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CHAPTER 1: INTRODUCTION

This study is one of a series directed towards obtaining an
understanding of the crys?al chemistry of pyrocompounds. In particular,
the divalent ion pyrophosphates have been chosen for initial study
since they manifest a broad range of behaviour but with sufficient
crystallographic similarity to make a comparison meaningful. These
pyrophosphates, defined as 2MO:P205 (M = metal), fall roughly into
two classes, the "alkaline earth" pyrophosphates and the "transition
metal ion" pyrophosphates. MgZPZO7 is an anomally in this nomenclature
since its behaviour places it in the "transition metal ion" group.
However, in this thesis M32P207 will be classed with the ''transition
metal ion'" pyrophosphates notwithstanding the fact that magnesium is
generally regarded as an alkaline earth metal.

The luminescent properties of the alkaline earth group,
consisting of Ba2P207, CaZP207 and Sr2P207, were studied by Ranby,

Mash and Henderson (1951). They used sn** as the primary activator
and ¥n"" as the secondary activator in (M, Ry _y)Px0,3 (My R = Cu,
Ba, Sr; O <X<1) with X and the Mn** concentration as variables.

Changes were found in both the luminesceni wavelength and intensity

and some of these changes correspond to the appearance of polymorphic

phases.



The correlation among these phases and their transition
temperatures is illustrated in Figure 1. Ca2P207 has three stable
phases above room temperature. The low temperature form (Y) is
stable below 750°C. The intermediate phase (B) is stable between
750°C and 1150°C. A third form (a) is found when the compound ié
fired above 115000 and persists up to the melting point of 1230°C.
The phase behaviour of Sr2P207 is similar to that of CaaPZO? except
for the fact that a Y form has not been found. Here, the § and «
transition occurs at 750°C. On the other hand Ba2P207 has no Y
or § form but it has a unique phase S which appears when the compound
is fired above 79006.

No crystallographic studies beyond the recording of their
powder pattern have been made of either Y—Ca2P207 or & ~Ba2P207.

The o forms appear to be isomorphic, as do the B forms of Ca2P207
and SrP.0,. Ranby et. al. determined the lattice parameters of
the o forms of these compounds from single crystal photographs and
have shown them to be members of the orthorhomdbic crystal system.
2P207 and found
them to bLe members of the tetragonal space group Pkl' The powder

Corbridge (1957) investigated single crystals of f-Ca

pattern of ﬁ-SrZPZO7 has been studied by Hoffman and Mooney (1960)
and because of the similarities of its powder pattern to that of
2P207 also crystalliz‘s in space
group Pﬁl' The lattice parameters together with their symmetries,

a-CaaPaO?, they assume that pg-Sr



where known, are given in Table 1. Unfortunately the structures of
none of the alksline earth pyrophosphate phases have as yet been
determined.

The luminescent behaviour and other physical properties of
the alkaline earth pyrophosphates show discontinuities across the
phaae transitions. The transformatioﬁé were very “sluggish" and
thus the high temperature forms of the crystals could be obtained as
metaBtable phases at room temperature. This suggests that the atomic
displacements that transform one phase to another are not small and
may involve bond rearrangement.

The compounds known to be among the "transition metal ion"
pyrophosphates are those of Mn++, Cu*+, Hg++, and Zn++. A fair
amount of data has been obtained on the'transition metal ion"
pyrophosphates since this present research was begun. The high
temperature forms (p) appéar to be isostructural. Fach compound
excopt Mn2P207 shows a low temperature polymorph (a)*. The differen-
tial therpal analysis curves of M52P207and.ZnZPéO7 were investigated
by Roy, Middlesworth and Hummel (1948) and Katnack and Hummel (1957)

.respectively . and Zn_P.0_ undergo endothermic transitions

Mg ? 50, 227
near 68°C and at 132°C respectively. The crystal structures of
B‘M$2?297 and Mn2P207 have been studied by lukaszewicz (1961) and

luks#f§ewicz and Smajkiewicz (1961). Although the atomic co-ordinates

*  For historic reasons the convention of using the Greek letter a
to label the low temperature form of the'transition metal ion"
pyrophosphates is a reversal of the convention used to label the
alkaline earth pyrophosphates.



had not been well refined, the atomic geémetry is isostructural to
that of thortvetite (Scas;207) as reported by Zachariasen (1930).
The crystal structure of B-ZnZPZO7 (Calvo, 1965) has also been
shown to be isomorphic to the other members of the series.

A common difficulty exists in the case of'the‘high tempefa-
ture structures in that the space group ambiguity resists easy
resolution. The symmetry of the diffracted X-rays, together with
the extinguished reflections, limits the space group to one among
Cm, 02, or C 2/m. The importance of the proper space group determina-
tion is magnified by the fact that the anion must be linear in the
C 2/m space group and would apparently provide direct evidence for
the existénce of this controversial chemical entity.

Zachariesen chose C 2/m, the only centrosymmetric possibility
as the s@ace group for thortveitite. More recent work by Cruickshank,
Iynton and Barclay (1962) has supported this choice. The agreement
between observed and calculated structure factors for structures
refined in each of these space groups was about equal and since the
agreement can always be improved by the inclusion of more variable
parameters it was concluded that this was evidence in favour of the
centrosymmetric space group. Further the discrepancy between chemically
equivalent bonds in the anion was unreasonable in the structure

refined in Cm and unfavourable although not clearly unreasonable in

C 2. In total it was considered that the space group was most probably



C 2/m although the evidence can not be regarded as conclusive. The
same space group ambiguities exist for the high temperature forms
of the "transition metal lon" series.

The same space grouﬁ ambiguities exist for other members of
the series. In the case of the An and Mg pyrophosphates, the
éfystallographic choice of C 2/m has been confirmed by electron spin
resonance studies. (Chambers, Dutar, Calvo (1964) and Leung Jurn
Sun (1964)). In these B phases only one site is seen for the para-
magnetic ion and this is consistent only with the higher symmetry,

C 2/me In addition the space group of Mn2P207 has been shown to be

C 2/m by the use of the anomalous dispersion of Mot for CoKa radiation
(Calvo, private communication). The unit cell data for these phases

is summarized in Table 3. Included in the table are data on CuzPao7
which will be discussed later.

All the transitions appear reversible, which implies only
small structural differences between the various phases common to a
given compound. In the case of Zn2P207, the intermediate phase
was first detected by esr techniques. In addition, these results
suggested that the crystal transformed from space group symnetry
Cm to C 2/m around 155°C and that this transition was gradual in
temperature. In M32P207, early X-ray powder patterns zlso seemed
to indicate the co-existence of two phases over an extended tempera-
ture region, as did the specific heat measurement (Oetting and
McDonald (1963)). These experiments substantiate those of Roy et.

~al. (1948). Recent esr experiments on M32P207:Mn++ may be



interpreted in terms of two phases co-existing over a much narrower
temperature range of 2%c. However, single crystal experiments
indicate that the co-existence would not be between the a and B
‘phases, but between p and some new phase. This question of gradual
phase transitions is one that has only recently been receiving any
substantial experimental investigation.

The geometry of the pyrophosphate ion could be of importance
in understanding the chemistry of the covalent bond in inorganic
systems. The geometric configuration assumed by a structural group,
such as the P207"h ion, is in part determined by the strengths of the
bonds within the ion. If the interatomic distances and/or the angles
are varied, the character of the bonds will change. The actual
configuration adopted in a crystalline environment will be a compromise
between the maximum stability of the anion and reasonable packing of
these anions with the cations to form a translationally symmetric
three dimensional crystal.

The bond lengths and angles found for the anion in a given
crystal provide a measure of the bond strengths and character. The
strength is generally approximated by the overlap integral of the
wave function of the bonding electrons between adjacent atoms forming
the bonde Further, one assumes a functional relationship between the
bond distance and charactef determined from the L.C.A.0. corresponding

to the proper symmetry for the anion and the magnitude of the overlap



integral independent of the character of the electrons "shared®.
Therefore, by imposing small changes in a baslc structure as for
exanple by changing the cation or changing the phase and studying
the resultant crystalline geometry, one can gain some understanding
of the relative importance of various factors in determining the
chemical bonding. Because of the near isomorphism of the various
phases and compounds, the'transition metal ion' pyrophosphates are
in ideel system for study in this regard.

