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CHAPTER 1 INTRODUCTION

The cryétal structures of the three
be described in this thesis are each of int
variety of reasons. These reasons will be
detail in the separate chapters dealing wit
tures. There is, howevef, one common featu
compounds which makes them of current inter
contain atomic groups in which either sulfu
atoms are found in at least approximate tet
coordinations.

The interest in this feature arises
Cruickshank (1) has described a mechanism f

the atoms in tetrahedral groups where the c

of si, P, S, or Cl, and the surrounding ato

materials to
rest for a
utlined in
‘their struc-
e of all three
st. They all

or chromium

ahedral

because
r m-bonding among
ntral atom is one

s are O or N.

This ﬂ—bondihg occurs in addition to the basic o-bond mechanism

which arises through the tetrahedral arrangement of sp3 hybrid

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

m-bonding orbitals are formed by the 3d.2 orbitals

of the central atom together with the appro

and 3d22
riate p orbitals

of the four surrounding atoms. If for any eason strict

tetrahedral symmetry should be lost, it is hen proposed

that the 3dx , and 3dxz orbitals can also add to

14

3d
Y yz
the w-bonding strength.

Cruickshank also discusses the



distortions from tetrahedral symmetry to be

expected when

some of the surrounding atoms are not suited to take part

in any w-bonding. This is the case for the

ion in CsCH3SO3

the oxygen atoms of a sulfate ion. LiN_H

275774
and Cruickshank has cons

S0,
sulfate ion itself,
as a basic example in developing his theory

Because sulfur and chromium are chemically s

because they both can be found with tetrahedral oxygen

the dichromate ion Cr.0. 2

coordinations, 20+

methylsulfonate -

where a methy; group has replaced one of

-contains the
idered this ion
of w-bonding.
imilar and

in potassium

dichromate might be expected to be similar to the pyro-

sulfate ion S§,0 =2 Since much of the $

277

stereochemistry can be accounted for (1) on

(3).

theory, a comparison with the Cr207_

-2 .
2O7 ion

the m-bonding

2 jon ought to indicate -

experimentally the extent to which the theory is applicable

when chromium is the central atom of a distorted oxygen

- tetrahedron.

Further discussion of the n-bonding

theory will

be postponed to later chapters where the details arise in

explaining some experimental observations.




CHAPTER 2  THEORY

2.1 Introduction

The use of x-ray diffraction as a tool to investigate
the arrangement of atoms in a crystal dates back to 1912
when an experiment suggested by P.'M. Laue demonstrated that
x-rays could be diffracted by the three dimensional periodic
array of matter in a crystal. Since that date, theory and
experimental techniques have been developed to a state far
superior to that available when tﬂe firs; few simple crystal
structures were determined. Today's students of crystallography
are fortunate to have available a large number of referénce
works and texts which describe the theory and techniques
of x~ray diffraction and crystal structure analysis (4)-(12).
Therefore this present discussion will only | outline very |
briefly the methods used. A relatively complete descrip- -

tion is presented for the least squares refinement techniques.‘

2.2 Crystal Structure Determination

In single crystal x-ray diffraction|experiments, a
monochromatic x-ray beam interacts with the electrons in a
crystal and is scattered by them. Since the eléctrons are
concentrated mainly around the nuclei of the atoms which
comprise the crystal, the scattering can be|considered to

arise from atoms and can be described in terms of atomic




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

atom present.

Since the arrangement of atoms in a

crystal is

periodic, interference of the scattered x-rays produces

diffracted beams in well defined directions,.

From the geometry

of diffraction patterns, as detected on photographic film

by special x-ray cameras, one can determine

the unit cell

parameters a b ¢ a 8 vy of the crystal lattice. The concepts

of the reciprocal lattice (with unit cell parameters

* * * * *

*
a b ¢ o B8 vy ) (7, Ch.l) and the Ewald sphere construc-

tion (7, Ch.l) are valuable in analysing'the_geometry of

these diffraction patterns. It is customary to assign to

each diffracted beam or reflection a set of

Miller indices (hk4)

corresponding to the set of lattice planes which have produced

the reflections (13, Ch.l).

From the symmetry of the diffraction patterns and

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

about the space group symmetry of the unit cell. The relative

intégrated intensities of the diffracted beams contain part

of the data necessary to determine the arrangement of atoms

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

numbers and are related to the magnitudes of

factors. The structure factors are complex
form F(hk%) = A(hke) + i B(hkt) where A and

real and imaginary parts of F and @ = tan

1B

the structure
numbers of the
i B are the

7 is the phase

of the structure factor. If both the magnitude and phase of




each structure factor were known,'it would be possible to
determine the periodic electron density p(x,y,2) in thé
unit cell according to the three dimensional Fourier series
(8,Ch.1)

p(x,y,2) = % F(hk%) exp{-27i(hx + ky + %z)} [2-1]

where x,y,z are fractional coordinates along a b ¢ and V

is the unit cell volume.

Simplifications of [2-1] are possible in which projections of
electron density are calculated. For example a projection
down b of the unit cell electron density is
=00
1

p(x,2) =% I I F(hoe) exp{- 2ri(hx + 12z)] [2-2]
h g=-o

where A’ is the area of the unit cell projection.

A direct calculation of p by {2-1] or [2-2] is not
possible since the phases of the structure factors F(hk:]
are not measurable in diffraction experiments. This lack of
knowledge is called the phase problem of crystallography.
If the structure is centrosymmetric, the imaginary part of
the structure factor is identically zero and the phase
problem reduces to a problem of determining|the sign of A.

It is common practice to devise a model for the
structure and calculate the magnitudes and phases of the
structure factors for this model. These complex numbers
Fc(hkz)usuaily involve a scale factor K and|a temperature

factor T which allows |Fc(hk2)| to be fitted to the observed




1

F,(hk%). Frequently 1/K is applied to the se
‘ N , |
F (hke) = K © £,(hke) T, (hke) exp 27i (h

where fi(hkz) is the atomic scattering facto
Ti(hkz) is the Deéye Waller temperatur
i is an index running over the N atoms
and X;y;2; are the fractional coordinates

The temperature factor

sinze

>\2

}

adjusts the calculated structure factors to

= exp {- B,

T.
1

i
thermal motion of the atoms about their mean
is an adjustable parameter for each atom and
to an isotropic root mean square displacemen

atom i according to (7, Ch.5)

B, = 81r2- u.2 .
1 R
in? *2 %2 «2
since B 2222 = 3 (n%a"" 4+ k%" 42" 4 ank

A

t Fo(hkz).

X, + kyi + zzi) [2-3]

r of atom i (7,Ch.3)
e. factor (7, Ch.5)
in a unit cell

of atom 1i.

[2-4]

account for the

B.

positions. i

can be related

t {;g}l/z of

[2-5]

* % *
ab cos y

* % * * % *
+ 2hta ¢ cosB8 + 2kg&b c cosa |}

an anisotropic temperature factor convenient
form of an ellipsoid according to

2

2 2 2
T = exp-{8,;h" + B,.k" + 8,.2% + 28, hk +‘2E

with six adjustable thermal parameters By

and 823. The directions and magnitudes of

ly takes the

130 + 28,,ke} [2-6]
B2 B33 Byp B33
the three



principal axes of theSe ellipsoids can be found and the
root mean square displacements élong these three perpendicular
directions can be calculated analogously to|[2-5].
If the magnitudes |Fc(hk2)| calculated by egn [2-3]
for the model are similar to the experimental se? Fo(hkz), then
the model is considered a ieasonable approximétion of the true
structure. The phases of the calculated Fc<hk2) may then
be used with the observed magnitudes Fo(hkz) to calculate
an electron density function. A plot of this function
or one of its projections usually suggests adjustments which
will improve the model, and the whole procedure can be
repeated.
A difference electron density function uses the co-
efficients Fo(hkz) - Fc(hkz) in place of F (hk&) in egqn [2-1],
with Fo(hkz) taking the calculated phases of Fc(hkz)'when
their magnitudes are reasonably similar. This function is a
more sensitive indicator of the changes necessary to improve
the model structure.
At each stage one can examine how well the proposed
model structure fits the observed data by calculating an

agreement index R
1/2

2
: w (|F (hke)]| - |F_(hke)]) :
R = o c [2-7]

zow |Fo(hk2,);|2.

where the summations are over all reflections (hk%) and v is

a weighting factor for each reflection customarily taken as




l/cz, where ¢ is the estimated standard error for Fo(hkz).
A decreasing R;value indicates an improved fit between observed
and calculated structure amplitudes.
A common method of initially devising é model
structure is that introduced by Patterson (14) where the
squares of the experimental diffraction amplitudes are used
as coefficients in a Fourier series
o

Tz s |F (hkz)[2 exp {-2ri(hu + kv + 2w)}{2-8]
h k g=-= ©

<I+

P(u,v,w)=

where P(u,v,w) is the Patterson function at | u,v,w and u,v,w
are fractional coordinates along a b ¢ . This Patterson

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

111 ~ ‘
v [ [ ] eo(x,v,2) o(xtu, y+v, z+w) dx dy dz
000

It will therefore have large values at positions ua + vb + wc
corresponding to vectors in the unit cell connecting regions
of large electron density. From such veétor maps a model
structure can often be found (10). For projections, say down
b, the Patterson function reduces to the form
4

p |F_(h02) | exp{-2ni(hu + gw)}  [2-9]

P(u,w) = z
h f=-o

o
where A is the area of the unit cell projection.
To obtain a set of experimental structure amplitudes

Fo(hkz) from the observed intensities I(hk%), it is necessary

to apply some geometrical correction factors. These are:




I) The Lorentz correction which compensates for variations
in ﬁhe time periods for which different crystal planes
are moving through their reflecting positions. This
factor does depend on camera geometry.

II) The polarization correction which compensates for the

fact that different polarization compone

incident beam are not scattered equally

Corrections I and II are commonly seen comb

x~-ray camera technique. The squares of the

1

Lp
is the Lorentz factor, and p is the polariz:

structure amplitudes are |Fo(hkz)|2cx I(t

4

ants of the

ined for a given

experimental

nk¢) where L

ation factor.
2

(11,Ch.7)

For unpolarized incident radiation L

2

1+ ¢
where 0 is the Bragg scattering angle of th

~O0s 20

reflection.

The Lorentz factor for various camera geometries 1is quoted

in reference (ll,ch.7).

There is another group of effects for which correc-

tions may be necessary.
{

extinction and secondary extinction (11,Ch.8).

These include absorption, primary °

Usually

"one arranges by experimental design that these effects are

small compared to the expected random error

Pl

measurements. These effects are therefore

of intensity

frequently

ignored, at least during the_preliminary stages of a

structure determination.
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2.3 Least Squares Refinement of Structure Parameters

With large memory high speed computers available,

a convenient procedure for refining a promising model

structure is a least squares analysis. 1In
one adjusts the paraméters in the model to
sum of the squares of the differences betwe
and calculated structure factors. Since the
usually contain certain unavoidable inaécur
these are usually random in nature, it is n
a least squares refinement to provide a lér
of observed data.

The steps involved in é crystallogr

refinement process will now be described.

his approach,
inimize the

n the observed
observed values
cies, and since
cessary in using

e overdeterminacy

phic least squares

or a given model

a set of structure factors is calculated according to the

function £, one for each measured reflectior

i.e. FC('I}-) = f('l}"pl)

where the vector notation h denotes the set
hkft of the reflection and where p; are the i
model. The set Py i=1.... 0N, contain tl
Bogr Bazr Byor Bygr Bogy and a multiplicity
each atom. In addition, layer scaling consf

considered as adjustable parameters and may

n hke.

of indices
barameters of the
e X,Y,2, Bll’
factor for

tants are also

be included

in the P; list. The six anisotropic g's may be replaced by
] .

one parametexr B for isotropic temperature factor refinement.




The parameters in the model structul
to have approximately correct values given t}
true values are cénsidered fo be the set P
linear approximation using the first two tezx
series expansion one has the relation

o f (g

f (pi +‘Api) £ v(pi) + i,Api

-The discrepancy between the structure facto:

from the true parameters and from the appros

|0 - [F ()]

A, F(h) =
N ?
= |F (h)] + ii {ap;—

or o N{ ach(g)l
ALF = : {ap, ——} .
T = i1t P -

Ideally if one knew exact values for.|F_|-|E

BpJ

11

re are assumed
Y Py whereas the
In

+ Api. a

rms of a Taylor

>i)

rs calculated

cimate set is then

F_(h) ] ,
< b= 1P () |

‘CI these could

'be substituted into the left hand side and one could solve

any set of N such equations for the N unknow
However if thevmeasurements of IFO(E)I'are S

errors, each may be considered to be in disc

FT(E) by an amount E(h)

E(h) = [Fp(h) | - |F (0] .

Therefore we have in the actual situation

ApF(h) = [F (h) | - |F (n) [+ E(h)

n Api values:
ubject to random

rrepancy - from




‘Hence
3|F (h) |
api

Ap.

N
pX
- i

E (h) - IFO(E)I +
: i=1
Using the usual principle of least squares

a sufficiently large number of reflections

12

|F ()| .

one requires for

that the sum of

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

that 2 w(h) EZ(h)
h
- N 3 |F (B |
=3I w £ Ap, —e——
h o |li=1 Tt %P

- [F ) [+ |F_(h)]

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

individual reflections.
This function is a minimum when its
partial derivatives with respect to each of

are all zero.

i.e. 2 {3 w(m) E2(R)} = 0 for all
l.e.
» N 3|F_(h) |
0 = ﬁ w(h) 2[{i=l Apy ——Eﬁz———} - IFO(E)
3|F _(h) |
— = i' = 1....N
3D. .

1

using the fact that second order derivatives

appear in the linear approximation.

N first order

the p; parameters

+ [F () |1

"
22 |7 (h) |
Bpi. api




- 13

These N equations may be rewritten to give

N B|F _(h)|  a|F_(h)
L w(h) {1 sp, —— = |
h i=1 Pi Pi
: - . | 3|F(h) |
= ; w(h) {]FO(E)I - IFC(E)l} —-gﬁzr*
or .
N 3|F_(h)| 3|F_(h)|
z { z w(ll- gp 3; 1 Api
i=l n i i
JERO
= z w(_li) AF(E) -_3_—— i' =|....N
h . Py |

where AF(h) =|F_(h)| -|F_(h)|. These are N linear equations
in the N unknownsiApi i=1,....N.

In matrix notation these become

(B)

(a) (aP)

NxN le,é‘ Nx1
with matrix elements defined by

3|F (h) | 3|F (h)

(A)gy = g ¢ 3P, K3
(AP)i = Api

| 3|FC(E)|
(). = I w(h) AF(R) —

J E , Pj

for i,j=1....N.

Calculating A_l, the inverse of the matrix A, one then uses

matrix multiplication to solve for the matrix AP,
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s =a"taa=ats.

This yields directly the components of AP and hence the

required adjustments for the set of approximate parameters
in- the model.
During least squares refinement, a célculation of

estimated standard errors for the refined parameters P; is

possible. The formula applicable would normally be

, .{}Z;w(_lll_)“ [A'F.(_ll)]z} @™,

Py == N - N
u

(o]

where Nu is”the number of reflections with non zero weight
used during refinement, and A'F(h) are the differences between
observed structure factors and those calculated with the new
parameters P; + Api. Siﬁce these new structure factors are
not usually calculated until a later refinement cycle, the
cpiz are approximated according to
{ £ w(h) [AF(E)]z - I Bi, Ap;.] (..

