latter of which was the least 
. 

accurately determined parameter in this analysis. 

The increase in all the temperature factors r~flects 

the general decrease of the intensities observed on the _ 

films and results from increased thermal motion of the atoms 

at higher temperatures. An oxygen isotropic temperature 
0 

factor of B = 4.6 A2 in the high temperature refinement 

suggests isotropic root mean square thermal displacements 
0 

of 0. 24 A (see eqn.[2-5]) assuming that no large systematic 

effects are influencing the temperature factors. Although 

this is an isotropic or average estimate of the O motions 
0 

it is still below the value 1.1 A estimated in Section 

4.1 D as being necessary for easy excursion of the structure 

to its enantiomorph. 

4.3 D Discussion of Experimental Difficulties and Possible 
Improvements 

This high temperature analysis might be criticized 

on the grounds that the refinement has used only a limited 

amount of three dimensional data. This limitation might 

explain the oscillations of the lithium z coordinate at 

certain stages of the refinement, but even here the excursions 
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did not exceed the range of the s~andard error. given for the 

parameter. However, since a similar quantity of data for 

the room temperature form refined to a structure which 

agrees with that found using Brown's full set of data, the 

available high temperature data was expected to. give a 

structure that would agree within its limits of error with 

a more accurate refinement. 

Greater criticism can probably be directed at the 

accuracy of the film data which was collected. The absorption 

effects for large crystals, while not directly influencing 

the ratio method of intensity measurement, did produce 

film spots of irregular shapes sometimes making accurate 

comparisons with the wedge film quite difficult. Hence the 

general accuracy of the measurements was probably decreased . 
even though the method eliminated the large systematic 

error of absorption. The spot shape problem was enhanced 

by the surface decomposition product which contributed 

diffraction spots with a large mosaic spread to certain of 

the high temperature low angle reflections. The amount of 

decomposition was observed to increase duri~g each high 

temperature exposure, thus introducing a systematic error 

into the comparison of low and high temperature exposures. 

It was felt, however, that if prominent structural 

0 differences did occur for the heavy atoms above 160 C then 

an analysis using this data would at least indicate their 

presence. Certainly a change to any symmetry higher than 
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Pbnm would be visible as a change in the systematic absences. 

Since no such indications were found, further efforts to 

improve the x-ray diffraction experiments seemed unjustifiable. 

If further x-ray work could be justified it would 

seem advisable to solve first the problem of keeping small 

crystals stable for extended time periods at high temperatures. 



CHAPTER 5 THE CRYSTAL STRUCTURE OF TRICLINIC 
POTASSIUM DICHROMATE 

5.1 Introduction 

Potassium dichromate K2cr2o7 is one of the most 

familiar crystalline solids. As early as 1833 Mitscherlich (44) 

observed that it undergoes a phase transition close to 2so0 c. 

This was one of the first solid state phase transitions to 

be noted in the scientific literature. In spite of con-

tinued interest since that date in its crystallography, 

the structure of even its room temperature phase had never 

been solved. In 1959, Klement and Schwab (45)· reviewed 

what was then known about potassium dichromate and concluded 

that it exists in at least three different forms, namely 

a triclinic room temperature phase, a monoclinic high 

temperature phase, and a metastable monoclinic room 

temperature phase. The similarity found for the unit cells 

of these forms suggests a similarity in their structures and 

indeed a similarity with other structures such as ammonium 

dichromate and potassium pyrosulfate. Details concerning 

these and other related structures will be described in 

later sections. 

Although no structure had been proposed for triclinic 

K2cr2o7 , there was considerable controversy through the years 

as to whether the triclinic space group is noncentrosymmetric 

93 
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(Pl) or centrosymmetric (Pl) • Brief reviews of the 

controversy appear in the papers of Klement and Schwab (45) 

and Rao (46). After reviewing conflicting evidence from 

crystal growth and etch figure experiments on the one hand 

and the absence of any observable piezoelectric effect on 

the other, Klement and Schwab declare themselves in favour 

of Pl. Rao (46) also favours Pi on the additional basis of 

his statistical analysis of the x-ray diffraction intensity 

data. On the other hand the recent Russian studies of 

crystal .growth and etch figures by Podisco ( 4 7) , and Parvov 

and Shubnikov (48) continue to favour the noncentrosymmetric 

Pl choice. An obvious step toward resolving this controversy 

would be to determine the crystal structure. 

A structure determination was considered of value also 

for determining accurate distances and angles for the di-

chromate ion. Some values had previously been reported in 

the paper describing the structure of (NH4>2cr2o 7 (49) but 

these were not very accurate. The unexpected large dis-

crepancies reported there among apparently equivalent Cr-o 

distances were difficult to explain chemically and were 

possibly due to large parameter errors in the structure 

determination. More accurate studies of the dichromate ion 

might be of value in assessing the applicability of Cruick-

shank'~ theories (1) to chromium in tetrahedral arrangements. 
-2 In particular a comparison to the pyrosulfate ion, s 2o7 , 
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is of interest. 

There has also been recent interest in the geometry 

of groups of the type x2o7 (50) ,(51) ,(52) and in the variety 

of structures they can form. An accurate knowledge of the 

dichromate ion geometry would add valuable information 

to the study of these groups. 

At an advanced stage in the writing of this thesis 

a structure determination of triclinic K2cr2o7 was published 

by Kuzmin, Iliukhin, and Belov (53). While they repqrted 

essentially the same structure as had been determined by 

this author, their refinement accuracy was not as great. 

In comparison to the more accurate results given here,their 

determination of the dichromate ion stereochemistry is some

what misleading. Consequently no extensive changes in this 

thesis have been made aside from pointing out their different 

cell convention and comparing the final atom parameters. 

5.2 Experimental 

5.2 A General Crystal Data 

Crystals of triclinic potassium dichromate were 

grown by slowly evaporating at room temperature a saturated 

solution of technical grade potassium dichromate in distilled 

water. The clear orange ·see·a crystals which formed, while 

o~casionally platelike, were more frequently needle shaped 

along [010] . Several large crystals were grown with 

dimensions up to 2 cm from plate and needle seeds and all 
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of these large samples had the characteristic habit shown 

in Fig. 5-1. The choice of axis senses and face names in 

Fig. 5-1 corresponds to those of the actual crystal which 

was indexed by the diffraction photograp~s. Table 5-1 

gives the transformations between this convention and those 

of other workers. 

Accurate cell parameters were measured using precession 

camera photographs taken with Zr-filtered Mo-radiation. The 

films were calibrated by recording on them an exposure from 

a single crystal of rutile (59), (a = 4.59373 : 5, 
+ 0 

c = 2.95812 - 5 A). A pycnometer calibrated for p(water) = 
-3 0 1 gm. cm. at 0 C was used to measure the density of a 

mixture of carbon tetrachloride and bromoform in which 

K2cr 2o7 crystals neither sank nor floated. The,, choice 

of PI as the correct space group is described in detail 

in a later section. The crystal data are given in Table 5-2. 

5.2 B Intensity Data 

The crystal selected for intensity measurements 

was of typical shape and approximated a cylinder with mean 

diameter of 0.25 mm and with length 0.46 mm along b. 

An integrating precession camera was used to obtain 

exposures of 1, 3, 9 and 27 integration cycles for each of 

the layers hkO,hkl, hk2, hk3, Ok1, lk1, and 2k1. All 

photographs were taken with Zr-filtered Mo-radiation. The 

integrated intensities were measured from these films by 
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TABLE 5-1 

Transformations Among Various Unit Cell Conventions *t 

(hkt) 1 x (hkt) 2 x (hkt) 2 x (hkt) 4 x 

0 0-1 0 0 1 0 1 0 

(hkt) 1 = 1 0-1 0 1 0 0 0 0-1· 

-1 0 0 0 1 0 -1 0 0 

0 0-1 0-1 0 1 0 0 

(hkt) 2 = 0-1 0 1 -1 0 0 0 0 1 

-1 0 0 0 0-1 0-1 0 

0 1 0 0-1 0 0 0-1 

(hkt) 3 = 0 0 1 -1 0 0 1 -1 0 0 

1 0 0 0 0-1 0 1 0 

0 0-1 1 0 0 0-1 0 

(hkt) 4 = 1 0 0 0 0-1 0 0 1 1 

0-1 0 0 1 0 -1 0 0 

Superscripts denote the conventions of various authors: 

1. Present work. 

2. Parvov and Shubnikov 1964 (48), 

Shubnikov 1911 (54), 1931 (55). 

3. Klement and Schwab 1960 (45). 

4. Groth 1908 (56), 

Stedehouder and Terpstra Fig. 3(a) 1930 (57). 

* Kuzmin, Iliukhin, and Belov (53) use convention 3 

but minus signs and origin shifts become necessary in converting 

their diagrams of the structure to those of the present work. 

tThe present work confirms that Gossner and Mussnug (58) 

have an error in one of their angle measurements. 
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TABLE 5-2 

Crystal Data for 'J;'riclinic K
2
cr

2
o

7 

System 

Space Group 

Cell Constants a 

b 

c 

y 

Unit Cell Volume 

Reciprocal Cell Constants 

Density Measured 

Calculated 

* a 
* b 

* c 
* 
* (3 

* y 

Number of Formula Units 
per Unit Cell 

X-ray Absorption 
Coefficient (MoK~) 

Tri clinic 

Pl 
0 

13.367 (11) A 

7.376 ( 5) 

7.445 ( 6) 

90.75 (5) 0 

96.21 ( 7) 

97.96 (5) 
0 

722.3 A3 

0 

0.07601 ( 6) A -1 

0.13696 (9) 

0.13517 ( 10) 

88.37 (5) 0 

83.63 (5) 

81. 91 (5) 

2.66 + .05 gm 
-3 - cm 

2.704:: .003 gm cm -3 

4 

42.4 
-1 

cm 
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using a recording photomicrodensitometer. The individual 

film intensities were scaled and averages taken for each 

reflection. A standard error was estimated for each intensity 

for use in weighting the data during least squares refinement. 

Unobserved intensities were labelled and were assigned 

the local minimum observable intensity value. Unreliable 

intensity measurements (e.g.cases with beamstop interference, 

cases close to the edge of the film, etc.) were labelled to 

allow assignment of zero weights (i.e. deleted during least 

squares refinemenB • The full set of data consisted of 3221 

measured reflections of which 617 were classified as unreliable 

and 324 had intensities too small to be observed. During 

the last stages of refinement an additional 25 low angle 

reflections suspected of showing extinction effects were 

classified with the.unreliable ones so that they would 

not contribute in the final refinement. 

The intensity data and their estimated standard 

errors were then corrected for Lorentz and polarization 

effects (12,Ch. 11). Absorption corrections were not con-

sidered necessary since ~R was only 0.5 (5, Sec. 5.3). 

5.2 C Attempts to Determine· Space Group by Direct Experiment 

Toward the final stages of the refinement, it 

became clear that the structure was quite close to being 

centrosyrnmetric. Anomalous dispersion experiments (6, Sec. 

3.3.2), (8, Ch. 14) were performed to resolve this question. 

MILLS MEMORIAL LIBRARY 
. McMASTER UNIVERSITY 
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Calculations performed with the best refined Pl parameters 

(isotropic model, R = .. 0754, see Sec. 5.3) and with co~plex 

scattering factors for Cr and K species (6, Sec. 3.3.2) 

indicated that appreciable intensity differences between 

hki and hk£ should be observable for some reflections with 

Co or Cu-radiation if the space group were Pl. Precession 

camera photographs were taken for the hkO and Oki layers 

with Fe-filtered Co-radiation. Weissenberg photographs 

were taken of the hOi layer with Ni-filtered Cu-radiation. 

The Weissenberg films were double exposed in a way which 

g~ve the reflections hOi and fioi close to one another 

on the film for easier comparison of their intensities. 

Visual comparison of the pairs hki and hki indicated no 

marked intensity differences among the pairs as expected 

from the calculations~ Some small intensity differences 

were observed, but these were systematic effects attributable 

to different crystal absorption in the two reflecting 

positions. These observed inequalities had a random direction 

compared to the directions of the calculated inequalities. 

Hence the anomalous dispersion experiments were interpreted 

as favouring Pl. 

At the suggestion of Dr. C. V. Stager and with his 

kind cooperation in performing the experiments, nuclear mag

netic resonance techniques were used in an effort to determine 

the number of crystallographically distinct sites for Cr and K 

atoms. These attempts failed to detect any signals from 



102 

either the 9.5% abundant cr53 isotope or from the 93% K39 

isotope, and hence this experiment was inconclusive .• 

5.3 Solution and Refinement of the Structure 

A Patterson function was calculated using the hkO 

intensity data. This function is shown in Fig. 5-2. About 

half of the large Cr atoms were located by identifying 
I 

Patterson peaks which correspond to the_ Cr-Cr interatomic 

vectors in the same projection of the monoclinic ammonium 

dichromate structure (49). This.comparison to an ammonium 

dichromate Patterson projection illustrated that the Cr-Cr 

vectors appear as satellite peaks at the edges of larger 

compound peaks. Trial solutions choosing Cr-Cr vectors at 

the centres of these large peaks had previously failed to 

yield a promising structure, but with the satellite positions 

and several cycles of electron density and structure factor 

calculations, the x and y coordinates for the remaining 

atoms were found. 

The z coordinates were then determined from a 

Patterson function calculated with the Ok~ data and a trial 

three dimensional structure was formulated in space group 

Pl with 44 independent atoms in the unit cell. This trial 

structure possessed approximate centres of symmetry but 

further refinement was performed without imposing any such 

constraints. 

A three dimensional full mat,rix least squares 
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5-2 
~ 
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computer program was used to refine the atom coordinates 

and isotropic temperature factors together with separate 

scale constants for the seven layers of data. The 

coordinates of Crl were held fixed in this Pl refinement 

2 and w =l/cr weights were used. Unobserved reflections in 

agreement (F(calc) s Fmin' the local minimum observable 

value) were given zero weight. Those calculating larger 

than Fmin were refined as though F
0 

was equal to F . . min 
The best weighted agreement index (R) obtained in Pl 

space group with isotropic temperature factors was 0.0754. 

This Pl isotropic model had 180 variable parameters and 

approximately 2300 reflections contributed to the refinement 

with non zero weights. Examination of the refined structure 

revealed an approximate centrosymmetric arrangement. 

Consequently refinement was also performed in PI space group 

giving a final R of 0.0963 using isotropic temperature 

factors. This PI isotropic model had 95 variable para-

meters and approximately 2300 reflections contributed with non 

zero weight. 

The coordinates and their standard errors suggested 

that the Pl and PI structures were different particularly 

for the potassium and oxygen positions. Hamilton's significance 

test (19), when applied to the R factors for these two models, 

indicated less than 0.5% chance of the PI refinement being 

correct. However anomalous dispersion experiments (see Sec.5.2 C) 
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failed to show any of the large differences between the 

hkt and hki intensities which had been expected from 

calculations based on the Pl coordinates. A second problem 

which arose if Pl were accepted as correct was that of 

understanding the systematic features of the distortions 

from Pl. There are four nonequivalent dichromate groups 

in Pl but each deviated from c 2 symmetry in a different way. . v 
Detailed comparison of results from the Pl and PI 

isotropic refinements led to a suggestion which resolved the 

problem in assigning a space group. Pseudo-centrosymmetric 

o-cr-0 bond angles in Pl were found to differ markedly (about 

7°) from each other while their mean value· was very close 

to the corresponding angle found in Pl. This was consistent 

with pairs of the pseudo-centrosymmetric oxygen atoms in Pl 

having positions displaced in random but opposite directions 

from their Pl positions. The question then arises whether 

the isotropic Pl model might have simply compensated for 

anisotropic thermal motion of both the oxygen and potassium 

atoms. The mathematics of the problem was appropriate for 

such a situation to arise; the insertion in Pl of two atoms 

almost related by a centre of symmetry gives nearly the same 

intensity as inserting in Pl two half atoms each slightly 

displaced in opposite directions from their mean position 

(see Appendix III for proof). This latter situation is analogous 

to the physical case where an atom undergoes anisotropic 

t~ermal motion. 
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It was proposed that even though the isotropic Pl 

refinement had resulted in a significantly improved R factor 

compared to the isotropic· Pl model, the Pl structure·was 

incorrect because it was using extra degrees of freedom to 

fit anisotropic thermal effects in the data. 

Three tests were investigated to show this proposal to 

be correct. In the first test a Pl refinement was performed 

with anisotropic temperature factors for the oxygen and 

potassium atoms. This particular model was chosen since 

with 185 variables it could be closely compared to the best 

fit allowed by the isotropic Pl model with 180 variables. 

The chosen anisotropic PI refinement gave a decrease in R 

from 0.0963 to 0.0633 in the first cycle, thus verifying 

the new Pl model to be better than the isotropic Pl (R = 0.0754) 

with a similar number of variables. Further refinement cycles 

adding anisotropic temperature factors for chromium atoms 

gave a final l/cr 2 weighted R index of 0.054 in Pl. 

The second test involved checking the least squares 

correlations (see Sec. 2.3) to confirm the suspected 

situation truly existed in the mathematics of the Pl model. 

Indeed large positive elements (0.6 to 0.9) were found in 

the Pl correlation matrix for pairs of coordinates related 

by the pseudo-centre of symmetry. Hence the Pl model had 

been adjusting the atoms in pairs in the manner suspected, 

keeping the members of each pair on opposite sides of the 
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PI positions. Correlations in the anisotropic Pl model 

were no larger than 0.3 among atom coordinates indicating 

this to be a more suitable model for refinement. 

As a third test of the Pl anisotropic model, the 

temperature factor ellipsoids were examined to see if they 

corresponded to any physically reason.able type of thermal 

motion. This was indeed found to be the case, and details 

concerning the thermal parameter analysis are presented in 

Section 5.4 D. Hence triclinic K
2
cr2o7 is found within the 

accuracy of this structure analysis to be centrosyrnrnetric. 

The possibility of extending the model to test an 

anisotropic Pl structure seems inadvisable. The large 

correlations expected during least squares refinement would 

cast doubt on any results, and the refinement with existing 

computer memory size could only be performed in block 

diagonal matrix fashion. Furthermore the agreement (R = .054) 

obtained in Pl anisotropic seems to be approaching closely 

the expected limits available with the intensity data used. 

The rest of this chapter will describe only the Pl structure. 

The atomic coordinates and anisotropic temperature 

factors are given in Table 5-3 for the final refinement 

(R = 0.054). Also given are the independently determined Pl 
coordinates of Kuzmin, Iliukhin, and Belov (53) with R = 0.161. 

The iatter have been converted from the published values to 

the convention of this author by moving their origin to 
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TABLE 5-3 

. Refined Pl Coordinates and Temperature Factors 
Compared to Transformed Values of Kuzmin et al. 

Atom x y z 

Kl .15845 ( 7) .16251(10) .91463(16) 
.159 .160 . .916 

K2 -.13591 (8) .19591 (12) .65275(19) 
-.136 .198 .656 

K3 .64056 ( 7) .60346(12) .66946(18) 
.639 .604 .668 

K4 .34939 (8) . 75019 ( 11) . 76701(16) 
.348 .749 .768 

Crl .11332 ( 5) .31682 ( 7) . 42610 (11) 
.113 • 318 ' .426 

Cr2 -.08334 ( 5) .31361 ( 7) .15240 (11) 
-.083 .312 .154 

Cr3 .60718 (5) .09201 ( 7) • 76914 (11) 
.608 .092 .768 

Cr4 .41379 (5) .29304 ( 7) .80714(11) 
.414 .293 .808 

OBl .02283(21) .42955(30) .29483(52) 
.024 .433 .303 

011 .19970(22) •. 4 76 32 ( 34) . 51664 (57) . 
.199 . .453 .517 

012 .16358(25) .18614(36) . 29483 (54) 
.168 .199 .295 

013 .06054(25) .19409(40) .57663(58) 
.064 .194 .584 

021 -.14893(28) .45840(36) .06270 (62) 
-.145 .463 .067 

022 -.15170(24) .17519(33) . 27537 (54) 
-.150 .176 .279 

(continued next paqe) 
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023 

OB3 

031 

032 

033 

041 

042 

043 

TABLE 5-3 (Continued) 

Refined Pl Coordinates and Temperature Factors 
Compared to Transformed Values of Kuzmin et al. 

x 

-.04319 (24) 
-.043 

y 

.19264(39) 

.187 

z 

-.00185(56) 
-.005 

109 

.52748(23) 

.522 
.20950(37) 
.210 

.89187(55) -

.893 

• 70143(26) 
• 69 6 

.64874(29) 

.651 

• 54493 (26) 
.546 

• 36029 (28) 
.365 

.33655(26) 

.340 

.44272(24) 

.443 

.05349(40) 

.050 

• 22010 (38) 
.209 

-.09817(34) 
-.083 

• 36600 (38) 
.364 

.13702(36) 

.142 

• 46064 (34) 
.470 

.91201(61) 

.905 

. 61033 (57) 

.613 

.68346(62) 

.673 

.97283(58) 

.975 

.69261(61) 

.701 

.67255(57) 

.675 

Refined Temperature Factor Components* (x 10 5 ) 

Kl 286 (4) 916(11) 879(19) 99 (6) -17(12) -28(12) 

K2 

K3 

K4 

302 (5) 1364 (14) 1111 (22) 90 (7) 

253 (4) 1376(14) 1124(23) 71 (6) 

309 (4) 1274(13) 931(20) 221 (7) 

32 (14) 393 (16) 

87 (13) -244 (16) 

35 (13) -125 (15) 

Crl 198 (3) 738 (8) 667(13) 30 (4) .15 (8) -54 (9) 

Cr2 206 (3) 654 (7) 668(13) 87 (4) 17 (8) 22 (8) 

Cr3 198 (3) 723 (8) 753(13) 103 (4) 52 ( 8) 68 ( 9) 

(continued next page) 
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TABLE 5-3 (Continued) 

* 5) Refined Temperature Factor Components x 10 

Atom 811 8 22 8 33 812 813 823 

Cr4 19 5 ( 3) 696 (8) 725(13) 89 ( 4} 76 (8) 73 ( 9) 

OBl 288(14) 735(34) 1093(66) 42(18) -55(39) 104(40) 

011 276(15) 1049 (40) 1375(76) 18 ( 21) -45 (42) -215 (49) 

012 354(16) 1263 (43) 1043(69) 208 (23) 128(45) -333(49) 

013 347(17) 1585 (52) 1241(76} 65(26} 95 (48) 629(57) 

021 448(18) 1214(48) 1737(95) 289 (25) -115(50) 130 (56) 

022 326(15) 1026 (41) 1149(75) -1(21) 198 (44) 136(47) 

023 305(16) 1619 (51) 1027 (71) 121(24) 18 ( 4 5) -398(53) 

OB3 319(16} 1539(50) 918 (65} 363(24) 36(43} 51 ( 51) 

031 349 (15) 1717(51) 1265(80) 373(26) -83 (46) 146 (58) 

032 468 (20) 1255 ( 46) 1242 (78) 70(26) 114(55) 331(53) 

033 397(17) 993(42) 1731(93) 14(23) 41(49) -:75 (53) 

041 420 (18) 1442(48) 1177(76) 213(25) 269(50) 88 (53) 

042 368(17) 1182 (44} 1496(84) -29(24) 36(47) -259 (~3) 

043 313(15) 1085(41) 1358(77) 7 5 ( 21) 173(43) 371(48) 

0 

*Kuzmin et al. used the isotropic values BK= 1.4 A2 , 
0 . 0 

Ber = 1.1 A
2

, and B0 = 1.7 A
2 
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' 
TABLE 5-4 

Observed and calculated structure factors (F and F ) in 
0 c 

units of 1/10 electron per unit cell with estimated relative 

standard errors (a) in F
0

• A !llinus sign following F
0 

in

dicates an unobse·rved reflection; an asterisk indicates 

an unreliable F
0 

measurement which was not used in the 

least-squares refinement; an x indicates a reflection which 

was suspected of showing extinction effects and was there-

fore not used during the final stages of refinement. 
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TABLE 5-4 (Continued) 

H K l ·~ fC (1' H K l F£ ft (1' H K Fe FC (1' H K l F0 Ft (1' H K F0 FC (1' 

0 0 0 O• '>640 16-4 0 204 -250 23 6 -8 0 388 387 32 8-7 1 289 284 17 -15-4 50 -57 18 

18 0 0 1C5• -102 l~-4 0 40- -20 20 5 -8 0 n- -6 20 1-1 I 49- 7 25 -16-4 114 114 10 
11 0 0 l l9• 108 14-'t 0 321 -312 18 4 -8 0 39- 52 20 6-7 1 212 -215 11 -17-4 47 -36 l 7 