In detail, the P_0O 4= son can be regarded as two P04-3

277

tetrahedra joined across a common oxygen atom (to be referred to as
the central oxygen atom) as in Figure 2. The relative angle of
these tetrahédra end the size of the inner and outer P-0 bond
distances are regarded as perturbations on the basic P0“°3 structure.

Cruickshank (1961) has discussed the nature of the P-O bonds
in POMB' tetrahedra and P207h' groups. After the\sp3 a bonés are
constructed, two n bonding systems are formed from the phospherus:
d¥ orbitals and the oxygen 2p£ orbitals. A 0 lone palr is left at
the back of each oxygen atom, which may bond with ;ther atoms in a
solid phase.

The way in which the n orbitals extend across the central
oxygen atom is dependent on the P-O-P angle between the tetrahedral
pair. At a P-O-P bond angle of 109°25' the bonding electrons of

the central oxygen atom are sp3 hybridized permitting only two



bonds to be formed from the tetrahedrally disposed orbitals with no
% bonds running throughout the molecule. In the case of sp2
hybridization, only one n system joins across the central oxygen and
sp hybridization corresponds to a linear P-O~P group with both =n
asystems joining across the central oxygen atoms. Thus, aé the
angle approaches 180°, the P~O(F) distance should become shorter.
Cruickshank has given a curve of observed bond length versus bond
order determined from valence bond theory. As a first approximation
this curve is assumed to be linear. Bond orders and predicted bond
lengths based on these considerations for the P=0(P) and P-0 bonds
are listed in Table 2. OUmly the linear and sp2 cases are considered.
It should be noted that these predictions ignore the effect of
environpent on the P207u- ion.

Lukaszewicz and Nagler (1961) have investigated the powder

pattern of Cu at room temperature. They prepared crystals by

2920?
adding Na2P207 to GuZSOu and heating the precipitate to 1140°C either
on a platinum plate or in a corundum boat. Monoclinic crystals were
obtained. The lattice parameters derived from their powder patterm
are given in Table 4 where they are compared to the values to be
reported here. From the extinctions in the X-ray pattern, either |
the space group C 2/¢c or C ¢ is allowed. They predicted that
a-Cu2P207 had a structural similarity to the high temperature form of

the other transition metal ion pyrophosphates but with the c lattice



parameter doubled. This suggested that a high temperature form with
space group C 2/m might exist in analogy with the other members of

the series. Roy, Middlesworth and Hummel (1948) reported some
indication of a phase change in the differential thermal analysis curve
for Cu2P207.

In summary, the study of the crystallography of the pyrophosphates
is undertaken in order to understand what parameters are important in
determining the subtle differences in the many phases of the'"transitione
metal ion" family of compounds. In addition we hope to pursue questions
regarding the geometry of the anion. lastly a knowledge of the accurate
atomic parameters are necessary in order to investigate the validity
of various proposed theories relating the zero field splitting parameter
of Mn'H~ to the tetragonal component of the electric field. (Chambers,
thesis) Measurements by esr techniques of this splitting parameter, D,

are under current investigation.
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TABLE 1

Crystallography of Alkaline Earth Pyrophospates

a(h) b(A) c(A) Crystal Systems and

Space Group

a-Ca2P207 8.44 12.52 5¢26 (orthorhombic)

a-Sr2P207 8.87 13.27 5.39 (orthorhombic)

a-Ba2P207 9.35 13.87 5.61 (orthorhombic)

B-Ca2P207 6.66 23.86 (tetragonal, Phl)

B-SraPaO? 6.92 k.79 (tetragonal, Phl)

TABLE 2

Predicted lengths of P-O Bonds*

P-0-P Angle Bond Bond Orgder Bond Length (A)
120° P=0 1 3/5 1.51
120° P-0(P) 11/5 1.64
130° P-0 1 815 1.53
180° P-0(P) 12/5 1.58

* Cruickshank (1961)



B~Zn,P 0,
B'-Zn P 0,

a-Zn2P207

a-MgaPZO?

a'-Hg2P207

a—Mg2P207

B=Cu,P 0,

a-Cuaon?

Hn2P207

TABLE 3
Crystallography and Phase Relations of the Transmission Metal

Jon Pyrophosphates

a(a) b(A) c(A) ) Z Space
) Group
6.61 8.29 4.51 105.4° A C 2/u
6.61 8.29 4.51 105.4° b Cm
19.83 8.29 9.02 105.4° 24 Ic
6494 8.28 4,522 103.8° 4 C 2/m
2 8.28 . 2 103.8° ?
12.98 8.28 9.04 103.8° 16 B 2,/c
6.827 8.118 4,567 108.85° 4 C 2/m
6.877 8.113 9.162 109.54° 8 C 2/¢c
6.63 8.58 4,54 102.66° I C 2/m

Range of
Stability

above 155°C

132°c - 155°¢

below 132°C
above 68°C
63 - 65°
below 68°C
above 70°C

below 70°C

at least -60°C

1t
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CHAPTER 2: THE PHASE TRANSITION IN CuZPEO7

First we wanted to investigate the structure of the high
temperature phase. An attempt was made to find the transition
temperature, using relatively crude differential thermal analysis
apparatus (Daniels et. al. (1956)). The Cu,P,0, was prepared by
a procedure analogous to that of Lukasmewicz and Nagler but the
crystals were grown in an open vycor tubs. Small blue green
crystals were obtained. These were ground to a powder and placed
in one side of the brass sample holder. A standard ZnO powder
was placed in the other side. C(hromel~-Alumel thermoccouples placed
in each sample were connected in opposition so that only when the
temperatures of the two samples differed would an emf be developed.
The temperature of the brass block was determined from emf readings
of a third chromel-alumel thermocouple. The sample was heated at
a rate of O-SOC/hin. and AT and T measurements were talken periodically.
The resulting AT versus T plot was inconclusive although both the
heating and cooling curves seemed to show a small endothermic peak

at 180 + 6°C. 1t was tentatively assumed that the peak corresponded

to the phase change we were seeking.
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Consequently an attempt was made to confirm the transition
with X-rays. A crystal was glued to a glass fibre with Stycast
2651 High Temperature Cement. The fibre was affixed to a brass pin
with Stycast cement and the pin was mounted on a goniometer. The
crystal was heated by means of a hot soldering iron flaced approxi-
mately 1.5 mm from the crystal. The temperature of the soldering
tip was controlled by passing the current th;ough a powerstat and
the system was calibrated by substituting a chromel-alumel thermo-
couple in place of the crystal. The temperature was recorded for
several settings of the powerstat and the separation between the
crystal and the heating element. Bacause of the high sensitivity of
the crystal temperature to this separation and the fact that this
distance could not be measured accurately, the temperatures reported
for the crystals have an error of about 10°¢.

The crystal was approximately aligned optically using
reflections from the crystalline faces such that the ¢ axis of the
crystal coincided with the axis of rotation of the spindle of a
Weissenberg camera. Final corrections to the alignment were made
from oscillation photographs with the crystal heated to 200 i 10%¢.
The alternate layer lines had disappeared at the temperature, indicating
the existence of a high temperature polymorph with the ¢ axis halved.
Also the glue had allowed the crystal to relax and the crystal had to

be reeligned. Subsequently the crystal's orientation did not change.



Consequently, for all following experiments the crystal was heated
for at least two hours before final alignmeﬁt was carried out.

A zero layer line Weissenberg photograph (Buerger (1942))
was taken at room temperature. The crystal was reheated to 200°¢
and another photograph was taken. The photographs were identical
except for small changes in the shape and the intensity of the
reflections. In both cases, reflections for which h + k = 2n + 1
(where n is an integer) did not appear. A smaller crystal was
aligned about the b axis. Zero layer line Weissenberg photographs
were taken at both temperatures. The reflections with odd values

of £ (indexed with respect to the a-Cu unit cell) did not

2%
appear at high temperatures. Also spots with k = zero and £ odd
did not appear at room temperature. This limits the low temperature
form to space groups C 2/c or C ¢ and the high temperéture form to
C2, Cmor C 2/my but with the unit cell doubled in the ¢ direction
in the case of the low temperature form. Weissenberg photographs
obtained with CuKa radiation were taken for the purpose of intensity
measurements (to be described later).