2 h it ) 11

o? - =
i N_- N

From the definition of Bi' the correction term in this form
can be seen to provide a valid approximation for A'F(h) in
terms of the values AF(h) available during the present
cycle of refinement.
During refinement it is hoped that parameters to be
simultaneogsly refined 4o not have largé correlations between

them. Large correlations between two parameters in a model




structure imply that either or both of them
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may undergo a

coupled adjustment in improving the least squares fit and

are not strictly refining as independent variables.

In this

case there arises some uncertainty whether the proper adjust-

‘ment to either parameter has been determined.

Large correla-

tions may also point out the unsuitable nature of the model

and in some cases may even indicate the structure to be

indeterminate.

action between any two parameters P; and pj

A relative measure of the strength of inter-

may be inspected

from the'Cij element of the correlation matrix defined by

-1

-1

C. .
gL, i }1/2

11

145

These elements are normalized to unity for

1=j and one hopes

that elements for i#¥3j in any refinement remain small

fractions of unity.




- CHAPTER '3 ' THE CRYSTAL STRUCTURE OF CESIUM METHYLSULFONATE

3.1 Introduction

The intereét in cesium methylsulfonate CsCH,S0,
(hereafter abbreviated as CsMS),and'spécifically in the
methylsulfdnate ion,arises from a discussion by Cruickshank-
(1) about possible r-bonding between a éentral silicon,
phosphorous, Sulfur, or chlorine atom and surrounding
oxygen or nitrogen atoms when these substances form a
tetrahedral group. Cruickshank also considers the case
where the four ligands are not all identical eithef in
chemical species or position, and suggests what resulting
distortions from tetrahedral symmétry mighﬁ ﬁe expected.
Since no bond lengtﬂs and angles have been determined
for the methylsulfonate ion, study of this group is of
value as an experimental test of Cruickshank's theories
for an example‘where sulfur is the central atom.

In addition, a comparison of the CsMS structure to
a similar one such as BaSO4 points out differences in the
two crystal structurés attributable to the different
stereochemistries of the methylsulfonate and sulfate

groups.

16
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3.2 Experimental

3.2 A Sample Preparation

Several samples containing cesium methylsulfonaté
crystals (CsMS) were supplied during the course of this
work by Dr. E. A. Robinson of‘the University of Toronto.
The crystals were prepared (15),(16*) from cesium carbonate
and an agueous solution of methahsulfonic acid. Equimolar
quantities of the reagents were used and the 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 addition of
methanol. Recrystallizatidn was from agqueous methanol.

The samples contained white amorphous lumps -as well as
a few colourless crystals of CsMS. As was discovered
during x-ray investigations there were clear colourless
crystals of cesium sulfate Cszso4 also present in the
samples. However, the desired CsMS crystals could easily
be distinguished from éesium sulfaté by their x-ray
diffraction patterns.

3.2 B Crystal Data

The colourless cesium'methylsulfonate (CsMS) crystals
were frequently needle shaped, elongated in| the b direction.
They were found to be deliquescent and in humid weather would

often deteriorate before a full set of x-ray intensity .

N _
" In this reference, the material is|called
"Caesium methanesulphonate".




photographs could be collected.
The unit cell parameters were measux
and 0kf precession camera photographs taken

(]
Mo-radiation (A 0.70930 A (17)). The

MoKal

systematic absences were consistent with eit
symmetric Pnma (D%g) or the noncentrosymmetr
space group. The structure analysis shows th
space group is probably Pnma. The density ¢
was measured by floatation in a density coluy
bromoethane and trichloroethylene calibrated

and NaCl. The measured densi

2
the value calculated assuming four formula u

of Can, CacCl
cell. The crystal data are summarized in Ts

3.2 C Intensity Data

The crystal selected for x-ray inten
was a rectangular parallelepiped with dimens
0.07 x 0.15 x 0.07 mm elongated in the [010]
It was mounted externally on a capillary sin
graphs were being taken during a season of 1
humidity. Equi-inclination Weissenberg phot
layers hk¢ k =0,1,2,3,4, and 5 were taken
cuxs = 1.54184 A (17)).
recorded on five photographs of varying expo

1
('§'l

Cu-radiation (X E3

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

identical conditions. Collection of this man
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Crystal data for CsCH

' TABLE 3-1

3503

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

C
hk0 h = 2n + 1
Okg k 4+ 2= 2n + 1
Pnma (Dls)
2h
P
9.526 £ 0.005 A
+ (<]
6.264 £ 0.006 A
* [o]
8.692 £ 0.008 A
518.7 £ 0.7 A3
0.1046 = .0001 & -
+ [+
0.1596 = .0002 A~1
. °
0.1150 £ .0001 a-1
2.90 ¥ 006 gm e
2.920 ¥ 0,004 gm em3
4
-1
MoKa 75.2 |cm
CuKa 586. cm—1

Orthorhombi
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per layer allowed easy measurement of thé weakest and
strongest reflections and also provided more than one in-
dependent intensity measurement which could be averaged
for the majority of the reflections. |
A lattice row template was used to index the
Weissénberg films and the intensities were Weasured
visually by comparison with a calibrated wedge film. The
wedge was prepared by exposing a film to a diffracted
beam of x-rays for successively longer time intervals, the
film holder being displaced slightly between each exposure.
Each intensity measurement was éssigned a standard error
which could be used for weighting the individual reflections
during least squares refineﬁent of the structure.
The intensities were then corrected for the Lorentz
and polarization effects. The form of these corrections
for the equi-inclination Weissenberg method is given in
(il, Ch.7). No absorption corrections were attempted even
though uR for Cu radiation was about 2.0 (5, Table 5.3.5B).

3.3  Structure Determination and Refinement

3.3 A Solution in the [010] Projection

For both of the possible space groups Pnma and Pnzla
the projection down [010] is a centrosymmetric one having
plane group symmetry pgg. A solution for the structure in

this centrosymmetric projection using the h0f data was




attempted first. This projection was select
the problem of determining the phases of the
reduces to one of determining only the signs

the real part of each structure amplitude si

parts are identically zero. Also, since 2

number of formula units per unit cell) the C
are restricted to lie on mirror planes'in Pn
orientation of the methylsulfonate group is
restricted by the mirror planes perpendiculg
Hence a solved [010] projection could possib
the correct épace group for the observed met
group orientation.

The h0f2 observed structure amplitude
to calculate a Patterson function projection
according ﬁo equation [2-9]. This function
probable positions for the lérge cesium atom
else, so a sharpened Patterson fﬁnction (10,
calculated in order to increase the resoluti
shows this sharpéned Patterson function. It
the method of superposition (8,Ch.7) to give
atoms and the four S atoms in the unit cell.
proposed x and z atom coordinates and With'a
factor and scale factor provided by‘Wilson's
structure factors

(8, Cch.4), Fc(hOQ) were ¢

aécording,to eqn.[2-3]. These were found to
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FIGURE. 3-1

Sharpened Patterson Function Projection Down [010].
Contours are Drawn at Equal Intervals in rbitrary Units.
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enough to the observed structﬁre factor magnitudes

IFo(hoz)I to allow a [010] electron density projection to

be calculated according to egn.[2-2]. The signs of the

F,(hO2) were considered to be known if IFC(hOz)[ was not

less than'-zl- |F_(hoe) .
This electron density function, shown in Figure

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

atdm for the O and C atoms. Further Fourier syntheses

indicated one of these positions to be the C atom since

it was at least 1.7 g from the S atom and S+0 distances

were not expected to be thié long. One of the two remaining

positions did not show spherical contours and this was

interpreted to be two O atoms which were partially super-

posed in this projection. The third position was inter-

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

could be seen in any of these initial electron density

projections.

3.3 B Refinement of Trial Three Dimensional Structures

Since there was some doubt that two of the O
atoms overlapped exactly in the [010] projection, it was
proposed that there was no mirror plane through the
methylsulfonate.groﬁp perpendicular to [010] and that
the noncentrosymmetric space group Pnzla should be used

for a trial three dimensional structure If Pnma should
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FIGURE 3~-2

Initial Electron Density Function Pr
Contours are Drawn at Equal Interval
Units. Dashed Lines Denote Negative

pjection Down [010].
s in Arbitrary
Contours.




be the true space group then the Pnzla refin
indicate this fact by generating the mirror
trial three dimensional structure was obtain
culating appropriate y coordinates for a pos
making use of the known x and z values. Thi
structure was used as a starting point for 1

refinement.
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ement should
plane. A
ed by cal-
sible structure,

s trial

east squares

The least squares program allowed adjustment of

X, Yy, 2z and six anisotropic temperature fact

or components

for each atom along with scale factors for each of the

layers of data.

In Pn21a the y coordinate of one atom

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

4
space group.

value y =

After a few refinement cycles

corresponding to its constrained value in Pnma

the atom

positions in the Pnzla model were not very much different

from those required by the centrosymmetric Pnma spaée_group.

Hence the structure was also refined in Pnma.

weighted agreement index, R as defined by eq
obtainable in Pnma was 0.1206 compared to 0.
Hence there was not very much difference in

observed data given by these two models. Si

37 variable parameters compared to 59 for Pn2

The best
n. [{2-7]3,
1199 in PnZla.

the fits to the
nce Pnma used

1@ one would

normally prefer the Pnma model which uses féwer variables

to obtain a nearly equivalent fit. However

the real question

at this point seemed to be whether small deviations from a




centrosymmetric structure actually exist in

3.3°C Tests for the Correct Space Group

An attempt to detect piezoelectrici
in order to investigate further the gquestio
space group. The presence of a piezoelectr

indicate that the noncentrosymmetric Pn2.a

1

correct. The equipment constructed for thi
essentially the transmission type piezoelec

described by Blume (18) except that a comme

generator was used as the FM source with fre

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

with sensitivity of 0.1 mv. was used to disj

detector output.

6 to

in CsMS over the frequency range 1 x 10
absence of an observable piezoelectric effe
with either space group so these measuremen
resolve the question.

Hamilton's tables for significance
the crystallographic R factors were also us
to determine the correct space group.
tests indicate the statistical chance of er
an unrestrained model with a lower R factor
to a restrained model with larger R factor.

factor ratio for the two refinements was sm

(R(ana)/R(Pnzla) = 1.006), it was necessar
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the series bf‘tables.given bthamiltbn to higher levels of
significance. This was done using Hamilton!s relation
between the R factor ratio and thé F table values (19,Egn.24),
and Merrington and Thompson's relation (20) which gives the

F values for significance levels greater than 0.5 in terms of
those less than 0.5. Only the necessary table values were

calculated corresponding to R for the significance

20,366 ,a
levels o« = 0.750, 0.900, 0.950, 0.975, 0.990, and 0.995,

and these were examined as a function of o.| Since the
observed ratio of 1.006 still lay below the | lowest of these
calculated values (l.OlOﬁcalcuiéted for o =/0.995), there

is statistically more than 99.5% chance of error if one
excluded the Pnma refinement and proposed that only the}Pnzla
refinement is correct. Hamilton's test therefore indicates

a very remote chance of the space group being_PnZ a, and

1
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 atom positions,
a difference electron density projection down [010] was
calculaﬁed.' The Fourier coefficients used Qere the dif-
ferences between tﬁe observed h02 structure factors and
those calculatedlfrom parameters refined.in Pnma with -
three dimensional data. The function is shown in Figure

3-3. The broken straight lines enclose regions in which
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FIGURE 3-3

Final Difference Electron Density Functi
[010]. Contours are Drawn at Equal Inte
Units. Atom Positions Used to Calculate

on Projection Down
rvals in Arbitrary
F are Shown.

The Dotted Lines are Zero Contours and thecDashed Lines

are Negative Contours. The Broken Strai

ght Lines Enclose

Regions in which H Atoms Might be Expected.
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hydrogen peaks might be expected, aésuming tetrahedral

S-C~-H angles and C-H bond lengths of 1.10 2 or less.

Some density is found in this region, but the peaks are

smaller thén other difference Fourier peaks| in this projection

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

cumstances.
Another attempt to detect hydrogen atoms was made

by including them in the model at likely positions and

examining any improvement in the agreement between cal-

culated and observed structure factors. Three hydrogen

atoms were included in the model assuming that they were

part of a rotating methyl group. The structure factor

contribution for‘eéch such atom‘may be calculated like any

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

factor (see Appendix I). The rotating hydrogen atoms were

constrained to make tetrahedral S-C-H angles and to have

C~H distances of 1.10 2 (6, Table 4.2.3). The calculation

was insensitive to this small addition of scattering matter

as R only decreased by 0.001. Consequently| from this

analysis and from the [010] difference electron density,

no hydrogen positions could be confirmed in| this x-ray

analysis. |
Table 3-2 gives the final atomic coordinétes and

anisotropic temperature factors in space group Pnma together

" with the standard errors calculated during the least squares

refinement.
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TABLE 3-2

Atomic parameters for CsCH3SO3 in space group Pnma. (Figures
in parantheses are the standard errors in the last digits gquoted.)

Multiplicity _
Atom and sitef X v e z
Cs 4(c) 0.0610 (2) 1/4 0.1324 (2)
S ' - 4(c) 0 0.2740 (7). 3/4‘ 0.2182 (7)
ol - 4(c) 0.1366 (17) 3/4  0.1538 (22)
02 - 8(d) 0.3015 (14) 0.5569(25) 0.3072 (18)
c | 4(c) ©0.4015 (32) 3/4 .. 0.0647 .(39)

*
Temperature factor components

Atom B84, Ba2 B33 By B13 - Ba3
Cs 88 (2) 215 (7) 116 (2) 0 | =10 (2) 0
s 63 (7) 224 (28) 84  (7) 0 -10 (6) 0
oL . 55 (18) 310 (80) 129 (30) 0 3 (18) 0

02 118 (18) ‘187 (55) 171 (22) 40 (22) -21 (18) 97 (31)

c 97 (37)  623(165) 147 (42) 0 | 113 (37) 0

*
Anisotropic temperature factors appear in the structure
factor calculations in the form
_ a4 2 2 2 | |
T = exp[-10 "(81h™ + B, k“ + 8,55  + 28;,hk + 28,5he  + 28,4k2)].

+Site symbol as defined for the space group Pnma in International

Tables (4).
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Table 3-3 presents the observed structure amplitudés
Fo together with their estimated standard errors o and
the structure factors, Fc, calculated from the parameters of
Table 3-2. The atomic scattering factors used t@roughout
these calculations were taken from (6, Table 3.3.1A) for
S ref. SXC-69, O ref. SX-8, C ref. SX-6, and H ref. Q-1;
and from (6, Table 3.3.1B) for Cs.