16 0 0 268 -252 20 13-4 0 29• -303 26 3 -8 0 509 506 35 >-7 l 1•7 -187 11 -18-4 7C• -73 ... 
15 0 c 36 J4 15 12-4 0 160• IH ... 2 -8 0 363 -3'>9 20 •-1 l 520 -515 31 18-3 319 -322 J6 
14 0 0 lJO 121 16 11-4 0 59 1Z 8 1 -s 0 87 -89 J2 3-7 1 49- -44 24 17-3 89 78 20 

13 0 0 32 -26 16 10-4 0 560 511 41 0 -8 0 403 -390 J8 2-7 1 32q -314 19 16-3 153 151 8 

12 0 0 111 110 13 9-4 0 477 483 33 -I -8 0 536 -!>34 47 1-7 1 449 446 28 15-3 184 180 9 

11 0 0 36- 6 IA 8-4 0 157• -146 ... -2 -8 0 39- 19 M 0-7 l 118 117 11 14-3 217 2/j& 20 
10 0 0 184 . -184 13 7-4 0 164 -165 9 -3 -8 0 38- 0 19 -1-7 I 75 82 11 13-3 123 130 9 

9 0 c 65 -60 11 6-• 0 595 -603 49 -.c, -B 0 211 266 14 -2-1 1 386 382 21 12-3 44 -JS 16 
8 0 0 255 257 15 5-4 0 222 -218 32 -5 -8 0 278 275 17 -J-7 l 270 -284 13 11-3 60 -44 15 
7 0 0 66 27 12 ~-4 0 131• -103 ... -o .-a 0 79 75 9 -4-7 l 159 168 • 10-3 190 -19? 12 
6 0 0 163 160 11 J-• 0 6L 56 8 -1 -8 0 46 -52 9 -s-7 l 119 122 7 9-J i 20 -H19 12 
5 0 0 1 }8• llh 2-4 0 147 139 8 -8 -8 0 187 -182 16 -6-7 l 259 -251 13 8-3 378 -392 20 

• 0 0 U'26•-.c?lq3 1-• 0 57 -63 6 -9 -8 0 28• ~10 ... -1-1 l 51- 33 26 7-3 261 -253 17 
3 c c 45• -JO ... 0-4 0 125 -ua 10 11 -9 0 88• 89 -8-7 l 264 -274 13 6-3 98 -88 5 
2 0 0 166• 41! ... -l-4 c 81 83 • 10 -9 0 78• -76 -9-7 1 .127 -132 8 5-3 629 624 61 
I o 0 9• -22 -2-4 o 128 -119 7 9 -9 0 57• 43 -10-1 I 204 195 13 4-3 547 502 >6 

18-L 0 120• llh ... -3-'t o 189 -180 12 8 -9 0 90• 71 . .. -11-7 l 100 102 10 3-3 556 524 56 
17-L 0 127 -128 LS -4-4 o 455 4,. 32 7 -9 0 117 -121 u -12-7 l 276 270 21 2-3 513 494 51 
16-1 o 405 -1"3 23 -5-4 0 35- 46 17 6 -9 0 76• -63 ... -13-7 1 82 83 14 1-3 J>l -340 25 
15-1 o 40- 33 20 -b-4 0 420 423 30 5 -9 0 90• -94 ... -14-7 l 45• -35 . .. 0-3 64 8 5 
14-1 o 26f· -265 20 -1-~ 0 205 211 13 • -9 o 33 29 14 -15-7 1 64• -65 -l-3 61 56 1 
13-1 0 366 375 27 -H-4 o 229 -221 13 3 -9 o 49 49 9 lH-6 1 76• -68 ... -2-3 54• -38 
12-1 0 198 200 14 -9-4 0 38- -41 L9 2 -9 0 160 174 10 17-6 l 50- -8 25 -3-3 258 -270 26 
11-1 0 202 -274 26 -10-4 0 458 -456 33 1 -9 0 88 93 7 16-6 1 101 95 9 -4-3 209 200 24 
10-1 0 306 304 26 -l L-4 0 215 -212 11 0 -9 0 38- ll 19 15-6 l 86 -84 10 -5-3 26 7 -263 15 
9-1 0 554 -593 32 -12-4 0 39- -· 20 -1 -q 0 84• 39 ... 14-6 l 271 278 26 -6-3 177 -l61 9 
8-1 6 28R 297 21 -13-4 o 78• -81 ... -2 -9 0 36- 20 18 13-6 1 116 110 10 -7-3 ' 2 32 238 18 
7-1 0 274 280 20 -14-'t o 389 398 39 -3 -9 o 35- -1 17 12-6 1 179 177 9 -8-3 ·1 201 -203 12 
6-1 0 30 35 8 -15-4 o 126 129 14 -4 _q o 33- -3 11 11-6 l 67 66 12 -9-3 l 3~8 J44 23 
5-1 0 26 JO 7 -16-4 o 124• 175 ... -5 -9 0 124• -120 . .. 10-6 l 273 -ZbB 20 -10-3 1 37• -9 
4-1 0 561 -579 68 17-5 o 137• 147 -6 -9 0 131• -136 ... 9-6 l 323 -316 24 -11-3 I 38• -34 
3-1 0 23• -2• ... 16-5 o 215 208 20 7-10 c 57• -63 . .. 8-6 1 164 -160 11 -12-3 ! 163 167 ll 
2-1 0 203• -23 7 15-5 0 148 -1•1 15 6-10 0 267• -278 7-6 l 18 7 -177 14 -13-3 i z l c -204 10 
1-1 0 249• -209 14-5 0 253 253 l'; 5-10 o 22• -s 6-6 1 80 6 7 9 -14-3 330 325 23 
0-1 0 67• -90 13-5 0 40- 16 20 4-10 0 136• -130 5-6 1 448 440 22 -15-3 l 51- -Jl 26 

-1-1 0 318• -328 ... 12-5 0 222 -216 12 3-10 0 24• -17 4-6 1 81 -77 9 -16-3 1 48 -49 18 
-2-1 0 Ill -95 11 11-5 o 127 120 8 2-10 0 134• 134 3-6 1 548 558 45 -17-3 I 51 -47 17 
-3-1 0 141 -147 L3 10-5 0 607 -620 48 1-10 o 54• -59 2-6 l 161 154 11 -18-3 l 334 -328 18 
-4-1 0 576 606 96 9-5 o 367 -367 26 0-10 o 244• 223 l-6 1 127 -122 14 18-2 l 52- -17 26 
-5-1 0 26- -R 13 6-5 0 167 162 9 -1-10 0 20• -11 0-6 1 89 72 8 17-2 1 151 156 lo 
-6-1 0 248 266 15 7-5 0 102 -109 13 -2-10 0 91• 101 -1-6 1 714 -739 50 16-2 l 150 1>3 8 
-7-1 0 J09 323 17 6-5 o 848 892 100 13-10 l 37• 39 -2-6 l 124 -110 12 15-2 1 223 -228 15 
-8-1 o 298 -304 17 ':)-5 o 530 579 37 12-10 I 71• 86 -3-6 1 166 -174 ll 14-2 l 88 87 9 
-9-1 0 253 -267 15 4-5 0 177 177 12 11-10 1 36• -48 ... -4-6 1 48- -24 24 13-2 l 359 -371 18 

-10-1 0 283 -291 17 3-5 o 36 -20 11 10-10 1 195 zoo 11 -5-6 l 473 478 24 12-2 1 44- -15 22 
-11-1 0 251 -262 29 2-5 0 139 -135 l3 9-10 l 204 -214 11 -6-6 1 49- -31 24 11-2 1 72 -71 8 
-12-1 0 216 -224 13 1-5 0 189 -182 11 8-10 1 48- -16 24 -7-6 1 180 174 9 10-2 l 57• 33 ... 
-13-1 0 178 119 13 0-5 0 . 321 -336 23 7-10 1 49- 19 24 -8-6 1 134 -129 12 9-2 l 616 609 55 
-14-1 o 79 -80 7 -1-5 0 576 •;83 58 6-10 l 181 -180 18 -9-6 1 157 -156 11 8-Z l 232 -231 12 
-15-1 0 220 223 12 -2-5 0 370 -378 29 5-10 1 250 262 13 -10-6 l 41 36 21 7-2 1 501 491 35 
-16-1 0 285 286 16 -3-5 0 65 64 13 4-10 1 50- -16 25 -11-6 1 10 -57 18 6-2 ! 758 -11,7 81 
-17-1 0 36- -2 18 -4-5 o 322 310 19 3-10 l 76 -75 13 -12-6 1 254 249 13 5-2 

i 
739 -745 30 

-18-1 0 164• 160 ... -5-5 o 505 -!Jl4 36 2-10 1 91 89 11 -13-6 1 49 -12 18 4-2 36• 7 . .. 
18-2 0 27• z ... -6-5 o 643 671 62 1-10 1 189 -186 10 -14-6 1 60 -60 14 3-2 1 6 79 -699 77 
17-2 0 211 -206 12 -7-5 o 36- -zz 19 0-10 1 106 103 20 -15-6 I 71 -71 10 Z-2 l 991• 1221 ... 
16-2 0 308 30P. 16 -8-5 0 48 58 10 -1-10 l 147 154 11 -16-6 1 266• -259 ... 1-2 1 39 -25 6 
15-2 0 100 98 12 -9-5 0 108 !l5 9 -2-10 I 174 172 14 18-5 1 114• 173 ... 0-2 1 918•-1095 . .. 
l't-2 0 126 126 8 -10-5 0 516 -528 35 -3-10 1 176• 159 ... 11~5 I 119 -115 7 -1-2 i 31 17 6 
13-2 0 303 295 20 -11-5 0 39- -16 20 15 -9 1 125• 133 16-5 l 52- 27 26 -Z-2 1238•-1660 ... 
12-2 0 395 -394 22 -12-5 0 105 -113 L2 14 -9 l l07• 121 ... 15-5 l 448 -452 28 -3-2 l 2l6 -218 17 
11-2 o 428 -439 36 -L3-5 0 37- L4 18 13 -9 1 58 -60 19 14-5 1 175 -169 10 -4-2 1 622 6'tl 63 
L0-2 0 144 -135 10 -14-5 o 146• 154 ... 12 -9 1 88 88 9 13-5 I 124 -119 13 -5-2 l 3: 5 301 18 
9-2 o 390 -406 28 lb-b 0 ll 5• 120 ... 11 -9 1 133 -138 12 12-5 1 146 -152 11 -6-2 l 723 798 71 
8-2 o 298 -30 l 15 15-6 o 60 -66 10 10 -9 I 112 -112 9 11-5 1 378 372 19 -1-2 L S29 563 34 
7-2 0 641 672 41 14-6 0 269 263 16 9 -9 1 111• -L06 ... 10-5 I 193 -195 13 -6-2 1 83 86 10 
6-2 0 186 -175 18 13-6 o 39- 39 20 8 -9 l 169 -166 10 9-5 l 155 156 9 -9-2 1 144 -150 8 
5-2 c 722 754 96 12-b o l 51• 122 ... 7 -9 1 42 -41 21 8-5 I 40 32 17 -10-2 1 190 -193 10 
•-2 0 q5qx 1044 172 ll-6 o 154 -145 10 6 -9 l 46 -42 19 7-5 1 3L 5 -309 20 -11-2 l 307 -.H7 21 
3-2 0 492 -489 50 l0-6 0 389 -380 26 5 -9 1 24.l 238 13 6-5 1 527 516 35 -12-2 l 201 -193 10 
2-2 c 619 625 74 9-6 o 48 42 10 4 -9 1 206 205 11 ~-s 1 90 89 13 -13-2 1 48- l 24 
1-2 0 929X-1026 176 8-6 o 323 -3ll 18 3 -9 I 159 144 8 4-5 1 284 292 25 -14-2 1 118 -112 10 
o-z 0 lOl0•-1320 ... 7-6 0 186• 148 ... 2 -9 l 141 135 9 3-5 1 133 -133 8 -15-2 1 163 162 ll 

-1-2 0 176 165 9 ·-· o 251 240 22 1 -9 1 268 -260 13 2-5 1 202 -190 17 -16-2 1 l27 119 7 
-z-z 0 9'9X-lL07 178 5-6 o 468 -462 30 0 -9 L 53 -39 17 1-5 1 .268 -260 22 -17-2 1 95 91 13 
-3-2 0 723 7"75 76 4-6 0 l 75 174 9 -1 -9 I 209 -201 10 o-5 1 138 -144 11 -18-2 1 155 151 8 
-4-2 o 719 760 89 3-o 0 719 -721 71 -2 -9 1 126 -127 10 -1-5 1 406 391 22 18-1 1 52- -3 l 26 
-5-2 0 118 119 8 2-(1 o 35 27 13 -3 -9 l 103 96 10 -2-5 1 12 l -133 6 17-L 1 109• 94 ... 
-6-2 0 317 329 18 1-6 o 505 486 32 -4 -9 1 232 -244 12 -3-5 1 44- 36 22 16-L 1 ll5 -116 12 
-1-z 0 464 -493 26 0-6 o 164 161 15 -s -9 L 143 142 9 -4-5 L 56• 38 ... 15-1 l 76 -83 .!! -8-Z 0 102 IOR 18 -1-6 0 764 799 80 -b -9 l 51 -43 16 -5-5 1 155 -142 10 14-1 1 39• 36 
-9-2 0 157 149 12 -2-h 0 56 -70 • -1 -9 I 49- 5 24 -6-5 1 377 387 19 13-1 1 213 -219 11 

-10-2 0 409 419 JS -3-6 0 391 -385 22 -8 -9 l 220 221 14 -7-5 1 220 222 11 12-1 1 39• -22 ... 
-11-2 0 HO 555 31 -4-6 o 337 -356 19 -9 -9 I 99 -99 1 -8-5 1 150 153 13 11-1 1 234 248 13 
-12-2 0 161 -167 11 -5-6 0 304 -300 16 -10 -· l 131• 122 ... -9-5 l 156 165 15 10-1 1 1!• 74 ... 
-13-2 0 59 62 9 -6-6 0 295 -282 15 -11 -9 1 90• -90 ... -10-5 1 121 -116 20 9-1 l 719 740 64 
-14-2 0 33? -33q 17 -7-6 o 188 167 24 11 ~s l 91• -97 -11-5 1 268 -260 16 8-L l 278 266 15 
-15-2 0 lH -132 20 -8-6 0 4 7 46 II 16 -B l 86• 86 ... -12-5 1 75 -70 11 7-1 l Z20 -219 12 
-16-Z 0 38- Z? 19 -9-6 0 53 52 10 15 -8 1 •7- -3 24 -13-5 I 187 -191 L2 6-1 1 52~ 515 45 
-17-2 0 117• -117 ... -10-6 o 303 302 19 14 -a 1 180 -188 11 -14~5 1 86 -75 10 5-1 1 1097X-l266 202 

18-3 0 101• -99 ... -ll-6 0 41 41 11 13 -8 1 50- -29 25 -15-5 1 245 234 12 4-1 I t:q -85 5 
17-3 0 rn1 ns L8 -12-6 o 120• 106 ... 12 -s 1 253 -255 14 -16-5 l 48- -27 24 3-1 l 724 -750 !~! 
16-3 0 40- -16 20 -13-6 0 52• 35 lL -8 l 85 85 10. -17-5 I 189• 189 2-1 1 353• -3~4 
L5-3 0 116 120 9 15--1 o 218• -222 10 -8 l 112 104 9 -lB-5 1 54• 92 ... -2-1 I 160• -168 
14-3 0 44 48 12 14-7 o 92• -Bl ... 9 -8 l 247 n5 14 18-4 1 42• 37 . .. -3-1 1 85!3;( 1019 154 
13-3 0 507 -501 36 13-7 o H- 43 18 8 -8 l 371 378 21 17-4 l 52- -38 26 -4-1 1 210 221 14 
12-3 0 536 537 JI 12-7 0 292 287 18 1 -8 1. 44 33 20 16-4 I 52- 11 26 -5-1 l 340 3•1 23 
11-3 0 91 -93 6 11-7 0 95 65 13 6 -8 I 51- -·:So 25 lS-4 l 72 79 12 -6-1 1 146 151 8 
10-3 0 499 506. 30 10-7 o 175 168 18 5 -8 I 185 -170 12 14-4 1 115 -118 1 -7-1 1 816 -909 98 
9-3 0 973 979 106 9-·1 0 39• 46 ... 4 -8 l 266 -270 15 l3-4 l 48- -26 24 -B-1 1 211 -.2.16 24 
8-3 0 6,. -689 64 a-·1 0 39- z• 20 3 -8 I n 41 u 12-• 1 47- 2 23 -9-1 1 75 -78 • 
7-3 0 245 241 20 7-1 0 39- 17 20 2 -8 l 75 12 11-4 L 158 150 8 -10-1 l 223 -233 15 
6-3 0 8L9 -84 l 94 6-7 o 74• -46 ... I -8 l 132• 120 . .. 10-4 l 189 -185 14 -11-1 1 HSl 88 l 85 
5-3 0 6 IS -67l 59 5-7 0 97 -97 LO 0 -H I 62 67 14 9-4 1 454 450 29 -12-1 1 199 -206 10 
4-3 0 267 256 15 4-7 0 274 -210 15 -1 -8 I 125 -106 13 8-4 1 77 68 15 -13-1 1 47- 12 23 
1-3 0 617 621 59 J-7 o 44 46 12 -2 -8 I 99 -101 14 7-4 1 113 -105 8 -14-l 1 46- 6 l4 
2-3 0 198 194 12 2-1 0 76 -71 13 -3 -8 l 65 63 16 6-4 1 641 649 64 -15-1 l 482 -'t44 35 
1-3 0 IOI 97 5 1- 7 o 215 l 98 l3 -4 -8 1 50 -40 L8 5-4 l 587 -602 59 -16-1 l 127 127 7 
0-3 0 29L -297 23 0-7 o 68 83 1 _., -8 1 127 116 10 4-4 1 194 -200 10 -17-1 1 48• -54 ... 

-1-3 0 433 -43'; 37 -1-7 o 90• -66 ... -6 -8 l 127 l31 7 3-4 I 68 -61 8 -18-1 1 Ill lC4 16 
•2-3 0 H9 331 25 -7-1 o 180 173 17 -7 -ts l 94• -78 2-4 I 887 ~927 72 18 0 l 133 -uz 12 

:l:~ 8 ~Ql .m 16 •3•1 0 90 .q9 q i=8 c:8 I !61> l!.4 I~ A:Z l ~n- 464 1; 17 8 7' -H 18 

~·1 ~~ ·~·I 0 m m I~ .rz :& I tjq .£ 12 :l\ to l 2'l'I ... ~ ~·O j,• 
•5•j 0 a• ..... ,4 b -~·I 0 l 80 -os lo -1 ... 4 I lt4t 78 13 LJ }1.:') .2lU l ~ 
-6-3 0 809 -a1q 89 -6-7 0 9J -U6 9 -11 -8 l 12 - /l 10 -2-4 I 11 BX 1231 196 14 0 l 39• _\6 ... 
-7-3 0 IH -793 79 -7-7 0 194 L84 18 -12 -8 1 I 78 -18., 9 -3-4 l 482 -467 30 1' 0 1 412 4J2 21 
-8-3 c 6~1 682 77 -l!.-1 0 204 -199 12 -L3 -8 1 30• -28 -4-4 1 265 273 18 12 0 1 382 39~ 19 
-9-3 0 L84 -178 24 -9-7 0 70 68 10 18 _, l 68• HO ... -5-4 l 94B -1013 108 ll 0 1 663 -6 7l 54 

·-10-3 0 55H 577 42 -10-1 0 84 -81 10 17 -7 l 190• -193 ... -6-4 1 676 -676 64 10 0 l 3o• lZ . .. 
-11-3 0 423 42 ~ 26 -11-·1 o 110• -122 ... 16 -7 1 49- 15 24 -7-4 1 244 -242 13 9 0 l 9<;,tt -lOl12 108 
-12-3 c Z 15 -214 L2 13-1;1 0 40• l7 ... I 5 -7 l 208 209 11 -8-4 l 124 -133 8 8 o 1 41,4 -44:l 42 
-11-1 0 40- 31 20 12-8 0 215 -215 21 14 -7 l lSl -156 L2 -9-4 1 310 .ll 5 21 7 0 1 298 298 21 
-14-3 0 114 -111 14 11-U 0 63 64 1 13 -7 1 2 71 l/6 19 -10-4 l 89 -91 8 6 o 1 JO- 3q~ 15 
-lS-3 c 210 -234 .!~ 10-b 0 215 -210 12 12 -7 1 72 -75 12 -11-4 1 189 L90 10 s 0 l 405 30 
-16-3 0 46• ZR 9-b 0 76 14 19 11 -"/ l 192 -200 11 -12-4 l 101 -101 8 4 0 l 325 3l0 23 

18-4 o 76• -HO ... H-8 o 271 152 18 l(J -7 l 225 236 11 -13-4 1 49 42 17 3 o 1 203• 169 ... 
l 1-lt c 12'.>• 129 ... 1-8 0 349 -338 19 9 -7 l 180 -110 13 -14-4 1 175 170 13 -3 o l 13• 17 ... 



TABLE 5-4 (Continued) 113 

H K H FC (f H K l F0 FC (]' K l F0 FC (]' H K l Fr FC (]' H K' l Fe FC (]' 

-· 0 l 66• 6A ... 10 4 l 112 ll2 7 -IS 7 I 47 -49 IP. -12-9 2 Ill -107 16 -s-s 2 756 161 11 

-~ 0 l 126 -120 8 9 4 l 165 -110 11 -16 7 l 63 -64 13 -U-9 2 133• -l34 -6-5 7 487 -49J ?.& 
-6 0 l 49 -4' 6 u 4 l H -32 16 -17 7 l 138 Lil 10 17-8 2 n -96 22 -7-5 2 116 -102 11 
-1 0 1 111 -lH 7 1 4 I 26) -253 Z1 -lU 7 l 145• -150 ... 16-8 2 51- -38 25 -e-~ 2 62 -60 l 7 
-8 0 I 14• -1~" 8 6 4 I 162 -167 8 13 B I 143• -173 ... IS-8 2 SL- 2'> 26 _q_'"j 2 '>14 -519 lB 

-9 0 1 33 46 14 5 4 l 260 210 13 12 8 I 80• 6 7 ... 14-8 2 S2- -20 26 - l0-5 2 48- H 24 

-10 0 I n -4U 13 4 • I 7L 61 IL II 8 l 46- 20 23 u-u 2 SS -47 16 -ll-S 2 49 -46 I~ 

-11 0 l 602 636 40 3 4 l 1002 1024 ll6 10 8 I 102 98 8 12-8 2 52- 34 26 -12-~ 2 97 95 10 
-12 0 l 254 263 19 2 4 I 44 -29 12 q 8 l 304 313 19 11-8 2 124 -122 7 -l3-5 l 2?? 220 l 7 

-13 0 l 160 161 .. l 4 l 88 -qz 5 8 8 l 75 -74 ll 10-8 z· 98 91 11 - l'·-5 2 51- -26 26 
-14 0 l 80 "1 lC 0 4 1 4q -41 12 7 8 l 184 I 81 14 9-8 2 155 144 17 -1s-~ 2 52 43 ll 

-15 0 I 414 -411 39 -1 4 I 112U-1249 166 6 8 I Sl- 0 26 8-8 2 106 -105 8 -lb-'; 2 i.:6 -126 7 
-16 0 l l 56 -154 8 -2 ~ 1 139 11t2 7 5 8 I 241 -2'>5 12 7-8 2 361 349 30 - l"l-5 2 >l " 11 

-11 0 I 115 -ILS 6 -3 4 I ll2 -l ll 8 4 8 1 146 150 II 6-8 2 184 -185 9 -lB-'.:;i 2 1,9- 51 25 
-18 0 I 43 -47 21 -4 4 l 102 -76 7 j 8 I 308 -304 16 S-8 2 52 61 16 l 7-4 2 345 -3.3.3 1q 

18 1 I 58• 51 ... -5 4 I 9U3 1060 114 2 8 l 108 -109 10 4-8 2 174 IBO 17 lb-4 2 51- 2'1 25 
IT l I 71 HI 17 -· 4 I 11 63 9 l 8 I 55 46 16 3-8 2 429 -437 39 15-4 2 168 -170 9 
16 I I 191 -181:1 14 -1 4 1 715 731 73 0 6 I 76 -62 12 2-8 2 59 26 14 14-4 2 98 -91 8 

15 I 1 4l 38 20 -a 4 1 237 244 12 -I 8 l 157 160 IL 1-ij 2 283 -2q4 24 l J-4 2 549 541 28 
14 I I 145 -157 10 -9 4 l 238 -243 15 -2 8 1 109 105 6 0-8 2 197 -191 12 12-4 2 [42 148 7 
13 1 I 91• -84 ... -10 4 I 210 196 13 -3 8 I 51- -2 26 -1-8 2 265 268 26 l l-4 2 'j tl 522 26 
12 1 I 246 259 14 -IL 4 I 3H -342 17 -4 8 1 I 79 -182 9 -2-8 2 135 137 10 10-4 2 ll l tea 6 
ll 1 1 :BB -344 18 -12 4 I 75• -74 -5 B I 92 64 9 -3-8 2 339 349 18 9-4 2 J52 -.H6 27 
10 l I 243 269 19 -13 4 I 122• -l'i5 ... -6 8 I 51- -22 25 -4-8 2 157 149 20 8-4 2 194 -205 13 