These experiments did not determine the temperature at which
the transition occurs, but only that the phase at 200%C s different,

from that at room temperature. Therefore, a crystal was mounted onto

the tip of a thermocouple with Stycast cement. The thermocouple

14



leads were passed through a two-hole ceramic insulating rod around
which z heating coil of nichrome wire was wound. The current for
the heater was controlled by two powerstats connected in series.
Ten minute oscillation photographs were taken about the ¢ axis at
temperatures ranging from 25°¢ to 200°C. An exposure at 64 + 4%
contained additional reflections corresponding to the first layer
lines of the o phase. At 740 e 2°C these spots were not present.

Therefore, the transition appears to occur at 20° + 4%,

15



CHAPTER 3: DETERMINATION OF IATTICE PARAMETERS

The lattice parameters given by Lukaszewicz and Nagler
for a-Cu2P207 were used during most of the earlier work. The ¢

axis of p-Cu was taken to be one-half the a-Cu2P207 ¢ axis.

2*2%
It was necessary, however, to verify these results and to obtain
accurate high temperature parameters.

A crystal was mounted with the b axis, along the goniometer
axis. Two Welssenberg photographs were superimposed, one with the
crystal at room temperature, and one at 100°C with the camera
displaced to prevent superpositioning of reflections. A Tioa
powder photograph was taken through the Weissenberg screen and
superimposed at both ends of the previous photographs. Corrections
to the effective camera radius as a function of @ were plotted,
based on the positions of the TiOé lines and its accurately known
cell parameters of a = 4.5929A and ¢ = 2.9591A (Baur {(1959)). The
¢ values for o and B~Cu2P207 axial reflections were measured on
the film and corrected graphically. From these the cell parameters
a and ¢ and their e.s.d.'s for the o and B phases were claculated.
The g angle was assumed to be that of Lukaszewicz and Nagler. These
results are given in Table 4, Column 2. The e.s.d.'s are very high

but the values of the parameters agree with those of Lukaszewicz and

Nagler.

16
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It was necessary to obtain better accuracy. A powder sample
of a-CuaPZO7 was exposed for twenty-four hours in a Debye-Scherrer
camera with CuKa radiation. The line éeparations corresponding to
4 Q were measured and corrected for film shrinkage in the normal
manner. A program was prepared for use on the IBM 7040 computer
(DESLID , Appendix 1) to aid in the identification of the Debye-
Scherrer lines. Both the intensity of the lines, calculated from
the parameters of the partially refined structure, and the 40 value,
calculated from the data of Lukaszewicz and Nagler, for all poésible
reflections, could be comﬁared with those observed. Thirty-nine

"lines were identified. A second prégram was prepared (DESLS, Appendix 1)
which refined the reciprocal lattice parameters by non-linear least
squares (Appendix 2). The real lattice parameters talculated by these
programs are given in Table 4, column 3. The e.s.d.'s are based on

the average discrepancy of 0.03% between observed and calculated &
spacings.

The B parameters were found by measuring the difference between
the values of @ for the high angle axial o reflections and the corresponding
B reflections. In this calculation, use w;aus made of the following
derived relationship between this A® and the lattice parameters.

Iet d* be a reciprocal lattice spacing considered as a function

of the observed Bragg angle . Then, using a Taylor expansion



2a*(0)

2 R
»*
d (OH + AQH) = d*(o)H + % a8, + 0 (AOH) (1)
2 sin OH
From the Bragg equation, d"H = 'y
and
ZAOH
* s - A"
aAd q= d (OH + AOH) d (0)H ey cos OH (2)

The e+.3.d.'s are calculated from the relationship é-B = Eaz + CAzp

where € 8’ €a and eAp are respectively the e.s.d.'s of the B
reciprocal lattice parameter, the o« reciprocal lattice parameter and
the change in the reciprocal lattice parameter. The percentage error
in the real parameter iz the same as that of the reciprocal lattice
parameter provided that the B angle is expressed in terms of the
cosine. It was observed that the maximum 4@, occurred for H = (hoh).
for H = (808) was calculated from A9, to be 0.00684~2. ad*y was
1 from the cell parameters determined above.

*
AdH

calculated to be 0.0061A"

18



Compound Axis
/a~—Cu2P207 a
b
c
B
{3-0\12?207 a
b
c
B

TABLE &4

Lukaszewicz and
Nagler

6.901 + 0.005
8.108 + 0.005
9.176 & 0.005

109.65° + 0.13°

19

- lattice Parameters of CuaPZO7

Ti0 Calibation Debye-Scherrer
lines

6.89 + 0.010 6.876 + 0.002
8.113 + 0.002

9.17 £ 0.015  9.162 # 0.003
109.54° + 0.06°

6.88 + 0.015 6.827 + 0.00h
8.118 + 0.005

4.59 + 0.02 4.576 + 0.003
108.85° + 0.10°



CHAPTER 4: INTENSITY MEASUREMENT

(a) logarithmic Optical Method

If an ordered series of n filme are exposed to a constant
source of X-rays successively for y min, yx min, === yxn°l min,
then the relative intensities of a reflection on the successive

-1

filus are given by I(1) = Iy, I(2) = xIyy - -, Iy(n) = 1

H!
provided that we assume the amount of darkening on the film remains
proportional to the total number of incident photons. We can assign
to a given reflection on the first film, a number z where z = ithH(l)o
Then on the j'th film, j ~ 1 + z = zhx I(j). We can latter scale

our measured intensities based upon an arbitrarily assigned intensity
of x* to a gliven reflection. Vaiues of th IH for other H are
estimated by comparing its intensity with the standard reflection and
any number of previously estimated intensities, and by continual

cross checking to maintain a consistent and reliable scaling.

In practice, the graduated exposures may be obtained by using
the multiple film technique. Several films are loaded in the camera,
interleafed with absorbing metallic films if necessary, and exposed
in the normal manner. Now the j'th film will receive a diffracted
bean of intensity I (i) = ad I,(1), where I,(1) is the beam incident
on the first film and « is the fraction of the beam transmitted through

the first film
o = exp (:yfnx) (®»

20



2l

whare/p is the mass absorption co-efficient of the X-ray filmt/°

the density of absorbing material and x is the distance travelled

in the material. In the case of CuKa radiation the transmission

of Ilford G film is near 36%, whereas for MoKa radiation, accurately

rolled Cu foil must be inserted between the photographic plates.
.The error in the measurement of éhx IE is nearly constant

in practice, increasing slightly at the high intensities. If we

assume a constant error 4, in £nx (IH), then the error 9 » in I,

is given by

£8 =L (P escry (4

where ¢ is a constant. The observed structure factor FoH is

related to Ioy by ‘FOH\ = \(IH/(L.P.) where 1/L.P. represents
the 1.P. correction, the error s in FoH y i8 given by

S

(b) The Diffractometer

L G~ 2

6" -

Most of the{hkO} data reported in Tables 10 and 11 were
recorded on a Supper single crystal diffractometer. The diffracted
X-ray photons were detected by an Anton 202 Geiger-Muller tube
containing a krypton-halogen mixture. The total dead-time, which
includes the resolving time of the electronics, was measured to be

180 + 30 psec by the standard method as described by Evans (1955).



The number of pulses were counted with a Phillips PW 4032
Universal Scalar. The high voltage for the G.M. tube of 1200v was
supplied by a Phillips PW 4029 Stabilized Supply Unit in conjunction
with a PW 4024 High Voltage Supply. The pulses were amplifed by a
PW 4072 Linear Amplifier and a PW 4082 discriminator was used to
reduce the background. It was found that most of the background
pulses originating in the electronics were an amplitude below 20v
but that upon switching the motor on or off to oscillate the crystal,
a supurious signal of 10 to 80 counts was recorded. This effect
was eliminated by raising the discrimination voltage to 160v. The
single pulses from the G.M. tube occurred at approximately 180v.

Because of the large number of photons in the diffracted
| beam and the relatively large dead-time of the system in a strong
beam, the G.M. tube was easily overloaded to the point where coinci-~
dence losses caused an error of the order of 500%. Thus a system
of filters was needed in order to reduce intensity of the diffracted
beam such that coincidence losses were no greater than about 10%.
The G. M. tube was supplied with a mechanism to allow easy insertion
‘and interchange of filters but in order to avold tedious adjustment
of the G.M. tube position, a large aperature was required to allow
all the photons in a diffracted beam to enter the chamber. Such a
filter could not be used with this mechanism, so a new filter holder

wae designed as shown in Figure 3.
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Sheets of absorbing material were placed in the hole in

part A. These were held in place by gluing part B to part A.
Three of these filters could be inserted in the holder (part C).
The holder was bolted on the base of the G.M. tube in the same
mamnner as the original filter holder. The filters were retained

in position by the pin (D).