3.4 Description of the Structure

Figure 3-4 shows the structure of one unitbcell
of cesium methylsulfonate (CsMS) projected down [010].
The two mirror planes perpendicular to b are at y = 1/4
and y = 3/4. The n and a glide planes perpendicular ‘to a
and ¢ respectively are shown by broken lines. The groups
shown in heavy outline lie on the mirror plane 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 related to another
oxygen atom by reflection in the mirror plane. 02 and 02
its mirrdr image ,are superposed when viéwed down [010] as
in Fig. 3-4. By operation of the n and a glide plane
stmetry elements on the atoms of any asymmetric unit, the
complete unit cell and its neighbouring cells can be generated.
Fig. 3-5(a) shows an extended diagram of the [010] projection.
Here the anions have been drawn as projectiéns of triangular

pyramids with the carbon atoms marked as black circles. The




32

FC

2

Ot 1 S RIS CLE A (3 DAY B Nt A ot P P NP ot TR €0 et P 2t P ©3 00 P 30 A )t N AL 3 £ et G0 € e €0 P AR I ML I P i R YA (I e P o RPN P (IR R OO P D1 PR R 328 (1A O P 4 r 7 ¥ et 2 )
NADMSNANLNNDONONNL MO DN DN S AL DL NTNNNS N E SN TSN s n AOTVIIINTOLI SIS IL ATDNAMI NI NAANENTAMASALRNT I IR L AT T e nTem

DNTONAAD FAMORDN D NTDNINO AN O NR O N NDA I TAMDF POOF T i M A DM AN A B D O L LU DU R Dt N T F DAt N 4P 0 DA DN D et O F D 0 TP DU
ROt At F eI DA O it At DO ORI Ot D ANNC O D AL et B bt b et ot e A D P LN DB NP PO O DL L OF AN X OLENOE | T TP LOEDI N XL DOANIL T DL P At T
S et Y AT PN ettt ALt | et | N N [ QﬁQﬁlZlb%.}llZ 315.115_25114152111 A Nt PNt N M| et | | ottt 2

' ' ' 1 [ DL ' [ [ ) [

[ [N (R t [ Ve o i» 1 ) tote e Vo ttae
2)352!26539895955[?9887225!05257513k1062735353226353006063065569964576795169953397959%?33055753[5?0509656[31?52
23228820835?126?962250?7167922609281219808671&000365bl676B99961667935702166055[9\719070242127HZLQOOJ38837958872
ND ottt Nty ATt Lo\ P R e B e LY e DN DN D At T rdedt N D Mttt N i et Dt Nkt h st Dontobcd Dot P b Nt $ A d et ek ettt

TLIT SIS TANN RO AN D OB CON DL NN mOROECDE* PO FOO0O. N A o

E S TI LTS LSNAPNADNN DD LD DO EM e T O XD
FEILIITIIII LIS IS I IIIIIILIISIIFIIIIITLIL G TS I S L LD ONO B DA NN DA AR AR DI B AT D AR AR IR D I N IR A8 SN U IR DRI B I A AR AR I AR S A
O F U D I Tt N PN DM T ROt NN P 1A N F N OO nNEOTO

WDM O AN E N DR DR O NN N 0 e N F N D OO NN SN AP it N AL UL Ok NS Ut O S
B

DO OO ALDAO DO TO I e T AN A F N DDA F AL O D OO A P (D50 00 ORI DI i ot M e (8 e AT o O P 1 et 03 € PR Pt ot ) et LD O TP O D0 D3 DD et 2 7L 8 20D 35 4R o 103 ek PR 20 08 80 8 U DA 30 6, LS
PR O U O T P N N OO N ot LA Nt M D SN U o e CR OO F Y F VA N o AR VAU i o ot o FAAA U ML AT N NN ot O ot o ot N N NTONDAMINNVNN AN NAY

NEDDIBS BN OMNt P~ IPOLDOPA Dt I FONIO S et et NNT M= OO QR O OOIA D Dt M A I M oS et YN O AR M D UN O e o ot P (3 4 00 Pom 08 e OO AN ALt P o
LT > d00C 0 NIONOME OLOFOTLrNME O A S 0T ONMNOD et OO i | sdNMOMN NORMITELTLFNO, DL O PN NOT NSO | BN IO T DO
NINIT NOTMAm MMM N MAN N MM Jedm eilimith I AN BT et AN CENMmanN A b

DN Tt [ [ ) [ T S I A O B R B B N B ) [N |

’ ' ' [N [P 1 [ ' e b oo d bt

22’10“8’[289’240812“730250 O AN 099966’ o ~ ANV D Dt N INA O P oS GO M O R 33 OO DD T mel N e P F 30 O M Dt DU N

759?511991’077—57020306190‘7J_’Ilq\u57an’a?lllﬂao1595'-06255}!*VLOA’ Ot P tVO RN S OO vt i P 3 N~ Ot LTI O P AP DO A O D
() N - 38‘3126513 Dot F NN it Mt PO NN et rd kNt N O Nt T NG O N N LD L2 4 o

D L A k'l Al Al kAl sl AI'AR Al s » PP P DD V] [+d+Ys Yo YoTwTololalotel

Lts

in uni

tes an un=-

indica

o)
nement.

=

iable

.
M

sguares .refl

TABLE 3-3

<

Fa, FC

X

Fe FC

K

2 FC

H K

——

r L FEII LI T I III LIS SIS IS I T IIE SIS ST LS ST

NALUN O DO Ot Ot VTN L PO o0 o ] w0 N OP Ot MG NN D DO i NN TN L DT DO NN O T OO NN G N DT OO
P P - o= - - -

Vg P OeiPe ML O ol B ot OP N OUN A S BN B PP SN O SQINT M BSFNCM O OO BRI LONOE MG Mt GOt N et O F (R P OO F O NI T ot
351833??kll3925?3bb§ll56§44162539b55312625128650643553653663635456626524 [S-TN NIt 525[3?3[413476636 AU et et DN N

VOLRLO N ONT O 0O o+ A681202773031853178443867397315377123262639312497085[277504

A O DU F Y 0 OMMIND N =N | NN SN 00 F NSRBI N MG DU O O P O Zl79931004069249h81&2571260784303259599
68333252120.12912 1_20565462.4_ﬂl%9112ﬂ.5_q SJ % 1 ﬂ.ﬂ% 6.4 61_2 1m 15.22. N P~ PP 1 DN | i
] ' ' - i ¢ " ) ] -i Nl ) ) LR

] Pt
010303779‘51973679590
RO o

e NN 23
-

[y 1 ] [} vt to [N Iorer [ ]
worx $orent bl 876399858866784502!3 ow ; "0 DD DL ONE DN
NEAR 741305052411557192081076165212008222821180828021089!7002&258367?9134R10R74091605
OUNU U F ot o ot A oy Mt N ' = ORI 0D AR
- -

NN SIS S ST 0y 2l

P OOOOOOOC DD bt rmd omd st et i s b o =l —t N]
ot ot ettt
e o~ e

PN O E OO NS N DM DO O mtemt MG N DM BT OO ) < OOmNM i o oo N O LOOmNNL N OP O ROt
—— ——— -t ——— - - —~—

793#189969366?8050]306)028600599?216771926676820606018\63?86808867711 TNNO~D
Lt AN o R NIy *
- - -

Nt OC P A O O

N

AOTTASNTDNO TN G OB CrtNE NN O NN = DL L NN NS NS SINOCCC MO L0 B OOAL DD DE DA OL

NONM I L OPOO T =t NAN § 3+ 0 - =1=1= NG OO DB O o 2 OMNDOO AR

NN NND O eI e Dy - PO NNt SO ALt | S oilNedrt | ASAN | Dot | ot Mot st §
-4- [ - L} ) 4 Vet & ot - 1 LI [} ' 1 [ [ ) ) t i Lt ]

1 eI e Ol mes
' - '
[}

1 1 11 1 1 [} ) 9y t 1 ' !4 LR 1
'blhOQ61658569038511k53q,6019 < )72747{17504 06570‘ P © SO T
TAMDONOOROTNLS I, 6856770

695018877327028b18572076066178651288?HTG#&5827566716976950555!33938%[66
g N D e - ety NN SA—RG M NAe SRR 1N MENA O - N N E TN T Mmoo
- - -

[-1-1-1 FILLIEIE ST IV NN Fallal oL ) o

OODCOL—t OOITOO =
ot ol el ek ks

LNV N
L I=1,8 U Or D0 NP CN OO COmNAOSV LUt NAT IO VP CoAQet NP TN O X P O M IN L C T OCAMTI ORI T ~OAMIN I LT OmNM TP St AR NC  NF O DO N
- - -~ - -t ——ot - - ) . -~

ot ot

~OLDPOOBmD ErE O OS DO W et N DN AN S 00 LMD ot P e SOUME L O LR ot P P R OIS ol S DRI AN 8 1L I OUP N D ot Ot e e O
AL O o - 666)255)4343)5558‘723335‘623363433265622356]6335i43456335156]665571156352555544?52)l7
-

W DBt DO Dot 00 O AN PP AU D o A 0 N O P LA i G P ot F VN oF PP 0D DD O O oF U 2 ot of et ODOT Tt AN NN DL i O Cm N B F NN R (R DO it Do O TR O
RO A DASN I S AN AN ONOE LOTMATLNAROSNDARORNDNACOTEL CAPLCMMATAN | PO S DI ANAT LS SN A=RA ST AN | RPN TOCAN N O Fhmm SRS
NS A I NETONT AP P eres SO L s ? F EDmPONL T N A 5l7.k?27!4) 1AND | 3![.7712114.!6 $en O Nt Mot €% i O | i ool NN | Nt
b1 - q_...- 1 ﬂ_ ﬂ.q q—._ [] ﬂ q (N ] ) L) ' 1 L | L} ﬂQl

1

$ 8t | ¢l L] 1 ] . 140 1 ] + ) + 11 ki ) ]

+
LODE MO QP st DOt P et DA D DI M OB o €37 O T AN DU i :D NN S e BN LA A P 1 Y.y o] T )
-0t oy AP AN o™~ TROLNAS SN e = N DA SONNT D
DL N Pt FAL At ot OO DO G otot ot et e lP ot Mot ot M F ted N sl et P RO NP it F P ot - —— N ettt AN ottt

- e - - - - - Py
ncooco FPLI TSI F ST AANOAAPRRDRN S BB D LB N 0O CMOONN0~~D00

et ot oot s et o et
COOCOO000000CO00SC00000CONN00S0006CO0000000000000000C00R0000I0C00000R000000600000CI0000000000000CH00OO0EODO0—m—
NS LDON—OMI N O " or@ Qo 0o OO=NM N o v oY-L a
- ot Lalalel ) -ty -t Lol

Observed and calculated structure factors (Fo and FC)

of 1/10 electron per unit cell with estimated relative standard

following Fo

A minus sign

» in Fo
observed reflection;

errors (o)

dicates |an unrel
the least

in

an asterisk

in

measurement which was not used



33

FIGURE 3-4

Structure of cesium methylsulfonate
viewed down [010].
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(a)

(b)

FIGURE 3-5

The structures of (a) cesium methylsulfonate and (b) barium
sulfate projected down [010]. The groups in| heavy outline lie
int outline lie on

" on the mirror plane at y = 3/4; those in fa
the one at y = 1/4. The atoms 02 and 02' are related by re-

flection in the mirror plane at y = 3/4.
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- FrouRs 36

Environment of a cesium ion in cesium methylsulfonate.
Distances are marked in A. Atom labels arxe-as
defined in Table 3-4.
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FIGURE 3-7
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Environment of a carbon atom in ces%um methyl-
sulfonate. Distances are shown in A. Sulfur
and oxygen atoms belonging to the same CH,SO

: 3773
ion are not shown, nor are the hydrogen i
atoms since these were not located. Atom
labels are as defined in Table 3-4 with the

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

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

Table 3-4 gives the interatomic dist

in CsMS together with their standard errors,

rances and angles

In certain

cases distances are also given after applying corrections

for thermal motion (21) assuming a riding motion of the O

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

of these corrections and the standard errors will be dis-

cussed in Section 3.5 C.

3.5 Discussion and Conclusions

3.5 A Comparison of CsCH3SO3 and BaSO4

In discussing many of the features of the CsMS

structure it is useful to make a comparison

of the isoelectronic compound barium sulfate

with the structure

>, BaSO4. Barium

sulfate also crystallizes in space group Pnma with four

formula units per unit cell, and has cell cc

ynstants a = 8.86,

[]
b= 5,44, ¢ = 7.14 A. The barium sulfate structure was

studied by James and Wood (22) in 1925 as or
an isostructural series which they suggest i
and lead sulfate, strontium and barium seler
potassium and rubidium permanganate, and pot
More recent neutron diffraction work on bari

has yielded more reliable values for some of

1e member of
includes strontium
1até and chromate,
rassium f;uoborate;
Lum sulfate (23)

[ the oxygen

coordinates. The fact that barium sulfate and CsMS crystal-

lize in the same space group with similar ce

»11 constants
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. TABLE 3-4

Interatomic distances and angles in cesium methylsulfonate.
(Figures in parantheses are the standard errors in the last
digits quoted.)

Uncorrected* Corrected*

. .
s-01 1.424(18) A 1.434(19) A
$-02 X2+ 1.460(16) A 1.485(18) A
s-C - 1.804(33) A 1.846(38) A
Mean S-0 1.448(12) A 1.468(17) A
01-S-02 X2 111.9 (8)°
02-s-02' }° 111.9(13)°
01-s-C - 109.2(16)°
02-5-C X2 105.8(11)°
Cs-01 X2 3.22 (1) A
Cs-02 | X2 3.35 (2) A
Cs-02(a)§ X2 3.18 (2) A
Cs-02 (b) X2 3.34 (2) A
Cs-01(c) | 3.12  (2) é

A

Cs-C (d) , . 3.77 (3)

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

Tohe multiplicity X2 indicates that two equivalent bonds

exist related by the mirror plane through the central atom.
$The atom 02' is related to 02 by reflection in the mirror
plane y = 3/4. '

*The following are symmetry transformations applied to the
coordinates of Table 3-2,

(a): x-1/2, v, -z + 1/2;

(b): -x + 1/2, v - 1/2, z - 1/2;
(c): -x, =y + 1, -2z;

(&): -x + 1/2, v - 1/2, z + 1/2.
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might lead one to expect that they were isosﬁructural.
However a detailed comparison indicates that this is not
the case even though the structures are closely related.

Fig. 3-5(b) shows the struéture of barium sulfate
projected down [010] and may be compared to the [010]
projection of CsMS in Fig. 3-5(a). In both structures,
the a glide planes and b translations generate layers
perpendicular to the ¢ 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 guite different in the two crystals.
Adjaceht 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 layers in CsMS is seen to provide channels in the _
structure running parallel to b. Since the 5-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
at distances ranging from 2.7 i ta 3.3 g (22) , whereas the
Cs ion has only nine O neighbours at distances between 3.12 R
and 3.35 R._ The nearest O neighbours to the Cs and Ba ions
have been indicated by dotted lines in Fig. 3-5(5) and (b).
Since barium sulfate and CsMS are isoelectronic
compounds whose forms can be pictured as compact ionic
structures, one might 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
charges when ionized and have different ionic radii (1.35 i

[+
2 1.69 A for cs™t

for Ba+ (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
the 804-2 ion and the CH3503"1 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 négative 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_SO, can be explained

3773
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 oxygen atom
as is the case in barium sulfate. Local charge neutrality
may be demonstrated by assuming that electron charges on
each oxygen atom are -2e x 1/4 = -0.5e in BaSO4, and
-le x 1/3 =-0.33e in CsCH3SO3. Each Baf"2 is then surrounded
by 12onygens each contributing 1/3 of its ~0.5e, or a
total of 12 x-0.5e 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 locafed by this
x-ray analysis, possible hydrogen bonds coﬁld be inferred if
short C-O distances were observed. Any hydrogen bonding
between carbon and oxygen is expecﬁed 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
and lie at distances of 3.32, 3.53 and 3.53 A. The first of
these is within the value 3.4 i found for the sum of Van der
Waal radii for the methyl group and the oxygen atom (2.0 g
and 1.40 A (2, Table 7-20)), and might suggest a hydrogen
bond. However the C-Ol direction seems unsuitable since it
gives a S-C-0l angle of 85°, ‘The 6therltwo oxygen neighbours,
while probably too distant to consider, also are unsuitably
loéated as they both have S-C-0 angles of 96°.