9 I I 66 -66 B -14 4 I 125 -118 LO -7 8 I 164 149 8 -':J-8 2 52- -6 26 7-4 2 fOT - 72 l 66 
8 I I 1)95 -607 45 -15 4 I 51- -12 25 -B 8 I 134 121 6 -6-8 2 99 -94 13 6-4 2 .256 262 I 7 
1 I I 137 148 102 -16 4 I 84 -19 10 -9 8 I 17 -79 11 -7-8 2 270 -274 20 5-4 2 43 2d ll 
6 I I 45 -44 8 -17 4 I 240 7.34 23 -10 8 I 134 -128 6 -a-ts 2 52- 11 26 4-4 2 614 624 &I 
5 l I 714 739 80 -18 4 I 155 -l':J4 9 -IL 8 1 215 -200 16 -9-8 2 181 -168 12 3-4 2 . J04 292 l3 
4 I I 9t1'9X 1090 l8b 17 5 1 126• -132' ... -12 8 I 107 -114 8 -10-e 2 187 177 19 2-4 2 39 -24 9 
3 I l 190 -183 13 16 5 l I 34 137 8 -13 8 1 74 -12 12 -11-8 2 99 91 9 1-4 2 284 ltd 24 
2 I l 614• 616 ... 15 5 I 207 -217 16 -14 8 I 96 81 IU -12-8 2 51- -21 25 0-4 2 226 -<:"19 13 

-3 l I 167• -214 14 s I 81 -85 IL -15 8 I 66 58 19 -13-8 2 181 173 16 -1-4 2 137 135 9 -· 1 1 '597• -9b7 ... 13 5 1 62 -46 14 -l• B I 82 80 8 -14-8 2 106 -108 8 -2-4 2 103 95 9 
-5 I I H6• 466 ... 12 5 I 297 -292 15 -17 B 1 125• 121 -15-8 2 85• 75 ... -3-4 2 207 -207 11 
-6 1 I 2 ll• -274 IL 5 1 132 130 6 II 9 I 60• 80 17-7 2 139 -137 14 -4-4 2 36- -19 l8 
-7 1 I 363• 491 10 5 l 94 94 9 10 9 1 47• -47 16-7 2 52- -18 26 -5-4 2 90 109 5 
-8 1 I 4 79• 638 ... 9 5 I 202 700 10 9 9 I 64• 66 15-7 2 154 159 9 -6-4 2 72 -66 14 
-9 1 I 398• -4<H ... 8 5 1 251 242 13 8 9 ·1 120 -117 IS 14-7 2 109 110 B -7-4 2 127 -117 11 

-10 1 1 291• 287 7 5 1 238 743 22 1 9 1 61 -64 13 13-7 2 351 315 32 -8-4 2 :.~· -42 ... 
-IL l I bLO• -650 ... 6 5 l 189 -lfl6 ll • 9 i 53 45 15 12-7 2 47 -38 18 -9-4 2 ;-·,7 -272 14 
-12 1 l 556 -54l 50 5 5 I 237 -235 13 ' 9 1S3 -160 10 11-7 2 123 119 8 -L0-4 2 .. ~'.>- -ll 22 
-13 l 1 45- 17 23 4 5 I 200 •196 17 4 9 1 139 144 1 10-7 2 93 •93 9 -11-4 2 75• 72 ... 
-14 1 1 132 -143 10 3 , 1 612 -618 45 3 9 I 185 •180 9 9-7 2 267 -237 36 -12-4 2 88 rn 26 
-15 I 1 201 200 12 2 5 l 66 55 15 2 9 1 59 -48 18 8-1 2 48- 31 24 -13-• 2 215 212 17 
-16 1 I 245 245 16 1 5 1 43- -2 21 1 9 1 62 63 14 1-1 2 205 -187 13 -11,-4 2 so- 10 25 
-17 1 1 52- 22 26 0 5 1 49• -32 ... u 9 l 136 -133 10 b-1 2 244 -238 17 -15-4 2 77 66 17 
-18 1 1 88 76 10 -1 5 l 117 1!9 6 -1 9 I 291 295 17 5-7 2 S7 52 16 -16-4 z 130 -131 14 

18 z 1 86• 65 ... -2 5 I 148 145 10 -z 9 1 102 96 9 4-7 2 93 -93 16 -17-4 ~ 129 -131 10 
17 2 l 5Z- 24 26 -3 5 I 42- -JZ 21 -3 9 1 191 199 9 3-7 2 117 115 IL -18-4 75 -11 12 
16 2 1 102 96 12 -4 5 l 442 4H 23 -4 9 I 140 137 8 2-7 z 409 404 22 16-3 2 186 192 24 
15 2 1 210 -214 10 -5 5 l 46 36 13 -5 9 1 177 -184 9 1-7 2 134 131 7 17-3 2 51- 16 26 
14 2 I 153 -151 11 -6 5 I Z49 -Z58 20 -6 9 l 51- -32 26 0-7 2 49 16 15 l6-3 2 105 108 8 
13 2 1 &9 -101 9 -7 5 1 44- 16 22 

_, 
9 1 l74 -288 14 -l-7 2 64 -69 12 15-3 2 84 -57 9 

lZ 2 1 312 -2qR 15 -8 5 l 305 -308 19 -· 9 1 46 -33 19 -2-1 2 309 -305 19 14-3 2 356 -J56 20 
11 2 l 152 157 16 -9 5 I 87 -n 9 -9 9 1 81 68 IL -3-7 2 131 -136 12 13-3 2 196 £00 15 
10 2 1 156 156 10 -10 5 1 403 410 20 -IC 9 l 50- -n 25 -4-7 2 60 -71 10 12-3 2 201 -l9J 12 

9 2 l 158 16Z 13 -IL 5 l l9Z -193 10 -11 9 I Z82 .l98 21 -5-7 2 118 -120 17 ll-3 2 195 182 12 
8 2 1 640 6ZA H -12 5 1 48- 6 24 -12 9 l 49- -23 24 -6-7 2 81 66 10 10-3 2 39- 32 20 
1 2 l 164 170 9 -13 5 1 49- 9 25 -13 ? I 212 2 ll 25 -1-1 6 102 -105 10 9-3 2 437 -441 32 
6 2 I 71 -72 6 -14 5 1 411• -.J94 ... -14 9 1 36 Z8 17 -6-7 2 64 65 13 6-3 2 123 123 10 
5 2 1 105 -103 6 -15 5 1 162• 213 ... -15 9 I 111• -111 ... -9-7 z 51- 4 26 7-3 2 3l5 -322 16 
4 2 I 96lX-lQ6q 175 -16 s 1 52- -ll 26 -16 9 l l 7• • 21 -10-1 2 52- -24 26 6-3 2 31,4 332 20 
3 z 1 301 -285 2H -11 5 l 249 244 14 3 10 1 87• 131 ... -11-1 2 99 104 II 5-3 2 >23 509 08 
2 2 1 355 -3't2 26 -18 5 I 189 186 11 2 10 1 135 145 b -12-1 2 80 -89 l1 4-3 2 '•I -4l 6 
1 2 1 306 -261 19 16 6 I 28• 22 ... l 10 I 112 -110 9 -13-7 2 142 140 13 3-; 2 266 300 13 
0 2 1 820 927 151 15 6 I H• JI ... 0 10 I 190 -204 10 -14-7 2 51- 2 Z6 2-3 2 412 -416 54 

-1 2 I 1038• 1337 ... 14 6 I 173 173 9 -I 10 l 64 -51 15 -15-7 2 49- 0 25 1-3 2 ·r4• -69 
-z z 1 134 -l41t 12 13 0 l 248 258 14 -2 10 1 112 -186 9 -16-7 z 89 92 8 o-3 2 394• -j99 
-3 2 I 9tJ8X IZO~ 177 12 6 I 122 -116 1 -3 10 1 50- -22 Z5 -17-7 2 143• -133 ... -1-3 2 84• -101 
-4 z 1 801 -860 152 11 6 I 92 97 9 -4 10 I 104 107 A 17-6 2 139 141 13 -2-3 2 297 .HS 15 
-5 2 I 861 -953 164 10 • I 314 -114 16 -5 10 I 127 -114 & 16-6 2 52- 3 26 -3-3 2 982 -1112 1"2 
-6 z l 377• 387 ... 9 6 I 129 -131 7 -6 10 I 127 17.6 6 15-6 2 207 zoo 10 -4-3 2 114 119 9 
-1 2 l 4 l6• -49H ... " b 1 191 188 13 -7 10 1 49- 23 ZS 14-6 2 140 -IZ8 11 -5-3 2 703 -739 69 
-8 2 1 5 42• 660 ... 1 6 1 83 -A3 10 -8 10 1 79 -79 12 13-6 2 133 -IZ5 11 -6-j z 267 -Z59 18 
-9 2 l 191 -177 IL 6 0 1 364 363 22 -9 10 I 2Z4 210 34 12-6 2 233 -245 15 -7-3 2 935 996 118 

-10 z 1 n- 10 20 s 6 I 82 -81 10 -10 10 I 85 -11 9 ll-6 z 339 -339 27 -8-3 2 133 139 8 
-11 z 1 238 -'146 IZ 4 6 l 48- Z3 24 -11 10 1 41 36 16 10-6 2 100 153 14 -9-3 2 786 828 75 
-12 2 l 140 -142 7 3 • I 58 67 13 -12 10 1 31• -4 ... 9-6 2 131 -IZ4 12 -10-3 2 165 166 11, 
-13 2 L 250 254 17 2 • I 277 -21z 19 -13 LO 1 116• -117 8-6 2 492 508 42 -11-3 z J69 -360 19 
-14 2 1 48- 4 Z4 I 6 I 426 413 31 16-10 2 76• -91 ... 7-6 2 45- 14 22 -12-3 2 45- 10 23 
-15 z 1 325• 370 ... 0 6 I 41• -29 15-10 2 35• ., ... 6-6 2 Z97 -298 15 -13-3 2. 368 -Jbl 18 
-16 2 l 59• 12 -I • 1 376 374 34 14-10 2 46- 32 23 5-6 2 Z67 285 19 -14-3 2 79 -76 12 
-17 2 I 48• -30 -2 6 I 399 400 21 13-ro 2 48- -27 24 4-6 2 547 -554 Z9 -15-3 2 73 71 20 
-18 2 1 165 167 IL -3· 6 I 254 -246 15 12-10 2 145 163 10 3-6 2 353 373 35 -16-3 2 11 60 17 

18 3 1 74• 67 ... -4 6 I 254 2 37 15 11-10 2 92 82 15 2-6 2 329 327 17 -17-3 2 63 72 14 
17 3 l 50- -34 25 -5 6 I 576 -593 H 10-10 2 SL- -10 26 1-6 z 79 65 zo -18-3 2 134 137 13 
16 3 l 104 lOS 9 -6 6 1 151 -l43 .. 9-l.O 2 72 -75 12 0-6 2 460 473 23 18-2 2 208 -201 l 7 
15 3 I 346 349 23 -7 " I 200 -208 10 8-10 2 184 -188 16 -1-6 2 322 -311 19 17-2 z 182 186 10 
14 3 l 'il- -l 7 25 -a 6 l 368 -373 18 1-10 2 254 -263 21 -2-6 z 186 -167 12 16-2 2 99 90 12 
13 3 l 211 214 ll -9 6 I 10 I 101 8 6-10 2 51 -57 18 -3-6 2 206 -205 13 15-2 2 48- 52 24 
12 3 I 49- 10 24 -10 6 1 BO 63 10 5-10 z 52- -22 26 -4-6 2 200 -204 21 L4-2 2 2117 286 16 
11 3 1 44 46 11 -IL 6 I 172 173 ZB 4-10 2 122 120 8 -S-6 2 268 253 13 13-2 2 4ft 7 -4SU 28 
10 3 I 207 204 13 -12 6 I 285 287 zo 3-10 2 237 220 14 -6-6 2 193 185 10 12-Z 2 22B -229 15 

9 3 I 300 -309 26 -l l 6 I 108 109 ff 2-10 2 53- LB 26 -7-6 2 270 2'13 14 ll-2 2 106 -l()t3 6 
8 3 l 45 -32 IJ -14 6 I Sl• -41 ... 1-10 2 139 1 ll 17 -8-6 2 73 77 13 10-2 2 280 -260 28 
1 3 I 559 -556 40 -LS 0 I 93 -100 10 v-10 2 69 -61 IJ -9-6 2 119• ll2 ... 9-2 2 602 009 4l 
6 3 I 167 -157 17 -16 ,, I 103 -97 9 -1-10 2 SJ- -6 26 -10-6 2 50- -18 25 8-2 2 684 066 68 
5 3 I IM7 181 9 -17 • I 124• -124 -2-10 2 84 -70 13 -ll-6 2 101 -100 12 7-2 2 41,. 71 
4 3 I 389 -3Hl 20 -18 6 l 66• -56 -3-10 2 ll3• -1L7 -12-6 z SI- -Zl 26 6-2 2 668 M~4 85 
3 3 I 771 7Af) 94 14 I l 70• 80 17 -9 2 "-'65• 22'> -13-6 2 223 -220 18 5-2 2 224 203 ,. 
2 3 l '>79 -56{) 64 l3 7 l 46- 13 23 16 -9 2 81• -81 ... -14-6 z 108 -108 8 4-2 2 M73• -'HO 
I 3 I 66• -JO ... 12 7 I 49- -I 24 15 -9 2 54 46 15 -15-6 2 52- -1 26 3-2 2 99• 104 
0 3 I 172 164 9 ll 7 I 41 31 21 14 -9 2 85 -89 10 -16-6 2 51- -22 25 -3-2 2 ~58• 633 

-I 3 I 561 -5'jR 57 10 I l 183 -181 14 I 3 -9 2 24B -252 14 -17-6 2 ll2 110 8 -4-2 2 17':>• -104 
-2 3 l LB 127 7 9 7 I 154 -160 8 IZ -9 2 123 122 15 -18-6 2 94• 83 -5-2 2 59 '?6 16 
-3 3 I 197 187 11 8 7 I 89 -64 75. ll -9 2 122 -112 15 11:1-~ 2 126 143 15 -6-2 2 307 -333 19 
-4 3 I 59 6l 6 7 1 l 127 -1!9 7 10 -9 l 106 9' 10 17-5 2 52- -26 zo -7-2 2 177 -191 12 
-5 } l 75 -13 l3 " 7 I 110 109 8 9 -9 2 115 I LL B 16-5 z 69 -60 l3 -8-2 2 228 -.r:..4l. 14 
-6 3 I 366 -378 22 5 1 I ITZ 177 8 8 -9 2 67 -64 13 15-5 2 so- 3 25 -9-2 2 84 "' 5 
-7 3 I 211 -278 14 4 l 1 ~o- ·-25 25 7 -9 z 197 197 16 14-5 2 155 -151 15 -10-2 2 9? % 19 
-8 3 1 469 -46 7 46 3 l I 319 324 26 6 -9 2 S2- 0 26 13-5 2 138 -133 1' -11-2 2 198 -201 17 
-9 3 1 127 131 1 2 7 I 50- -15 25 5 -9 2 145 142 12 12-5 2 157 169 28 -12-2 2 Ul lt-3 lH 

-10 3 I l 77• ta• I l I 136 LH 12 • -9 2 61 60 IS 11-5 z 157 -163 15 -13-2 2 427 -426 n 
-IL 3 I 134• 164 0 7 l 8> 80 10 3 -9 2 77 -65 12 10-5 2 38• -39 -14-2 2 198 197 u 
-12 3 I 21J Z84 l3 -L l 1 481 -478 21 

7 -· 
2 52- 11 26 9-5 2 177 163 13 -15-2 2 87 85 9 

-13 3 I 151 157 " -2 l I 166 -111 IZ I -9 2 213 -208 13 8-5 2 42- -2S 21 -16-2 ~ 68 -l.l 24 
-14 3 I 106 .. 18 -3 7 l 45Z -442 Z3 0 -9 2 52- so lb 7-5 2 285 293 22 -17-2 2•t0 2~0 22 
-15 I I 43 -37 19 -4 1 I 49- -19 24 -I -9 2 117 -120 12 6-5 2 z2a 219 13 -lR-2 2 162 -16~ 9 
-16 3 1 150 -145 9 -5 7 I 49 49 16 -2 -9 2 53- -7 26 5-5 2 172 -169 9 18-1 2 2.ll -211 19 
-11 3 l 379 -37.l 21 -6 l l 344 H9 33 -3 -9 2 79 76 12 4-5 2 Z17 -2 1n 27 17-1 2 253 -L~4 15 
-18 3 I 77• -55 -7 7 l 313 32' 21 -4 -9 2 138 -142 l3 3-5 2 444 -451 26 16-1 2 tnr 191 LO 

17 4 I 50 66 15 -a I I 78 -70 10 _.,, -9 2 53- 14 26 2-5 2 364 -354 19 15-1 ~ q3 -05 8 
16 4 I "' -rn u -9 7 I 310 379 21 -6 -9 2 52- -17 26 l-5 2 376 -363 26 14-l J<;'O 333 20 
15 4 I 4•• -I ... -10 1 I 3'·'• -'i'>B 27 -7 -9 2 52- 7 26 o-5 2 387 381 20 13-1 2 43- -8 22 
14 4 L 64 -29 14 -11 / l 112 -106 1-2 -8 -9 z 14 7 140 I -l-5 2 326 -327 16 12-1 2 95 81 15 
I 3 4 I 71 -611 12 -l.2 / l 144 147 12 -9 -9 , 102 93 LG -2-5 2 654 627 .. 11-1 2 0 l 1 .• l 3 
12 4 I ll5 11 l ? -u I I .26 j -110 l7 -10 -9 2 50- -8 25 -3-5 2 42b 4Z3 22 10-l 2 379 -3'>ti .\6 
11 • 1 66 -oq 12 -14 I 1 328 371 17 -11 -9 z 49- -)9 24 -1,-5 2 Z36 -Z25 13 9-1 z ~HB 3U 2! 
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TABLE 5-4 (Continued) 

H K L Fe FC er H K l Fe FC er H K L F0 FC er H K FA Fe cr H >. F0 FC cr 

8-1 2 46! -'t65 26 -3 J 2 lH -158 11 13 1 2 97 93 9 2-10 3 l 74 -163 lB -10-b 3 48• -28 

7-1 2 425 -4H 21 -4 3 2 l0l5X-l226 191 12 1 2 130 -138 14 1-10 3 181 in 11 -11-6 3 l4o U8 10 
6-1 2 316 -320 24 -5 , 2 511 -544 SI 11 1 2 68 -76 13 0-10 3 52- -14 26 -l2-b 3 113 -113 9 

5-1 z 921X-1016 170 -· 3 2 492 504 47 10 7 2 52- 3 26 -1-10 3 Ill 112 10 -l.3-6 } 49• 40 ... 
4-1 2 234• 2oq ... -1 3 2 166 -1"6 l7 9 7 2 123• -125 ... -2-10 3 4B• -44 ... -14-6 3 51- 13 25 

-5-l 2 n• -91 ... -8 3 2 1207X 1368 221 8 7 2 318 306 17 -3-10 3 164 -167 16 -15-6 3 144 -l4l 9 

-6-l 2 142 157 ll -9 J 2 l5b• 1~3 ••• 1 1 2 126 125 10 lb -9 3 30• 5 . .. -16-0 3 192 186 20 
-1-1 2 356 -366 20 -10 3 2 175• -106 6 7 2 299 290 23 15 -9 3 36• 5 -17-6 3 94• -84 

-8-l 2 227 -237 19 -11 3 2 333• H9 ... 5 1 2 59 64 14 14 -9 3 71• -79 -18-0 3 60• 73 
-9-1 2 105 -105 9 -12 3 2 756 -771 76 4 1 2 151 -147 19 13 -9 3 55 -52 n l 7-'> 3 119 -11 7 9 

-10-1 2 172 -187 21 -u 3 2 148 I SI 15 3 7 2 46• -39 ... 12 -9 3 70• -ss ... 16-5 3 324 -313 24 
-11-1 2 201 202 15 -14 • 2 52 59 13 2 7 2 47B -45<J 49 11 -9 3 84 -71 12 l S-5 3 48• -34 ... 
-12-1 2 217 219 l3 -IS 3 2 169 -174 17 l 1 2 142 139 11 10 -9 3 69 67 l> 14-'j 3 63 64 15 
-13-1 2 180 173 12 -16 3 2 260 2'j5 21 0 1 2 141 -1'3 11 9 -9 3 51- -6 26 13-oj 3 134 130 9 
-14-l 2 258 252 16 -II 3 2 149 -L5B 10 -1 7 2 44 -42 17 8 -9 3 4B• 43 12-S 3 428 387 42 
-lS-L 2 117 109 10 -18 3 2 SL- -26 26 -2 1 2 185 183 12 7 -9 3 117 104 19 11-5 3 173 -169 26 
-16-1 2 117• -105 ... -19 3 2 101• _q4 ... -3 7 2 410 -401 22 6 -9 3 104 93 10 10-'j 3 7.12 269 23 
-17-1 2 51- -36 25 17 4 2 105 104 10 -4 7 2 46 S7 16 s -9 3 61 S7 17 9--l 3 291 -271 l6 
-18-1 2 184 -1q5 15 lb 4 2 141 141 2Z -s 7 2 108 -100 17 4 -9 3 147 148 12 8-5 3 120 113 9 

18 0 2 lPH 115 ... lS 4 2 255 247 lb -b 1 2 44 -31 17 3 -9 3 49• -46 ... 7-S 3 269 264 19 
17 0 2 76• Sb ... 14 4 2 302 -299 17 -7 7 2 271 274 22 2 -9 3 192 -190 14 6-> 3 413 -399 >2 
16 0 2 71 78 12 13 4 2 115 -114 IB -8 1 2 68• -72 ... I -9 3 51- -6 26 5-S 3 344 354 22 
15 0 2 l 11 lU 10 12 4 2 407 -416 25 -9 1 2 B6 76 9 0 -9 3 197 -195 10 4-5 3 514 -525 43 
14 0 2 46 -31 l5 11 4 2 414 -413 25 -lO 7 2 80• 86 -1 -9 3 SI- 8 26 3-oj 3 232 -236 29 
13 0 2 4B -42 13 10 4 2 359 360 19 -11 1 2 Bl• -87 ... -2 -9 3 lB6 193 17 2-5 3 J32 317 l9 
12 0 z 80• -Bl ... 9 4 2 88 -96 9 -12 7 2 41• 29 ... -3 -9 3 89 -BO 20 l-> 3 115 113 7 

11 0 2 161 -168 8 8 4 2 383 377 19 -13 1 2 l73 ~l 70 9 -4 -9 3 293 297 21 0-) 3 678 690 83 
lO 0 2 61 66 9 7 4 2 331 326 18 -14 7 2 168 -169 10 -5 -9 3 52- 15 26 -1-5 3 179 192 10 

9 0 2 245 241 12 6 4 2 270 -260 15 -15 7 2 130 -l34 14 -6 -9 3 76 76 14 -2-5 3 152 -167 10 
8 0 2 158 -152 14 5 4 2' 149 155 10 -16 7 2 54 H 17 -7 -9 3 124 130 11 -3-5 3 203 -202 14 
7 0 2 391 -386 24 4 4 2 409 -395 29 -17 7 2 146 139 15 -8 -9 3 224 -227 17 -4-S 3 477 -496 34 
6 0 2 22• -17 ... 3 4 z 320 -32l 19 -18 7 2 148 189 14 -9 -9 3 50- 12 25 -5-5 3 228 229 22 
5 0 2 1098•-1241 2 4 2 123 -124 13 15 8 2 37• -37 ... -10 -9 3 200 -201 13 -6-~ 3 6) 70 10 

-5 0 2 192• 188 ... l 4 2 368 -375 23 14 8 2 69• 37 -11 -9 3 46• -43 ... -7-5 3 9o 96 9 
-6 0 2 300 314 16 0 4 2 268 270 19 l3 8 2 41• JB ... -12 -9 3 46• 54 ... -8-'.> 3 44- -9 22 
-7 0 2 350 375 l8 -1 4 2 43 -33 10 l2 B 2 70 81 12 n -8 3 124• 126 ... -9-5 3 372 -36B 24 
-8 0 2 H• -44 ... -2 4 2 166 151 9 11 8 2 51- 28 26 16 -8 3 85• -89 ... -l0-5 3 205 -205 11 
-9 0 2 83• -52 -3 4 2 214 213 11 10 8 2 46• -36 ... 15 -8 3 105 -105 9 -t ~-'.> 3 124 -126 10 