Zirconium filters were prepared for use with Molybdenum
Ko radiation-’ Eleven circular pieces of .007 in. Zr. sheet were
cut. Filters were prepared by gluing together parts A and B
with 1, 2, 4 and & of these Zr sheets enclosed. One could then
choose any integral number of thicknesses of Zr sheet from 1 to
10, to be used as filter material.

Because there might be slight discrepencies in the thickness
of the plates, the transmissivity of the filters had to be measured
individually. The counter was set on a weak Bragg peak at low angle
and the spindle drive was disengaged such that the X-rays were being
continually diffracted, rather than rocking through the peak as in
normal operation. One of the filters was used to decrease the
counting rate further and to ﬁinimize dead-time correction. Also
the percentage of the counts due to white radiation background was
decreased because wave lengths other than Ka have a different
transmissivity through Zr;u Each measurement was made with two filters,
one to filter white background and one to be measured. Then each could
be removed in turn to measure the count rate in its absence. Thus

some readings were common to two filters.



2k

During each measﬁrement a number of counts were registered
which were independent of the filter used and occurred even with the
X-rays blocked off by closing the shutter on the generator beam port.
These were dueto stray radiation and cosmic rays from other apparatus
in the wvicinity. In general, stray radiation background counts were
low (two counts per minute) and only increased when a beam port near
the G+«Me. tube was open. Then the number of background counts were
almost entirely due to cosmic rays, and depended on the tube position.
The maximum count rate of 44 counts per minute occurred in the horizontal
position (20 = 0%). These count rates decreased slowly and uniformly
to 329 counts per minute when the G.M. tube was vertical (20 = 900).

The count rate was determined over a period of 5 to 15 minutes
with each crystal both "out' and "in'" the beam. The time required
to get accurate statistics for a given measurement depends on the |
count rate. The standard deviation in N counts is N. Two or three
readings were taken from/each filter. The transmissivity was also
measured using another preflection at a high value of 20. The number
of counts for each reading was corrected for dead-time and normal
background. The results are listed in Table 5. The values of the
transmissivity for 4a and 4b show higher errors because of the bad
statistics from the low intensity "in" beam. A stronger diffraction
peak was not used for these filters because the results might be
inconsistent with the other two filters. The values obtained at high

angle represent a single reading with low e.s.d.'s and were averaged



with the low angle results. Also the predicted transmissivity is
shown based on an average transmissivity per plate of 0.4%20. If the
transmissivity per plate is a,the transmissivity of n plates is o
The transmissivity of white background by a filter depends on the
distribution of wavelength in that background. This distribution
varies with O and ¥, the spindle angle (see Figure 4).* The
distribution is altered by the filters through which the heam has
previously passed. Thus the value of the background transmissivity
reported is only an order of magnitude estimate.

Since the background varies by an upredictable amount in the
region of a reflection, it should be measured on both sides of the
reflection to minimize the error from background. Such a procedure
would consume about 5 minutes in measuring the background for one
reflection.

An attempt was made to determine a grid of the background as
a function of @ ang ¥ at a sufficient number of points so that the
background for any reflection might be determined by interpolation.
For the case in hand this could be done in less than two hours.

In order to determine the number of counts to be subtracted
from a reflection, one must know both the contribution of the background
tqythe total count and the transmissivity of the combined filters used.

Because of the dependence of transmissivity on wavelength, the total

* In Fig. 4 ¥ represents the relative spindle position



transmissivity is not necessarily equal to the product of the transmissivity
of the individual filters, as would be the case for monochromatic

radition. However, the error in the background intensity should be a

second order effect, ak least for reflections requiring more than one
filter, and the discrepancy may be neglected. It is necessary, then,

anly to know the transmissivity of each filter used at all counting
positionse.

It was assumed that the transmissivity was not a function of ¥
and curves of transmissivity vs. © were obtained. However, in subsequent
measurements it was found that the transmissivity depended on ¥ to such
a large degree that effective transmissivity curves would have to be
obtained for several values of Y. Therefore, it was decided that the
most efficient way to measure background would be to make individual
measurements in the vicinity of each reflection with the same filter that
was used to measure that reflection, although the time consumed in
obtaining these measurements would be large.

The intensity of a reflection is measured by 'rocking" the
crystal through a reflection position at a constant rate with the counter
at a fixed angle. The values of @ and ¥ were determined from a Weissenberg
photograph of the same layer line with the same radiation. The counter
was set at EOH and the spindle was rotated to WH- The exact wvalue of
?H was found by listening for a marked increase in the count rate on the

rate-meter speaker. The spindle was then centered on the peak and the



counter was rotated in both directions in turn until the count rate
" decreased. These positions were noted and the counter angle was set
kalfway between them. The spindle was rotated back from the maximum
of the diffraction peak such that the rocking motion would carry the
crystal completely through the diffraction peak and back again. The
count rate was plotted on a chart recorder to insure that all the
Kal and Kaz reflections were counted. Very weak reflections could
be found by observing the count rate on the recorder as the spindle
was rocked through a wide angle.

The intensity of the reflection itself was first measured.
Then to measure the background the spindle angle (¥) was changed
such as to miss the peak on one side and then the other. Then the
reflection whose intensity is equivalent by Friedel's lLaw was
measured. In some cases either the background was sufficlently low,
or the statistics were sufficiently poor that ome or both of the two
latter readings could be omitted.

It was found that dead-time losses could be kept to less than
10% if the total number of counts, with a normal rocking angle and
rocking speed, were kept less than 6,000. Then by approximate dead=-
time corrections we could reduce the error to 2 or 3%. BSince this is
of the same order of magnitude as the statistical errors, further

reductior is unwarranted.
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{c) Corrections to Diffractometer Data

The data for the diffractometer must,be corrected for several

factors and normalized in some manner.

(1) Dead Time

This correction was performed by first fitting an appréximate
curve to the peak shape. The shape of a reflection as a function of
¥ is given by Zachariesen (1951) for a regular shaped crystal. However,
the equation, in particular, for an irregularly shaped crystal, is very
complex and impractical for calculation purposes. Furthermore, the
shape of the crystals used in this work was not well know. Therefore,
a Gaussian curve was fitted to the peak shape of a low angle reflection.
The only discrepancies in the fitting occured at the ends of the curves
and these were small. Thus, any reflection could be approximately
constructed from two Gaussians, one for Kal and for Kaa radiation and
a constant background taken as the average of the two backgrdund
reading.

Since the number of photons in the Ka, peak is known to be

1
twice the number in the Ko, peak, the areas under the Gaussian curves,
after subtracting the number of counts in the background, were taken

as 2/3 and 1/3 respectively of the total number of counts in a reflection.
The half-widths of the Gaussian were measured from the reflections

recorded on the chart drive. It was found that these remained pearly



constant for all values of @ and ¥ used. The separation between these
Gaussians is a function of ¢. Differentiating the Bragg equations we
obtain AA = 2440 cos ¢ where then the separation of the Ko peaks will
correspond to a change in the spindle position (A¥) since the spindle
is rocked through the peak while @ remains constant. For the geometry
used, which is essentially that of a Weissenberyg camera, the change
in ¢ is proportional to the change in ¥ in going from one reciprocal
lattice point to another as a siraight line can be drawn through those
points and the origin. Then since %% is a comstant, 4¥ = C tan ¢ where
C is some constant. A graph was drawn of AY versus @. A¥ was determined
from reflections traced on the chart recorder. C was determined by
fitting a curve of C tan @ to th; experimental points.

The shape of the curve of an integrated reflection could now
be predicted at any value ¢. The curve was broken into narrow strips
and corrected for dead time. The strips were added to give the
corrected number of counts for that reflection. This was repeated for
the reflection whose intensity would be related by Freidel's law.
The background for that reflection was assumed to be in the same

proportion to the total number of counts as for the first.

(i1i) Background

The background was not corrected for dead-time because the low
background count rate did not give rise to coincidence losses greater
than 1%¥. The average background at each of the reflections labelled by
H and -H was subtracted from the total number of counts previously corrected

for dead time.