It seems very unlikely that the strong covalent C-H
bonds which are expected to form tetrahedral S-C—H angles
(109.50) would distort by 25° or so in favour of any weak
hydrogen bonding interaction with the neighbouring oxygen
atoms. For this reason no hYergenrbonds are likely to

exist in CsMS. Indeed the lack of close interactions for

a
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the 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
for the bond lengths and angles. Thesé 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-0 and S-C distances for temperature
effeéts (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.

quéver, since the intensity data were not corrected
for absorption, these temperature factors may contain
' systematic errors which would not abpear in the standard
errors derived during‘their least squares refinement.
In addition the methylsulfonate group 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 uncorrelatéd. In this
event the corrected values in Table 3-4 are 0.05 % 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-
ties of 0.05 i in any bf the corrected bondlengths, the dif-
ference between the distances S-0l1 and S-02 is probably
not significant. The mean values for the observed S-0
bondlengﬁhs 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 charge distribution was
included in the model to téke account of H afom scattéring (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. Howe?er it seems guite likely that the C
atom anisotropic temperature factors would be affected
by this omission. Hence the thefmally 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 symmetry
(S, C, and O lie on a mirror plane, H neglected). However,
within the accuracy of our results it probably has the

higher C symmetry. An idealized diagram of the ion in

3v
this symmetry is shown in Fig. 3-8.

The bond distances and ahgles in the methylsulfonate
ion agree fairly well with values found in the literature

for similar groups involving S-O and S-C bohds. The mean

. : + ° + ° %
S-0 bond distances of 1.448 - .012 A or 1.468 - .017 A

(see Table 3-4) can be compared to the following values:

o *
1.461 ha .005 A in potassium methylenedisulfonate,

K, [CH,(S0,),] (24);
o ’ -
1.44 % 02 A in sulfanilic acid monohydrate NH3+C6H4SO3 .

H,O0 (25);

2

. o] . -
1.44 p .01 A in metanilic acid NH3+C6H4SO3 (26) ;

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

The strﬁcture of the methylsulfonate ion

shown in the idealized symmetry C3V .



48

.and
]
1.454 A in sodium napthionate tetrahydrate

NH2C10H6803Na-4H20 (27) .
+

[+
The uncorrected §-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:

(]
1.770 : .007 A in the bridged carbon of K

1.77 T Lo2

¥

, [CH,(S0,),1 (24),

in NE.Y ¢ H.80.7-H.O0 (25);

3 6 473 2

: + -
in NH3 C6H4SO3 (26) ; and

-]
1,766 A in NH2C10H630

°
A
o
1.80 .01 A

Na*4H.,0 (27).

3 2

The thermally corrected S-C bondlength value of
]
1.85 : .04 A may not be too reliable because of unusual carbon

atom temperature factor effects (see discussion in previous

section) .

3.5 E Comparison of the CH3SO -1 Ion and a Related Series

3

It is useful to compare the bondlengths and angles

of the methylsulfonate ion with otherxrs in the isoelectronic

2

series containing the sulfate ion 504- (1), the dimethyl

sulfone molecule (CH3)2802 (28) , the trimethyloxosulfonium

2

ion (CH,).So' (29)(30), and the hypothetical (CH3)4S+ ion.

3)3
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 gquoted by Sands (28)

and assuming a riding motion for the molecule.



Comparison of the interatomic distances and angles in SO4 '
CH,80,7, (CH,),S0,, (CH3)3SO+, and the hypothetical (CH

3773

TABLE 3-5

3048

2~
2+

(Figures in parentheses are the standard errors in the last

digits quoted.)

e CH,S0,” (CH,) ,S0, (CH3)3so+ (CH3)482
5

Bonds (A)

S-0 1.49(1) 1.47(2) 1.47(2) 1.47(2)

s-C 1.85(4) 1.79(2) 1.79 1.79

Angles(o) )

0-S-0 109.5 111.9(13) ~ 117.9(8)

0-s-C 106.9 (16) 108.8(8)  112.7(7)

C-S-C | 106.1(8) 109.5

103.0(8)
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Certain trends are apparen£ as successive O atoms
are replaced by methyl groups:

(1) Wwith methyl groups present the angles at the S
atom deviate from the tetréhedral value of 109.5°,
Angles which are subtended by O atoms increase at
the expense of angles invol&ing'the C atoms. The
experimeptal errors indicate that these observed
differences are significant.

(2) None of the S-C distances differ too significantly
from 1.80‘3.

(3) The S-0 bond distances appear to decrease as more
methyl groups are substituted for O atoms. However
this decrease may not be signifiéant.

The configuratioﬁs for this series can be understood
in terms of the theory proposed by Cruickshank~(l). The
theory suggests that appreciable wn-bonding exists in ceftain
tetrahedral groups in addition to the usual ¢ bonding. This
n-bonding arises from overlap of d 5 and 4 2 2 eleétron
orbitals of the central atom with z>orbita§s_gf 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 £hat of a single o-bond

since the C atom has no p electrons available for

m-bonding.
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(2) If the arrangement is not stridtly tetrahedral,
say if the anglés deviate from tetrahedral values,
still stronger m-bonding c;n arise from the dxy’
dyz’ and dxz_orbitals of the central atom. With
methyl groups present the 0-S-0 angles can open because
the C atoms are more distant and the negatively
charged O aﬁoms can repel one another by electrostatic
forces. The angle chénges which are observed when
methyl groups are present satisfy this criterion
necessary for even stronger m-bonding and the
remaining S-0 distances are expected to be shortened.
Thé data of Table 3-5 appear to verify these pre-
dictions. Hence these results are in accord with the
piedictions 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 hydrazinium sulfate,

L1N2H5504

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

(hereafter referred to as LiHzS), was described

room temperature belong to the orthorhombic space group

anél (Cgv) with cell constants a = 8.99, b = 9.94,

c = 5.18 g, and four formula units per cell. 1In 1958 these
crystals were reported by Pepinsky, Vedam, Okaya, and Hoéhino
(33) to exhibit good ferroelectric hysteresis loops over

the range -15°¢C to 80°C, but no dielectric anomalies were
observed between -196°C and 140°C. . Excessive conductivity

interfered with both the ferroelectric and dielectric

measurements above these two témperatures. In 1963 Cuthbert

and Petch (34) reported the results of protOn and Li7 nuclear
magnetic résonance studies. This work indicated the probable
hydrogen atom configurations and motions in the crystal, and
suggésted from the Li7 signals the possible existehce of-a
high temperature polymorph above 160°C. Also in 1963 Blinc,

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 ¢ direction was
caused by proton transfer along the seqﬁence 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 Bélasubramanian (41)
describes a crystal structure in agreement with the x-ray
results. These authors also repoft hydrogen atom positions
and prefer a static model rather than ﬁheir attempted

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

3
the hydrazinium ions would be rotatiné. 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 NH3 groups

are static.

4.1 B Description of the Structu?e

The x-ray, neutron, and NMR experiments have given
considerable information about the room temperature
stxucture of LiHzS. Fig. 4-1 shows the structure in the
[001] projection. The sulfur and lithiﬁm 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, NHZ——NH3+,
are situated in channels running through the framework
along ¢ 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 NH3+ groups
and that these hydrogen atoms are probably rotating at
room temperature about the N1-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 N1 are part
of the Nszgroups and each N1 is hydfogen bonded to the
adjacent N1 atom within the same channel. Each N1 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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for the hydrogen bonds linking adjacent.NH2 groups of the
hydrazinium ions. On the assumption of tetrahedral N2-N1-H
and H-N1-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 anzl space group has b
and n glide planes perpendicular to a and b, the ¢ 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.

IT The polar hydrogen bonds between nitrogen atoms can
contribute a dipole moment to the structure. This
moment could be reversed by an interchange in the

roles of the donor and acceptor nitrogen atoms in
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each hydrogen bond,i.e. a switch between the two
structures shown in Fig. 4-2. ﬂ

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

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 polari-
zation direction is different.

4.1 D Difficulties with Mechanisms Assigned to LiHzS

To date there seems to be no concluéive,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 enantiomorphoué structure involves a
rotation of about 46° for the sulfaté group about an axis
close to the S-02 direction. This involves a change of
about 1.1 2 in the position of 0l. Simultaneously the
enantiomorph would have its Nl1l— H .-:N2 hydrogen bonds
reversed and the N1 — H --. O hydrogen bonds would have
to change from 04 to what had previously been Ol. 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 gnlikely,
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 suppo££ 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 N1 atoms into a chain is an ordered series, it can
contribute to a net spontaneous polarization along the ¢
axis. The neutron .diffraction work (41) ihdicates that
the series is an ordered one. A reversal in the roles of
acceptor and donor nitrogen atéms is equivalent to moving
each proton about 1.0 i 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 N1l-—H-...04
hydrogen bonds does not change when the N1 — H..-.N1
polarization reverses, and therefore asymmetric hysteresis

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

Cuthbert and Petch (34) have discussed an explanation
wherein .a type II switch triggers a type I mechanism. They
suggest that if the N1 — H..-.N1 hydrogen bonds reverse from
the NMR favoured configuration shown in Fig. 4-2(b), then
the assumed tetrahedral N2-Nl1-H and H1-N1-H2 angles no
longer allow nearly linear N1 — H---N1l and N1 — H---04
hydrogen bonds. Cuthbert and Petch suggest that in such
circumstances the structure is not in its lowest énergy
form and the framework must switch as well to its enantio-
morph. The net result is a type I mechanism. Tﬁe 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 N1 — H---N1 hydrogen bonds is a
large enough triggering energy to induce a frame-
work reversal.

(b) The NH, group hydrogen pésitions reported in the
neutron diffraction study (41l) do not confirm that
nearly linear N1 -— H...N1l and N1 — H---04
“hydrogen bonds are necessary for a stable structure.
If one accepts these results, then the assertion is
suépect 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-0l1 bond was significantly longer
(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 SO4‘_2 ion were real. Erown's
refinement (36) indicated that all S-O0 distances were equal
within experimental errors. Ih 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
a S-01 distance of 1.51 ¥ o.02 R. 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 bf type III
involving the 804-2 ion seems very ﬁnlikely. It is poésible
that the anomalies seen for S-01 distances are the result of
parameters such as 01(z) not being ideally suited to refine-
ment by 1east squares.

An alternative'mechaﬁism of type III might inﬁolﬁe
dipole moments arising from the lithium atom occupying

different 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 oxygeﬁ and lithium radii

(2, Table 13-3) is 1.40 R + 0.60 2 = 2.60 2 compared to

a mean Li-O distanée of 1.94 R (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.i

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 groﬁp and crystal structure above this
temperature. The Li7 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
different systematic absences. It is possible that such.

or Pbnm which could be detected by

a polymorph might be a paraelectric form but since exca-zl-n
conductivity interferes with ferroelectric measurements
above 80°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 tempefature 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 theSO‘]:_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 data+(43)(37) was used for the continued refinement of
Van den Hende and Boutin's structure (héreafter 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/FO to each reflection.
As Brown had estimated standard errors (c) 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 Fo should appear as <1.4, 2.7 and 2.0.

+The observed structure factors (43) of Van den Hende
and Boutin are given in Appendix II.
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w = 1/02. Sincé Brown's standard errors had nearly a
constant value for all observed reflections, this weigﬁting
scheme was essentially one of unit weights. 1In order to
produce comparable refinements, the present analysis used
unit weights (v = 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
>0,07l 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 thesg.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, v and z appear in the coordinate tables:

Aabc — X + a, y + b, z 4+ C;
Babc —_— -X + 721— + a, v ‘+v % + b, 2z + c;
Cabc —_— X +'% + a, -y %‘% + b, z + % + g,
Dabc — -x+1l+a, -y+1+Db, z+ % + C.



TABLE 4-1

STRUCTURAL PARAMETERS FOLLOWING CONTINUED REFINEMENTS
Atom |Structure | Coordinates Temperature Factor Components (x 104)
Factor X y z B B 8. B B B
Data 11 22 33 12 13 23

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) *
o1 B .1075(10){.1889(9) |.5130(26) | 99(12) 79(9) | 191(62) | -15(9) |[=-50(26) |~ 4(20)

v 11069 (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) | 58(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)

% .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){ 23L(77) | -3(16) 5(29) | 54¢31)
N1 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)*

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

(£2$ symbol B refers to the data of Brown (36) , while V refers to that of Van den Hende

Denotes a non positive definite temperature factor matrix.

and Boutin

9



TABLE 4-2

COMPARISON OF BOND LENGTHS AND ANGLES IN THE CONTINUED REFINEMENTS

o Refinement| Refinement [&] Refinement|Refinement [A]

Bonds (A) B v 5 |angles (°) B v A ]

S-01 '1.408(13) | 1.550 (12) [~0.142 (18)|7.9|01-s-02 109.6 (4) 1105.1 (7) 5 (8)] 5.6

02 1.498 (7) | 1.471 (13) | 0.027 (15)|1.8 03 110.1 (6) |108.0 (8)] 2.1 (10) | 2.1

03 1.479 (9) | 1.443 (15) | 0.036 (18)]2.0 04,741 110.5 (7) [110.1 (9)| 0.4 (11)| .4

04,77 | 1-480(10) |1.467 (10) | 0.013 (19)| .7|02-5-03 108.3 (9) |112.1 (20)|-3.8 (22) | 1.7

“ 04,701 109.3 (6) |109.8 (11)|-0.5 (13) | .4

Li-0looo7 | 2:050(28) | 1.857 (74) | 0.193 (79)12.4)03 o 64720 109.0 (5) |111.5 (8)|-2.5 (10) ]| 2.5
02,5 | 1.966(19) | 2.046 (43) |-0.080 (47)|1.7

03 1.957(22) | 1.866 (51) | 0.091 (56)|1.6]{01 0 7-Li-02, 5| 108.1(15) |111.3 (67)[-3.2 (69) | .5

04 1.825(35) | 1.991(113) |-0.166(118)|1.4 03 111.1(30) .[125.1(191)F14.0(193) | .7

04 110.9(24) |107.1(101)| 3.8(104)| .4

NI-N2p,70 | 1-472(12) | 1.467 (21)) 0.005 (24)) .2 02000-Li-03 1 95.9 (8) | 96.3 (20)]-0.4 (22)| .2

04 2.962(14) | 2.899 (25) | 0.063 (29)) 2. T o4 112.4(10) |101.6 (35)| 10.8 (36) | 3.0

Nlpoio | 3-021(25) | 3.031 (37) |-0.010 (45) 03-Li-04 117.3(21) |112.7 (92)| 4.6 (94)| .5

N2-01 2.929(15) | 2.905 (22) | 0.024 (27)| .9|N2, 7 -N1-04 135.4(10) |136.0 (19)| -0.6 (21)| .3

Oly oo | 3-155(15) | 3.074 (21) | 0.081 (26)]3.1 Nlo7o| 110.5(14) [108.7 (16)| 1.8 (21)| .9

025000 | 3.008(24) | 2.944 (30) | 0.072 (38)|1.9 “Nlpagy| 106.6(13) 104.0 (16)) 2.6 (21)) 1.2

02, 0, | 2.830(20) | 2.925 (30) |-0.001 (38| 2.4[04 NI WIp016 104.8 (4) |106.7 (6)) -1.9 (D) | 2.7

03,51 | 3-004(19) | 3.073 (26) |-0.069 (32)|2.2 NlpoiT” 78.6 (4Y | 81.6 (6))=3.0 (7)) 4.3