-10 0 2 84• -70 ... -4 4 2 77 76 7 9 8 2 116 -108 23 14 -8 3 so 51 20 -~2-'j 3 49- 9 2• 
-11 0 2 232 235 12 -5 4 2 90 91 9 8 8 2 52- -2 26 13 -8 3 1B6 -191 1() -13-5 J 161 155 12 
-l2 0 2 436 -446 30 -6 4 z 137 -132 ll 7 8 2 83 90 18 12 -8 3 204 203 21 -14-5 3 l 74 174 15 
-13 0 2 94 -96 6 -1 4 2 334 352 17 6 B 2 204 210 lB 11 -8 3 264 270 15 -15-'j 3 123'• 79 ... 
-l• c 2 ll5 -116 1 -8 4 2 68• -54 ... 5 8 2 161 l62 14 10 -8 3 182 187 10 -16-5 3 119• 73 
-15 c 2 397 :-398 20 -9 4 2 325 332 l6 4 B 2 130 -126 17 • -B 3 225 233 17 -17-5 3 49- -30 24 
-16 0 2 275 262 14 -10 4 2 41 H lJ 3 8 2 136 -141 1 8 -8 3 216 -235 15 -18-5 3 llb• -124 
-11 0 2 72 -65 12 -11 4 2 154 -l58 13 2 8 2 436 -432 36 1 -8 3 2S5 -268 16 17-4 3 51• 56 
-18 0 2 58 68 15 -12 4 2 251• -230 ... l B 2 51- -3l 26 6 -8 3 376 -378 39 16-4 ~ 102 195 II 
-19 0 z 260 255 25 -13 4 2 12Z• -130 ... 0 '8 2 158 158 19 5 -a 3 231 -230 18 15-4 3 49- -9 24 

17 l 2 249 247 32 -14•4 z 46- -4 23 -1 B 2 49• 41 ... 4 -8 3 142 140 20 14-4 3 9) -93 10 
lb l 2 77 -95 l3 -l5 4 2 48- 22 24 -2 8 2 505 508 27 3 -8 3 56 42 17 13-4 3 46- -13 23 
15 l 2 281 -273 28 -16 4 2 180 183 14 -3 8 2 43• -H ... 2 -8 3 310 306 39 12-4 3 95 -94 lQ 
14 l 2 57 -56 13 -l 7 4 2 51- -25 25 -4 8 2 50- -9 25 l -8 3 69• -73 11-4 3 126 -123 9 
13 l 2 197 -198 10 -UI 4 2 124 123 15 -5 B 2 189 192 13 o -8 3 49- -30 25 10-4 3 9 l• 78 

12 l 2 43- -2l ll l 7 5 2 50- -26 25 -6 8 2 333 -336 18 -1 -8 3 B6 -92 19 9-4 3 245 -241 17 
11 l 2 139 -147 10 l6 5 2 70 -64 13 -1 8 2 208 213 16 -2 -B 3 86 -Bl l2 8-4 3 37- 19 18 
10 l 2 109 ll3 6 15 5 2 142 131 16 -8 8 2 173 -169 22 -3 -8 3 175 180 10 7-4 3 237 213 37 

9 l 2 90 -Bl 20 14 5 2 53 54 17 -9 B 2 159 -163 13 -4 -8 3 50- -19 25 6-4 3 453 -457 28 
8 I 2 326 334 16 13 5 2 51- 3 26 -10 8 2 51- 20 26 -5 -8 3 51- 22 25 5-4 3 104 105 II 
7 I 2 819 B4 7 104 12 5 2 97 94 10 -II 8 2 194 -193 18 -6 -8 3 7B -84 l3 4-4 3 72• -83 ... 
6 l 2 29• 10 ... II 5 2 137 -139 II -12 8 2 222 204 28 -7 -s 3 9S -106 .!: 3-4 3 532• -543 
5 l 2 780• B09 10 5 2 228 224 24 -13 8 2 127 123 1 -8 -8 3 48• -46 2-4 3 891• 1129 ... 
• l 2 't22• -413 ... 9 5 2 100 90 15 -14 B 2 250 244 21 -9 -8 3 SI- 13 26 1-4 3 230• 240 ... 

-5 I 2 377• -4 7'5 ... 8 5 2 62 56 12 -15 8 2 52- 23 26 -10 -8 3 51- -4 26 0-4 3 520• 577 
-6 I. 2 215• 280 ... 7 5 2 47• 50 . .. -16 8 2 46• -33 ... -11 -B 3 so- -24 2S -l-4 3 515• 586 
-7 I 2 69• -85 ... 6 5 2 472 -471 35 -17 8 2 50• -37 ... -12 -8 3 49- 36 24 -2-4 3 609• -6 1tl 
-8 l 2 318• -433 5 5 2 97 -106 10 -18 8 2 189 -192 33 -13 -8 3 46- -1 23 -3-4 3 25{1• -234 
-9 l 2 118• 150 4 5 z 56 -5' II 12 9 2 43• 23 -14 -B 3 108• 103 ... -4-4 3 7 l4 -724 80 

-10 l 2 i ~~= -1i~ 3 5 2 195 198 l5 ll 9 2 126 126 6 -15 -B 3 42• 51 ... -5-4 3 166 -164 lO 
-11 I 2 2 5 2 423 406 31 10 9 2 49- -26 24 17 -7 3 113• 97 -6-4 3 3)- -s l8 
-12 l 2 127• 105 l 5 2 362 -355 23 9 9 2 41• -43 ... 16 -7 3 100 92 10 -7-4 3 248 252 24 
-13 l 2 243• -238 ... 0 5 2 106 100 17. 8 9 2 109 -114 16 IS -7 3 51- 41 25 -B-4 3 3S9 348 20 
-14 I 2 44- 0 22 -l 5 2 496 -468 40 7 9 2 197 -188 14 14 -7 3 IBS IB7 12 -q-4 3 00 -Sa 9 
-15 l 2 286 -280 15 -2 5 2 303 294 16 6 9 2 138 -136 17 13 -7 3 12B -121 9 -10-4 3 249 248 23 
-16 I 2 62 -61 12 -3 5 2 679 659 73 5 9 2 66 -b4 14 12 -7 3 69 -6b IS -ll-4 3 169 -l 73 9 
-17 l 2 235 2l9 18 -4 5 2 305 308 20 4 9 2 130 127 21 11 -7 3 59 50 17 -12-4 3 l 15 l09 19 
-18 I 2 62 11 14 -5 5 2 637 619 64 3 9 2 59 40 16 10 -7 3 181 -179. II -13-4 3 201 200 23 
-19 I 2 283 284 19 -6 5 2 545 -553 49 2 9 2 178 l7S 13 9 -7 3 199 211 12 -14-4 3 254 -254 l5 

17 2 2 111• -112 ... -7 5 2 2SO -258 14 l 9 2 Ill 101 21 8 -7 3 70 -61 16 -15-4 3 90 9B 11 
16 2 2 7.36 -240 12 -8 5 2 S96 -S97 63 0 9 2 72 -62 13 1 -1 3 47- -8 23 -16-4 3 !9't -198 12 
15 2 2 115 -108 7 -9 5 2 648 -638 65 -1 9 2 1S4 155 13 6 -7 3 79 -75 II -17-4 3 97 -10'• lO 
1' 2 2 160 155 l5 -10 5 2 321 332 19 -2 9 2 218 -219 21 5 -7 3 53 -59 16 -16-4 3 200 187 12 
13 2 2 177 177 16 -II 5 2 142 -148 12 -3 9 2 102 -1.08 13 4 -7 3 231 250 15 18-3 3 203• 207 ... 
12 2 2 471 534 31 -12 5 2 227 230 12 -4 9 2 156 -164 12 3 -7 3 bl -52 l3 17-3 J l't9 14l 10 
II 2 2 137 138 II -13 5 2 355 357 21 -5 9 2 l 75 -183 14 2 -1 3 298 307 23 16-3 3 !Ou 95 10 
10 2 2 8B• -81 ... -14 ) 2 249• -255 ••• -6 9 2 104 99 13 l -7 3 92 -8B ll 15-J 3 150 150 9 

9 2 2 8b• -82 ... -IS 5 2 193• 234 ••• -7 9 2 158 146 17 0 -7 3 136 -138 13 14-J 3 155 -150 9 
8 2 2 875 -903 82 -16 5 2 107 -103 10 -8 9 2 52• 51 ... -1 -1 3 219 225 14 13-3 3 96 -93 B 
1 2 2 478 488 25 -17 5 2 89• -89 ••• -9 9 2 98 9S 9 -2 -7 3 313 -311 45 12-3 3 172 -l.69 10 
6 2 2 62• 29 ... -18 5 2 52- -20 26 -10 9 2 52- -20 26 -3 -7 3 267 24B 30 11-3 3 96 98 l2 
5 2 2 393 391 23 17 6 2 81• -86 ... -11 9 2 180 -168 20 -4 -7 3 70 -72 13 10-3 3 !QB -106 7 
4 2 2 442 456 36 16 6 2 49- -10 24 -12 9 2 131 134 10 -5 -7 3 315 -323 20 9-3 3 3~· 21 ... 
3 2 2 1041•-1242 15 b 2 95 -95 9 -13 9 2 52- 1 2b -6 -7 3 159 162 22 8-3 3 221 207 3'• 
2 2 2 216• -1a2 14 6 2 58 S5 15 -14 9 2 51 48 20 -1 -1 3 307 -305 42 7- 3 3 414 -416 28 

-4 2 2 356• -381 ... 13 b 2 ll2 109 16 -15 9 2 169 165 22 -8 -7 3 176 178 19 6-3 3 6J9• 66S 
-5 2 2 364• -363 ... 12 6 2 44• -62 ... -lb 9 2 148 -144 13 -9 -7 3 312 298 27 5-3 3 4.:t9• 451 
-6 2 2 113 123 12 II 6 2 2BO 284 28 -17 9 2 37• -11 ... -10 -7 3 132 126 10 -5-J 3 31J• 327 
-1 2 2 413• -471 ... 10 6 2 143 -136 15 -l8 9 2 125• -107 -11 -7 3 243 235 36 -6--.3 3 116 Ill 11 
-8 2 2 55• 37 9 6 2 112 -106 II 2 10 2 74• -66 -12 -7 3 121 -115 18 -7-j 3 471 -4':>2 47 
-9 2 2 453• -465 ... B 6 2 49- -5 25 l 10 2 174 171 18 -13 -7 3 1)9 -161 19 -8-J 3 268 2b'j l8 

-10 2 2 83• 71 ... 7 6 2 459 -448 31 0 10 2 177 -179 18 -14 -7 3 211 -206 30 -9-3 3 337 -389 23 
-II 2 2 40 36 12 6 6 2 4B- -40 24 -1 10 2 53- 8 26 -15 -7 3 113• -105 ... -10-3 3 143 -148 19 
-12 2 2 253 258 32 5 6 2 56 -53 13 -2 10 2 53- 18 26 -16 -7 3 33• l ... -ll-3 3 147 151 16 
-l 3 2 7 375 421 24 4 b 2 46- -12 23 -3 10 2 74 -1b l2 17 -6 3 50- -31 25 -12-3 3 18:> -109 IB 
-14 2 2 186 192 14 3 6 2 399 386 31 _,, 10 2 132 135 l7 lb -6 3 l9b -192 2l -13-3 3 l67 167 26 
-15 2 2 213 217 l 7 2 6 2 550 536 4q -5 10 2 135 -141 17 15 -6 3 268 259 14 -14-.:J 3 52 -54 lB 
-16 2 2 147 -146 16 l 6 2 71 68 9 -6 10 2 82 83 II 14 -b 3 73 -79 14 -lS-3 3 46 -35 21 
-17 2 2 163• -161 ... 0 6 2 385 312 32 -7 10 2 52- 6 26 l3 -6 3 49- -14 25 -16-3 3 41• -37 ... 
-IB 2 2 44• -70 ... -1 6 2 374 -365 20 -8 10 2 82• 10 12 -6 3 49- 36 24 -1 7-3 3 91 -94 13 
-19 2 2 142• -145 ... -2 6 2 577 -573 44 -9 10 2 224 241 74 II -6 3 396 -394 23 -18-":S 3 99 102 14 

l 7 3 2 47• 61 -3 6 2 110 ll 7 1 -10 10 2 79• -78 10 -6 3 l B8 -196 l > -1q-3 J B6• 69 
lb 3 2 42• -43 ... -4 6 2 279 -274 32 -11 to 2 51- 16 2b 9 -6 3 85 -as 10 18-L 3 41• 28 
15 3 2 60 58 14 -5 6 2 173 l69 II -12 10 2 177 -176 19 8 -6 3 57 44 14 L 7-2 3 l 93 -urn 11 
14 3 2 42• -14 ... -6 6 2 2B5 712 23 -13 10 2 15B -167 15 1 -6 3 345 355 l2 16-2 J 133 -132 11 
l3 3 2 48- 11 24 -1 6 2 174 -171 13 -14 10 2 52 -46 lS 6 -6 3 3 76 368 26 15-2 3 4&- -35 24 
12 3 2 190 196 17 -8 6 2 137 134 12 -15 10 2 69• -59 ... 5 -6 3 42- 35 21 14-2 3 366 - l65 19 
II 3 2 97• 94 ... -9 6 2 73• 66 ... -16 10 2 64• )9 4 -6 3 94 94 7 13-2 3 23> 226 14 
10 3 2 1C5 -98 12 -10 6 2 123 126 20 -17 10 2 23• 27 ... 3 -6 3 244 -244 20 12-2 3 164 169 2l 

9 3 2 I Ob 104 5 -II b 2 120 120 12 14-10 3 58• )2 ... 2 -6 3 403 -40<./ 24 11-2 3 36b 359 21 
8 3 2 430 -414 27 -12 6 2 4B- 6 24 13-10 3 35• -s ... l -6 3 44 -62 15 10-2 3 584 575 55 
7 3 2 l 78 -112 24 -13 6 2 49- -29 24 12-10 3 129• -179 ... 0 -6 3 537 -520 40 9-2 3 34• -B 
6 3 2 142 145 14 -14 6 z 183 -l82 9 11-10 3 49• 43 ... -1 -6 3 62 -70 11 8-Z J 36- 7 18 
5 3 2 93 -99 8 -15 6 2 49 46 18 10-10 3 212 -2 LB 17 -2 -6 3 B9 90 lO 7-2 3 58 t• -561 • 3 2 367 362 19 -16 6 2 13q• -129 ... 9-10 3 50- -22 25 -3 -6 3 224 208 l> 6-2 3 56U• -603 
3 3 2 727 722 74 -l7 6 2 48• 71 ... e-10 3 51- 28 25 -4 -6 3 347 331 28 -7-2 3 92• -88 
2 3 2 116 -97 8 -18 6 2 50• 79 7-lU 3 >l- -22 25 -5 -6 3 22B 223 13 -8-..l 3 l9V -189 21 
l 3 2 261 277 28 17 7 2 ll• 5 6-10 3 301 299 29 -6 -6 3 41• 38 -9-..l 3 53 45 9 
0 3 2 351 339 31 16 I 2 34• 17 5-10 3 66 -84 12 -7 -6 3 121 -107 II -10-2 " 79 -78 7 

-1 3 2 lBb -176 10 15 7 2 47- 19 . 23 4-10 3 70 59 1·5 -8 -6 3 44• -21 ... -11-2 126 -117 15 
-2 3 2 285 -279 31 14 7 2 157 -143 10 3-10 3 58 -46 18 -q -6 3 50• -38 ... -12-2 166 lb1 12 



TABLE 5-4 (Continued) 115 

H K Fe FC O' H K FE FC O' Jl K F0 FC O' H K l F0 FC O' H K l •• FC CT 

-13-2 3 1% -20l 20 -15 3 3 2'1 -240 18 0 I ' 190 -186 26 0-1 10 147• 142 0 -9 l so -39 ll 
-14-2 3 ns 288 19 -16 3 3 SB• -49 -1 1 3 166 -170 ll 0-2-10 115• 131 0 -9 2 4 I >O 11 

-15-2 3 152 149 14 -17 3 3 38• -18 ... -l 1 3 H 
_.,.., 15 o-z -9 40 -39 15 0 -9 3 197 -1115 15 

-16-2 3 49- 2 25 -18 3 3 49• 53 ... -3 1 ' 73 71 ll 0-2 -B 66 -S5 10 0 -9 4 SJ -5B B 

-11-2 3 137 141 13 -19 3 3 173 l 71 30 -4 1 3 l50 260 14 0-2 -7 225 -230 16 0 -9 ' 114• 121 
-1e-2 3 163 -167 16 17 4 3 65• -62 ... -5 1 3 452 451 33 0-2 -6 40 -39 13 0-10 -2 l 3J• -179 

-l'l-2 3 164• -15 l ... 16 4 3 77 -75 13 -6 1 3 205 212 12 0-2 -5 418 -4!0 22 0-10 -l 189• -204 

18-l 3 4 l• 48 15 4 3 SI- -44 25 
_, 

1 3 129 -131 l3 0-2 -4 264 ?65 21 0-10 0 226• 223 
11-1 3 148 -144 ll 14 4 3 49 -61 21 -8 1 3 60 -04 IS 0-2 -3 192 B41 Bl 0-10 l %• !03 
16-1 3 153 150 ll u 4 3 110 105 13 -9 1 3 6H -628 54 0-2 -2 21B 215 22 U-lG 2 52• -61 

15-1 3 94 8:' 11 17 4 3 91 H6 12 -10 I 3 63 -59 15 0-2 -1· 831X 927 l 36 I.-10 -1 59 -51 10 

14-l 3 46- 0 23 11 4 3 41• l5 ... -11 7 3 49- -H 24 0-2 0 l023X-l320 181 1-10 0 So ->9 ll 

13-1 3 >2 49 IS 10 4 3 161 110 10 -12 1 3 115• -118 ... 0-2 l 940X-1095 187 l-10 l I 79 -l 8b 10 

12-l 3 80 80 9 9 4 3 65 -10 12 -13 I 3 439 427 l1 0-2 2 369 356 21 1-10 2 129 l ll 23 
ll-l ' l"3 -190 16 " 4 3 % -99 9 -14 7 3 73 -72 l4 o-z 3 205 -202 11 l-10 } l 78 192 ll 

10-1 3 181 187 12 7 4 3 94 87 8 -LS I 3 51- -2 25 0-2 4 254 255 30 1-10 " 114• -120 
9-1 3 136 142 16 6 4 3 64 -13 9 -16 I 3 122 122 14 0-2 5 435 -439 31 . 1-10 5 Bl• -86 

8-1 3 461 -446 4S 5 4 3 41• 34 ... -l 7 1 3 181 -1 7B 22 0-2 6 105 101 6 l -9 
_,, l4!::S• 164 

1-l 3 20• -10 4 4 3 446 425 43 .-18 I J 136 lJ7 23 0-2 I 38 28 16 I -9 -5 16.2 LOO 10 
-8-1 3 325• HI ... 3 4 3 271 -2>5 16 l 3 B 3 126• 114 ... 0-2 B 183 187 l2 l -9 -4 307 -312 21 
-9-l 3 219 269 19 2 4 3 269 -26l 15 12 8 3 37• SI ... 0-2 9 43- -23 22 I -9 -J ,, -66 LO 

-10-1 3 1100 ll 70 204 l 4 3 3 71• -365 ... ll B 3 139 144 IC 0-2 10 108• -120 . .. I -9 -2 146 I >S I 

-11-1 3 253• -240 ... 0 4 3 939•-Ll4q 10 8 3 165 175 lG 0-3 -9 9q 96 ,, I -9 -I 294 £95 22 
-12-1 3 40- -26 20 -1 4 3 428• 4S5 ... 9 8 3 163 -176 10 0-3 -8 143 -144 1 l -9 0 "' 93 l7 

-13-l 3 255 -25l 15 -2 4 3 32• -6 ... • 8 3 103 101 LZ 0-3 -I 4j -13 14 l -9 l 263 -260 16 

-14-.l 3 493 -475 34 -3 4 3 409• 423 I 8 3 203 -202 26 0-3 -6 l4l 139 7 l -9 2 21 > -208 l5 

-15-1 3 223 213 14 -4 4 3 796• 397 6 8 3 275 -273 19 0-3 -5 879 931 86 l -9 ; 46- -6 23 
-16-1 3 4B- -34 . 24 -5 4 3 384• -387 ... s B J 99 l04 ll 0-3 -4 451 -448 33 l -9 4 _l8J 196 9 

-11-1 3 IZS 12' 20 -6 4 3 l42 lSZ 13 4 B l 343 -345 19 0-3 -3 eaqx -959 BB I -9 5 l2U -122 8 
-IB-1 3 SI- 0 2S -1 4 3 41 -14 10 3 B 3 147 148 .!~ 0-3 -2 3H 339 19 1 -9 b i35• 94 ... 
-19-1 3 14• -Bl ... -B 4 3 300 -304 II 2 B 3 41• 3l 0-3 -1 l 78 164 l6 l -8 -7 27U• -2~9 ... 