(1ii) Rocking Angle

The time required to pass through one rocking motion was
independent of the rocking angle. Thus the number of counts for a
reflection was inversely proportional to the rocking angle since the
reflection would be swept through faster if the angle was larger.
Thus to '"normalize" the intensity of a reflection, the number of
counts were divided by the rocking angle.

(iv) Transmissivity of Filters

The number of counts for éach reflection was divided by the
product of the transmissivity of all filtérs used to measure it, in
cxder that a normalized intensity might be obtained, corresponding
to no filters or dead-time.

(v) Incident Beam Intensity

The intensity of the beam incident on the crystal was altered
during the course of the measurement. The change in the incident beam
was obtained by measuring the intensities of several strong reflections
and finding the ratio of the new readings to the old. The intensities
of reflections measured after this point had to be multiplied by this
ratio.

A program was prepared for use on the 7040 computer to perform
the above operations (DIC, Appendix 1). The program also calculated

an error based on counting statistics and other experimental errors.



TABLE 5

Transmissivity of Zirconium Filters

Filter No. thicknesses low Angle High Angle Calculated Assuming Average White
of 0.007' foil Reflection Reflection 0.007' / Foil Background

1 1 433 433 4320 432 + .003 .182

2 2 <184 182 .185 -183 + .003 081

by L , 02 09 O3h2 0345 + .0010 .021

hb L L0346 0359 L0342 .0352 + .0010  .022



Fig.3

Filter Holder for Diffractometer
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CHAPTER 5: REFINEMENT

{(a) Data
Multiple film Welssenberg photographs using CuKo radiation
were teken with the crystal aligned about the b axis. The room
temperafure and 200°C exposures were superimpqsed cn the same film
with the camera displaced between exposures. In addition, Weissenberg
photographs were taken containing reflections of the type % hk£ 3
with 0$ £\ & at room temperature using CuKa radiation. Since the
odd layer lines corresponding to the o phase were absent in the B form,
only the comparable {hkO! ,  hk1’ andihkég reflections could be
photographed. These were taken at 100°C. At present only data of
the type{hki}for both phases andéhké}for the a phase have been measured.
The diffractometer was used to determine the intensities, of
reflections of the {hkO} zone for both phases. These data were recorded
at 100°% by heating the crystals with a hair dryer. It is to be noted
that the same crystal was used in both photographic aydcountor measure-
menﬁs. The temperature was monitored with each redéiﬁé and varied over
less than 8°C. MoKa radiation was used because nany st¥ong reflections
occurred in the region beyond the CuKa sphere. ) {Okﬁﬂgphotographa of
the a phase of the same crystal were taken with the precession camera,

using MoKa radiation.
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As a check on the effect of anomalous absorption of CuKa
radiation in Cu2P207, the intensities of the{}&ﬁﬂrefloctions from
‘the a phase were remeasured from a photograph taken with MoKa radiation
on the precession camera. A new crystal was chosen because there
was some danger that the stycast, used to cement the crystals previously
employed to obtain theEhOIQphotographs, might have covered thevcrystal
in such a mannér as to effect the intensity distribution.

A summary of the data used in thie study is found in Table 6
together with the number of independent observations in each layer

line of data. All films were measured by the logarithmic technique.

(b) High Temperature Structure

Because = other members of the“transition metal ion?pyrophosphate
series had been shown to belong to the space group C 2/m, this space
group was used throughout the refinement of the structure. The intensities
of the 38{ho£5reflections were corrected for the effect of the Lorentz-
polarization factor and converted to relative structure factors by taking
the square root of the resultant magnifude. The atomic parameters of
f=Zn_P.0, were used as trisl values to calculate the structure factors

2277

for B-Cu2P207. The structure factors are given by

<
Fe, = / .f, exp (2xi H, .r) (6)
H 3 Ig

where H is the set of Miller indiceséhk%i and f, is the scattering

3



TABLE 6

Heasured Data

layer line Rad. Method of Recording Temp. No. of
Nodes
B=CuP 0, {noé} Cuk_ Multiple film Weissenberg 200°¢. 38
(ko) MoK Diffractometer 100°c 170
et Cuk_ Multiple film Weissenberg 100°% 67
a-Cu2P207 ﬁho.e} Cuk Multiple film Weissenberg Approx. 20° 38
{hoL! MoK Precession " " 4o
| hkO} MoK | Diffractometer " " 170
{hk1! CuKa Multiple film Weissenberg " " 62
{nk2) CuK Multiple film Weissenberg " " 67

{ok€\ Mok Precession " " 55
o
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factor of the j'th atom in the unit cell. fj must be evaluated at the
value of sin ©/A corresponding to H . ¥ is the set of atomic co-ordinates
of the j'th atom expressed in terms of fractions of the unit cell
edges. The sum is over the atoms in one unit cell. The terms for
symmetry related atoms may be combined te give trigonometric functions
and thus lower the number of terms in the summation to those atoms in
an asymmetric zone. This calculation was performed with the Bendix
G=~15 computer.

In order to account for thermal motion of the atoms in the
erystal, it is necessary to multiply FCH by exp (-E. 2,}'1’) where B
is a second order tensor. As a first approximation, one may assunme
the thermal motion to be isotropic, and then B may Be represented by

a scalar, B. In the process of finding B, it is necessary to find

a scale constant k, since B and k are highly correlated. That is,

k \Fo\ = |F.| exp (-B sin® 0D 7
H y

-4 (F JF ) = 4ok + B sin® 9/A° (8)
°s °g ,

Now, the two sides of the latter equation may be fitted by linear
least squares. This procedure was applied to the{héfgdata.
The commonly used measure of discrepancy between the observed

and calculated structure factors is the R factor (reliability factor)

defined as



R - — i (9)
S
H \FOH\

where F . and FCH are the observed and calculated structure factors,
For all reliability factors given here, both sums are only over
oﬁservad reflections, excluding those not entered into least squares
refinement as will be discussed later.

The relatively low R factor of .302, obtained at this stage,
suggested that the proposed structure might be approximately correct.
Therefore, an electron denaity distribuiion was prepared using the
phases of the calculated structure factors determined from these trial
co-ordinates.

The density of electrons at a point in the unit cell defined

~>
by the fractional co-ordinate r is give by

-
) =2 E F, exp (-2ui Her) (10)
H
B

where v is the volume of the unit cell. The sum is over all reciprocal
lattice points H, but in practice, H is limited by the fact that

\éin 0‘ él. However, the structure factors are small at high values
of © because the electrons are distributed over a finite volume in real
space. Thus a good approximation for £ usually may be determined from
a finite sum of terms out to the Ewagld sphere. Now if we calculate the

projection of/p onto one face of the unit cell, say the y= 0 face,
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we may define ¢ as

T (x, 2) = 7/0 (xy yy 2) b dy (11)
o

0 (xy 2) =% Z F, exp {-—21:1 (hx + fez)}
H H

| pr (-2niky) dy (12)
o

‘where S is the cross-sectional area of the unit cell in the y = O
plane. But the integral is zero unless k = Oy and therefore, only
memnbers of the vector set H with k = O contribute.

0 (x, 2) was calculated using Beevers~Lipson strips. From
the peaks of electron density, improved atomic co-ordinates were

determined. If one substitutes (FoH-FcH) in place of Fo_ in the

H
electron density projection formula, the Fourier sum becomes
o, - T where a, and U‘c are the observed and calculated electron
distribution projections respectively.

The signs assigned to FoH are usually assumed to be the same as
those calculated for FcH. Corrections to the atomic parameter may be

determined from the slope of the difference Fourier synthesis (Lipson

and Cochran (1953)). The new x and z co-ordinates obtained from the
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electron density projection were used to calculate new structure factors
using the Bendix G~-15 computer with the program SF-10 (Appendix 1).
These were used to calculate a new difference synthesis. From this

map; new co-ordinates were obtained. By this procedure the R factor

was lowered to 0.26. A program to calculate structure’factors was later
prepared for use on the IBM 1620, Modadl 1 Computer, allowing for
individual temperature factors for each atom (SF-20, Appendix 1). The
R factor was promptly lowered to 0.20, since the central oxygen and

the Cu'™ ion had large temperature‘factors.

The 110 observed and €0 unobeerved{hkﬁ%r@flactions ware corrected
for counting errors and Lorentz-polarization effects (see Diffractometer
@orrections) and converted to structure factors with standard deviations.
The calculations were done using the 7040 program DP-IV (Appendix 1).