04 2.944(14) | 2.958 (22) |-0.014 (26)| .5{"lpoTo N1 Nlpoyy| 118.1(13) j117.4 (16)) 0.7 (21) . .3

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

99



The subscript A000 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-Ol distance of 1.408 I o013 A compared to
the significantly long distance of 1.550 ha .012 R for the
same bond in the V refinement. The respective Li-Ol

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
sulfate ions and the lithium sites, it would be extremely

surprising if these effects were real. 1In 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
S-01 distance from 1.41 to 1.55 g could not represenﬁ a
switch between two states of equivalent energy of the
sulfate ion. The large change in the energy of the SO4-2
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 Qome systematic errors in the data or that they
occur because of unusual behaviour of the least squares
refinement. Difficulties in refinement of the 2z coordinate
of 01 would be sufficient to cause the problem. Since the
refined z coordinates of Ol 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 facﬁors 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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Principal Axes Analysis for Anisotropic Temperature Factors

Atom R.M.S. Direction Cosines
Displacements With Respect to
[+]
(a) a b c
S 0.166 ‘ -.949 .315 -.026
0.144 -.316 —-.949 .010
0.094 .021 -.017 -.999
ol 0.212 .795 -.481 -.370
0.182 -.323 -.852 L413
0.128 .513 .209 .833
02 0.232 -.691 .040 -.721
0.196 .672 -.331 -.662
0.120 -.266 ~-.943 .202
03 0.212 .398 -.735 -.549
0.176 ~-.565 .275 -.778
0.148 -.723 -.619 .306
O4C101 0.234 -.419 .852 -.314
0.170 -.802 .510 .312
0.132 ' .425 -.121 ~.897
N1 0.226 -.730 .229 -.644
' 0.216 .240 -.797 -.555
0.124 -.640 -.559 .527
N2 0.232 .630 .313 .710
0.168 . .586 -.792 -.171
0.110 -.509 -.524 .683
Li 0.206 -.673 -.686 .279
0.162 -.718 " .696 -.022
*

~ imaginary ( .178 .215 .960)

* . )
Non positive definite case.
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inconsistent with physically possible motions. Since it
is difficult to assess intensity measurements of other
workers no further attenmpts 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 633 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 1li-
brational motion of the 804—2 group around an axis parallel
to ¢, the three dimensional motions for the oxygens in
Table 4-3 suggest a motion more complicated than a libration
about any singlé axis. The root mean square displacements
for the oxygen atoms seem too small to suggest that the
crystal might easily be transformed to a centrosymmetric
one or completely reversed to its enantiomorph. Ol was
seen (Section 4.1 D) to fequire a motion of 1.1 R in changing
the crystal to its enantiomorph whereas the maximum RMS
displacements at room temperature are only about 0.23 i.
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
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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 N1-N2 direction. This model was an
approximation for the three hydrogen atoms of the NH3+
group reported by Cuthbert and Petch (34) to be rotating
at roo& temperature. Appendix I discusses the modified
structure factor formula used in this calculation.

An N-H distance of 1.01 Z (6, Table 4.1.2) and tetrahedral
N1-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 NH2
group in positions calculated from the data of Cuthbert and
Petch, again assuming N~H distances of 1.0l R. The two
atoms were placed at the following positions in accordance
with the ordered configuration of Fig. 4-2(b):

Nl =~ Hl++**Nl; Hl : x = ,471 y = .015 2z = .923
Nl == H2+°°04; H2 : x = .388 y = .120 2z = .712
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In addition to refining positions and isotropic temperature
factors of Hl1 and H2, the coordinates of N1 and 04 were
allowed to vary from their best values found prior to in-
cluding H1 and H2. No significant changes occurred for

N1l or O4. 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 = 12.6v(104)
These may be compared to the more recent neutron diffraction
results which favour the reversed configuration along the
hydrogen bond chain (see Fig. 4-2(a)).

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

B = 5.15 (34)

..118 (3) z .796 (3)

H2: x = .381 (4) v

B = 3.56 (33)
No further attempts to locate hydrogen positions were

made from the x-ray data.
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4.3 Structure of High Temperature LiNZHSSO4’

4.3 A Experimental

The crystals used were kindly supplied by J. Cﬁthbert.
These crystals were from the same batch uséd in the NMR
experiments (34) and had been prepared by evaporating an
agueous solution of (N2H6)SO4 and Li2CO3 withvpurification
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 Weis;enberg diffraction spots
typical of a crystal with a large mosaic spread. Cell
constants were roughly mfasured as a = 8.88 g, b = 8.79 g,
c = 5.30 R with V = 413 A3 . All axes were parallel to the
corresponding axes in LiHzS, at least to the accuracy with
which the éentres of the broad spots could be determined.
No change in systematic absences from ﬁhose of LiHzS was
noticed. The decomposition product was not identified.

In order to slow down this decomposition, silicon
0il 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 ioom
temperaﬁure 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
ih the first crystal, a second one of similar size was used
for the hkl photographs. The desired temperature of,l80_i 5%

was attained during the high temperature exposures by bathing
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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 an2l or Pbnm.

For each double exposed reflection, the ratio of
the high to low temperature intensity was determined by
measuring each intensity visually with a calibrated wedge
film. The ratios were then applied to a set of room
temperature intensities (hereafter referred to as room
temperature data RT) derived by independent measuremenﬁs
of Brown's original hk0 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’inéensities
‘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‘thén 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 anZlAusing the high temperature observed
structure amplitudes (HT data). For comparison a similar
refinement was done using the room teﬁperature 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
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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 gnobservable.

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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R C(R) I(RT) ot H K L R O(R) I1(RT) Tl
1415 0420 756 162 5 3 0 1e15 0620 261 54
1,00 0630 540 108 5 4 0 0,60 0615 36 6
1,00 0425 972 162 5 5 0 0e75 0625 1% sxxxx
0e9C 0420 25 5 5 6 0 0e&U 020 9 2
1e20 0420 30 6 5 7 0 0650 0425 3 1
0e65 0e15 108 20 5 8 0 0465 Uel5 150 36
1e25 0425 2106 486 5 9 0 0.70 0420 72 14
1415 025 2106 486 5 10 0 0Qe40 0el5 = .54 9
1e35 025 5022 972 5 11 0 U 1 1
1,00 0620 1458 270 6 0 0 1460 0440 20 4
1405 020 729 162 6 1 0. 0e65 0415 387 72
1¢50 0430 22 4 6 2 0 2450 0,70 12 2
lel5 0620 31 5 6 3 0 050 020 18 4
1400 0.20 48 12 6 4 0 0450 0430 10 2
0«85 0415 54 10 6 5 0 0s75 GCel5 270 63

L 6 3 6 6 0 0440 0420 14 4
0.50 0el5 24 5 6 7 0 0475 0420 72 18
U 3 1 6 8 0 U 1- 1
0e40 0415 216 36 6 9 0 050 0620 16 3
1430 030 4320 1080 6 10 0 065 0420 9 3
1el5 0420 216 36 7 1 0 0450 010 243 54
U 9 2 7 2 0 0490 0.20 10 36
1650 0e40 84 18 7 3 0 0455 0415 24 5
0e60 0el5 486 108 7 4 0 0475 0615 102 24
1e15 0620 180 54 7 5 0 0640 0610 66 15
1410 0420 153 36 7 60 L 6 3
1400 0420 17 4 7 7 0 050 0415 24 6
1,00 0Oe40 . 7 3 7 8 0 1400 0e35 20 5
Oet5 0410 21 5 7 9 0 055 0410 27 6
0450 0410 91 18 7 10 0 1400 0425 .15 5
U 3 1 8 0 0 0.6C 0415 243 72
0e55 0415 486 108 g 10 U 1- 1
le15 0425 1782 486 8 2 0 060 0415 108 27
U 5 2 8 30 U 1- 1
1425G Ce50 . 2 1 8 4 0 0e60 0415 17 A
1400 Ce25 438 9 8 5 0- U 1- 1
1400 Ce35 12 2 8 6 0 0e55 0610 63 15
080 0415 261 54 8 70 U 1- 1
0e75 0el5 138 36 g8 8 0 L 4 2
Ce85 0420 12 3 8 9 0 0440 Cel5 57 13
0¢85 0420 19 5 910 U 1- 1
L 6 3 9 2 0 0440 0410 58 i2

U 1- 1 9 3 0 0465 0415 Q9 24
1el5 0e25 459 81 9 4 0 0640 0410 32 8
L 14 3 9 5 0 0455 0620 13 4
1620 De25 108 27 9 6 0 0650 0620 9 2
0e75 0420 207 36 9 7 0. 100 0Ca20 14 2
200 0e40 12 3 10 0 0 U 1~ M
UaB80 0e20 594 135 10 1 0 050 0el15 60 12
0e50 0415 24 5 10 20 U 1- 1
U 1 1 10 3 0 0640 0el5 19 5
0675 020 38 7 10 5 0 0,50 0415 81 21
U 1 1 10 6 0 U 1- 1
0430 0415 1% saesdx 11 1 0 0440 0e15 20 6
1.10 0C.25 48 9 11 2 0 1.00 0425 72 5
0065 GCal5 351 81 11 3 0 r L &
11 4 0 Ue5C Jei0 i %%
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PO PNEPLPPOPLPOOPREPPONPIPVOY R PVLUVUROWOPLNOOWWNN O ~—

R O(R) I(RT) gl H K L R O(R) I(RT) Gl
1400 0620 2754 891 5 1 1 1400 0425 120 3
100 020 252 54 . 5 2 1 0465 0sl4 108 2
1430 0.20° 15 6 5 3 1 0475 0615 = 57 1
1.00 0420 36 . 9 5 4 1 080 0418 6
0e67 0420 6 3 5 5 1 2e00 0450 3—
0e57 0620 45 . 12 5 6 1 080 0416 75 1
1.0C0 0625 1944 648 5 7 1 0690 -0420 15
100 0.25 1134 324 5 8 1 U -

1620 0420 945 . 216 5 9 1 0440 0el5 18
0e75 015 15 6 5 10 1 0647 0617 = 9
1430 0425 30 -6 5 11 1 0e80 020 27
090 0420 30 6 6 1 1 0.75 025 21
100 Q620 162 36 6 2 1 055 OCel5 24
1,00 0425 48 12 & 3 1 1.00 0Ce25 66 1
0.70 OC.1l4 21 6 6 4 1 0455 0413 6
Oe2 0e1l12 12 3 & 5 1 1.00 0e22 9
0690 018 6 3 6 6 1 0655 0615 &
0475 025 ER 6 7 1 0662 0e12 30
0e70 0el5 45 12 6 8 1 0430 0606 15
1.00 0620 3078 1053 6 9 1 1400 0425 9
0«70 0415 198 45 6 10 1 U b
1.00 0420 216 45 7 01 1.55 0630 - 21
1el7 0420 90 18 7 11 0475 0e17 108 2
1,00 0425 162 45 7 21 0490 0420 33
0e65 0o13 24 6 7 3 1 080 0.28 4
0e75 0415 153 36 7 4 1 0475 0.15 6

U l= 4 7 5 1 0667 O0Oelék 18
0¢85 0420 33 9 7 6 1 1e10 0a20 4

U b~ 4 7 8 1 L : 4—

L 4 4 7 91 L 4-
1400 020 540 108 .8 11 U e
0e83 0617 337 81 8 2 1 070 0Oels 48 1
0e52 0Oell 51 12 8 4 1 0682 0417 39
1,00 025 324 81 8 5 1° L A
Ge58 0415 108 27 8 6 1 L - A
1445 0625 57 12 8 7 1 . L & 4
1«00 0620 18 6 8 8 1 0«67 0Oslé 36 9
0«75 0415 9 3 9 0 1 GCe50 0410 S 12
0e65 (al3 33 12 9 1 1 1e10 0e20 9 3
0e55 Del3 21 6 s 21 U lim 4
0e50 0620 18 6 5 31 U t— 4
0e80 0425 27 S 9 4 1 U 4 — 4

1¢C0 0CeZH 21 6 9 85 1 080 0e18 36 9
1600 0e25 162 45 G 6 1 0630 012 18 9
1675 035 6 3 9 7.1 1400 0420 6 :
1400 0e30 180 45 10 1 1 0465 0620 e
1400 0420 4 4 10 21 U 4— 4
0e55 0ell 78 v 18 10 3 1 0675 0e18 24 6

U ly- 4 10 4 1 U e 4
0e65 0420 78 18 10 5 1 U e 4
U 4— 4 11 0 1 U A 4
Oe75 018 9 3 11 1 1 Ueb67 0a30 9 3
U 4- 4 i1 2 1 L & 4
Ce75 0415 234 54 11 3 1 U - 4



TABLE 4-5

High Temperature Intensity Data with Standard Errors.

Minus signs after the I_, column denote that the in-

HT

tensities are less than the value quoted. Asterisks

denote unreliable IHT values which were deleted during

least-squares refinement.
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as well as the Pbn2, room temperature structure, anZl space

1
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
velue 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
in i 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 iﬁ the intensity ratios, the standard
errors in the differences of Table 4-8 are calculated
according to oDz = GHTZ - URTZ. 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 errore 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



TABLE 4-6
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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 (0) 1.62 (5)
0l HT .0995(18) .1911(19) .5071(153) 4,62(52)
RT .1653(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(1le6)
04 HT .4952(20) ..3085(14) .5904(135) 4.54(37)
RT .4954(10) .3057 (8) .5866(109) 2.67(17)
N1 HT L4141(17) .0223(16) .7272(191) 4.60(38)
RT L4166 (11) .0242 (9) .7299(1l64) 2.63(20)
N2 HT .2145(16) .4394(15) .7171(210) 3.82(31)
RT .2187(10) .4400 (9) .7338(190) 2.40(17)
Li HT .4347(41f .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

[+] .