18 0 3 43• -47 ... -q 4 3 90• 90 ... l 8 3 so- 15 25 0-3 0 312• -297 . .. l -· -6 44- -26 22 
11 0 3 68 -13 15 -10 4 3 219 -284 36 0 • 3 243 251 14 0-3 I 63 8 5 I -8 -5 37• ->O . .. 
16 0 3 345 345 19 -ll 4 3 91 -75 ll -1 • 3 49- 21 25 0-3 2 416 -399 2 l I -B -4 LO!> 112 7 

15 0 3 96 -94 16 -12 4 3 270• -210 -z 8 l 44• 44 0-3 3 409 -404 24 l -b -3 41- 21 23 

14 0 3 341 349 24 -13 4 3 8 L• 116 -3 8 3 148 -151 l3 0-3 4 136 156 10 I -B -2 53 41 14 

13 0 3 ... 37 ... -14 4 3 110• 112 ... -4 8 3 60 -65 16 0-3 s 64 49 12 l -· -I 165 160 13 

12 0 3 621 -62e .!~ -15 4 3 9> 95 14 -5 8 3 171 -169 20 0-3 6 140 l2l l6 l -8 0 "' -89 l3 

ll 0 3 32• -74 -16 4 3 373 378 23 -· 8 3 59• 42 0-.l I 526 524 33 l -8 I 113 120 10 

10 0 3 936 -958 ll6 -17 4 3 228 -223 14 -I " 3 143 lSl 18 0-3 8 121 -120 10 l -8 2 27" -294 14 
9 0 3 28• 24 ... -18 4 3 10 IZ l5 -8 B 3 90 -96 ll 0-3 9 l8l -193 9 l -8 3 64 -73 11 
8 0 3 1.,-, IH 90 -19 4 3 173• -t76 ... -9 8 3 56• 48 . .. 0-3 10 113• -156 l -· 4 41- 7 23 
7 c 3 2't3• 23S ... II s 3 100• 87 ... -10 8 3 50- 3 25 o-4 -9 82• -75 I -· 5 45 40 16 

-8 0 3 198• -197 ... 16 5 3 154 -tS6 10 -11 8 3 92 -98 ll 0-4 -8 65• -60 . .. l -8 6 4!>- -3 .22 
-q 0 3 225 210 .14 IS s 3 61 sz II -12 8 3 lffl 1B7 16 0-4 -1 43- 5 22 l -· I 1 rs -177 ll 

-10 0 3 253 -249 15 14 5 3 5l- 22 25 -13 8 3 62 69 II 0-4 -6 240 225 15 I -I -B 32• -3 ... 
-ll 0 3 L29 l3L 8 13 5 3 143 -144 10 -1• 8 3 59 48 18 0-4 -5 388 3B3 zo I -1 -I 84 -90 8 
-12 0 3 39- -21 20 12 5 3 130 L28 10 -L5 8 3 10 14 15 0-4 -4 181• 161 ... l -I -6 32 j -322 16 
-13 0 3 137 -135 15 LI 5 3 49- -17 25 -16 8 3 49- -12 24 0-4 -3 10&5 -ll49 115 l -I -5 123 122 6 
-14 0 3 192 -194 ll 10 5 3 216 213 16 -11 B 3 47- -38 n 0-4 -2 265 210 16 l -7 -4 224 217 ll 
-15 0 3 85 -83 16 9 5 3 60• 59 ... -18 8 3 440 19 . .. 0-4 -1 4S -41 9 I -I -3 170 -1 70 10 
-16 0 3 ll5 -121 10 8 5 3 46- 30 23 12 9 3 IL• -19 0-4 0 127 -ll8 13 I -I -2 5; -42 l3 
-17 0 3 64 57 15 1 5 3 243 -245 13 11 9 3 32• -30 0-4 l 35- -21 18 l -7 -l 459 -478 23 
-18 0 3 IL5 ll9 LO 6 5 3 301 -296 26 10 9 3 36• -2L ... 0-4 z 249 -219 26 I -1 0 205 198 11 
-19 0 3 4 !• -17 ... 5 5 3 129 -132 8 9 9 3 52 -60 17 0-4 3 591 577 45 l -I I 438 446 22 

17 l 3 152 -1S3 ll 4 5 3 321 -314 21 8 9 ) 49- -L2 25 0-4 4 96 -LOO 10 l -I 2 129 131 8 
16 l 3 115 -174 l3 3 5 3 374 361 Z3 I 9 3 41• 44 ... 0-4 s 82 -81 9 l -I 3 94 -88 B 
15 I 3 122 -llff 19 2 5 3 377 311 23 6 9 3 51- 17 26 0-4 6 209 -201 13 l -I 4 53 56 l3 

14 I 3 69 -54 13 l 5 3 171 173 19 5 9 3 176 182 12 0-4 I 61 -10 10 I -7 5 110 -123 12 
13 I 3 147 148 9 0 5 3 756 1n1 76 4 9 3 50• -51 ... 0-4 8 137 13S Zl l -I b 39 7 -391 lO 

12 l 1 69 -61 ll -I 5 3 50 -54 9 3 9 3 52- 18 26 0-4 9 39- 2 20 I -7 1 105 105 I 

11 1 3 169 111 14 -2 5 3 168 -164 LI 2 9 3 52- -l6 26 0-5 -8 170 183 9 l -I B 99 98 I 
10 I 1 63 -64 9 -3 5 3 331 133 19 I 9 3 125 -130 11 o-5 -1 43- 3 2l l -6 -Q 30• 2f> 

9 1 J 129 -134 10 -4 , 3 565 -S81 54 0 q 3 164 168 10 Oc5 -6 43- z 22 I -6 -8 121 I l I ll 
8 I 3 311 311 2S -5 5 3 5l -43 10 -1 9 3 64 -6& l 7 0-5 -5 511 -496 35 l -6 -7 140 L4l I 
7 I 3 431 -427 40 -6 5 3 Ll9 -122 7 -2 9 3 92 92 12 0-5 -4 38 7 -385 20 I -6 -6 46- l9 23 
6 l 3 43b• 441 ... -1 5 3 253 -261 2& -3 9 3 51- -4 26 0-5 -3 IBO 781 63 l -6 -5 46- -l4 23 

-8 I 3 944•-l 103 ... -B 5 3 195 L 98 l2 -4 9 3 L98 -208 ll o-5 -2 IOI 100 10 l -6 -4 322 -322 19 
-9 l 3 24• •l8 ... -9 5 3 380 359 29 -5 9 3 44• -37 . .. o-5 -1 ., -32 15 l -o -3 104 -105 16 

-10 1 3 fl96• -940 ... -LO 5 3 42- 10 21 -6 9 3 248 -256 16 0-5 0 342 -)36 11 l -6 :f 355 -365 18 
-ll l 3 144• -153 -ll 5 3 IB7 194 20 -7 9 3 L29 134 10 o-s l 137 -144 14 l -6 374 3 74 l9 
-L2 l 3 468• 449 ... -l2 5 3 146 -145 9 -8 9 .3 14 10 14 0-5 z 405 381 Zl l -6 6 484 486 24 
-13 I 3 41• 34 ... -13 5 3 279 -283 15 -9 9 3 180 175 11 0-5 3 100 690 63 I -6 l 126 -122 LO 
-1' 1 3 565 538 55 -14 5 3 217• 20s ... -LO q 3 ZBl 280 16 o-5 4 108 101 1 l -o 2 70 65 ll 
-15 I 3 219 Zl4 19 -l5 5 3 40• -56 -11 9 3 140 -146 q 0-5 5 232 -226 12 l -6 3 51• -62 
-16 I 3 62 -66 l4 -16 s 3 l 5M• 144 ... -12 9 3 95 94 11 0-5 6 L45 134 8 L -6 4 357 353 21 
-L7 l 3 71 75 13 -11 5 3 90 81 13 -13 9 ) 161 -1% LO 0-5 I 132 -133 9 l -o 5 129 ll I 13 
-18 l 3 99 -103 LO -lB 5 3 194 -l8S zo -14 9 J 179 -178 22 0-5 B 4l- -14 21 l -6 6 l 74 -182 LO 
-19 l 3 4 l• -38 ... l7 6 3 38• 68 ... -15 9 3 47- 23 .~: 0-5 9 38• 22 . .. L -6 7 99 -9l 9 

11 2 3 198 zoo 12 16 6 3 78• 86 ... -16 q j 199• -199 0-6 -8 46• 27 . .. l -b 8 46- 36 23 
l6 2 3 140 -148 12 l5 b 3 146• 151 ... -11 9 3 SL• 45 ... 0-6 -7 128 128 13 l -6 9 73• 93 . .. 
15 z 3 44• -46 ... L4 6 3 6 l• 66 ... 2LO 3 183• -196 . .. 0-6 -6 113• -17 . .. I -5-10 5.l• 79 
L4 2 3 62 60 15 13 6 3 86 -90 12 110 3 133 -135 10 0-6 -5 83 -82 I I -5 -9 bl 50 LO 
l3 2 3 156 -160 9 lZ 6 3 51- -48 26 010 3 139 -135 l6 0-6 -4 294 -100 21 l -5 -8 LO> ll6 7 
12 z 1 451 466 37 lL 6 3 402 -411 34 -llO 3 73 -74 15 o-o -3 ZBZ 282 18 l -5 -7 67 58 11 
IL z 3 148 149 9 10 6 3 LOO -102 l3 -2l0 3 14 7 154 ll 0-6 -2 383 312 20 l -5 -6 l 7l 170 9 
10 2 3 40- L5 20 9 6 3 50- 18 25 -310 3 155• 156 ... 0-6 -1 43 -29 13 I -5 -5 235 -222 12 

9 2 3 501 504 30 8 6 3 49- -13 24 -4l0 3 58 62 18 0-6 0 l60 161 17 l -5 -4 225 228 ll 
8 2 3 489 -472 3l I 6 3 438 1, 13 24 -510 3 135 l 38 9 0-6 L 98 12 9 l -5 -3 60 -54 10 
7 z 3 32- -29 16 6 6 3 66 -57 13 -610 3 SL- zz 26 0-6 2 464 473 24 l 

-5 _, 465 -468 24 
6 z 3 114 -L07 l 5 5 6 3 46- 15 23 -710 3 5l- -35 26 0-6 3 521 -520 56 -5 -l 115 ll 9 9 
5 2 3 7 ~3· -794 ... 4 6 3 45- -19 22 -610 3 85 85 12 0-6 4 334 -343 18 l -5 0 163 -132 10 

-1 2 ) 394• 446 ... 3 6 1 l71 -165 l) -'HO J 88 -91 lZ 0-6 5 35• -23 . .. l -5 l 258 -260 27 
-8 2 1 111• l4 l ... 2 6 3 210 241 34 -1010 3 53• -46 . .. 0-6 6 145 l49 B l -5 2 36B -J63 21 
-9 2 3 233• -221 1 6 3 ll 1 -121 ll -l llO 3 47• -44 ... 0-6 7 261 212 15 l -5 3 l2!> 113 6 

-10 2 1 100 -101 1 0 6 3 282 782 l8 -1210 3 109 -114 10 0-6 8 226 -229 16 l -5 4 'BO 364 20 
-ll 2 3 137 136 B -l 6 3 LOO -105 B -1310 ) 49• 39 0-1 -1 72• 62 l -5 5 478 474 40 
-12 2 3 80 77 9 -2 6 3 339 -323 26 -1410 J 34• 10 0-1 -b 134 l 38 l4 l -5 6 269 2S5 23 
-l3 2 3 15 75 9 -3 b 3 LOO llO 9 -1':>10 3 108• 113 0-7 -5 77 -82 B I -5 I 355 -366 IB 
-14 2 3 225 229 13 -4 6 3 528 -529 52 0-10 77• -22 0-1 -4 188 194 lJ l -5 8 86 -90 LO 
-15 z 3 34B -344 20 -5 6 3 75 12 ll 0 -9 l94 214 12 0-7 -3 194 -1£6 22 I -s 9 80 -88 LZ 
-16 2 3 82• -99 ... -6 b 3 Bl P.1 10 0 0 -8 164 -113 8 0-1 -2 L37 -143 IO l -s 10 69• 78 
-17 2 3 42• 66 ... -1 6 3 172 -169 ll 0 0 -I 91 -32 10 0-1 -L 85 BO ll l -4-10 16/• -172 
-l8 2 3 l61• -1qo -8 6 3 295 303 16 0 0 -6 63 -45 9 0-1 0 93 83 10 l -4 -9 59 41 IZ 
-19 2 3 194• 26<1 ... -9 6 3 169 -L14 10 0 0 -5 115 llO 7 0-1 I ll9 ll 1 6 l -4 -8 Se>• 7i 

l7 3 1 l 30 127 L2 -10 6 3 l 18 184 10 0 0 -4 75 -85 u 0-7 2 43- 16 21 l -4 -? 46- -22 l3 
16 3 3 252 248 LS -ll 6 3 121 121 l3 0 0 -3 219 209 12 0-1 3 140 -13B 13 l -4 -6 l~U -124 6 
15 3 3 18 -11 l3 -12 6 3 48• -43 ... 0 0 -2 901 -90~ 165 0-1 4 320 -327 19 I -4 -5 182 lSO ll 
L• 3 3 54 45 18 -13 6 3 49• 56 ... 0 0 -l 34• 23 ... 0-1 5 108 96 8 l -4 -4 72' 13 7 12 
13 3 3 115 -112 ll -14 6 3 261 -212 11 0-1-10 98• -98 ... 0-1 6 41- -29 21 I -4 -3 '•62 455 31 
12 3 3 188 -180 11 -l5 6 3 h6 -66 15 0-1 -9 43- -34 22 0-1 I 37- -4 18 I -4 -2 llu -33 l7 
ll 3 3 45- 3 22 -16 6 3 162 -155 10 0-L -8 156 -166 10 0-8 -6 23• -14 ... l -4 -I l 12DX-1249 LOO 
10 3 3 124 -L2l 11 -11 6 3 88• 71 ... 0-1 -I 185 -190 L 3 0-8 -5 65 -63 9 l -4 0 68 -63 9 

9 3 3 41-· -1 20 -l8 6 3 112• 116 0-1 -6 77 18 1 o-B -4 120 122 6 I -4 I 466 4t-4 37 
8 3 3 378 -358 39 15 1 3 30• 32 0-L -5 18 -rn 5 0-8 -3 251 251 13 l -4 ~ 290 n1 25 
7 3 3 188 188 23 \4 1 3 31• -~8 ... 0-1 -4 325 34 l 18 o-8 -2 151 158 8 l 

_, £40 2'0 20 
6 3 3 178 lBZ 16 13 7 3 62 72 15 0-1 -3 313 3Ll 19 0-8 -1 68 -62 13 I -4 4 061 -t>'>{ 66 
5 3 3 222 211 15 If 7 3 50- 6 25 0-1 -2 24- 9 l2 0-8 0 407 -3qo 27 I -4 5 252 2')2 23 

• 3 3 785• 850 ... 7 3 51- -LI 25 0-l -l 344• HB ... 0-B l 66 67 11 I -4 6 310 ;71 18 
3 3 3 '>21• -626 ... 10 7 3 5L- 1 26 0-1 0 86• -90 ... 0-8 2 190 -191 L' I -4 7 ll l I l6 l3 

-6 3 3 102• 97 ... 9 I 3 5l- 8 lf> 0-1 l 263• 2H3 ... 0-8 3 42- -30 2L l -4 8 152 -1 .. 1;1 l2 
-7 3 3 222• -221 B I 3 5l- L5 25 0-l 2 596 -628 62 0-B 4 ZL9 22B 2l l -4 9 So 06 l3 -· 3 3 404 4l7 26 1 7 1 l3U I l9 10 0-L 3 l67 -246 25 0-8 s 52 -43 LO l -4 10 10-,!• 10:~ 

-9 3 3 226 226 29 6 1 3 172 L 78 10 0-1 4 45 -36 8 0-8 6 33• -32 ... l -3-10 l'>'':> -21J l :o 
-10 3 1 356• 379 5 I 3 

.,_ 
0 LS O-l 5 36- LS LB 0-9 -4 S5• 57 l -3 -9 2 3l -228 ll 

-ll ) 3 203• 234 4 I 3 ll l 103 8 0-1 6 721 -758 7l o-q -3 172 l6B 9 l -3 -ti lOb l l4 8 
-12 3 3 169 -111 18 3 I 3 60 -01 15 0-l 1 161 -173 11 0-9 -2 14• -62 ... l -3 -1 33-.1 334 l~ 
-13 3 3 l 16 -114 8 2 1 3 136 -111 l4 0-l B 472 469 24 0-9 -1 l36 -l33 1 l -3 -6 l2o -1 J.'.) b 
-l4 3 3 ll4 -llf'I l6 l I 3 58 5•3 15 O-L 9 lll 176 l1 0-9 0 69• ll l -3 -5 l l 9 -LO'? s 



TABLE 5-4 (Continued) 116 

H K H fC 0- H K l Fe FC 0- H K Fe FC a- H K l Fe FC a- H K Fe FC rr 

1-3 -4 276 -265 30 l 3 0 43b -435 27 2-10 1 84• S9 ... 2-3 -2 281 -279 14 2 3 9 237 248 17 
1-3 -3 661 691 67 l 3 l 50 -30 1 2-10 2 4S- 18 24 2-3 -I 123 127 8 2 3 10 112• -17 ... 
1-3 -2 176 -176 9 1 3 2 266 277 14 2-10 3 151 -163 -~~ 2-3 0 193 194 16 2 4-10 222 217 14 
1-3 -1 545 -558 55 l 3 3 626 -636 47 2-10 4 66• -46 2-3 1 491 494 49 2 4 -9 ie,, -173 13 
1-3 c !CS 97 7 1 3 4 365 -364 22 2-10 5 81• 95 ... 2-3 2 436 -416 29 2 4 -8 2.23 -2!1 2S 
1-3 1 315 -340 19 I 3 5 441 -424 25 2-10 6 58• -66 ... 2-3 3 1027X-ll I 3 183 2 4 -7 46- 28 23 
1-3 2 93 -69 13 I 3 6 215 -219 11 2 -9 -7 40• -57 2-3 4 376 392 21 2 4 -6 217 216 14 
1-3 3 609 -617 61 1 3 1 533• 530 ... 2 -9 -6 46- 44 23 2-3 5 342 -356 18 2 4 -s 103 -93 12 
1-3 4 144 -347 17 1 3 s 139• 129 ... 2 -9 -5 70 -79 13 2-3 6 45 -31 lS 2 4 -4 271 -257 14 
1-3 5 160 -150 14 I 3 'I 47- -23 23 2 -9 -4 49- 19 24 2-3 1 45- 10 23 2 4 -3 64 7 -b4l 54 
1-3 6 379 391 19 l 3 10 121• -129 ... 2 -9 -3 Sl• 92 ... 2-3 s 4S- -1 24 2 4 -2 103 95 ll 
1-3 7 2H 229 20 1 4-10 87• -S3 2 -9 -2 195 -219 17 2-3 9 SI• S6 ... 2 4 -1 1091X 1231 183 
1-3 8 41- 42 23 1 4 -9 47- -29 23 2 -9 -1 85 96 10 2-3 10 41• -47 ... 2 4 0 124 -119 11 
1-3 9 230 23S 12 l 4 -s 162 161 s 2 -9 0 163• 114 ... 2-2-10· 136• -129 2 4 I 42• -29 ... 
1-3 10 87 -93 13 l 4 -7 4~ 29 14 2 -9 1 118 135 10 2-2 -9 191 192 21 2 4 2 124 -124 15 
1-2-10 102 85 10 I 4 -6 93 104 1 2 -9 2 50- 17 25 2-2 -s 354 342 IB 2 . 3 267 -261 14 
1-2 -9 26S -259 14 l 4 -5 434 -424 23 2 -9 3 !SB -190 15 2-2 -7 400 -393 20 2 4 4 253 -2SI 23 
1-2 -B 82 17 9 1 4 -4 244 -23S 14 2 -9 4 263 -273 18 2-2 -6 399 -394 22 2 4 s 41• -SI 
1-2 -1 47 -46 14 l 4 -3 559 S86 4S 2 -9 5 67• -B4 2-2 -5 357 -356 20 2 4 6 2!1 200 lS 
1-2 -b 41- -13 20 l 4 -2 132 135 7 2 -9 6 272 284 16 2-2 -4 123 127 10 2 4 7 SB S6 18 
1-2 -5 260 -258 13 1 4 -I 440 443 24 2 -9 1 35• -20 ... 2-2 -3 388 367 26 2 4 B 40• 49 
1-2 -4 243 -258 13 l 4 0 104 S3 9 2 -s -s 344 44 ... 2-2 -2 447 -448 43 2 4 9 159• -226 
1-2 -3 369 -360 22 I 4 l S8 -92 6 2 -s -7 47- -IS 23 2-2 -I 140 -144 14 2 4 10 •l• -4 ... 
1-2 -2 134 778 q( l 4 2 36S -HS 19 2 -8 -6 7L -68 11 2-2 0 586• 625 ... 2 5-10 91 • B7 . .. 
1-2 -1 1100• 1337 ... 1 4 3 371 -365 18 2 -s -s 252 -249 32 2-2 l 979• 1221 ... 2 5 -9 305 280 27 
l-2 0 817 -1026 175 I 4 4 39S 3SI 21 2 -8 -4 134• -143 ... 2-2 2 S72X -957 177 2 s -8 119 -Ill 17 
1-2 I 25- -2' 12 I 4 s 216 -226 II 2 -8 -3 49- 44 25 2-2 3 173• -16S ... 2 s -7 48- -27 24 
1-2 2 719 -761 91 l 4 6 82 79 8 2 -8 -2 475 508 37 2-2 4 113 120 10 2 s -6 I B2 -184 12 
1-2 3 562 -576 56 1 4 7 93 -97 19 2 -8 -1 87 105 9 2-2 5 109 112 n 2 ~ -5 229 -224 16 
1-2 4 394 395 24 I 4 8 47- 2 24 2 -8 0 342• -359 2-2 6 314 313 16 2 5 -4 67• 64 
1-2 5 121 -134 8 I 4 9 70; 94 ... 2 -8 I 51• 75 ... 2-2 7 176 -169 II 2 5 -3 160 -167 9 
1-2 6 80 -lb 1 I 4 10 74• -33 2 -8 2 49- 26 24 2-2 8 275 -272 19 2 5 -2 630 627 36 
1-2 7 232 -216 12 1 5-10 21• -10 ... 2 -0 3 292 306 15 2-2 9 90 -88 23 2 5 -1 130• -133 ... 
1-2 8 90 -86 8 I 5 -9 116 113 9 2 -8 4 75• -78 ... 2-2 10 73• 71 2 s 0 376 -378 24 
1-2 9 S7• -84 ... 1 5 -8 147 -161 s 2 -s 5 209 -20s 17 2-1-10 50- 22 25 2 s l 61 55 13 
1-2 10 202 19S II I 5 -7 131 -136 1 2 -8 6 49- -20 24 2-1 -9 220 220 !.3 2 5 2 419 406 S7 
1-1-10 173 171 13 I 5 -6 178 -169 15 2 -s 7 48- -24 24 2-1 -s IOI 9S 10 2 5 3 382 3 71 21 
1-1 -9 193 183 10 1 5 -5 325 -311 18 2 -s s 57• -64 ... 2-1 -1 128 125 9 2 5 4 218 -212 12 
1-1 -a 583 -607 29 I s -4 602 590 40 2 -8 9 S6• -110 2-1 -6 849 -892 107 2 s s S2 -46 16 
1-1 -7 96 -92 6 I 5 -2 34B -327 21 2 -7 -9 99• -91 ... 2-l -s 172 -170 13 2 , 6 126 -llb 21 
1-1 -6 321 344 16 I 5 -3 190 192 15 2 -7 -8 202 -201 17 2-1 -4 510 556 44 2 s 7 76 80 13 
1-1 -5 7S -70 7 I 5 -I 398 391 21 2 -7 -1 llS 122 10 2-1 -3 434 -4S9 37 2 5 8 105 -110 8 
1-1 -4 244 237 12 l 5 0 585 583 39 2 -7 -6 71 72 10 2-1 -2 433 439 58 2 5 9 212 -222 15 
1-1 -3 339 336 23 l 5 I 41- -2 20 2 -7 -5 49- -31 24 2-1 2 752 774 163 2 5 10 120• 118 ... 
1-1 -2 446 447 48 I s 2 357 -355 16 2 -7 -4 2SI -2s1 17 2-1 3 76 -76 s z 6-10 44• 6 ... 
1-1 -I 385• -54 7 I 5 3 IS7 173 14 2 -7 -3 73 -79 13 2-1 4 318 317 17 2 6 -9 7S 62 10 
1-1 0 11• -2oq I 5 4 59 51 II 2 -7 -2 170 183 20 2-1 5 413 428 21 2 6 -8 46 -49 18 
1-1 I J3)• 309 ... I 5 5 463 447 26 2 -7 -1 153 -171 17 2-1 6 SIS -850 102 2 6 -7 72 73 ll 
1-1 2 734 759 127 1 5 6 274 -276 15 2 -7 0 73• -71 ... 2-1 7 209 -214 27 2 6 -6 162 171 14 
1-1 3 467 494 39 I 5 7 482 -468 33 2 -7 l 300 -314 17 2-1 8 134 133 13 2 6 -5 117 112 19 
1-1 4 645 -6SI 69 I 5 8 80 65 14 2 -1 2 390 404 21 2-1 9 !OS lOS s 2 6 -4 99 -84 II 
1-1 s 212 -204 11 I 5 9 142 139 21 2 -7 3 29S 307 18 2-1 10 61• S5 ... 2 6 -3 90 90 9 
1-1 6 75 -55 9 I 6 -9 \Jq• 143 ... 2 -7 4 48- 65 24 2 0-10 92 Sl 15 2 6 -2 184 -107 15 
1-1 7 q) 99 9 l 6 -8 46- 0 23 2 -7 5 IS4 -178 17 2 0 -9 126 -11s 11 2 6 -l 124 -110 11 
1-1 8 95 -93 9 I 6 -7 193 -198 13 2 -7 6 124 -133 .~~ 2 0 -8 46- 0 23 2 6 0 6b• -10 
1-1 9 I 5S -159 9 l 6 -6 161 -150 s 2 -7 7 S8• S7 2 0 -7 362 368 18 2 6 l 287 -212 21 
1-1 10 190 19R ll 1 6 -5 261 264 15 2 -7 s 167 -173 23 2 0 -6 344 343 19 2 6 2 542 ?JfJ 28 
I 0-10 38• SJ ... l 6 -4 45- -6 22 2 -7 9 83• S6 2 0 -5 347 353 18 2 6 3 261 24 7 24 
i 0 -9 156 -153 " 1 6 -3 69 -10 9 2 -6-10 137• 140 ... 2 0 -4 432 -4S8 28 2 6 4 88 84 I' 
I o -8 95 -97 7 I 6 -2 318 -311 IS 2 -6 -9 144 -135 10 2 0 -3 441 -452 36 2 6 5 4B- 4 24 
I 0 -1 3 78. 411 19 I 6 -1 711 -13q 67 2 -6 -s 49- 0 25 z 0 -2 852•-1013 ... 2 6 6 217 -202 12 
1 0 -6 55 -45 9 I 0 0 787 799 79 2 -6 -7 106 116 23 2 0 2 462• 468 ... 2 6 7 49- -21 2S 
1 0 -5 l81 -285 17 l 6 l 424 413 23 2 -6 -6 5S 56 13 2 0 3 110• IOI ... 2 6" 6 l l 9 I IS 20 
I 0 -4 304 -315 17 1 6 2 90 68 1 2. -6 -s 178 17S 13 2 0 4 279• 287 ... 2 6 9 184 132 14 
1.0 -3 140 144 7 l 6 3 121 -123 II 2 -6 -4 120 -120 7 2 0 5 123• 143 2 1 -9 66• -83 ... 
l 0 -7 9S• -102 l 6 4 S9 -S4 11 2 -6 -3 328 -323 17 2 0 6 32• 4 2 7 -8 92 G4 21 
I 0 -I 9• -190 I 6 5 51 -35 14 2 -6 -2 566 -573 41 2 0 7 3S• 12 2 7 - 7 145 -l34 8 
I 0 I 11• -150 l 6 6 111• -BS ... 2 -6 -I 393 400 23 2 0 s 85• -S6 2 7 -6 27> 260 21 
I 0 2 1256• 204 7 ... I 6 7 115 112 6 2 -6 0 44- 27 22 2 0 9 134• 126 ... 2 7 -5 246 242 13 
1 0 3 103• -103 ... I 6 8 91 -S6 10 2 -6 I 158 154 13 2 0 10 71• -73 ... 2 7 -4 160 -108 10 
I 0 4 SOB• -511 I 6 9 59• 54 ... 2 -6 2 318 327 22 2 1-10 174• -148 ... 2 7 -) 317 -311 22 
I 0 5 46• -49 I 1 -8 284• 2S5 ... 2 -6 3 390 -409 