The 7040 program SAC (Appendix 1) was used for structure factor caleculations
in this Zone. This program also calculated an isotropic overall temperature
factor and scale constant and applied these tc the data. The y co-ordinates
for ﬁ-Zn2P207 were used with the refined X co-ordinates of [3-(3112P20.7 to
calcﬁlate the structure factors for the{?ké}zoneo A reliability value

of 0Q§1 was found. An electron density distribution was calculated from
theee.co«ordinates- From this map new co-ordinates were obtaired which

gaye an R factor of 0.32. This procedure was repeated and gave an R

factor of 0.21.
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The observed structure factors and their s.s.d.'s were calculated
from the intensities and e.s.d.'s of the 67 measured hkl reflections.
Also e.s.d.'s were calculated for hod reflections. All e.s.d's were
taken as some fraction of\Fog, depending on the accuracy with which\Fog
was measured. All the observations were entered into a cystallographic
least squares calculation using the 7040 program MACLS (Appendix 1).

The overall R factor was refined down to 0.165 using individual isotropic
temperature factors in addition to atomic co-ordinates as variables.

'In an effort to determine if the effect of the anomo}pus absorp-
tion of CuKo radiation by Cu+*'weresignificant, the Cu’* scattering curve
was altered to allow for the anomolous scattéring and the data taken with
Cuko radiation were refined using both corrected and uncorrected scattering
curves for Cu''. A slightly better R factor was obtained using the
uncorrected scattering curve, so it was assumed that the errors from
anomolous scattering were not large enough to cause any significant errors
in the results. Furthermore, there was no easy way of allowing for
anomolous scattering in the computer prégrams,available, since only one
scattering curve was allowed per species of atom and MoKa radiation had
been used to obtain the (00l) zone.

For some of the reflections, very large discrepancies between
FOH and FcH were found. flso some extraneous spots appeared on all the
films. This suggested that some reflections with large discrepancies

might be affected by secondary extinctions. Also, very strong reflections



could not be measured accurately in some cases because the scale of
intensities provided no reflections for comparison. These reflections
with large discrepancies were given zero weight in the least square
‘ requirenent. |

The atomic co-ordinates were further refined using anisotropic
temperature factors for each atom. After several cycles of refinement
an R factor”of 0.135 was obtained.r The agreement in some of the reflec-
tions that had been given zero weight had now improved sufficiently so
that they could be added into the refinement. The structure was
further refined, but no significant changes occurred in the'atomic
co~ordinates and the R factor did not decrease’appreciably- The final
co-ordinates and temperature factor components are listed in Table 7.
The observed and calculated structure factors are listed in Table 10.
The pertinent interatomic distances and angles were calculated using the

7040 program BAT (Appendix 1). These are listed in Table 12.



Atom

Cu

Point
Symmetry

]

Fractional Atomic Coordinates andAnisotropic Temperature Factor

x/a

0

0.1998
{0.0008)

0

0.1998

(C.0021) (0.0011)

Components in p

y/b z/c P11 Bas
0.3126 1/2 0.0102 0.0028
(.0003)

. C ~0.0842 0.0051

(0.004G)
0.1493 -0.2666 0.0123% 0.0035

TABLE 7

—Cu2P207 (EASQQ-

(0.0142)

‘s in parenthesis)

0.Cl41
0.0035 -0.0401

~0.0245

- 0.0524

0.0030

-0.0029

-0.0037

-0.03%32

~0.0098

-0.0011

1y
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(¢) The Low Temperature Structure

The space group of a~Cu2P207 is either C 2/c or C ¢ as mentioned
in the introduction. In both space groups the cu™t ions are allowed to
move away from the two fold axis passing through them in the § phase.
Since they are heavyscatterers, this displacement will probably account
for a large portion of the change in the structure factors from their
values in the g phase. These should ﬁresumably be moved off the two
fold axis in the direction of the major axis of the high temperature
vibrational ellipsoid to obtain trial parameters for the o phase.

This will also avoid zero diagonal elements in the normal equations of

the least squares refinement. All atomic displacements must be consistent
with the space group C 2/c or C ¢, However, there is an arbitrary choice
as to which Cu++ atom goes in the positive direction and which goes in the
negative direction. Each choice may give a least squares minimum, but only
one choice bears the proper relation to the displacement of the other

atoms in the unit cell. In particular the cutt displacement must be
consistent ﬁith the bending of the P-0-P angle. One of these alternatives
was chosen and the central oxygen atom was moved up the b axis.

The 38{hof}structure factors observed with CuKa radiation were
calculated from the measured intensities. R factors were obtained for
this data using the above mentioned positions in both C 2/c¢c and C c space
groups. The 1620 program SF-3%0 (Appendix 1) was used for these calculations.
R, using the parameters obeying the symmetry of the space group C 2/c
was O«36, and using the parameters for the space group C ¢y 0.29. C ¢

was then chosen as the trial space group. An attempt was made to refine
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the x and z co-ordinates using both electron density distributions and
difference synthesis. However, the best R factor that could be
obtained by these methods using this limited amount of data was 0.27.
The intensities of the 170 reflections in the (001) zome were
converted to structure factors. Tﬁe x co~-ordinates from the a-CuZPZO7
O (x, z) projection and the y co-ordinates from the 3~Cu2P207
G (x, y) projection were used to calculate structure factors which
gave an R factor of O.2%6. This was lowered to 0.27 by using the atomic
displace@ents obtained from an electron density distribution calculation..
The improved x co-ordinates i;re substituted inte a structure factor
calculation with the{hof%reflectioﬁs; The R factor for this data was
lowereé to O.24. However, no further improvements in the agreement
could be made on either projection by differénce synthesis analysis.
These data were then entered into a least squares analysis using
isotropic temperature factors. Several groupingsof the co-ordinates
were varied, but for each combination the analysis diverged. About thirty
reflections with very poor agreement between FOH and FcH were given
zero weight in the least squares analysis. The least squares analysis
converged if only the cu*t and P atomic parameters were allowed to vary.
Varying all the parameters with an isotropic temperature factor and with
the proper weighting lead to an R factor of 0.22. Anisotropic temperature
factors were used but the R factor could not be lowered below 0.18 by -

further least squares analysis.
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Since the FoHcannot be accurately determined it is necessary
for the ratio of the number of observations to the number of variables
be considerably greater than 1. This ratio is referred to as the over-
determinancy of the refinement. More data were required to refine
properly the 97 variables present in the C c space group. The 55{bk£}
structure factors were calculated from the measured intensities taken
frou precession films. Also the 62{hkl)and 67{nkd reflections from
Weissenberg photographs were measured and processed into FoH.- These
data were added to the{poikand{ﬁkgkdata and further least squares
refinements were carried out ﬁntil an R factor of 0.16 was obtained.

The greatest discrepancles occurfed among the{pki&reflections.
Since they were all absent in the high temperature form, these were
most sensitive to the departures from C 2/m symmetry. This indicated
that the previous choice of the cu't displacement was in the wrong
direction in relation to the bending of the P-C-P angle. The alternative
choice was used and, after two more cycles of refinement, the R factor
dropped to 0.13 and the agreement between the{ﬁki}FbH and Fe, whs as
good as for the other layer lines.

The{ho%}reflections still contained a large number of reflections
with poor agreement. DBoth the measurement of the intensities and thé
lorentz~polarization corrections for these refections were throughly

re-checked, but no inconsistencies were found. However, it was possible
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that there were serious absorption losses from the high temperature glue
which nearly covered the crystal used to measure these reflections. The
hO{hO£3precession reflections were corrected by the Lorentz-polarization
factor and substituted into the refinement. These reflections were
photographed with MoKa radiation and thus their intensities would serve
as a check on the anomolous abscrption effects of the CuKa radiation.

Only small random differences were noted between the Fo, obtained with

H
this radiation and those obtained previously. Thus no significant
improvements occurred in the least squares refinement, using the new
data.