Bonds (A) HT RT Angles (9) HT RT
s-01 1.389 (76) 1.445 (60) 01-8-02 114.0 (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) 04,707 110.8 (40)  111.9 (30)
04.701 1.470 (42) 1.509 (33) 02-5-03 105.0 (14)  107.9 (10)

- . .4
Li-01,01 1.986(178) 2.029 (136) ; Oic101 105.5 (11)  106.4 (7)
02- 06 1.956 (48) 1.919 (34) 03-5-04¢701 107.8 (30)  108.2 (23)
03 2.008 (88) 1.944 (69) o1 Li-02 110.9 (78)  109.7 (65)
4 1.841(253 1.816(202) cool BOOO
O -841(253) . ) 03 108.6(153)  111.5(140)
N1-N2_ 7, 1.421 (22) 1.477 (13) 04 111.5(167)  107.5(144)
04 3.021 (35) 2.980 (28) 025 500-Li-03 95.6 (16) 98.1 (12)
Nlyoio 3.048(119) 3.031(103) | 04 113.5 (67)  112.5 (57)
‘ 03-Li-04 .8(14 117.2(132
N2-01 2.888 (55) 2.900 (46) * 115.8(145) (132)
Ola000 3.200 (51) 3.156 (43) N2, ,7,-N1-04 137.2 (23) 137.0 (16)
925600 2.998(120) 3.011(105) N1 7o 111.1 (70)  107.8 (55)
925001 2.876(119) 2.823(103) N1 77 107.2 (68)  109.2 (56)
03,001 3.024 (95) 3.015 (82) NLn « i1 (1
-N1-N1_ - : .
04 2.914 (37) 2.925 (32) ° polo 102.4 (18)  104.1 (14)
N1 77 79.4 (18) 80.0 (14)
. " _ —— g

N1070-N1-N1 77 116.4 (67) 117.4 (54)

S8



- TABLE 4-8

Coordinate Changes from RT to HT Refined Structure

Atom AX -~ AY AZ

(3) (3) (2)
s -.032 (3) .012 (5) | .000 (0)
o1 -.052(13) .002(16) 061 (50)
02 .022 (9) .054(10) -.051 (50)
03 -.013(11) .030 (9) ~.044 (36)
04 ~.002(15) .028(12) 020 (41)
N1 -.022(12) -.019(13)  -.014 (51)
N2 -.038(12) ~.006(12) -.087 (47)

Li .048(28) .048(20)

.020(153)




Bond Length and Angle Changes From RT

TABLE 4-9
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to HT Refined Structure

Bonds A(2) A/c Angles A (%) A/ o
s-01 -0.056 (47) -1.2 01-8-02 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
04,757  -0.03% (28) =-1.4 02-$-03 -2.9(10)  -2.9
04 -0.9 (9) -1.0
Li=0lonoy  -0.043(114) -0.4 45 o o4 ~0.4(19) -0.2
02 oo  0.037 (34) 1.1 |
03 0.064 (55) 1.2 . 0l-Li-02 1.2(44) .3
04 0.025(152) 0.2 03 ~2.9(62) .5
| ' 04 4.0(85) 0.5
N1-N2p57o —0-056 (18)  -=3.1 45 i 03 ~2.5(11) -2.3
04 0.041 (21) 2.0 o L.0(33) 0
Nlpoio ~ 0-017 (60) 0-3 53-1i-04 ~1.4(60) -0.2
N2-01 ~0.012 (30) 0.4 N2 o 104 0.2(17) 01
Olgogp ~ 0-044 (270 1.6 Nl 1, 3-3(43) i
O2p000 ~0-013 (58)  -0.2 Nl 77 -2.0(38)  =-0.5
025001  0-053 (60) 0-9 04-n1-N1_ - ~1.7(11)  -1.5

03 0.009 (48) 0.2 DO1O
A0O1 N1 o711 ~0.6(11) -0.5
04 m0-01L (19) =06 gy o -NI-N1 7 -1.0(40)  ~0.3
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02 S

03

', Li
N1

04 D

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 thén the actual observed shift in the

projection. The letters "U" and "D" at the vector £ip

denote significant shifts up or down the ¢ 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 F as the

calc
Fourier coefficients in egn. [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 an2l or Pbnm. The ;efinement of the
available high temperature data indicates that at 180°C the
space group of LiHzS remains an21. 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 crystallographically even if the
~space group did change to Pbnmn.

The slight increase in cell constants at high

temperatures is due to thermal expansion. The small

magnitudes observed for atom.shifts when the temperafure
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is raised to 180°C suggést that no significant changes
occur for the heavy atoms in the crystal structure. IEf
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
accﬁrately determined parameter in this analysis.

The increase in ali the temperature factors reflects
the Qenéral decrease of the intensities observed on the .
films and results from increased thermal motion of the atoms
at higher temperatgres. An oxygen isotropic temperature

factor of B = 4.6 A2

in the high temperature refinement
suggests isotropic root mean square thermal displacements

of 0.24 R (see egn.[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

it is still below the value 1.1 i 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 standard error given for the
parameter. However, since a similar quantity of data for

- the room temperature form refined to a structﬁre which
agrees with that found using Brown's full set 6f data, the
available high temperature data was expected to give a
structure that would agree within its limits of erxror with

a more accurate refinement.

Greater criticism can probably be directed at thek
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 reflecﬁions. The amount of
decomposition was observed to increase during 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
differences did occur for the heavy atoms above 160°C then
an analysis uSing this data would at least indicate theirx

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 K2Cr207 is one of the most
familiar crystalline solids. As early as 1833 Mitscherlich (44)
observed that it undergoes a phase transition close to 250°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-Sphﬁab (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

K,Cx 07, there was considerable controversy through the years

2772
as to whether the triclinic space group is noncentrosymmetric

93
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(P1l) or centrosymmetric (PI), Brief reviews of the
controversy appear in thevpapers 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 P1. Rao (46) also favours Pl on the additional basis of
his statistical analysis of the x-ray diffraction intensity
data. On the other hand the recent Russian studies of
cryétal growth and etch figures by Podisco (47), 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)2Cr207 (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 erxors in the structure
determination. More accurate studies of the dichromate ion
might be of value in assessing the applicability éf Cruick-
shank's theories (1) to chromium in tetrahedral arrangements.

In particular a comparison to the pyrosulfate ion, 8207'2,
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is of interest.

There has also been recent interest in tﬂe geometry
of groups of the type X207 (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 K2Cr207 was published
by Kuzmin, Iliukhin, and Belov (53). While they reported
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 satu:ated
solution of technical grade potassium dichromate in distilled
water. The clear orange seed crystals which formed, while
occasionally 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 thése 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 éctual crystal which
was indexed by the diffraction photographs. 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,

c = 2.95812 ¥ 5 R). A pycnometer calibrated for o (water) =
1 gm. cm.—3 at 0°C was used to measure the density of a
mixture of carbon tetrachloride and bromoform in which
K2Cr207 crystals neither sank nor floated. The’choice

of P1 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 eéch of
the layers_hko,hkl, hk2, hk3, 0k%, 1lkg&, and 2k&. All
photographs were taken with Zr-filtered Mo-radiation. The

integrated intensities were measured from these films by



FIGURE 5-1

Characteristic Habit of Triclinic Potassium
Dichromate Crystals. Other Small Faces
Occasionally Present are (001), (210),

and (110).
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TABLE 5-1

*
Transformations Among Various Unit Cell Conventions

(hkﬁL)l X (hk;z)2 X (hkz)2 X (hkz)4 X
0 0-1 00 1 010
(hkg) T = 1 0-1 0 100 0 0-1
’ -100 010 -1 00
0 0-1 | 0-1 0 - 100
(hk2) 2 = 0-1 0 1 100 001
100 | 0 0-1 0-1 0
0-10 0 0-1
(hkg) 3 = 100 1 100
00 0 0-1 - 010
0 0-1 100 0-1 0
(hke) 4 = 100 0 0-1 001 1
0-1 0 010 100

Superscripts denote the conventions of various authors:

l. 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.

1-‘I‘he‘ present work confirms that Gossner and Mussnug (58)

have an error in one of their angle measurements.



TABLE 5-2

Crystal Data for Triclinic K. Cr.O

‘System

Space Group

Cell Constants a
b
¢'
[+
B
Y

Unit Cell Volume

Reciprocal Cell Constants

a
*
b
*
c
*
o
*
8
%
¥
Density Measured
Calculated

Number of Formula Units
per Unit Cell

X-ray Absorption
Coefficient (MoKa)

277277

Triclinic‘
PI
o]

13.367 (11) A

7.376 (5)

7.445  (6)
90.75 (5) ©
96.21 (7
97.96 (5)

[«

722.3 a3

[}

0.07601 (6) A~
0.13696 (9)
0.13517 (10)

1

88.37 (5) ©
83.63 (5)
81.91 (5)

2.66 © .05 gm e

99

2.704f .003 gm cm'—3

4

42.4 cm T
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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 durihg least squares refinement.
Unobserved intensities were labelled and were assigned
the local minimum observable intensity value. Unreliabl2
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 refinement). The full set of date 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 QR was only 0.5 (5, Sec. 5.3).

5.2 C Attempts tO'Determine‘Space Group by Direct Experiment
Toward the final stades of the refinement, it

became clear that the structure was gquite close to being

centrosymmetric. 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 complex
scattering factors for Cr and K species (6, Sec. 3.3.2)
indicated that appreciable intensity differences between
hki and BKZ should be observable for some reflections with
Co or Cu~-radiation if the space group were Pl. Precession
camera photographs were taken for the hk0 and 0kf layers
with Fe-filtered Co-radiation. Weissenberg photographs
were taken of the h0gf layer with Ni-filtered Cu-radiation.
The Weissenberg films were double exposed in é way which
géve the reflections h0% and h0% close to one another

on the film for easier comparison of their intensities.
Visual comparison of the pairs hkg and hkg 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 ;rystal 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 intefpreted
as favouring PI1.

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 crystallographicaliy distinct sites for Cr and k

atoms. These attempts failed to detect any signals from
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either the 9.5% abundant Cr53 isotope or from the 93% KJ9

isotope, and hence this experiment was inconclusive.

5.3 Solution and Refinement of the Structﬁre

A Patterson function was calculated using the hk0
intensity data. This function is shown in Fig. 5-2. About
half‘of the large Cr atoms were located by identifying
Patterson peaks which cdrrespond 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 wifh 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 célculated with the 0kg data and a trial
three dimensional structure was formulated in space group
Pl with 44 independent atoms in the uﬁit cell. This trial
structure possessed approkimate centres of symmetry but.
further refinement was performed without imposing any such
constraints.

A three dimensional full matrix least squares
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n Function

{001} Projection of Patterso
for Triclinic;chx207
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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
and o =l/c2 weights were used. Unobserved reflections.in

agreement (F(calc) < F the local minimum observable

= "min’

vglue) were given zero weight. Those calculating larger
than Fp;, Wwere refined as though Fo waé equal to Foin®
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 Pl space group
~giving a final R of 0.0963 using isotropic temperature
factors. This PI isotropié 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 P1 structures were different particularly
for the potassium and ongen positions. Hamilton's significance
test (19), when applied to the R factors for these two models,

indicated less than 0.5% chance of the P1 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

hk¢ 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 dis%ortions
from P1. There are four nonequivalent dichromate groups

in Pl but each deviated from C symmetry in a different way.

2v
Detailed comparison of results from the Pl and P1
isotropic refinements led to a suggestion which resolved the
problem in assigning a space group. Pseudo-centrosymmetric
0-Cr-O 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 P1. This was consistent
.with pairs of the pseudo-centrosymmetric oxygen étoms 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 P1 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

thermal 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 PI 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 refineﬁent 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/o2 weighted R index of 0.054 in PI.

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 P1 modei
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 reasonable 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 K2Cr207 is found within the
accuracy of this structure analysis to be centrosymmetric.

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 PI 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 anisotrbpic temperature
factors are given in Table 5~3 for the final refinement
(R = 0.054). Also given are the independently determined PI1
coordinates of Kuzmin, Iliukhin, and Belov (53) with-R = 0.,161.
The latter 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 P1 Coordinates and Temperature Factors
Compared to Transformed Values of Kuzmin et al. -

Atom X y z
K1 .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
Cra .41379 (5) .29304 (7) .80714(11)
.414 .293 .808
OB1 .02283(21) . 42955 (30) .29483(52)
.024 .433 .303
011 .19970(22) .47632(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 pace)
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Refined Pl Coordinates and Temperaturé Factors
Compared to Transformed Values of Kuzmin et al.

Atom X Yy zZ
023 -.04319(24) 19264 (39) -.00185(56)
-.043 .187 -.005
OB3 .52748(23) .20950(37) .89187(55) -
.522 .210 . 893
031 .70143(26) .05349(40) .91201(61)
.696 .050 .905
032 .64874(29) .22010(38) | .61033(57)
.651 .209 .613
033 .54493(26) -.09817(34) .68346(62)
.546 ~.083 .673
041 .36029(28) .36600(38) .97283(58)
.365 .364 .975
042 .33655(26) .13702(36) .69261(61)
. 340 .142 .701
043 L44272(24) .46064(34) .67255(57)
L443 .470 ' .675
*
Refined Temperature Factor Components (x 10 5)
Atom 11 Bo2 B33 12 B13 Bo3
K1l 286 (4) 916(11l) 879(19) 99 (6) =-17(12) =-28(12)
K2 302 (5) 1364(14) 1111(22) 90 (7) 32(14) 393(15)
K3 253 (4) 1376(14) 1124(23) 71 (6) 87(13) -244(16)
K4 309 (4) 1274(13) 931(20) 221 (7) 35(13) -125(15)
Crl 198 (3) 738 (8) 667(13) 30 (4) .15 (8) =54 (9)
Cr2 - 206 (3) 654 (7) 668(1l3) 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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Refined Temperature Factor Components* ( x 10 5)
Atom B11 B2 B33 B12 813 B23
Crd 195 (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) i619(51) 1027(71) 121(24) 18(45) -398(53)
0B3 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)
>O32 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(53)
043 313(15) 1085(41) 1358(77) 75(21) 173(43) 371(48)
*ngmin et al. usedothe isoteric values By = 1.4 Az,

B, = 1.1 A%, and B, = 1.7 a2 |



TABLE 5-4

Observed and calculated structure factors (Fo and Fc) in
units of 1/10 electron per unit cell with estimated relative
standard errors (o) in F,. A minus sign follo_wingFo in-
dicates an unobserved reflection; an asterisk indicates

aﬁ unreliable Fo measurement which was not used in the
least-squares refihement; 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)

FC

F2

K

£C

Fg

X

FC

e

K
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TABLE 5-4 (Continued)
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TABLE 5-4 (Continued)
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1, %, % and relabelling their -b, -c¢ and -a as a, b and c.
This gives x, y, z in terms of their coordinate tables as
1 1

5= Yr 5~ Z, and 1 ~ x. This author's choice of axis labels
has been preferred becau;e of close comparisons with known
monoclinic structures.

Table 5-4 gives the observed structure amplitudes
(Fo) and their standard errors (o) 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 3.3.1A): x* 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

The Cr20.7_'2 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-O 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-0B-Cr

planes and the latter are parallel to the Cr-Cr vectors.

A



031

043
033

042

FIGURE 5-3

- Side and End Views for the Two Crystallographically Distinct Dichromate Tons
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Table 5-5 lists their bénd lengths and angies. 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-0O (bridge) distance is 1.786 I Loos g

and the mean corrected Cr-0 (terminal) distance is 1.629 I 010 g.
The dicﬁromate ions do not guite have an exact Cyy OF

even C symmetry. The projections along the Cr-Cr wvectors

2
in Fig. 5-3 indicate a twisting of each dichromate ion away

from an exactly eclipsed C v»geometry. The decrease of one

2
of the angles from tetrahedral in each ion (OBl-Crl-0l1ll and

OB3-Cr3-031) appears to be a real effect and destroys an

exact C, symmetry. None of the other 0-Cr-0 angles

2
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 C symmetry is about 5° for the ion

2v

containing Crl-Cr2 and about 10° for the ion containing

Cr3-Cr4. This twisting occurs in the same sense for each



TABLE 5-5

Interatomic Distances and Angles for the
Two Crystallographically Distinct Dichromate Ions

Distances Uncorrected Thermally - Distances Uncorrected Thermally
Corrected : Corrected
[3) [} o] [
Crl-Cr2 3.144(2) A 3.144 A Cr3-Cr4  3.189(2) A 3.189 A
Crl-OBl1l 1.776(3) 1.781 Cr3-0B3 1.780(3) 1.788
Cr2-0Bl1 1.784(3) 1.790 Cr4-0B3 1.775(3) 1.784
Mean Corrected Cr-0O (Bridge) = 1.786(8) A
Crl-011 1.614(3) 1.624 Cr3-031 1.618(4) 1.633
0l2 1.622(3) 1.634 032 1.620(4) 1.634
013 1.610(4) 1.626 - 033 1.614(3) 1.629
Cr2-021 1.583(3) . 1.602 Cr4-041 1.613(4) 1.627
022 1.632(3) 1.642 042 1.604(3) 1.619
023 1.625(3) 1.638 043 1.633(3), 1.643
Mean Corrected Cr-O (Terminal) = 1.629(10) A
OBl-01ll 2.71 OB3-~031 2.72
012 2.77 032 2.78
013 2.79 033 2.78
021 2.75 041 2.77
022 2.77 ' 042 2.79
023 2.78 _ - 043 2.76
01l1l-012 2.64 - 031-032 2.65
0l3 2.67 033 2.66
012-013 2.64 032-033 2.65
021-022 2.64 041-042 2.63
023 2.64 043 2.66
022-023 2.64 . 042-043 2.62
012-023 3.35 032-043 3.54
013-022 3.41 - 033-042 3.49
Angles Angles
Crl-0B1-Cr2 124.0(1)° Cr3-0B3-Cr4 127.6(2)°
OBl-Crl-011l 106.1(1) 0OB3-Cr3-031 106.6(2)
012 109.4(1) 032 109.7(1)
013 110.8(1) 033 110.1(1)
0l11-Crl-012 109.5(1) 031-Cr3-032 109.8(2)
013 111.7(1) 033 110.6(1)
012-Crl-013 109.2(2) 032-Cr3~033 110.1(1)
OB1~-Cr2-021 109.6(1) 0OB3-Cr4-041 109.7(1)
- 022 108.5(1) 042 111.2(2)
023 109.5(1) 043 108.4(1)
021-Cxr2-022 110.2(1) 041-Cr4-042 109.7(2)
023 110.6(1) 043 109.9(2)
022-Cr2-023 108.4(1) 042-Cr4-043 107.9(1)
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Y

ion with respect to their similar envirohments. Likewise
the unique angles OBl-Crl-Oll 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 diéhromate'ion
stereochemistry is given in Sec. 5.5 D.