-~~ 2 1 -9 49- 33 24 2 7 -2 33> -30S 36 
I 0 6 J>• -11 ... I 7 -7 189 196 10 2 -6 4 70• -96 2 l -s 160 145 18 2 7 -l 396 382 2S 
I 0 1 4q4. 487 ... 1 1 -6 H• -73 ... 2 -6 5 100 114 1 2 l -7 169 167 14 2 7 0 1'9 l 7J ll 
I 0 8 46• 2h ... I 7 -s 252 -248 13 2 -6 6 173 162 13 2 I -6 626 647 32 2 7 l 5•,. -15 
I 0 9 153 -15?. 12 I 1 -4 24 7 -239 12 2 -6 1 92 90 9 2 I -5 51S -546 26 2 7 2 474 -459 41 
l 0 10 2 110 -238 l5 I 7 -3 223 ns \] l -b 8 49 -54 17 2 I -4 325 312 25 2 7 3 140 -!JI 22 
I l-IC 98 -100 11 I 1 -2 6>• -69 2 -6 9 l2S -132 7 2 I -] 490 so; 40 2 7 4 374 )65 19 
I I -9 48- ;o 24 I 7 -I lll• R2 7 -6 10 91• -106 2 I -2 383 -391 3U 2 7 5 93 93 lO 
I I -h 4 16 434 22 I 1 u l4.}• -66 2 -5-10 37• -33 2 I I 536• 616 ... 2 7 6 8.' 66 lO 
I I -7 •S -CJR 6 I 1 I UH 131 10 2 -s -9 2B6 264 l"I 2 I 2 6S• 6B 2 1 7 69• -50 
l 1 -6 H4 319 16 I 7 2 151 139 8 2 -s -8 213 206 IS 2 I 3 136• -146 2 7 s 144 149 l 7 
I I -5 127 116 8 l 1 3 61 53 12 2 -5 -7 79 -82 15 2 1 4 391• -496 2 7 9 41• -46 
I I -4 676 -732 BS l 7 4 S5 -48 13 2 -5 -6 93 80 12 2 I 5 544 SS3 49 2 8 -9 101• 12S 
I I -3 164 165 8 I 7 5 113 -101 lh 2 -s -5 95 -84 13 2 1 6 986X 1095 12S 2 B -8 61• S2 
I I -2 S72 567 63 1 1 6 2SO 250 12 2 -5 -4 33S 337 30 2 I 1 246 -246 IS 2 8 -7 190 -186 16 
I 1 -I 7-40• 978 ... I 7 7 44- -15 .. ~~ 2 -s -3 166 -164 18 2 I s 124 -128 10 2 s -6 124 -118 10 
I 1 0 237• -328 l 1 8 101• -ss 2 -5 -2 JOO 294 17 2 I 9 198 -198 17 2 " -5 185 170 16 
I I I 6 71 • -120 I 8 -8 BB• 105 ... 2 -S -I 150 145 9 2 I 10 41• 14 ... 2 8 -4 /23 221 15 
1 1 2 9ll•-l093 I 8 -7 118 HS 6 2 -s 0 I 34 -135 10 2 2-10 IS3 -174 21 2 8 -3 94 -Bl Q 

I I ] 243• !Oh I 8 -6 44- 13 22 2 -s 1 193 -190 17 2 2 -9 49- -ll 25 2 8 -2 135 l37 11 
I I 4 '> \8• 6S4 1 8 _, \9B -189 10 2 -5 2 347 -354 11 2 2 -8 119 109 ll 2 8 -l 110 -101 IB 
I I 5 30• -I I e -4 43 36 17 2 -s 3 316 317 22 2 2 -1 157 144 q 2 8 0 1,9- 19 25 
I I 6 154 IS2 6 I 8 -3 98• -92 ... 2 -s 4 110 121 20 2 2 -6 299 -310 15 2 8 I li.!:l• -109 
I I 1 247 -23? 22 I " -2 257 26S 18 2 -5 5 103 110 12 2 2 -5 44S -456 22 2 e 2 441 -432 30 
l I 8 4S 40 16 I 8 -1 120 -106 6 2 -5 6 46 -lt8 IS 2 2 -4 S 10 Sl4 36 2 8 3 49- 31 25 
I 1 9 19• -13 ... I 8 0 SJS -534 30 2 -5 7 75 SI 12 2 2 -3 934X IOSI 167 2 8 4 49- 9 25 
I I IC 100• -101 I 8 l so 48 15 2 -5 8 270 269 17 2 2 -2 170 161 21 2 8 5 69 65 14 
I 2-10 \25• 130 I 8 2 4/ -31 16 2 -s 9 239 -252 14 2 2 -l l 168•-1660 ... 2 " ~ 40- 4 24 
I 2 -9 1117 180 lij I s j 47- IS 23 2 -5 10 65• -70 ... 2 2 0 897•-1107 2 6 48 38 14 
I 2 -R 226 -217 19 I 8 4 133 125 8 2 -4-10 48- -8 24 2 2 I 34S -342 23 2 6 32• -10 
l 2 -1 497 -4!Jl 26 l 8 5 IS3 176 9 2 -4 -9 160 ISl 15 2 2 2 199• -182 ... 2 9 _, 

33• 36 
I 

2 -· 
122 119 13 I " 6 43- 30 21 2 -4 -8 349 -341 23 z 2 3 30S 286 15 2 9 -6 2?1 -2J2 28 

1 2 -5 551 S70 ]] I 8 7 160• -152 ... 2 -4 -7 61 -44 12 2 2 4 302 -298 20 2 9 -5 48- 41 24 
I 2 -4 424 468 32 I 9 -6 36• 31 2 -4 -6 123 114 6 2 2 s 228• 23l 2 9 -4 160 161 IS 
I 2 -J 940X-l049 168 I 9 -s 150 143 10 2 -4 -5 18S l8S II 2 2 6 34• II 2 9 -3 19/ 193 23 
I 2 -2 25S 233 14 I 9 -4 137 139 10 2 -4 -4 46• -13 2 2 1 187• 101 2 9 -2 50- -7 25 
I 2 - I 26- 17 13 I 9 -] 4S- s 23 2 -4 -3 38- -6 19 2 2 s 70 -67 16 2 9 -I 129• -127 
I 2 0 I II 165 lO I 9 -2 109 -120 12 2 -4 -2 IS6 ISl 10 2 2 9 50- 6 2S 2 q 0 50- 20 25 
I 2 I 300 -287 17 I 9 -1 210 -201 10 2 -4 -I 139 142 7 2 2 10 138 142 IS 2 9 I SO• -48 
I 2 2 e36 -090 119 l 9 ~ 101• 39 ... 2 -4 0 143 139 8 2 3-10 so- -23 25 2 9 2 l 7b l 7S l8 
I 2 3 792 806 81 1 9 63 63 II 2 -4 l 8 1t9 -927 12 2 3 -9 377 -361 21 2 ~ 3 49- -16 2• 
l 2 4 106 300 H I 9 2 104 lOI 1 2 -4 2 36- -24 18 2 3 -s 129 -116 !l 2 4 58 -55 13 
I 2 5 165• 1>6 I 9 3 140 -130 14 2 -4 3 1021 1129 139 2 3 -7 45- -10 23 2 9 s 126 -118 14 
I 2 6 126• -175 ... I 9 4 172 -16S 16 2 -4 4 137 115 19 2 3 -6 69 73 13 2 9 6 132 -129 11 
I 2 7 82 -H7 lO I 9 s 8S• S4 ... 2 -4 s !OS -103 14 2 3 -s Sl8 506 40 2 9 7 73• 13 
I 2 s 205 210 ll I 9 6 21• -5 ... 2 -4 6 415 -417 2S 2 3 -4 433 -454 22 210 -6 2d• in 
1 2 9 48- 12 24 I 10 -5 23• -21 2 -4 1 47- -22 23 2 3 -3 498 464 26 210 -5 54• -bl ... 
I 2 10 57 35 13 l 10 -4 68• -56 ... 2 -4 8 271 276 14 2 3 -2 310 315 16 210 -4 45- -JO 23 
I 3-IO 53 4' 13 I 10 -3 119 ll2 13 2 -4 9 246 251 13 2 3 -1 41 -38 9 210 -3 47- -44 2~ 
l 3 -9 64 -68 12 l 10 -2 41- -6 21 2 -4 10 73• -80 2 3 0 340 331 21 210 -2 88 -7S 
I 1 -e lH -I SR 9 I 10 -I 150 154 16 2 -3-10 so- 31 2S 2 3 I 550 -566 7S 210 - 170 l 72 18 
I 3 -7 4S- -6 22 I lO 0 60• -II ... 2 -3 -9 29S -284 25 2 3 2 109 -97 12 210 103 101 15 
I 3 -6 304 -307 15 I 10 l 110 -110 10 2 -3 -8 48- -34 24 2 3 3 100 -102 q 2 lC 145 145 10 
I 3 -5 753 so• 75 l 10 2 177 171 15 2 -3 -7 243 -237 l2 2 3 4 l 12 105 13 210 6~· -66 
I l -4 169 l 70 8 I LO 3 14~• -l JS ... 2 -3 -6 246 2 1t 7 13 2 3 s 736 -761 74 210 131 • -l 96 
l ] -3 5 75 -585 49 l 10 4 128• -124 2 -3 -s 66 7 662 62 2 3 6 S3 -94 l! 
I 3 -7 100 -101 8 2-10 -l 149 -186 27 2 -3 -'t 333 -339 27 2 3 7 l 96• 199 
I 3 -I 66 56 5 2-i(J 0 116 114 21 2 -3 -3 36 7 -360 19 z 3 8 63• -37 
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1 1 
1, 2' 2 and relabelling their -b, -~and-~ as~' b and c. 

This gives x, y, z in terms of their coordinate tables as 

1 1 2 - y, 2 - z, and 1 - x. This author's choice of axis labels 

has been preferred because of close comparisons with known 

monoclinic structures. 

Table 5-4. gives the observed structure amplitudes 

(Fo) and their standard errors (cr) together with the structure 

factors calculated using the parameters of this author in 

Table 5-3. The atomic scattering factors for these calcu

+ lations were taken from (6, Table 3.3.lA): K ref. SX-21(39); 

+++ -
Cr ref. SX-67A; and O ref. SX-31A. The complex scattering 

factors used during anomalous dispersion calculations were 

obtained by modifying the above values according to (6, 

Section 3.3.2). 

5.4 Description of ·the Structure 

5.4 A Structure of the Dichromate Ions 

-2 The cr2o 7 ion may be thought of as two cro4 tetra-

hedra sharing one corner oxygen atom. The bridging Cr-0 

distances are equal to each other but are longer than the 

terminal Cr-0 distances. The latter are also equivalent 

within experimental error. The two crystallographically 

distinct dichromate ions occur in similar but not identical 

environments. Fig. 5-3 shows side· and end views for each 

of these ions. The former are perpendicular to the Cr-OB-Cr 

planes and the latter are parallel to the Cr-Cr vectors. 
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Table 5-5 lists their bond lengths and angles. Values 

for important distances are quoted both before and after 

applying corrections for thermal motion assuming that the 

oxygen atoms are riding on the heavier chromium atoms (21) . 

· The standard errors quoted take account of the standard 

errors in the atom coordinates calculated by least squares 

refinement and the standard errors in the cell constants. 

Direction cosines for these bonds with respect to the unit 

cell axes appear in Sec.5.4 D for comparison with the 

directions of the principal axes of the thermal ellipsoids. The 

mean thermally corrected Cr-0 (bridge) distance is 1.786 + .008 A 
0 + and the mean corrected Cr-0 (terminal) distance is 1.62·9 - .010 A. 

The dichromate ions do not quite have an exact c2v or 

even c2 symmetry. The projections along the Cr-Cr vectors 

in Fig. 5-3 indicate a twisting of each dichromate ion away 

from an exactly eclipsed c 2v geometry. The decrease of one 

of the angles from tetrahedral in each ion (OBl-Crl-011 and 

OB3-Cr3-031) appears to be a real effect and destroys an 

exact c2 symmetry. None of the other 0-Cr-O angles 

differ too significantly from tetrahedral. 

The values 124.0° and 127.6° for the bridging 

angles are significantly different as are the Cr-Cr distances. 

The twisting away from c2v symmetry is about 5° for the ion 

containing Crl-Cr2 and about 10° for the ion containing 

Cr3-Cr4. This twisting occurs in the same sense for each 
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TABLE 5-5 

Interatornic Distances and Angles for the 
Two Crystallographically Distinct Dichrornate Ions 

Distances Uncorrect~d Thermally 
Corrected 

0 0 

Crl-Cr2 3.144(2) A 3.144 A 

Crl-OBl 1.776(3) 1.781 
Cr2-0Bl 1.784(3) 1.790 

Mean Corrected'Cr-0 

Crl-011 1.614(3) 1.624 
012 1.622(3) 1.634 
013 1.610(4) 1.626 

Cr2-021 1.583(3) 1.602 
022 1.632(3) 1.642 
023 1.625(3) 1.638 

Distances Uncorrected Thermally 
Corrected 

0 0 

Cr3-Cr4 3.189(2) A 3.189 A 

Cr3-0B3 1.780(3) 
Cr4-0B3 1.775(€) 

(Bridge) = 1.786(8) A 

Cr3-031 
032 
033 

Cr4-041 
042 
043 

1.618(4) 
1.620(4) 
1.614(3) 
1.613(4) 
1.604(3) 
1.633(3) 

0 

1. 788 
1. 784 

1. 633 
1. 634 
1. 629 
1. 627 
1. 619 
1. 643 

Mean Corrected Cr-0 (Terminal) = 1.629 (10) A 

OBl-011 2.71 
012 2.77 
013 2.79 
021 2.75 
022 2.77 
023 2.78 

011-012 2.64 
013 2.67 

012-013 2.64 
021-022 2.64 

023 2.64 
022-023 2.64 
012-023 3.35 
013-022 3.41 

Angles 

Crl-0Bl-Cr2 

OBl-Crl-011 
012 
013 

Oll-Crl-012 
013 

012-Crl-013 

OB1-Cr2-021 
022 
023 

021-Cr2-022 
023 

022-Cr2-023 

124.0(1) 0 

106.1(1) 
109.4(1) 
110.8(1) 
109.5(1) 
111. 7 (1) 
109.2(2) 

109.6(1) 
108.5(1) 
109.5(1) 
110.2(1) 
110.6(1) 
108.4(1) 

OB3-031 2.72 
032 2.78 
033 2.78 
041 2.77 
042 2.79 
043 2.76 

031-032 2.65 
033 2.66 

032-033 2.65 
041-042 2.63 

043 2.66 
042-043 2.62 
032-043 3.54 
033-042 3.49 

Angles 

Cr3-0B3"""'.Cr4 

OB3-Cr3-031 
032 
033 

031-Cr3-032 
033 

032-Cr3-033 

OB3-Cr4-041 
042 
043 

04I-Cr4-042 
043 

042-Cr4-043 

127.6(2) 0 

106.6(2) 
109.7(1) 
110.1(1) 
109.8(2) 
110.6(1) 
110.1(1) 

109.7(1) 
111.2(2) 
108.4(1) 
109.7(2) 
109.9(2) 
107.9(1) 
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ion with respect to their similar environments. Likewise 

the ~ique angles OBl-Crl-011 and OB3-Cr3-031 are in 

analogous positions for the two ions. Details of the 

environments of the two dichromate ions appear in Tables 

5-6 and 5-7. Further discussion of the dichromate ion 

stereochemistry is given in Sec. 5.5 D. 

5.4 B Ionic Packing to Form the Structure 

The structure consists of a three dimensional 

+l -2 array of K and cr2o7 ions. The dichromate ion orien-

tations in the array are described by reference to the 

"backbone" of the group (consisting of the bridging oxygen 

and the two terminal oxygen atoms which form a line nearly 

parallel to the Cr-Cr vector) , and by reference to the "feet" 

of the group (consisting of the remaining four oxygen atoms). 

+ -2 Fig. 5-4 shows the arrangement of K and cr2o7 

ions projected down c. Atom labels correspond to those of 

Table 5-3. Atoms with·primes are related to the unprimed 

ones by 

1 1 1 
2 2 2· 

1 1 inversion in the centres of symmetry at O 2 2 

Roman ntimerals denote layers in the structure 

or 

parallel to the plane of b and c. These layers are described 

later in the text. 

The groups containing Crl-Cr2 in each unit cell 

form a row (A) of dichrornate ions whose members repeat by 

the translation along c (out of the plane of Fig. 5-4). The 

potassium ions Kl and K2 lie between successive dichromate ions 
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of row A and are approximately coplanar with the four feet 

oxygen atoms of the dichromate ions. The arrangement of 

such a row is shown schematically in Fig. 5-5. The groups 
I I I 

containing Crl -Cr2 together with Kl and K2 form a similar 

row (B) along the c direction related to row A by inversion 

1 1 through the centre of symmetry at O 2 2 . The B row backbones 

fit into the troughs between the backbones of two adjacent 

dichromate groups in row A and vice versa. The backbones of 

one row do not rest exactly in the centre of the troughs of 

the other row, but instead are displaced such that any 

dichromate ion in one row is paired more closely to one 

particular dichromate ion in the adjacent row. The groups 
I 

Crl-Cr2 and Crl -Cr2 in Fig. 5-4 are a close pair. The 

pairing may be thought of as a distortion from an exactly 

centred arrangement by sliding the backbones of one row along 

the trough direction of the interlocking row and translating 

one row relative to the other along the row direction. 

Applying the b translation to these interlocking rows, 

a layer (I) is generated parallel to the plane of b and c. 

This layer contains the sequence of rows ABAB ... etc. The 

contact A:B is between interlocking backbones; the contact 

B:A is between the flat planes of oxygen feet and potassium 

ions of the two rows, and occurs so that the oxygen feet of 

one row.straddle the potassium ions of the other. 
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FIGURE 5-5 

Schematic Diagram Showing a Row Formed by 

Potassium and Dichromate Ions. The vector 

denotes the unit cell translation by which 

members of the row repeat. The text gives 

further description of these rows and a 

description of how they pack next to each 

other to form layers in the structure. 

124 



125 

The two layers are crystallographically distinct. 

However, the layer marked II in Figure 5-4 has nearly the same 

constru~tion as layer I . The rows C and D which form 

layer II are found to run along the b direction whereas 

the analogous rows (A and B) in layer I run along the 

c direction. In layer II an example of the analogous close 
I 

paired dichromate ions are Cr3-Cr4 in row D and Cr3 -Cr4 

oil in row c. 

The failure of the layers to be strictly identical 

cannot be pictured as a small distortion of any crystallographic 

symmetry relationship between them. This is because the 

transformation necessary to generate layer II and then layer 

I (100) from the original layer I cannot correspond to a 

possible space group symmetry operation. The actual 

generation can be pictured as: 1) a rotation of +90° about 

a* and a translation of ~.a+! b + ! c giving II from I, 

and 2) a rotation of -90° about a* and a translation of 

~a - ~ b - ; ~giving I(lOO) from II. 

Fig. 5~6(a) and (b)show the unit cell contents 

viewed down the c and b axes. Here the dichromate ions are 

schematically drawn as space filling tetrahedra. The 90° 

rotation of one layer relative to the next is evident from 

these two diagrams. These figures together with Fig. 5-4 

show how the atoms 011 and 031 protrude somewhat outside 



FIGURE 5-6 

Structure of Triclinic K2cr2o7 projected 
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(a) down [0011; and 
(b) down [ 010] . 
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their respective layers, ·suggesting that forces between 

adjacent layers may be the cause of the decrease from 

tetrahedral for the angles OBl-Crl-011 and OB3-Cr3-031 

.(see Section 5.4 A). 

5.4 C Structural Environments 

127 

The K+ ions are surrounded by oxygen atoms in the 

structure. Table 5-6 gives the interatomic distances for 

the four crystallographically distinct.K+ ions and their 

oxygen neighbours. The table is constructed to allow 

comparison of analogous contacts in the similar layers I 

and II. 

For reference the K atoms in contact with each 

dichromate group are listed below. 

-2 1) cr2o7 group cr1-cr2 

2) 

Kl 

K2 
I 

K3 

Kl ooI 

K2 ooI 

,_ 
K4 K4 100 

-2 cr2o7 group cr3-cr4 : 

Kl Kl lll· 

K2 

K3 

K4 

K3 oio 

K4 oio 

I 

Kl 

K2 

I 

K3 

K4 

I -

Kl 010 

K2 oio 

K3 001 

K4 001 

The distances may be derived from Table 5-6. 
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TABLE 5-6 

* Oxygen Environments of Potassium Ions 

Kl K2 
0 

Intralayer Distances (A) : 

011 3.82 

012 001 2.83 

013 2.74 

023 001 2.87 

021' 2.82 

022'0l0 2~83 

023•oio 2.97 

OBl 001 

OBl' 

021 001 3.63 

022 2.80 

023 001 2.73 

013 

011' 

2.75 

2.93 

Ol2'0l0 2.83 

013'0l0 3.64 

OBl 3.86 

OBl' 2.96 

K3 K4 

031 010 3.70 041 3.25 

032 2.88 042 010 2.94 

033 010 2.70 043 2.74 

043 2.71 033 010 2.83 

041'001 2.67 031'001 2.97 

042' 3.34 032' 2.82 

043' 2.68 033' 

OB3 3.59 OB3 010 3.90 

OB3 '001 OB3'00l 2.86 

Pseudo 2 Fold Related .Pairs Pseudo 2 Fold Related Pairs 

Analogous Pairs 
Each Layer 

0 

..J 

Interlayer Distances (A) : 

041 2.89 

042 3.07 

03l'Oll 2.84 

031 Ioo 3.14 

032 Ioo 2.89 

041'001 

011'100 2.79 

012'100 2.84 

021 101 

021' 

022' 

011 

* 0 Blank entries indicate distances are >4.00 A. 

3.29 

2.76 

3.09 
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In addition there are some o""'o distances· between 

neighbouring dichromate. groups comparable with some of the 

K-0 distances listed above. Such 0-0 distances .less than 
0 

3.3 A are given in Table 5-7. There are other values in 
0 

the range 3.30 to 3.40 A too numerous to list. 