The refinement now appeared completely conve;gent. However, the
bonds calculated with these co-ordinates (Table 8) were not realistic
chemicslly. The P-O(P) bonds were 1.8C and 1.32A and the other P-0
bonde were widely varying. The lengths of P-O bonds of order 1 and 2
are l1.71A and 1.38 4 respectively. The order of these bonds should
be between 1 and 2 and the errors in their lengths are about «05A. The
Cu++ -0 bonds lengths were also of unusual magnitude. Trial atomic
positions were obtained by averaging these bond lengths such that the
symmetry of the crystal was C 2/c. Also the origin was displaced a
distance c¢/4 in order to lie on the center of symmetry. The Cu+* ions
were related by a center of symmetry and the certral oxygen atom in the

b direction. Three cycles of refinement were carried out in the space

group G 2/c and the R factor was lowered to 0.131. The bond lengths




Bond

PO

PZ-Ol

Py0s

P_-0
POy
P -0,
P,-0,,

P2=0s33

TABLE 8

a~Cu_P_O, Bond lengths in Space Group C-¢

2277
Bond Length (A)
1.383
1.802
1.504
1.838
1.578
1.565
1.421
1.490

Cu,~0

Cu2-021

Cuy-0,,

Cu, =0

Cu2~032

2 33
Cu2-0 31+

- Cu,=0

Bond Length (A)
2.003
1.811
2.318
2.947
1.939
1.814
2.045
1.826
1.929
1.997
2.291

3.053
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calculated from these co-ordinates, except possibly for one cu't-0
bond, were more realistic. The atomic parameters and molecular

geometry are given in Tables 9 and 13 respectively.
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TABLE 9

Fractional Atomic Coordinates and Anisotropic Temperature Factor Components of

a-CuP.0, in Space Group C 2/c (e.s.d.'s in parenthesis)

277
Atom PSO:;Itlt x/a y/b z2/c By Boo By Bio P13 Pos
Cu 1 .030199 ~0. %129 0.4923 0.00%2 0.0024  0.0016 0.0003 -0.0007 -0.0001
(0.0011) (0.0003)  (0.0005) ‘
P 1 0.1983 0.0090 0.2043 0.0029 0.0024  0.0009 -0.0001  ©.0003  0.0000
(0.0010) ( .0007) (C.0017)
o1 2 o] 0.0490 1/4 0.0029 0.0123 0.0026 (o] C.0018 0
(0.0037)
0, 1 0.3790 -0.0025 0. 3642 0.0063 0.0061  0.0006 0.0004  0.0047  0.0029
(0.0030) (0.0015) (0.0039) .
) 1 0.2222 0.1594 0.1141 0.0009 0.0025 -0.0008 -0.0008 -0.0015  0.0009
3 (C.0026) (0.0012)  (0.0030)
0 1 0.17%9 -0.1551 0.1214 0.0038 0.0025 -0.0008 0.0012 =0.0007  0.0001
32 (0.0029) (0.0018)  (0.0028)
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Observed and Calculated Structure Factors for B°Cu2P207

Table 10

F{O) F(C)

L

FLO) F(C)

L

FLO) F{C) L L F{Q) F(C)

L

~
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Observed and Calculated Structure Factors for u-Cu2P207

Table 11
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CHAPTER 6: DISCUSSION

The refinement of these structures has shown that the basic
strucﬁure of a and B-CuZPZO7 is similar to the other members of the
"transition metal ion" pyrophosphates. The cationa are found in an
irregular octahedral environment. In the 3 phase the major distortion
of this octahedra from ;egularity consists of an elongation of the
two Cu-0 bonds related by the two fold rotation and lying nearly in
the a-c plane. The two remaining unique Cu-C limits by rotations about
the b axis, are displaced from ideality in opposite directions. The
long Cu«~O bonds lie approximately in the x direction. These octahedra
share edges to form a pseudo~hexagonal network extending in the x-y plane.
Adjacent sheets of these octahedra are joined by the pyrophosphate
groups whose geometry has been described in the Introduction. The
detailed comparison of the bonds and angles of the 2207“' ion will be
nade éfter we have discussed the space groups.

Some ambigulty exists in the choice of space groups for the
phases occurring within this éeries- For the B forms, the symmetry
pattern of the diffracted X-rays places it in the monoclinic class and
the appearance of extinct reflections labelled by the Miller indices

vhkl, with h + k = oddylimits the spacé group to Cmy, C2o0r C 2/m. In
the analogous case of thortveitite, an apparent isostructure of B—Cu2P207,

Zacharizsen chose the centrosymmetric possibility C 2/m. A recent careful
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redetermination of the structure by Cruickshank, Lynton and Barclay (1962)
has supported this choice.

Normally one resolves the space group ambiguity by refining the
structure in a low symmetry space group and if the refinement leaves the
atoms in the positions corresponding to the higher symmetry (within the
e.s5.d.'s) then it may be assumed that the higher symmetry space group is
the correct one. However, if a limited amount of data is used in the
refinement, or if it is not accurate enough for any of a number of reasons,
then this method of choosing the proper space group might not be conclusive.
In the case of thortveitite, Cruickshank et. al. found thaﬁ the agreement
between observed and calculated structure factors refined in each of these
space groups was about equal. However, they found that the non-centro-

symmetric cases,particularly C m, gave unreasonable discrepancies between

sets of chemically equivalent bonds and angles in the Si b= ion. Further

207
since the agreement should be better with a lower overdeterminancy the
similar agreement in the non-centrosymmetric cases does not indicate

as reliable a structure since more parameters are varied.

This same ambiguity of space group exists for members of the
"i{ransition metal ion" pyrorhosphate series. In the case of the Zn and
Mg pyrophosphates, the crystallographic choice of C 2/m has been confirmed
by electron spin resonance studies (Chambers, Datars, Calvo (1964)) and
Leung Jurn Sun (1964). In these p phases only one site is seen for the

paramagnetic ions and this is consistent only with the higher symmetry

C 2/m. In addition, the space group of Mn2P207 has been shown to be C 2/m
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by use of the anomolous dispersion of Co Kux radiation by Manganese.
(C. Calvo, personal communication). The B form of C“zP2°7 has been
refined in this centrosymmetric space group, but there is no evidence
to substantiate this choice, other than the fact that the § forms of
the other members of the series possess this space group.

The space group C 2/m implies that the P207“° ion possesses
a center of symmetry at the central oxygen and thus the P-O-P angle
is 180°. However, this space group could also be consistent with a
strong vibration of the central oxygen atom perpendicular to the P-P
vecter or a completely ramdom arrangement of bent‘P-O-P groups between
two centrosymmetrically related positions. That issit is only necessary
for the time averaged or the space averaged position of the central
oxygen.atom to be centrosymmetric. In the space group C 2/m the cations are
on a two fold axis and are related by the mirror plane.

The intensity of the reflections common to both the w and 8
phases were similar and the low angle reflections characteristic of the
o phase were weak, indicating that the structures differed by small atomic
displacements. Thus the atomic coordinates used to refine the a-Cu2P207
structure were generated from those of the {§ structure. Also the space
group of the a structure should be derivable from that of the p structure,
differing by a loss of one or more of the symmetry operations of the
space group C 2/m. The space group of a—Cu2P207,as determined by the

diffraction symmetry and extinctions, is either C 2/¢c or C ¢ which,
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together with the doubled ¢ axisyare subgroups of C 2/m, and further, can
be generated by small displacements of the atoms in the B structure.
Landau and Lifshitz (1G60) have shown that in the case of a second
order phase transition, the less symmetric phase must have symmetry elements
which form a subgroup of those of the more symmetric phase. Then the
more symmetric phase must contaln all the symmetlry operators of the less
symmetric phase. The exact nature of the phase transition in Cu2P207 is
not known, but the treatment of Landau and Lif{shitz probebly applies in
this case. The a form of Cu2P207 has a ¢ glide plane and thus the space
group of the B form must be either C 2/m or C m. Also, if the a form
has a two fold rotation axis, the B form must alsc contasin this symmetry
operator and its space group would‘be C 2/w. Jimilarly, if the B fo:m
does not have a two-fold rotation axis then the space group of the a form
would necessarily be C c. /
The u-—Cu2P207 structure has been refined in both space groups.
The bond lengths found in the C 2/¢ space group are much more realistic.
Thus the space group is probably the correct one. The final R factors
were practically the same in both refinements, even though 55 parameters,
including scale constants are varied in C 2/¢ and 103 are variable in C c.
The resulting ambiguity is identical with that found by Cruickshank in the
case 0f thortveitite as mentioned earlier. However, in both cases, the
choice of sp&ce groups'is not conclusive. The choice of C 2/c¢c as the space

group of a-Cu2P207 may be supported but not confirmed by a negative result

in a ferroelectric or pyroelectric study.
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The bending of the F-O-F angle to 156° is the most significant
difference between the structures of the two phases. The electron density
projection on the C face for the P phase (Fig. 6) shows that the central
oxygen (Ol) is elongated in the b direction. This can be interpreted as
gither a vibration of the central oxygen atom in this direction or a
disordered displacement of the oxygen atom up or down the b axis.