5.4 B TIonic Packing to Form the Structure

The structure consists of a three dimensional
array of K+l and Cr20./.—2 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 gréup ‘(consisting of the remaining four oxygen atoms).

Fig. 5-4 shows the arrangement of kK" and Cr207—2

ions projected down c. Atom labels correspond to those of

Table 5-3. Atoms with 'primes are related to the unprimed

ones by inversion in the centres of symmetry at O % % or
% % %. Roman numerals denote layers in the structure

parallel to the plane of b and ¢. These layers are described
later in the text.
The groups containing Crl-Cr2 in each unit cell
form a row (A) of dichromate ions whose members repeat by
the translation along ¢ (out of the p;ane of Fig. 5-4). The

potassium ions Kl and K2 lie between successive dichromate ions



FIGURE 5-4

CTCT &,

7 projected down [001].

Structure of Triclinic K2Cr20
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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
conﬁaining'Crl'-CrZ' together with Kl' and K2 form a similar
row (B) along the c¢ direction related té row A by inversion
through the centre of symmetry at O % % . 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 pairéd more closely to one
particular dichromate ion in the adjacent row. The groups
Crl-Cr2 and Crl'—CrZ' in Fig. 5-4 are a close pair. The
pairing may be thought of as a distortion from ah 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 iﬁterlocking backbones; the contact
B:A is between the flat planes of oxygen feet and poﬁassium
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.
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.

The two layers are crystaliographically distinct.
However, the layer marked II in Figure 5-4 has nearly the same
construction as layer I . The réws C and D which form
layer II are found to run along the b direction whereas
the analogous rows (A andlB) in layer I run along the
c direction. 1In layer II an example of the analogous close
paired dichromaée ions are Cr3-Cr4 in row D and Cr3'~Cr4'

011 in row C.

The failure of the layers to be strictly identical
cannot be pictured as a small distortion of any crystallographic
symmetry relationship beﬁween them. This is because the
transformation necessary to generate layer II and then layer
I (100) from the original layer I cannot correspond to é
possible space group symmetry operation. The actual
generation can be pictured as: 1) a rotation of +90° about

1

*
a and a translation of 5 at b + % ¢ giving II from I,

. *
and 2) a rotation of --90O about a and a translation of
1
2
Fig. 5-6(a) and (b)show the unit cell contents

N

% a - % b - c giving I(100) from II.

viewed down the € 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 K Cr 0, projected

2772 126

(a) down [001]; and
(b) down [010}].

(b)
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their respedtive layers, -suggesting that forces between
adjacent layers may be the cause of the decrease from
tetrahedral for the angles OBl-Crl-0ll and OB3-Cr3-031
. (see Section 5.4 Aa).

5.4 C Structural Environments

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 léyers I
and II.

For reference the K atoms in contact with each
dichromate group are listed below.

-2
l)» Cr O7 group Crl—Cr2 :

2
K1 K1 001 K1 K1 010
K2 K2 001 K2 k2 010
K3
K4 K4 100
2) Cr20.7-'2 group Cr;-Cr,:
K1 k1 171
K2
K3 k3 010 K3 K3 001
K4 K4 010 ke R4 001 |

The distances may be derived from Table 5-6.



TABLE 5-6
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*
Oxygen Environments of Potassium Ions

Kl K2 K3 K4

Intralayer Distances (i):

011 3.82 021 001 3.63 031 010 3.70 041 3.25
012 001 2.83 022 2.80 032 2.88 042 010 2.94
013 2.74 023 001 2.73 033 010 2.70 043 2.74
023 001 2.87 013 2.75 043 2.71 033 010 2.83
021" 2.82 o1l 2.93 041'001 2.67 031'00L 2.97
022'010 2.83 012'010 2.83 042" 3.34 032" 2.82
023'010 2.97 013'0I0 3.64 043" 2.68 033"

OBl 001 OBl 3.86 OB3 3.59 OB3 010 3.90
OBl OBL' 2.96 0B3'001 OB3'001 2.86
“ — ) N J

Pseudo 2 Fold Related Pairs Pseudo

\

Interlayer Dis
041 2.89
042 3.07

031'0I1 2.84

JE—

Analogous Pairs In
Each Layer

tances (X):
031 100 3.14
032 100 2.89

1 041'001

011'100
012'100
021 101

v
2 Fold Related Pairs

2.79
2.84

021' 3.29
022' 2.76
0oll 3.09

* °
Blank entries indicate distances are »4.00 A.
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In addiﬁibn there are some O-~0 distances between
neighbouring dichromate groups comparable with some of the
K-0 distances listed above. Such O0~0 distances less than
3.3 A are given in Table 5~7.. There are other values in
the range 3.30 to 3.40 i too numerous to list.

5.4 D Anisotropic 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. Cdmparing thevdirections of the
Cr-0 bonds with the directions of the principal axes of
vibration for the o#ygen atoms, it can be seen that the
smallest thermal displacements are_genérally.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 K,S,0, (3); 5.7° in

K CH2(SO (60)..).

2 3)2

5.5 Discussion and Conclusions

o .
(24) ; apd 6.8 in KZNH(SOB)Z

5.5 A Comparison of Cell Constants and Space Groups for

Table 5-9 gives the crystal data found in the

literature for several compounds which might have structures



Oxygen-Oxygen Distances Between Dichromate Ions

TABLE 5-7

*

OBl
011
01l
012
013
013
021
022
022
023
031
032
033

043

013"

032"

022"

031'010
013'010
022'010
041'100
042'110
031 1ol
023'011
041'010
033'0I0
033'010

043"

%k

Only one member of each pair of symmetry related

distances is listed.
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TABLE 5-8
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Pfincipal Axes Analysis for Anisotropic Temperature Factors

R.M.S. Associated Direction Cosines (xlO3)
Atom Displacements Direction With Respect To
(A) a b <
K1l 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
X4 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
0.1206 -613 -387 . =547
- 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-OB1l ~686 570 -483
Cr2-0Bl ... 665 .. 361 502
011 0.207 -241 . =362 916
0.172 684 -804 -190
0.143 " 689 471 352
Crl-011 569 624 331

(continued next

page)
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TABLE 5-8 (Continued) .

Principal Axes Analysis for Anisotropic Temperature Factors

R.M.S. Associated Direction Cosines (x103)
Atom Displacements Direction With Respect To
(A) a b c
021 0.238 -605 - 87 842
0.202 474 - 634 451
0.150 -640 768 -294
Cr2-021 -602 757 . =371
0l2 0.206 ' 201 - 788 -572
0.181 818 42 458
0.129 540 -614 -681
Crl=-0l2 561 -644 . =639
023 0.225 52 867 -495
0.163 -998 194 102
0.149 - 22 ~-459 -863
Cr2-023 482 -585 -735
013 0.236 181 ~793 -599
0.175 ~-966 109 - -150
0.145 ~184 ~599 787
Crl-013 -435 -510 - 751
022 0.191 ~622 154 -710
0.177 422 -861 -428
0.142 ' -660 -486 559
Cxr2-022 -534 ~555 630
OB3 0.219 ' ' 460 815 - 72
0.160 -161 - 102 993
0.135 - - 873 -570 98
Cr3-0B3 =722 563 572
Cr4-0B3 866 -470 267
031 0.229 470 805 -155
0.199 -381 334 908
0.135 796 -490 390
Cx3-031 .. . 732 ... ~292 ‘ 576
041 0.213 634 463 450
0.190 309 -854 ~ 469
0.152 -709 236 760
‘ Cr4-041 ~572 385 808
032 0.207 : 659 -658 ~540
0.202 740 272 462
0.160 133 702 -703
Cxr3-032 341 545 ~-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 (x103)

Atom Displgcements Direction With Respect To
(n) -2 b <
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 0.216 ~-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

. -] -] -] lo) o o
Material . Space Group a{(A) b (A) c(a)  a(7) B(7) y(7) Reference
chr207 ) L
Room Temp. Pl (Ci) 13.37 7.38 7.44 90.75 96.21 97.96 This Work
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, /n(C3,) 13.45 7.52 7.55 90 91.68 90 K and S (45)
5260°¢ 1 gh
Room Temp. c2/c (CZh) 13.06 7.37 7.43 90 91.85 90 K and S (45)
Metastable 5
Z ¢+ P Form P21/a(C2h) 12.94 7.35 7.47 90‘ 91.92 90 Z and P (61)
6
(NH4)2Cr207 c2/c (C2h) 13.26 7.54 7.74 90 93.20 90 B and W (49)
K,S,0 c2/c (Co)  12.35  7.31  7.27 90 93.12 90 L and T (3)
6 .
K2CH2(SO3)2 c2/c (C2h) 12.56 7.77 7.25 90 90.50 90 T (24)
KZNH(SOB)Z Cc2/c (Cgh) 12.43 7.46 7.18 90 91.18 90 C and J (60)
Rb,Cr.,0O
2-%2%7 _ 1
Room Temp. Pl (Ci) 13.49 7.65 7.74 86.13 98,43 91,00 K and S (45)
Room Temp. P21/n(Cgh) 13.62  7.62  7.67 90 93.37 90 K and S (45)
(=
e
Ca2P207 )
B=-Form P4l (c4) 24.14 6.68 6.68 99 9Q 90 W (62)
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.

related to triclinic K2Cr207. Structures have now been

determined for all but P2;/n and C2/c K,Cr,0 and the two

2772777

Rb2Cr207 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 guite similar and it is probable that the unsolved

C2/c form of K,Cr is isostructural with the known ones.

2°%29%7
,Cr,0, room temperature structure determined by

Zhukova and Pinsker (61) for thin film crystals using -

The K

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 K2Cr207. Since there is a systemati;
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 centrosymmetric subgroups useful
in the following discussions. These include monoclinic
P2,/n (Cgh>' and triclinic Ci>(Ci) and PI (Ci).

.Fig. 5-8 compares the'[OOl] and [010] projections

of a typical C2/c structure with similar projections of
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FIGURE 5-7

Space group comparison. The International Table

symbol convention (4, Tables 4.1.6 and 4.1.7) has

been used to describe those symmetry elements
present in each case.
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Pl K2Cr207. Both structures can be described in terms of
rows of cations and anions interlocking backbones to form
layers which stack perpendicular to E*- 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 atém 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 ¢ 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 b and ¢, 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 Pl 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 P1 layer I and C2/c layer I is that C2/c¢ has
2 fold axes and ¢ glide planes which Pl does not have. Only

the inversion 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 secohd 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 regquires
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
IT run approximately at right angles to those forming layer I.
The P1 layer arrangement ébes not even exhibit an approximate
C centering. Hence the arrangement of adjaéent layers is quite
differen£ for the C2/c and Pl structﬁres and seems surprising
in view of their many similarities. An ekplanation 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 Pl type layers. Fig. 5-9 (a)
shows the appropriate views of the Pl layers for comparison
with the [001] C2/c projection, and Fig. 5-92 (b) shows those
for comparison with the [010] C2/c projectibn. The latter
comparison especially illustrates how the absence of 2 fold axes
and c glide planes in both bf the P1 lajersresults in a close
pairing of Cr,0, ions. This close pairing observed for
both of the crystallographically distinct Pl 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 lqyers can occur so differently in the C2/c and Pl
structures. These diagrams show projections perpendicular
to the layers. They show for each of (a) C2/c and (b) PI:
(i) how the atoms are arranged on the front face of layer I,
.and (ii) how these are bverlapped by the atoms 6n the back
face of layer II. Each layer face consists of a; 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 oxXxygen 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 shbwn.

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
¢ a zig-zag chain of equally spaced K atoms related by one
of the ¢ 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) PI

*
(i) Projection down a showing front face of layer I

T3

(ii) Back face of layer II overlapping front face-of Layer I

FIGURE 5-10

Comparison of C2/c and Pl adjacent layer packing
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the back face of iayer IT 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 spéced K atoms on the back face of layer IT
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 21g zag
chains must be parallel when they overlap, the orlentatlon
of layer II is the same as that_of layer I in the C2/c
crystal structure.

Quite a different situation arises in PI. 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 PI the |
close pairing allowed through the absence of the 2 fold
ages and ¢ 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 unequaily spaced K and 0 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 P1 layer
IT 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 éccomplish
this. Briefly, these two ways‘are: (A) K chains along ¢
over oxygen chains along ¢, and (B) K chains along b over
oxygen chains along c. |
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 PI layers plus an n glide combine .to
give an approximate C centering.

The structure analysis of K2Cr20 at room temperature

7
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 celi b and ¢ axes for the
two different layers. This approximate 90° relation is
found in the P1 K,Cr,0. structure detérmination.' 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 specﬁlate on the structures of other phases of K2Cr207.
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The differences between the C2/c and PI structures
can be summarized as an absence in PI of the following C2/c
symmetry elements: 2 fold axes, ¢ glide planes, C centering;
n glide planes, 2l fold screw axes, and the second class
of inversion centres (i.e. the ones between layers, see Fig.
5-7). Only the first class 6f 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 absénce nevertheless results -
in the close pairing which in turn allows adjacent PI1
_layers to stack with different orientations.

While case (B) contacts are observed in triclinic
KZCr207, it is certainly possible that similar triclinic
compounds might show case (A) contacts with C or n symmetry
relating adjaceht layers. One other example of case (B)
contacts has been found in the structure of B-—CaZPZO7 (62)
which has the noncentrosymmetric tetragonal space group P4l.
Here, four layers per cell stack adjacent to one another,
each at right angles to the next in accord with the 4l ‘
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.

Cr.,0. Phases

5.5 C Speculation on the Structures of Other K2 204

Klement and Schwab (45) have identified a monoclinic
K2Cr207 phase which is metastable at room teﬁperature and
has space group C2/c (Cgh) or Cc (Cg) . They favour C2/c on
the basis of expected similarity to the.Structures of K,S$,0,

and (NH Cr,0 and there is no evidence arising from this

4) 26707

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 K28207 and (NH4)2Cr207.