5. 4 D Anisotropi·c Thermal Parameter_ Analysis 

The anisotropic temperature factors. given in Table 

5-3 have been analyzed to determine the directions and 

magnitudes of the atomic motions along the three principal 

axes of the thermal ellipsoids. The results are. given in 

Table 5-8. The table shows that the Cr atoms undergo almost 

isotropic thermal motion. Comparing the directions of the 

Cr-0 bonds with the directions of the principal axes of 

vibration for the oxygen atoms, it can be seeri that the 

smallest thermal displacements are generally coincident 

with the bond directions." The largest displacements occur 

in directions which suggest that the dichromate ions are 

librating about their Cr-Cr axes. Estimates of the RMS 

libration angle_ give about 7° which is in agreement with 

the corresponding maximum librational modes found in 

analogous structures (e~g. 6.4° in K2s2o7 (3); 5.7° in 

0 K2CH 2 (so 3 ) 2 (24); and6.8 inK2NH(S0 3) 2 (60).). 

5.5 Discussion and Conclusions 

5.5 A Comparison of Cell Constants and Space Groups for 
Related Structures 

Table 5-9 gives the crystal data found in the 

literature for several compounds which might have structures 
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TABLE 5-7 

* Oxygen-Oxygen Distances Between Di chromate Ions 

0 

OBl - 013' 3.30 A 

011 - 032' 3.04 

011 - 022' 3.16 

012 - 03l'Ol0 3.19 

013 - Ol3'0l0 3.22 

013 - 022'0l0 3.29 

021 - 04l'l00 3.25 

022 - 042 1 II0 3.17 

022 - 031 IoI 3.21 

023 - 023 •oII 3.21 

031 - 04l'Ol0 3.24 

032 - 033'0l0 3.22 

033 - 033'0l0 3.30 

043 - 043' 3.15 

* Only one member of each pair of symmetry related 

distances is listed. 
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TABLE 5-8 

Principal Axes Analysis for Anisotropic Temperature Factors 

R.M.S. Associated Direction Cosines (xlO 3) 
Atom Disple.cements Direction With Respect .To 

(A) a b c - -
Kl 0.171 -684 -331 671 

0.154 343 -941 -270 
0.147 -643 66 -690 

K2 0.211 193 -792 -600 
0.165 -913 -238 286 
0.151 -360 563 747 

K3 0.207 - 91 832 -564 
0.162 211 525 758 
0.147 973 -179 -328 

K4 0.198 -418 -796 354 
0.159 -471 2 -821 
0.147 777 -606 -446 

Crl 0.146 107 -847 540 
0.138 -783 364 640 
0.126 -613 -387 . -54 7 

· Crl-Cr2 -765 117 -558 

Cr2 0.142 -690 -395 612 
0.135 177 560 747 
0.125 -701 728 -260 

Cr3 0.148 257 567 701 
0.140 -431 -557 713 
0.124 -865 607 - 22 

· Cr3-Cr4 -885 576 170 

Cr4 0.147 -340 -489 -712 
0.134 192 727 -658 
0.124 -921 482 244 

OBl 0.189 -601 212 845 
0.149 794 93 476 
0.139 - 87 973 -243 

Crl-OBl -686 570 -483 
Cr2-0B1 665 361 502 

011 0.207 -241 -362 916 
0.172 684 -804 -190 
0.143 689 471 352 

Crl-Oll 569 624 331 

(continued next page) 
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TABLE 5-8 (Continued) 

Princip~l Axes Analysis for Anisotropic Temperature Factors 

R.M.S. 
Atom Displacements 

021 

012 

023 

013 

022 

OB;3 

031 

041 

032 

0 

(A) 

0.238 
0.202 
0.150 

0.206 
0.181 
0 .129 

0.225 
0.163 
0.149 

0.236 
0.175 
0.145 

0.191 
0.177 
0.142 

0.219 
0.160 
0.135 

0.229 
0.199 
0.135 

0.213 
0.190 
0.152 

0.207 
0.202 
0.160 

Associated 
Direction 

Cr2-021 

Crl-012 

Cr2-023 

Crl-013 

Cr2-022 

Cr3-0B3 
Cr4-0B3 

Cr3-031 

.Cr4.-041 

Cr3-032 

Direction Cosines (xl0 3) 
With Respect To 

a b c 

-605 
474 

-640 
-602 

201 
818 
540 
561 

52 
-998 
- 22 

482 

181 
-966 
-184 
-435 

-622 
422 

-660 
-534 

460 
-161 

873 
-722 

866 

4 70 
-381 

796 
.. 732 

63;i 
309 

-709 
-572 

659 
740 
133 
341 

- 87 
634 
768 
757 

788 
42 

-614 
-644 

867 
194 

-459 
-585 

-793 
109 

-599 
-510 

154 
-861 
-486 
-555 

815 
102 

-570 
563 

-470 

805 
334 

-490 
-292 

463 
-854 

236 
385 

-658 
272 
702 
545 

842 
451 

-294 
-371 

-572 
458 

-681 
-639 

-495 
102 

-863 
-735 

-599 
-150 

787 
751 

-710 
-428 

559 
630 

- 72 
993 

98 
572 
267 

-155 
908 
390 
576 

450 
469 
760 
80 8 

-540 
462 

-703 
-774 

(continued next page) 
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TABLE 5-8 (Continued) 

Principal Axes Analysis for Anisotropic Temperature Factors 

R.M.S. Associated Direction Cosines (xlO 3) 
Atom Displg.cements Direction With Respect To 

(A) a b c - -
043 0.209 111 492 820 

0.168 859 -595 97 
0.146 500 635 -565 

·cr4-043 198 732 -649 

033 0.221 193 99 -991 
0 .192 938 -441 52 
0.160 -287 -892 -121 

Cr3.,;.033 -352 -792 -328 

042 O·. 216 -102 540 -840 
0 .192 870 . -479 -415 
0.157 -482 -692 -348 

Cr4-042 -487 -621 -453 



TABLE 5 ... 9 

Comparison of Cell Constants and Space Groups 

0 0 0 

a (o) 8 (0) y (0) Material . Space Group a(A) b (A) c(A) Reference 

K2cr2o7 
(C~) Room Temp. Pl { 13 .37 7.38 7.44 90.75 96.21 97.96 This Work 

1 13.47 7.41 7.49 90.85 96.22 98.00 K and S (45) 

5 13.40 7.40 7.52 90.84 96.17 98.00 K ,I and B (53) 
High Temp. P2 1/n(C 2h) 13.45 7.52 7.55 90 91.68 90 K and S (45) 

~260°c 6 Room Temp. C2/c (C 2h) 13.06 7.37 7.43 90 91. 85 90 K and S (45) 
Metastable 5 z cf.. P Form P2 1/a(C2h) 12.94 7.35 7.47 90 91.92 90 Z and P (61) 

(NH 4) 2cr2o7 
6 

C2/c (C 2h) 13.26 7.54 7.74 90 93.20 90 B and W (49) 

K2S207 
6 

C2/c (C2h) 12.35 7.31 7.27 90 93.12 90 L and T (3) 

K2cH 2 (S0 3) 2 
6 C2/c (C2h) 12.56 7.77 7.25 90 90.50 90 T (24) 

K2NH(S03) 2 
6 

C2/c (C2h) 12.43 7.46 7.18 90 91.18 90 C and J (60) 

Rb 2cr2o7 
(C~) Room Temp. Pl 13.49 7.65 7.74 86.13 98.43 91.00 K and S (45} 

l. 

Room Temp. 5 P21/n(C2h) 13.62 7.62 7.67 90 93.37 90 K and s (45) 

~ 
w 

ca2P 2o7 
.a. 

(C2) 8-Form P41 24.14 6.68 6.68 90 90 90 w (62) 
4 
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related to triclinic K2cr2o7 • Structures have now been 

determined for all but P2 1/n and C2/c K2cr2o7 , and the two 

Rb 2cr2o7 forms. Detailed comparisons of the known 

structures suggest possible forms for those of other 

symmetries yet to be solved. The solved C2/c structures 

are all quite similar and it is probable that the unsolved 

C2/c form of K2cr2o7 is isostructural with the known ones. 

The K2cr2o7 room temperature structure determined by 

Zhukova and Pinsker (61) for thin film crystals using 

electron diffraction is completely different from any 

other known structure in the table. If their structure, 

cell, and space group . are correct , this might correspond 

to a fourth form of K2cr2o 7 . Since there is a systematic 

pattern in all the other known structures, the Zhukova and 

Pinsker structure is somewhat suspect. Because of its 

dissimilar nature it is not a useful example to discuss 

in the comparisons which. follow. 

5.5 B Relation to the Monoclinic C2/c Structures 

Five of the structures listed in Table 5-9 have 

space group C2/c. Fig. 5-7 compares the symmetry elements 

in C2/c to three other centrosyrrunetric subgroups useful 

in the following 

5 P21/n (c2h) , and 

discussions. These in~lude monoclinic 

- 1 - 1 triclinic Cl (C.) and Pl (C.). 
l l 

Fig. 5-8 compares the [001) and [010) projections 

of a typical C2/.c structure with similar projections of 
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Space group comparison. The International Table 
symbol convention ( 4, ·::ables 4 .1. 6 and 4 .1. 7) has 
been used to describe those symmetry elements 

present in each case. 
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FIGURE 5-8 

Comparison of C2/c and Pl Structures: 

(a) C2/c down ;::_, 

. ··(b) C2/c down b 1 •. 
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FIGURE 5-8 (continued) 

Comparison of C2/c and Pl Structures: 

(c) Pl down .~.' 

(d) Pl down b. 
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Pl K2cr2o7 . Both structures can be described in terms of 

rows of cations and anions interlocking backbones to form 

* layers which stack perpendicular to a • This has been 

the descriptive approach used in Sec. 5.4 B and it can be 

followed again to describe the C2/c structure. 

Layer I in C2/c is formed by two rows, A and B, 

which interlock backbones in a manner similar to Pi. Each 

row of anions and cations is similar to the row shown 

in Fig. 5-5. However in C2/c the two halves of each anion 

in a row are related by a 2 fold symmetry axis with the brid-

ging atom restricted to lie on the symmetry axis. These 

2 fold axes also relate pairs of cations in each row. When 

two of these rows A and B interlock backbones, there is 

a c glide operation as well as a centre of symmetry 

relating the two rows. The 2 fold axes and c glide 

planes in C2/c ensure that each row is centred in the plane 

of £ and £ 1 and also ensure that the backbones of one row 

fit exactly in the centre of the troughs between the 

backbones of the next row. Hence no pairing of anions is 

possible in C2/c. This is in contrast to Pi where there 

is a sliding of the backbones of one row along the trough 

direction and a translation along the row direction (compare 

layers I for Figs. 5-8 (b) and (d)). The essential differ

ence between Pl layer I and C2/c layer I is that C2/c has 

2 fold axes and c glide planes which Pi does not have. Only 

th• inveraion centres within the layer are common to C2/c 
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and Pl(see Figs. 5-7 (a) and (d) ) . 

In C2/c there is a second layer, II, which is re

lated to layer I by the C centering. The C 'Centering requires 

that layer II be identical to layer I. It also requires 

that the rows which interlock backbones to form layer II must 

.run along the same direction as those rows forming layer I. 

The Pl layer II, while quite similar to layer I, is not 

identical by symmetry to layer I and the rows forming layer 

II run approximately at right angles to those forming layer I. 

The Pl layer arrangement does not even exhibit an approximate 

C centering. Hence the arrangement of adjacent layers is quite 

different for the C2/c and PI structures and seems surprising 

in view of their many similarities. An explanation follows 

of how this large difference can occur between the layer arrange

ments of the C2/c and Pl structures. 

It has already been pointed out above that the 2 fold 

axes and c glide planes in C2/c produce small but distinct 

differences between the C2/c and PI type layers. Fig. 5-9 (a) 

shows the appropriate views of the Pl layers for comparison 

with the [001) C2/c projection, and Fig. 5-9 (b) shows those 

for comparison with the [010] C2/c projection. The latter 

comparison especially illustrates how the absence of.2 fold axes 

and c glide planes in both of the PI layers results in a close 

pairing of cr2o7 ions. This close pairing observed for 

both of the crystallographically distinct PI layers is a 

key point in explaining how the 90° relationship between 
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adjacent layers can occur. 

Fig. 5-10 illustrates. qualitatively how the packing .of 

adjacent l~yers ca~ occur so differently in the C2/c and Pl 

structures. These diagrams show P.rojections perpendicular 

to the layers. They show for each of (a) C2/c and (b) Pl: 

(i) how the atoms are arranged on the front face of layer I, 

and (ii) how these are overlapped by the atoms on the back 

face of layer II. Each layer face consists of an approxi

mately planar arrangement of red oxygen and green potassium 

atoms. Those oxygen atoms belonging to the same dichromate 

ion appear in contact. Each such oxygen pair contains one 

terminal backbone oxygen and one foot oxygen. The remaining 

feet and bridging oxygen atoms of the anions lie within 

the layers and are not shown. 

Fig. 5-10 (a) (i) shows the front face of layer I for 

C2/c. The rows A and B which run along c are marked. The 

contact A:B shows the interlocking backbones while the 

contact B:A shows the arrangement of adjacent planes of 

potassium atoms and feet oxygen atoms. It is important here 

to notice that across the contact B:A there is formed along 

S a zig-zag chain of equally spaced K atoms related by one 

of the c glide planes. Between such chains are parallel 

zig-zag chains of equally spaced oxygen atom pairs belonging 

to interlocking dichromate groups, again related by a c 

glide plane. In C2/c layer II is identical to layer I and 
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(a) C2/c (b} Pl 

* (i) Projection down a showing front face of layer I 

A 8 A 

(ii) Back face of layer II overlapping front face· of Layer I 

c. 
c 

-------+b -----b 

FIGURE 5-10 

Comparison of C2/c and Pl adjacent layer packing 
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the back face of layer II is identical to the inversion 

of the front face shown for layer I. Fig. 5-10 (a) (ii) 

shows how layer II overlaps layer I with the zig-zag 

chains of equally spaced K atoms on the·back face of layer II 

fitting over the zig-zag chains of equally spaced· oxygen 

atom pairs in the front face of.layer I, and vice versa. 

This overlap arrangement is a reasonable one since one 

expects to find contacts between potassium ions and the 

oxygens of the dichromate ions when the two layers pack 

adjacent to one another. Since the two types of zig-zag 

chains must be parallel when they overlap, the orientation 

of layer II is the same as that of layer I in the C2/c 

crystal structure. 

Quite a different situation arises in Pl. Fig. 

5-10 (b) (i) shows the front face of Pl layer I for 

comparison with Fig. 5-10 (a) (i). Similar zig-zag chains 

of K atoms and of oxygen atoms running along ~ are formed 

across the row contacts. However in Pl the 

close pairing allowed through the absence of the 2 fold 

axes and c glide planes results in one member of any chain 

being displaced closer to one of its neighbouring members. 

With such displacements it becomes possible to pick out 

other zig-zag chains of unequally spaced K and o atoms 

running along b. 

Since layer II is nearly identical to layer I, it 
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too will possess on its faces two .different directions in 

which zig-zag chains can be found. Assuming that Pl layer 

II will make contact with layer I by aligning zig-zag K 

atom chains over chains of oxygen atoms, there are now seen 

to be two orientations for which layer II might accomplish 

this. Briefly, these two ways are: (A) K chains along c 

over oxygen chains along c, and (B) K chains along b over 

oxygen chains along £· 

Case (A) would result in at least an approximate c 

centering relation. between layers I and II. Case (A) could 

also arise with an.n glide relation since the approximate 

c glide within the Pl layers plus an n glide combine .to 

give an approximate C centering. 

The structure analysis of K2cr2o7 at room temperature 

indicates that case (A) is not observed. Case (B) on the 

other hand would give the Pl structure an apparent inter

change in the roles of the unit cell b and c axes for the 

two different layers. This approximate 90° relation is 

found in the Pl K2cr2o7 structure determination. Fig. 5-10 

(b) (ii) shows this observed overlap arrangement. The 

comparison of the two different layer structures has led to 

an understanding of how two quite different overlap arrange-

. ments can occur, and these ideas will be used in Sec. 5.5 c 

to speculate on the structures of other phases of K2cr
2
o

7
. 
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The differences between the C2/c. and PI structures 

can be summarized as an absence in PI of the ·followi~g C2/c 

symmetry elements: 2 fold axes, c. glide planes, C centering, 

n glide planes, 21 fold screw axes, and the second class 

of inversion centres (i.e. the ones between layers, see Fig. 

5-7). Only the first class of inversion centres remains. 

The absence of the last four elements in this list result 

in quite drastic changes in the way layer II is arranged 

with respect to layer I. The absence of 2 fold axes and c 

. glide planes produce less drastic differences within 

individual layers, but their absence nevertheless results 

in the close pairing which in turn allows adjacent Pl 

layers to stack with different orientations. 

While case (B) contacts are observed in triclinic 

K2cr2o7 , it is certainly possible that similar triclinic 

compounds might show case (A) contacts with C or n symmetry 

relating adjacent layers. One other example of case (B) 

contacts has been found in the structure of S-Ca2P2o7 (62) 

which has the noncentrosymmetric tetragonal space. group P41 • 

Here, four layers per cell stack adjacent to one another, 

each at right angles to the next in.accord with the 4
1 

screw axis. Case (A) contacts occur for all the known C2/c 

·structures of Table 5-9. The choice of layer contact scheme 

is probably in delicate balance with the extent to which 

the c glide planes and 2 fold axes are missing within the 
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layers, which in turn reflects the specific anion cation 

interactions that form the layers. 

5.5 C Speculation on the Structures of Other K2cr2o7 Phases 

Klement and Schwab (45) have identified a monoclinic 

K2cr2o7 phase which is metastable at room temperature and 

has space group C2/c (C~h) or Cc (C:) . They favour C2/c on 

the basis of expected similarity to the structures of K2s 2o7 

and (NH4 ) 2cr2o7 , and there is no evidence arising from this 

present work to invalidate this choice. One might expect 

C2/c, the highest symmetry, to be the highest temperature 

phase but this need not be so. The C2/c phase is probably 

isostructural with K2s 2o7 and (NH 4 >2cr2o7 . 

Klement and Schwab have also studied the high 

temperature (~ 260°c) K2cr2o7 phase and report monoclinic 

5 P2 1/n (c 2h) symmetry. This space group is a subgroup of C2/c 

obtained by removing 2 fold axes, c glide planes and one 

set of inversion centres (see Fig. 5-7). The C centering 

which occurs as a combination of the c and n glide planes 

is also absent. 

Assuming that the P2 1/n structure also has rows of 

-2 + cr2o7 and K ions interlocking backbones to· form layers 

* which stack up a , one can speculate what the structure 

looks like using packing and syrnrnetry arguments. In P2 1/n the 

arrangement within the layers is not restricted by any c glide 

planes or 2 fold axes and the P2 1/n layers can be distorted 
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from the C2/c conf~guration. ·The n. glide planes and 21 

screw axes still relate the layers I and II and ensure that 

the rows forming adjacent layers are parallel,i.e. a type (A) 

contact between the zig-zag oxygen and potassium chains 

in adjacent faces. 

It is therefore proposed that adjacent interlocking 

rows in P21/n will show a sliding of rows along the trough 

direction and a translation along the row direction. This 

will give a close pairing of dichromate ions and potassium 

ions like that seen in the Pl layers. The extent of these 

distortions from the equally spaced C2/c arrangement is 

expected to be less than that observed in PI, and the 

choice of type (A) contacts between layer faces is favoured 

with n glide and 21 screw axes relating adjacent layers. 

Verification of these proposals must await a solution of 

the P21/n K2cr2o7 high temperature structure, or alternatively 

·' that of room temperature P2 1/n Rb 2cr2o7 since these two are 

expected to be isostructural. 

A fourth possible centrosymrnetric space group 

allowing an analogous two layered structure might be non 

- 1 primitive triclinic Cl (C.). The only symmetry elements 
1 

remaining from C2/c are the C centering and the two sets of 

inversion centres (see Fig. 5-7). With the absence of c glide 

planes and 2 fold axes within the layer, close .pairing would 

be possible. The C centering ensures that the rows forming 
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adjacent layers would be parailel. However, when close 

pairing occurs, as for PI and as speculated for P2 1/n, the 

zig-zag chains on the layer faces begin to resemble zig-zag 

ridges and valleys due to the sliding of the backbones of 

one row along the trough direction of the 'interlocking 

row. If any sliding is present, the C centering tends to 

put zig-zag ridge of layer II on top of zig-zag ridge of 

layer I and valley opposite valley. This would produce open 

regions between adjacent layers and would not be a favourable 

packing arrangement. The n glide relation as in P21/n does 

allow ridges to overlap valleys and seems preferable to 

any cI form. If this objection to cI were overcome by 

limiting the amount of sliding, the structure reapproaches 

the high symmetry C2/c type of arrangement. Hence the 

speculated cI structure, while possible, seems less likely 

.than either the proposed P21/n form or the observed Pl form. 

No reports on the existence of any cI form are known to the 

author. 

A comparison of the packing schemes in Pl K2cr
2
o7 and 

in P41 s-ca2P2o7 (62) shows considerable similarity. The 

structure of s-ca2P 2o7 also has layers formed by rows of Ca 

and nearly eclipsed pyrophosphate ions interlocking backbones. 

These layers are reported to have local non crystallographic 

centres of symmetry. The layers are related to one another 

by a 41 screw axis giving an exact 90° rotation between ad

jacent layers. Because the 41 screw axis requires four layers 
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per unit cell, the ~ axis is twice as long as in the 

corresponding two layer packing arrangements (see Table 5-9}. 

In view of the similarities in their general packing 

schemes, it might even be possible for a dichromate 

.structure to occur with the a-ca2P2o7 P4
1 

type arrangement, 

but no form with this space group has yet been reported. 

5. 5 D Discus·sion of the Dichromate Ion 

-2 A preliminary description of the cr2o
7 

ions and 

their symmetry appears in Sec. 5.4 A. It remains to.discuss 

the observed stereochemistry for the dichromate ion in Pl 
-2 K

2
cr2o7 and to compare it with the pyrosulfate ion, s 2o7 , 

as found in C2/c K2s2o7 . This comparison is not ideal 

since the data comes from two structures with different 

symmetries and packing arrangements. The dichromate ion in 

C2/c (NH 4} 2cr2o7 (49} with c 2 crystallographic symmetry is 

unfortunately not known with sufficient accuracy to make its 

inclusion in the comparison very meaningful. Some points 

of comparison may also be made between the dichromate ion 

-4 and the pyrophosphate ion P 2o7 geometry found in 

a-ca2P 2o7 (62). The latter comparison however cannot be 

representative of all pyrophosphate ion geome.tries since 

they have been found with quite different configurations 

in other structures (63}. 

-2 The bond lengths and angles in cr2o7 have been 

listed in Table 5-5. The two crystallographically distinct 
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dichromate ions have been found with twists of 5° and 10° 

away from an exactly eclipsed configuration when viewed 

along the Cr-Cr directions (see Fig. 5-3). In C2/c the 

-2 s 2o7 ion only has crystallographic symmetry c
2 

but is 

within experimental error of being exactly eclipsed and 

having c2v symmetry. The pyrophosphate ions in S-Ca2P 2o7 

are found with slight twists away from an exactly eclipsed 

configuration. 

It is difficult to say with certainty whether the 

twisting of the dichromate ion is a property of the free 

ion itself, or whether the effect is a distortion away from 

an eclipsed configuration caused by external forces on the 

ion in the crystal packing. The fact that the K-K vectors 

do not coincide with the backbone directions in Fig. 5-9 

(a) and (b) might explain the twisting of the dichromate 

groups. By the same argument one might expect the same 

twisting for the ions in a C2/c structure. None is found 

for the C2/c x-ray structures involving sulfur compounds 

since they show c 2v symmetry within experimental error. 

The ammonium dichromate structure is not accurate enough 

to examine this proposal for a C2/c dichromate ion. Although 

no free ion data tis available for cr
2
o

7
- 2 a crystal packing 

explanation seems necessary to explain the two different 

angles of twist observed for two distinct dichromate ions. 

Certainly the pyrophosphate ion twisting is variable among 

tsome work has been done (67) but no data on twisting 
is reported. 
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different structures~ Chlorine heptoxide molecules, c12o 7 

however show a twist of about 15° from an eclipsed conf-

iguration even in the gaseous state (51). 0-0 and Cl-0 

repulsions between opposite halves of the molecule are 

suggested as the cause of this effect in c12o7 • 

The dichromate ion has been observed with Cr-0-Cr 

bridging angles of 124.0 ± 0.1° and 127.6 ± 0.2° compared 

to 124.2 ± 0.5° for the S-0-S bridge angle, and 130.5 ± 0.8° 

and 137.8 ± 0.8° in the S-Ca2P 2o7 pyrophosphate ions. 

The two different angles for the dichromate ions aga_in 

probably arise from· different forces in the crystal packing. 

For each dichromate ion, the two bridge Cr-0 bon~s are 
+ 0 

equal within experimental error (mean 1.786 - .008 A) as are 

the terminal Cr-0 bond distances (mean 1.629 ± .010 A). 
The bridge S-0 distances in the pyrosulfate ion are equivalent 

by symmetry and again the terminal s-o bonds seem equal 

within experimental error. Comparison of the bond angles, 

however, reveals some different features for the stereo-

chemistry of these two ions. 

Table 5-10 compares these angles along with data 

for other C2/c structures with analogous ions containing 

-2 -2 sulfur, namely CH 2 Cso3 ) 2 (24) and NH(So 3) 2 (60). The 

first three sets of angles involve the bridge atom and 

all show a decrease from tetrahedral in the pyrosulf ate 

type ions, whereas they remain close to tetrahedral for the 
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TABLE 5-10 

Comparison of Angles (0
) for Related Anions Involving 

Sulfur and Chromium 

Analogous Angle PI Pl C2/c C2/c C2/c 
Names Used in Cr2o7 

I Cr2o7 
II 8207 CH

2
(so

3
)

2 NH(S0 3) 2 This Work 

OBi-Cri-Oil 106.l .106. 6 } 101.3 102.4 102.9 

OBi-Crj-Ojl 109.6 109.7 

0Bi-Cri-Oi2 109.4 109. 7 } 106.2 106.3 106.5 

0Bi-Crj-Oj2 108.5 111.2 

0Bi-Cri-Oi3 110.8 110 .1 1 106.l 107.3 107.0 

0Bi-Crj-Oj3 109.5 108.4 

Oil-Cri-Oi2 109.5 109. 8 } 113.6 113.2 112.8 

Ojl-Crj-Oj2 110.2 109.7 

Oil-Cri-Oi3 111.7 110. 6 } 115.5 113.8 114.0 

Ojl-Crj-Oj3 110.6 109.9 

Oi2-Cri-Oi3 109.2 110 .1 } 112.8 112.8 112.3 

Oj2-Crj-Oj3 108.4 107.9 

Cri-OBi-Crj 124.0 127.6 124.2 119.7 125.5 
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dichromate ions. The one exception for the dichromate cases 

is the backbone angle of about 106° which has been suggested 

as due to packing forces since it occurs only on the one 

end of the cr
2

o
7 

ions which protrudes the most out of the 

layers. The pyrosulfate angles analogous to this one 

exception both decrease for the two halves of the ion more 

than the other o-s-o angles to about 102° possibly for the 

same reason since each half of the ion receives equal forces 

from the adjacent layers in C2/c • On the other hand, . 