Klement and Schwab have also studied the high

temperature (3 260°¢) K2Cr207
P21/n (Cgh) symmetry. This space group is a subgroup of C2/c

phase and report monoclinic

obtained by removing 2 fold axes, ¢ glide planes and one
set of inversion centres (seé Fig. 5-7). The C éentering
which occurs as a combination of the ¢ and n glide planes
is also absent.

Assuming that the PZl/n structure also has rows of

2

Cr,0 and K' ions interlocking backbones to form layers

277
*

which stack up a , one can speculate what the structure

looks like using packing and symmetry arguments} In P21/n the

arrangement within the layers is not restricted by any c glide

planes or 2 fold axes and the P21/n layers can be.distorted
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from ﬁhe C2/c configuratiqn. ‘The n glide planes and 2,
screw axes sﬁill relate the léyers I and II and ensure that
the rows forming adjacent layers are parallel,i.e. atype (A)
~contact between the zig-zag oxygen and potassium chains
in adjacent faces. |

It is thérefore proposed that adjacent interlocking
rows in Pzi/n will show a sliding of rows along the trough
direction and a translation along the rdw 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 P1, and the
choice of type (A) contacts between layer faces is favoured
with n glide and 2l screw axes reiating adjacent layers.
Verification of these proposals must await a solution of

the le/n K2Cr high temperature structure, or alternatively

297
that of room temperature P21/n Rb2Cr207 since these two are
- expected to be isostructural.

' A fourth possible centrosymmetric space group
allowing an analogous two layered structure might be non
primitive triclinic cl (Ci). The only symmetry elements
remaining from C2/c are the C centering and the two sets of
inversion centres (see Fig. 5-7). With the absence of ¢ 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 léyers would be parallgl. Howgver, when close
pairing occurs, as for PI and.as speculated for P21/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'inﬁérlocking
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 bpposite 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 prefer;ble to
any Cl form. If this objection to CIl 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 le/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 PI K2Cr O7 and

2

1 B-Ca2P207A(62) shows considerable similarity. The

structure of B-Ca2P207 also has layers formed by rows of Ca

in P4

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 4l screw axis giving an exact 900 rotation between ad-

jacent layers. Because the 4l screw axis requires four layers
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per unit cell, the a agis is twice as long as in the
correspoﬁding two layer packipg arrangements (se; 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 B-CazPZQ7 P4l~typé.arrangement,
but no form with this space group has yet been reported.

5.5 D Discussion of the Dichromate Ion

A preliminary description of the Cr207-2 ions and
their symmetry appears in Sec. 5.4 A. It remains to discuss

the observed stereochemistry for the dichromate ion in P1

K2Cr207 and to compare it with the pyrosulfate ion, 8207_2,

as found in C2/c K28207. This comparison is not ideal

since the data comes from two structures with different

symmetries and packing arrangements. The dichromate ion in

4)2Cr207 (49) with C2

unfortunately not known with sufficient accuracy to make its

c2/c (NH crystallographic symmetry is
inclusion in the comparison very meaningful. Some points
of cdmparison may also be made between the dichromate ion
and thg pyrophosphate ion P207_4 geometry found in
B—Ca2P207 (62) . The latter comparison however cannot be
representative of all pyrophosphaﬁe ion geometries since
they have been found with quite different configurations
in other structures (63).

2

The bond lengths and angles in Cr207~ 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
8207-2 ion only has crystallographic symmetry C, but is

within experimental error of being exactly eclipsed and

having C symmetry. The pyrophosphate ions in B—Ca2P207

2v
are found with slight twists away from an exactly eclipsed
cénfiguration.

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 C2v 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 dataTis availablé for Cr207“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, C1207
however show a twist of about 15° from an eclipsed conf-
iguration even in the gaseous state (51). O0-0 and Cc1-0

repulsions between opposite halves of the molecule are

suggested as the cause of this effect in 01207.
The dichromate ion has been observed with Cr-O-Cr
bridging angles of 124.0 ¥ 0.1°2 and 127.6 £ 0.2° compared

to 124.2 ¥ 0.5° for the S-0-5 bridge angle, and 130.5 ¥ 0.8°

and 137.8 ¥ 0.8° in the B—Ca2P207 pyrophosphate ions.

The two different angles for the dichromate ions again
probably arise from different forces in the crystal packing.
For each dichromate ion, the two bridge Cr-O bonds are

+

[«
equal within experimental error (mean 1.786 - ,008 A) as are

the terminal Cr-0 bond distances (mean 1.629 t

.010 R).

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 stefeo—
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
2

first three sets of angles involve the bridge atom and

sulfur, namely CH2(SO3)2— (24) and NH(SO,) (60). The
all Show a decrease from tetrahedral in the pyrosulfate

type ions, whereas they remain close to tetrahedral for the
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Comparison of Angles (°) for Related Anions Involving
Sulfur and Chromium

c2/c

Analogous Angle Pl Pl c2/c c2/c
Names Used in Cr.,.0, Ii|{Cr.0, II |S.0O CH., (S0.,) ., |NH(SO,)
This Work 277 277 277 2 372 3’2
OBi~-Cri-0il 106.1 106.6‘} 101.3 102.4 102.9
OBi-Crj-0j1 109.6 | 109.7

0OBi~Cri-0i2 109.4 109.7 } 106.2 106.3 106.5
OBi-Crj-072 108.5 | 111.2

OBi-Cri-0i3 110.8 110.1 } 106.1 107.3 107.0
0Bi-Crj-033 109.5 | 108.4

0il-Cri-0i2 109.5 109.8 } 113.6 113.2 112.8
0j1-Crj-03j2 110.2 | 109.7

0il~-Cri-0i3 111.7 110.6 } 115.5 113.8 114.0
0j1-Crj-033 110.6 | 109.9

0i2-Cri-0i3 109.2 110.1.} 112.8 112.8 112.3
032-Crj-033 108.4 | 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 Crzo7 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 0-S-0 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 pyrosulfate types whereas they remain
gquite close to tetrahedral for chromium cases. The opening
of the terminal 0-S-0 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-
tances are longer for Cr than for S (1.63 i compared to 1l.44 X)
might account for such repulsions not beiné as effective in
opening the terminal 0-Cr-0O angles in C1:207-2 ions. Weaker
repulsive forces are expected since the terminal 0-O distances
are about 2.65 A in Cr207-2 compared to about 2.43 A in

2

8207. . . The sum of 0-0 van der Waals radii (2 , Table 7-20)
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is 2.80 2.. Similar data for the pyrophosphate ion in
B-Ca2P207 shows an opening of terminal O-P-O angles with
terminal 0-O distances of about 2.53 i.

In Cruickshank's theory of bonding in tetrahedral
arrangements (1) the presence of such angle distortions
can result in a further increase in the wn-bonding strength
- and hence a slight shortening of ;he bond from its wvalue
in a purely tetrahedral environment.. Thié tendéncy has
been described in connection with ano4—n type ions in
Chapter 3, particularly Table 3-5. The mean S-0 (terminal)

) .
distance of 1.437 ¥ .004 A (3) in the S

a

207"2 type ions is a
shortening from the 504_2 ion S-0 distance of 1.49 R (1)
as expected with the angle diétortions present. However
the mean Cr-0 (terminal) distance of 1.629 t .o10 i suggeéts
that much less of a shortening occurs here from the reported
1.65 i value for the Cr04—2 ion (65). A much smaller
shorténing, if any, would be expected here.since no appreciable
angle changes have occurred from terminal oxygen répulsions.
The 0.02 i shorténing ifself may be in doubt since not much
accurate data is available for Cr-O distances in Cr04_2 ions.
In any case the observed opening of terminal 0-S-0 angles
in 5207—2 ions contrasts with the nearly tetrahedral values
for terminal 0-Cr-O 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 and 8207—2 ions would suggest that Cruickshank's

theory of n-bonding in tetrahedral complexes is applicable as

of the Cr207

well to chromium in tetrahedral arrangements. A reason
why terminal 0-Cr~O0 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 w-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-O 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 (1020)
decrease from tetrahedral even more than do the OB-S-0O
(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

+

. o
in the pyrophosphate ion in B-_-CaZPZO7 (1.497 - .011 A

° .
compared to 1.529 I o6 A). Similar differences may also

exist in the K28207 pyrosulfate ion, but experimental errors

make any such trend in the data uncertain. No significant
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differences among the terminal Cr-O bond lengths are noted.
The short Cr2-021 distance of 1.602 R seems unigue but this
can be explained by the fact that 021 only has one potassium
ion contact less than 3.25 3.

The occurrence of angle distortions for these
unique oxygen atoms solely for one half of each dichromate
ion (angles OBl1l-Crl-0ll and OB3-Cr3-031l) correlates with
the fact that 0ll 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 C120 results (51), McDonald and Cruickshank

7
(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-O0 (bridge) bonds (64).

The less accurate structure determination of tri-
clinic chr207 recently reported by Kuzmin, 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
report bridging Cr~O distances of 1.72 ; and 1.85 X in one
ion, and 1.74 A and 1.84 A in the other. Terminal Cr-O

(-] (-]
distances likewise show wide spreads of 1.53 A to 1.68 A

-]
in one ion, and 1.51 to 1.63 A in the other. Similar wide
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spreads amon§ bond lengths were observed in early stages

of the pfesent refinement, even with an agreement index R as
low as 0.12 or so, and-pérticularly_when refinement was
attemptea with only portions of the intensity déta included.
Hence these discrepancies in Cr20.7—2 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
Pnma with cell constants a = 9.526, b = 6.264, and c = 8.692 A.
Three dimensional x-ray diffraction intensitfrdata 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 idehtical‘with, that of the
isoelectronic compound barium sulfate. A comparison of these
two struétures 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
C,, symmetry with $-0 = 1.47 ¥ 0.02 A, s-C = 1.85 ¥ 0.04 A
(both corrected for thermal motion), 0-5~0 = 112 : lo, and
0-S-C = 107 ¥ 2°. The-étereochemistry 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

160
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the structure determination of cesiumumethylsulfdnate 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 sliéht 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 efforés were inconclusive.
Above 160°C the observed systematic absences together with
the structure analysis show that the space group is thzl,
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 temperéture structure, it must differ primarily in
the hydrogen configurations, which could not be observed, or
possibly in the nitrogen of lithium atom z coordinates which
could not be too accurately determined with the available

high temperature data.
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Thé crystal structure of triclinic potassium
dichromate has been solved using single'crystal X=-ray
diffraction techniques. The cell constants are a = 13.367,
b= 7.376, ¢ = 7.445 A, o = 90.75% g = 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 ceﬁtrosymmetric PI1. The
structure can be described in terms of rows of potassium
and dichromate ions fitting together ﬁo 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 P1 layers, an explanation has
been proposed as to how both the C2/c layer arrangément and
the P1 layer arrangement (with its 90° relation betweeh
layers) can each occur. Ideas arising from thisvexplanation
suggest possible structures for other phases of potassium
dichromate and some predictions about these forms have been
given. The dichromate 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
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2 symmetry. The Cr-0 (bridge) bonds are
equivalent (1.786 b

C or even C

2v
o -
0.008 A) as are the Cr-0 (terminal)

-]
bonds (1.629 ¥ o.010 A) within experimental errors. The

Cr-0-Cr bridging angles are 124.0 T 0.1° and 127.6 ¥ 0.2°

for the two crystallograéhically distinct ions. The O~-Cr-0O
angles are essentially tetrahedral (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 5 groups and the NH3 portion of the N2H5 groups. The
structure factor contribution from each such hydrogen atom
rotating about an axis at radius r from a centre (xc,yc,zc)

is (5, Section 6.3.3.6)

FH(hkz)-= fH(hkz) Jo(2ntr) exp 21ri(hxc + kyc + zzc)

where t is the distance in the reciprocél lattice from the
point (h,k,2) to the axis through the origin parallel to

the axislof rotation, and fH(hkz) is the usual scattering
factor for a hydrogen atom. Jo(x) is the zeroth order Bessel

function of the first kind given by

[}

J_(x) = =% (-1) K P2k _
n k=0 P (n=0,1,2...)
| 2 k! (n+k)!
i.e. J (%) = ; i%%lE_EE;
© k=0 2 (k1)

Hence the contributions from these rotating hydrogen atoms
may be included in egn.[2-3] by replacing the scattering factor

fi(hkz) by fH(hkz) JO(2ntr) with the desired values of t

l64
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and r, and using the coordinates (xcyczc) in the exponential
‘factor.

Padmanabhan and Balasubramanian (41) for their dynamic
model of rotating NH3 groups in LiHzS :eport using the

hydrogen atom structure factor contribution

N
FH(hkﬂ,) = .-z_l fj(hkz) Jo(xj)
J..
where
X, = drr sin O sin
j ) ¢

and where o is the angle between the plane containing the
rotating atoms and the plane of reflection. Their Bessel
function argument xj so defined agrees with the argument
2nrt used above. However, the factor

exp 2wi (hxc + kyc.+ lzc)

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 6the£ hand, this omission

could well be a misprint.



APPENDIX II

OBSERVED LiNzHSSO4 STRUCTURE FACTOR DATA OF

VAN DEN HENDE AND BOUTIN (43)
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APPENDIX III

VERIFICATION OF'A RESULT USED IN SECTION 5.3

This appendix will show the approximate egquivalence

for small Al, A, of the intensities from the following:

and

II

2
The Pl structure factor summation function. for

the two arguments X, = x + A, and X, = -x + A, each

with unit weight

The P11 structure factor summation function for the
] ’ []

two arguments X, = X + Ay and X, = x - A each with

2 - =2
1/2 weight.

Comparison will be made of the intensities arising in these

two cases and that from a simple Pl case with argument

X

X.

Proof

The Pl function is

F(h) = A + iB =1 wy [cos 2 §i°ﬁ + i sin 2« Ki' E] .

Case

i
The Pl function is

0y [2 cos 27 §i'E] .

F(h) = A =1
i
I gives
F(h)= cos 2 (x + A;)-h + i sin 27 (x + Ay)°h
+ cos 2r (-x # A,)*h + i sin 27 (-x + A,)h .

168
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Case II gives
F(h) = cos 2 (x + Ai)-E

+ cos 2r (x - A,)-h .

Since cos z = cos(-z) the difference between_the two cases
is

i [sin 27 (X + A;)-h + sin 2r (-x + A,) *h]

When both 4, and A, are small cos A;-h = cos A,*h, sin A;°h

1l 2 1 2 -
= A;-h,and sin A,°h = A,-h giving a difference of only
i (a; + 4,):h cos x°h
which is small when A, and A, are small. Hence the two

cases differ by only a small imaginary texrm. They give
rise to nearly equivalent intensities sinée the small
difference occurs for B and the square makes little differencg
to the expression I = (A2 + B2),when B is small itself as

in a pseudo-centrosymmetric structure.

The simple Pl case for the argument Xi' = x with
unit weight gives F(h) = A = 2 cos 27 x+h which differs only
in the A term from cases I and IT by a factor of
1

5 (cos Z"Al

to unity for small A

5*h). "While this factor is close

A,, the difference in F(h) occurs

*h + cos 27m A

ll
now in the A term. The intensity I = (A2 + Bz) is sensitive
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to even small changes in A since A is usually not small
itself.

Hence cases I and II give nearly identical
intensitiés. For non identicélly,zero Al,Az, both cases
have intensities similar to but probably noticeably
different from the simple case corresponding to tﬁe isotropic
Pl model. These proofs have bearing on the arguments of

Section 5.2 C.
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