McDonald and Cruickshank (52) have recently suggested that 

these distortions are of intraionic origin. 

The second three sets of angles in Table 5-10 

involve only terminal oxygen atoms. These all open from 

tetrahedral for the pyrosulf ate types whereas they remain 

quite close to tetrahedral for chromium cases. The opening 

of the terminal o-s-o angles (and consequent decrease in 

the OB-S-0 angles) has been suggested (3) as due to repulsion 

between the three charged oxygen atoms when the fourth 

oxygen is more distant. The fact that the terminal O dis-
0 0 

tances are longer for Cr than for S (l.63 A compared to 1.44 A) 

might account for such repulsions not being as effective in 

-2 opening the terminal o-cr-o angles in cr2o 7 ions. Weaker 

repulsive forces are expected since the terminal o-o distances 
0 -2 0 

are ab9ut 2.65 A in cr2o 7 compared to about 2.43 A in 

s2o7M
2 • The sum of 0-0 van der Waals radii (2 , Table 7-20) 
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0 

is 2.80 A. Similar data for the pyrophosphate ion in 

s-ca2P2o 7 shows an opening of terminal O-P-0 angles with 
0 

terminal 0-0 distances of about 2.53 A. 

In Cruickshank's theory of bonding in tetrahedral 

arrangements (1) the presence of such angle distortions 

can result in a further increase in the n-bonding strength 

and hence a slight shortening of the bond from its value 

in a purely tetrahedral environment. This tendency has 

been described in connection with xnso4_n type ions in 

Chapter 3, particularly Table 3-5. The mean S-0 (terminal) 
. ~ 

. + 0 -2 
distance of 1.437 - .004 A (3) in the s 2o 7 type ions is a 

-2 0 
shortening from the so4 ion s-o distance of 1.49 A (1) 

as expected with the angle distortions present. However 

the mean Cr-0 (terminal) distance of 1.629 ± .010 A suggests 

that much less of a shortening occurs here from the reported 
0 -2 

1.65 A value for the cro4 ion (65). A much smaller 

shortening, if any, would be expected here since no appreciable 

angle changes have occurred from terminal oxygen rep~lsions. 
0 

The 0.02 A shortening itself may be in doubt since not much 

accurate data is available for Cr-0 distances in Cro4- 2 ions. 

In any case the observed opening of terminal o-s-o angles 

-2 in s 2o 7 ions contrasts with the nearly tetrahedral values 

for terminal O-Cr-0 angles and is a significant difference 

in the stereochemistries of these analogous sulfur and 

chromium ions. 
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The great similarity seen for the configurations 

-2 -2 of the cr2o 7 and s 2o 7 ions would suggest that Cruickshank's 

theory of TI-bonding in tetrahedral complexes is applicable as 

well to chromium in te~rahedral arrangements. A reason 

why terminal o-cr-0 angles do not open appreciably from 

tetrahedral has been suggested. The fact that they do not 

deviate appreciably from tetrahedral means that arguments 

favouring any increases in the TI-bonding strength are not 

as applicable for chromium-oxygen cases as for sulfur-oxygen 

cases. 

It can be questioned whether the closing of the 

OB-S-0 and OB-Cr-0 angle values for the backbone oxygen 

atoms results in any significant decrease in the S-0 or 

Cr-0 bonds. In the C2/c structures these values (102°) 

decr·ease from tetrahedral even more than do the OB-S-0 

(feet) angles (106.5°)· suggesting that additional distortions 

may be present~ Indeed, if any terminal oxygen atoms 

should be unique in the symmetry_ of the bonding, one 

would expect it to be the terminal backbone oxygens since 

they lie in the same plane as the longer bridge bonds 

connecting the two halves of the ion. A slight shortening 

has been detected for the unique terminal oxygen bond length 

in the pyrophosphate ion in 8~Ca2P 2o 7 (1.497 ± .011 A 
+ 0 

compared to 1.529 - .016 A). Similar differences may also 

exist in the K2s 2o 7 pyrosulfate ion, but experimental errors 

make any such trend in the data uncertain. No significant 
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differences among the terminal Cr-0 bond lengths are noted. 
0 

The short Cr2-021 distance of 1.602 A seems unique but this 

can be explained by the fact that 021 only has one potassium 
0 

ion contact less than 3,25 A. 

The occurrence of angle distortions for these 

unique oxygen atoms solely for one half of each dichromate 

ion (angles OBl-Crl-011 and OB3-Cr3-031) correlates with 

the fact that 011 and 031 protrude from the layers while 021 

and 041 do not. This suggests that the angle effect is due 

to external forces arising from the crystal packing rather 

than internal forces of bonding within the ion. From analogy 

with the gaseous c1 2o 7 results (51), McDonald and Cruickshank 

(52) have suggested these distortions to be intraionic 

effects. They describe the distortion as a tilt of the 3 

fold axis of the so3- group away from the OB-S direction, 

and cite this as an example of bent x-o (bridge) bonds (64). 

The less accurate structure determination of tri-

clinic K 2cr2o 7 recently reported by K~zmin, Iliukhin, and 

Belov (53) gives misleading information about the dichromate 

ion geometry. While their bridging angles of 122° and 127° 

compare reasonably well with the present results, they 
0 0 

report bridging Cr-0 distances of 1.72 A and 1.85 A in one 
0 0 

ion, and l.74 A and 1.84 A in the other. Terminal cr-o 
0 0 

distances likewise show wide spreads of 1.53 A to 1.68 A 
0 

in one ion, and 1.51 to 1.63 A in the other. Similar wide 



159 

spreads among bond lengths were observed in early stages 

of the present refinement, even with an agreement index R as 

low as 0.12 or so, and particularly_when refinement was 

attempted with only portions of the intensity data included. 

-2 Hence these discrepancies in cr2o7 ion stereochemistry 

may be attributed simply to the lower accuracy available 

in the structure refinement of these other authors. 



CHAPTER 6 SUMMARY 

Cesium methylsulfonate crystallizes in space group 
0 

Pnma with cell constants a= 9.526, b = 6.264, and c = 8.692 A. 

Three dimensional x-ray diffraction intensity data have 

been collected photographically and the solved structure has 

been refined by least-squares procedures to give a weighted 

agreement index (R) of 0.12. All but the hydrogen positions 

were determined in the structure analysis. The structure 

is related to, but is not identical with, that of the 

isoelectronic compound barium sulfate. A comparison of these 

two structures has indicated.the differences in crystal· 

packing arising from the differences between the methyl-

sulfonate and sulfate ions. The methylsulfonate ion has 

been found within the accuracy of this analysis to have 

+ 0 + 0 c3v symmetry with s-o = 1.47 - 0.02 A, s-c = 1.85 - 0.04 A 

+ 0 (both corrected for thermal motion) , o-s-o = 112 - 1 , and 

o-s-c = 107 't 2°. The stereochemistry of the methylsulfonate 

ion has been compared with that of a series in which methyl 

groups are substituted for the oxygen atoms of a sulfate ion. 

The results for the methylsulfonate ion and for other members 

of this series are in accord with the predictions of 

Cruickshank (1) about the nature of the bonding in groups 

of this type with sulfur as the central atom. This work on 
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the structure determination of cesium methylsulfonate has 

recently been published elsewhere (31). 

A rerefinement of two independently measured sets 

of room temperature intensity data for lithium hydrazinium 

sulfate failed to resolve some slight differences between 

the two reported x-ray structures. In addition to allowing 

for anisotropic thermal motion of all the large atoms, some 

attempts were made to refine hydrogen atom positions with 

the x-ray data but these latter efforts were inconclusive. 

Above 160°c the observed systematic absences together with 

the structure analysis show.that the space group is Pbn2 1 , 

and hence remains the same as that of the room temperature 

structure. The high temperature structure refinement indicated 

that no very significant changes occur from the room tempera

ture structure for the heavy atom positions. Although 

sample deterioration at high temperatures prevented the 

collection of very accurate intensity data, the accuracy 

available ought to have shown any changes which might occur 

above 160°c in the positions ·of these large atoms. If the 

structure above 160°c should be distinctly different from 

the room temperature structure, it must differ primarily in 

the hydrogen configurations, which could not be observed, or 

possibly in the nitrogen or lithium atom z coordinates which 

could not be too accurately determined with the available 

high temperature data. 
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The crystal structure of triclinic potassium 

dichromate has been solved using single crystal x-ray 

diffraction techniques. The cell constants are a = 13.367, 
0 

b = 7.37~ c = 7.445 A, a = 90.75~ B = 96.21~ and y = 97.96° 

with four formula units per cell. Anomalous dispersion 

experiments and least squares refinement of three dimensional 

intensity data to an agreement index R of 0.054 have 

confirmed the space group to be centrosymrnetric Pl. The 

structure can be described in terms of rows of potassium 

and dichromate ions fitting together to form layers which 

stack next to one another parallel to the (100) face. 

The solved structure is similar in some ways to monoclinic 

C2/c structures like ammonium dichromate and potassium 

pyrosulfate, but distinct differences are observed particularly 

in the way in which adjacent layers in the two types of 

structure stack next to one another. Through detailed 

examination of the C2/c and Pl layers, an explanation has 

been proposed as to how both the C2/c layer arrangement and 

the Pl layer arrangement (with its 90° relation between 

layers) can each occur. Ideas arising from this explanation 

suggest possible structures for other phases of potassium 

dichromate and some predictions about these forms have been 

given. The dichrornate ion has been described as two cro4 

tetrahedra sharing one corner oxygen atom. Small distortions 

have been detected which prevent the ion from having exact 



c2v or _even c2 symmetry. The Cr-o (bridge) bonds are 

equivalent (1.786 ± 0.008 A) as are the Cr-0 (terminal) 
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+ 0 
bonds (1.629 - 0.010 A) within experimental errors. The 

Cr-0-Cr bridging angles are 124.0 ± 0.1° and 127.6 ± 0.2° 

for the two crystallographically distinct ions. The O-Cr-0 

angles are essentially te~rahedral (109.5°). A comparison 

has been made with other similar ions where sulfur occurs 

in place of chromium. A discussion is presented on the 

possibility that Cruickshank's theory, which has previously 

been used to explain the bonding in these ions involving 

sulfur, might also be applicable for cases involving chromium. 

A preliminary report of this work on the structure of 

triclinic potassium dichromate has previously been presented 

elsewhere (66). 



APPENDIX I 

THE SCATTERING FACTOR FOR A SPHERICALLY SYMMETRIC 
ATOM ROTATING ABOUT AN AXIS 

In cesium methylsulfonate and lithium hydrazinium 

sulfate, contributions to the structure factors have been 

calculated for hydrogen atoms using a dynamic model for the 

CH 3 groups and the NH 3 portion of the N2H5 groups. The 

structure factor contribution from each such hydrogen atom 

rotating about an axis at radius r from a centre (x ,y ,z ) c c c 

is ( 5, Section 6. 3. 3. 6) 

where t.is the distance in the reciprocal lattice from the 

point (h,k,t) to the axis through the origin parallel to 

the axis of rotation, and fH(hkt) is the usual scattering 

factor for a hydrogen atom. J
0

(x) is the zeroth order Bessel 

function of the first kind given by 

i.e. 

J (x) = 
n 

00 

! 
k=O 

(-l)k xn+2k 
2k. (n=0,1,2 ..• ) 

2n+ k ! (n+k) ! 

oo (-l)k x2k 
Jo(x) = ! 2k 2 

k=O 2 (k!) 

Hence the contributions from these rotating hydrogen atoms 

may be included in eqn. [2-3) by replacing the scattering factor 

fi(hkt) by fH(hkt) J
0

(2Titr) with the desired values oft 
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and r, and using the coordinates (x y z ) in the exponential 
c c c 

factor. 

Padmanabhan and Balasubramanian (41) for their dynamic 

model of rotating NH 3 groups in LiHzS report using the 

hydrogen atom structure factor contribution 

f.(hkt) J (x.) 
J 0 J 

where 
4nr x. = sin 0 sin a 

J ~ 

and where a is the angle between the plane containing the 

rotating atoms and the plane of reflection. Their Bessel 

function argument x. so defined agrees with the argument 
J 

2nrt used above. However, the factor 

exp 2ni (hx
0 

+ ky + tz ) c c 

is missing in both of their quoted expressions and they fail 

to define any coordinates for the centre of the rotating 

group. Such an omission in the actual calculations would 

mean that the rotating groups had been incorrectly centred 

at the unit cell origin. On the other hand, this omission 

could well be a misprint. 



H K L 

0 2 0 
0 4 Q 
0 6 0 
0 8 0 
0 10 0 
1 1 0 
1 2 0 
1 3 0 
1 5 0 
1 6 0 
1 7 0 
1 8 0 
1 9 0 
1 10 0 
2 0 0 
2 1 0 
2 2 0 

2 4 0 
2 5 0 
2 6 0 
2 7 0 
2 9 0 
2 10 0 
3 1 0 
3 2 0 
3 3 0 
3 4 0 
3 5 0 
3 6 0 
3 7 0 
3 8 0 
3 9 0 
3 10 0 
4 0 0 
4 1 0 
4 2 0 
4 3 0 
4 4 0 
4 5 () 

APPENDIX II 

OBSERVED LiN2H5so 4 STRUCTURE FACTOR DATA OF 

VAN DEN HENDE AND BOUTIN (43) 

FO H K L FO H K L FO H K L FO 

20 4 6 0 54 9 7 0 6 3 9 1 12 
32 4 7 0 15 10 1 0 20 3.10 1 11 
55 4 9 0 10 10 3 0 10 4 1 1 10 
14 4 10 0 15 10 5 0 18 4 2 1 23 
15 5 1 0 14 0 2 1 61 4 3 1 8 
30 5 2 0 35 0 4: 1 29 4 4 1 32 
38 5 3 0 18 0 6 1 11 4 5 1 6 
66 5 4 0 15 0 8 1 20 4 6 1 26 
42 5 5 0 7 0 10 1 7 4 8 1 26 
10 5 6 0 9 1 0 1 41 4 10 1 12 
13 5 7 0 6 1 1 1 40 5 0 1 34 
19 5 8 0 25 1 2 1 33 5 1 1 25 
19 5 9 0 23 1 3 1 7 5 2 1 25 

7 5 10 0 16 1 4 1 11 5 3 1 21 

15 6 0 0 10 1 5 1 14 5 4 1 10 

61 6 1 0 39 1 6 1 21 5 5 1 6 
9 6 2 0 8 1 7 1 22 5 6 1 36 

15 6 3 0 11 1 8 1 18 5 7 1 16 
37 6 4 0 9 1 9 1 14 5 9 1 16 
18 6 5 0 35 1 10 1 11 5 10 1 10 
29 6 6 0 12 2 l 1 65 6 2 1 17 

8 6 7 0 22 2 2 1 19 6 3 l 29 

12 6 9 0 10 2 3 1 22 6 4 1 13 
26 7 4 0 25 2 4 1 18 6 5 1 15 
46 7 5 0 20 2 5 1 28 6 6 1 10 

5 7 7 0 12 2 6 1 14 6 7 1 20 
4 7 8 0 10 2 7 1 29 6 8 1 16 

15 7 9 0 10 2 8 1 5 6 9 1 13 
8 8 0 0 39 2 9 1 23 6 10 1 4 

30 8 1 0 4 2 10 1 7 7 0 1 16 
32 8 2 0 29 3 0 l 32 7 1 1 27 
10 8 4 0 11 3 1 1 25 7 2 1 21 
11 8 6 0 21 7 3 l "7 

3 2 1 24 I 

30 8 8 0 5 3 3 1 16 7 4 1 12 
7 9 2 0 21 · 

~ % ! ~~ 
7 5 1 15 

18 9 3 0 27 7 6 1 9 

26 9 4 0 15 3 6 1 25 7 7 l 2U 
30 9 5 0 9 3 7 1 17 7 8 1 5 
15 9 6 0 7 3 8 1 14 7 9 1 5 
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H K L FO 

8 1 1 2 
8 2 1 30 
8 3 1 7 
8 4 1 19 
8 5 1 10 
8 6 1 4 

8 7 , 10 ... 
8 8 1 22 
9 0 1 33 
9 1 1 12 
9 2 1 3 
9 4 1 5 
9· 5 1 20 
9 6 1 17 
9 7 1 8 

10 1 ' 9 J. 

10 3 1 19 
10 I+ 1 3 
10 5 1 6 

0 0 2100 
.o 2 2 39 
0 4 2 22 
0 6 2 26 
0 8 2 10 
0 10 2 28 
1 , 2 10 ... 
1 2 2 13 
1 3 2 22 
l 4 2 18 
1 5 2 16 
1 6 2 13 
1 7 2 ?6 
1 8 2 23 
1 9 2 9 
2 0 2 31 

.2 l 2 21 
2 2 2 L;. 

2 3 2 14 
2 4 2 11 
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H K L FO H K L FO H K. L FO .H K L FO H K l FO 

2 5 2 22 7 7 2 17 4 5 3 3 2 0 4 10 l 1 5 5 

2 6 2 13 7 8 2 15 4 8 3 15 2 1 4 29 1 2 5 3 

2 7 2 12 8 0 2 14 5 ·O 3 31 2 2 4 7 1 3 5 4 

2 8 2 12 8 1 2 7 5 1 3 31 2 3 4 5. 1 4 5 9 

2 9 2 18 8 2 2 10 5 3 3 2 2. 4 4 6 1 5 5 7 

2 10 2 8 8 4 2 14 5 4 3 4 2 5 4 18 1 6 5 18 

3 1 2 16 8 5 2 6 5 5 3 9 2 7 4 16 1 7 5 7 

3 2 2 15 8 6 2 14 5 6 3 17 2 8 4 8 2 1 5 17 

3 3 2 16 8 7 2 9 5 7 3 15 2 9 4 .8 2 2 5 4 

3 4 2 14 9 2 2 16 5 8 3 6 3 1 4 8 2 3 5 6 

3 5 2 17 9 3 -2 10 5 9 3 2 3 2 4 25 2 4 5 4 

3 6 2 0 9 4 2 13 6 1 3 10 3 3 4 14 2 5 5 7 

3 7 2 21 9 6 2 4 6 2 3 2 3 4 4 11 2 6 5 6 

3 8 2 28 10· 0 2 10 6 3 3 '22· 3 5 4 15 2 7 5 20 

3 10 2 8 10 1 2 15 6 4 3 8 3 6 4 9 3 0 .5 8 

4 0 2 28 10 2 2 8 6 5 3 13 3 7 4 16 3 1 5 5 

4 1 2 15 10 3 2 9 6 6 3 3 3 8 4 13 3 2 5 5 

4 2 2 17 10 4 2 3 6 7 3 ?3 3 9 4 7 3 4 5 5 

4 3 2 11 0 2 3 l+O 
. 

6 8 3 11 3 5 5 14 4 0 4 46 
4 4 2 17 0 4 3 13 7 0 3 13 4 1 4 4 3 6 5 6 

4 5 2 5 0 6 3 16 7 1 3 13 4 2-4 12 3 7 5 10 

4 6 2 37 0 10 3 11 7 2 3 13 4 3 4 7 4 1 5 3 

4 7 2 17 1 0 3 .32 7 3 3 10 4 4 4 6 4 2 5 8 

4 8 2 10 1 1 3 2c 7 4 3 12 4 6 4 27 4 4 5 13 

4 9 2 6 1 2 3 25 7 5 3 17 4 7 l+ 7 4 6 5 8 

4 10 2 17 1 3 3 8 7 6 3 12 5 1 4 8 5 0 5 28 

5 1 2 6 1 4 3 13 7 7 3 11 5 2 4 l'+ 5 1 5 4 

5 2 2 19 1 5 3 16 8 1 3 2 5 3 4 19 5 2 5 3 

5 3 2 15 1 ·6 3 22 8 2 3 18 5 4 4 13 5 3 5 7 

5 4 2 12 1 7 3 12 8 3 3 4 5 5 4 8 5 5 5 6 

5 5 2 5 1 8 3 5 8 4 3 16 5 6 4 3 6 1 5 5 

5 6 2 7 1 9 3 13 8 5 3 2 5 7 4 4 6 2 5 6 

5 7 2 7 1 10 3 6' 8 6 3 6 6 0 4 2 6 3 5 12 

5 8 2 19 2 1 3 45 9 0 3 22 6 1 4 13 6 4 5 6 

5 9 2 12 2 2 3 11 9 1 3 9 6 2 4 6 7 0 5 4 

5 10 2 11 2 3 3 22 9 2 3 1 6 5 4 26 0 0 6 28 

6 1 2 14 2 5 3 23 9 3 3 1 4 0 
.., 

6 3 
6 6 6 t'.. 

6 3 2 4 2 6 3 10 9 4 3 8 6 7 4 13 0 4 6 9 

6 4 2 6 2 7 3 17 0 0 4 '40 7 1 4 13 1 1 6 3 

6 5 2 22 2 9 3 1 I+ 0 2 4 13 7 2 4 11 
1 2 6 4 

6 6 2 11 2 10 3 6 0 4 4 14 7 3 4 4 1 3 6 11 

6 7 2 13 3 0 3 34 0 6 L+ 23 7 4 4 9 1 4 6 7 

6 8 2 10 3 1 3 32 0 8 4 10 8 0 4 9 
2 0 6 3 

6 9 2 11 3 2 3 17 1 1 L+ 5 8 l 4 4 2 1 6 19 

7 1 2 29 3 3 3 5 1 2 4 10 8 2 4 4 2 2 6 5 

7 2 2 10 3 9 3 2 2 3 6 
..., 

l 3 4 17 8 3 4 3 
(_ 

7 3 2 6 4 1 3 3 1 5 4 7 0 2 5 11 3 2 6 12 

7 4 2 9 4 2 3 32 1 6 4 6 0 4 5 9 

7 5 2 14 4 3 3 8 1 7 4 16 0 6 5 11 

7 6 2 9 4 4 3 36 1 9 4 14 1 0 5 4 



APPENDIX III 

VERIFICATION OF A RESULT USED IN SECTION 5.3 

This appendix will show the approximate equivalence 

for small ~l' ~ 2 of the intensities from the following: 

I The Pl. structure factor summation function for 

and 

the two arguments x1 = ~ + ! 1 and x2 = -~ + ! 2 each 

with unit weight 

II The PI structure factor summation function for the 
I I 

two arguments x1 = x + !l and x2 = ~ - ! 2 each with 

1/2 weight. 

Comparison will be made of the intensities arising in these 

two cases and that from a simple.PI case with argument 
I I 

x1 = x. 

Proof 

The Pl function is 

F(h) ·=A+ iB =I w
1
. [cos 2w X .. h + i sin 2w X .. h] 

i -1 - -1 

The Pl function is 

F(h) = A= I w. [2 cos 2w X. •h] 
i 1 -1 -

Case I gives 
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Case II gives 

F(h) =COS 2TI (~ + !l)•h 

+ COS 2TI (~ - ! 2) •h 
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Since cos z =· cos(-z) the difference between the two cases 

is 

When both 61 and 6 2 are small cos _61 ·h ~ cos 6 ·h, sin 6 ·h 
~~ ~-

~ ! 1 ·h,and sin ! 2 •h ~ ! 2 ·h giving a difference of only 

which is small when 6 1 and 6 2 are small. Hence the two 

cases differ by only a small imaginary term. They give 

rise to nearly equivalent intensities since the small 

difference occurs for B and the square makes little difference 

to the expression I= (A2 + B2).when Bis small itself as 

in a pseudo-centrosymmetric structure. 
I I 

The simple, Pl case for the argument x1 = x with 

unit weight gives F(h) = A = 2 cos 2TI x·h which differs only 

in the A term from cases I and II by a factor of 

~ (cos 2TI!1 ·h +cos 2TI ! 2 ·h). ·While this factor is close 

to unity for small 6
1

, 6 2 , the difference in F(h) occurs 

now in the A term. The intensity I = (A2 + B2) is sensitive 



to even small changes in A since A is usually not small 

itself. 

170 

Hence cases I and II give nearly identical 

intensities. For non identically .zero 61 ,6 2 , both cases 

have intensities similar to but probably noticeably 

different from the simple case corresponding to the isotropic 

Pl model. These proofs have bearing on the arguments of 

Section 5.2 c. 
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