‘Since the phenomenon of X-ray diffraction is both time averaged and space
averaged, it is impossible to distinguish between the effect of vibration
and random disorder. The space group requires only that the time averaged
or Bpace averaged position of the central oxygen atom be at the cell origin.

The transition from the a to the B phase is presumably associated
with enhanced thermal motion of the central oxygen atom. Any vibration of
the central oxygen atom must be amharmonic since the potential well has
two minima.

‘The bond lengths and interafomic angles of the two phases of
Cu29207 are compared in Tabla’IZ.Iniﬂuaa fofm, assuming the space group
ig € 2/c, the: central oxygen atom is situated in alternate positions at
‘O .40A above and below the y = O plane, related by the ¢ glide plane. The
phaspharus atoms are dlsplaced by 0.07A from the glide plane. The
031-P5032 angle has increased by 6° and the O}l-P.ol and‘032-P-Ol angles
#rebnow different by 60; The change results from the displacement of the

central oxygen atom whose effect is partially compensated for by a twisting
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of the P043- group to maintain nearly tetrahedral symmetry among the
terminal oxygen atoms,consistent with the new direction assumed by
the P-O(P) bond. Other changes in the molecular geometry of the P207k'
ion are not greater than the experimental errors.

The two fold rotation axis of the B phase through the cu't
ion is lost below the transition. In the space group C 2/e, the two

fold rotation axis through the central oxygen atom of the anion remains

e
P207 .
from their positions in the B phase and the displacement is in the

The Cu'® ions are found to be displaced O.17A in the a=~c plane

direction of the major axis of their thermal motion tensor in the B phase.
The Cu' ' environment'has been altered in an unusual fashion; The long
Cua03 bonds have changed drastically in the transition to the o phase.

Cne of these bonds has increased to 3.00A and the other has decreased to
2¢3%30A. The former value is unusually large for a Cu-0 bond. The four
remaining Cu oxygen ligands show a greater variation in their bond lengths.
That is, there has been a radial dep&rture from the near tetragonal symmetry
of the Cu++ site in the B phase.

It should be possible to observe changes in the optical absorption
properties of Cu2P207 because of the difference between the cation octahedra
of the two phases.

Strangely, the partially refined structure of a—Hg2P207,(C. Calvo

personal commnication) which has no space group ambiguity, shows Mg-O bonds
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of 2.9 and 2.7A derived from a 2.16A bond length in the B phase. The
remaining ten symmetry independent Mg~0O bonds lie between 2.0A and
2+2A.

A bhetter approximation to the true bond distances may be
obtained by making some allowances for the detailed nature of the thermal
motion. The two extreme values of the time averaged bond length arise
from completely "in phase' or "out of phase'" relative atomic motion
of the atoms forming the bond. However, Busing and Levy (1964) have
propogsed more realistic limiting assumptions. At one extreme the motion
of the heavier atom is completely independent of the position of the lighter
atom but the lighter atom is "riding' on the heavier atom. Secondly,
it is reasonable to assume that there is no correlation between the
motions of the two atoms forming a bond. The P-O bonds from both phases
are shown in Table 13 with corrections applied based on both of these
assumptions.

lorge e.s.d.'s occur in the z co-ordinates of the atoms in the
Cu2P207 structures, (see Table 12). Thus the bonds which lie primarily
in the ¢ direction will have the largest errors. In particular the Cu-oz,
("}v.-'O:5 and P--O2 bonds have e.s.d.'s of approximately 0.05A. However, the
bonds which lie nearly in the xy plane are relatively accurate.. The error
in the P-O(P) bond, ignoring discrepancies arising from thermal motion or
disorder, is 0.01A. The causesSof these errorsare the inherent inaccuracy

of the observed structure factors and the insufficient number of observed

structure factors, particularly those with non-zero £.



The details of the a-Cu2P207 structure were given in Table

12Q The related structure of a~Mg2P207 and a-Zn2P207 have not been

fully refined, but the preliminary results show that the P-0-P angle
is bend from 180° and there is nearlya two fold rotation axis through

the P207h“ of the former ion. The value of the P-U~P angle for

a-lig,P 0, is 1k & 3°. The structure Na,P,0,,

Beavers 1957) is not isomorphic to the "tramsition metal ion" pyro-

.10H20 {MacArthur and

phosphates, but the P-O-P angle is found to be 13#0- There appears

to be a correlation between the increase of the electropositivity of

the cation and the deviation of the P~0;P angle from 180°. This could
be expected since the increasing electropositivity of the cation causes
increasing charge delocalization from the anion and thus a lowering of
the P-O(P) bond strength.

The phaée transitions which occur in the more electropositive
alkaline earth pyrophosphates are of a different nature. Knowlédge of
the strn;tures of these compounds will illucidate the differences in the
nature of the phase transitions and will thereby lend more experimentél
inférmation to the understanding of the mechanisms involved. The nature
- of the other phase transtions in the "transition metal ion" pyrophosphate
series suggests they are also associated with the motion or disorder of
the central oxygen atom of the P207h' group. In each member of the series,

the H—OB' bond length is longer than the other two indépendent bond
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lengths, M-O2 and M-O3. However, in the case of cu™t thie discrepancy

is much more pronounced. The difference between the length of the Cu-OB'
bond and the average of the Cu--O2 and the Cu--O3 bond lengths is
approximately C.07A compared with 0.154, O.13& and 0.25A for Mn2P207,
B—Mg2P207 respectively. This discrepancy is congistent with a tetragonal
Jam-~Teller effect arising from the unstable degenerate ground state

of Cu't. (Ballheusen (1962)). The electronic state of an atom is
affected by its ligands. An octahedrally coordinated atomic site has

cubic symmetry which may be distorted. Under these conditions, the

ground state of 3d9 2D5

syumetry arises when an octahedral arrangement of ligands with perfect

/2 Cu++ is a degenerate e8 state. Tetragonal

cubic symmetry is distorted by an equal radisl displacement of a pair
of centrosymmetrically related ligands. Such a distortion removes the
dégeneracy of the ground state and the new ground state will be the
configuration of lowest electronic energy arising from the former grbund
stafe. Since the difference in energy between the new ground state and
the parent e8 state will be a function of the distortion, the position
of the oxygen atoms will be altered from octahedral symmetry to a point
were the difference is a maximum between the energy gained from the
removal of the degeneracy and the total energy required to distort the
cubic symmetry of the hypothetical cation site. The spectroscopic
splitting tensor for Cu++ in Zn P)O :Cu+* had anticipated this effect

227
since the component 8,z of the 2nd order spectroscopic splitting tensor
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was found to be 2.47 + .002 as compared to 2.09 + .002 for the B 8nd
8y components (C. Calvo et. al. (1964)). Also the magnetic axis
corresponding to the gzz'component was found to be nearly parallel to
the Zn++-03 bond direction as measured by the paramagnetism of the
isotropically substiituted cutt ione

Thelgeometry of the P207#’ ions in the four isomorphic high
tenperzture structures is also given in Table 14. The P-C, bond of
ﬁ~Zn2PaO7 is short and the same bond in B—CuZPEO7 is relatively long,
but this value is in doubt because of the effect of the large ripples
from the Cu++ ion. The bond angles in the P207u" group remain
ramarxably consistent throughecui the serlies, in splte of different
enviromments in each case.

The pertinent bund lengths and bond angles of the ﬁ-CuZPEO7
structure are given in Table 1& wiﬁh the equivalent\information for the
bigh temperature forms of Zn2P207, Mg2P207 and Mn2P207. In the case
of Mn2P207, the structure factors reported by lakaszewicz et. al.,
consisting of {:hof} and {hkO} data were combined with 46{h, h + 2&, {§
additional reflections measured optically from a Weissenberg film and
rafined by least squares analysis, allowing for anisotropic thermal
motion. The coordinates obtained were used in calculating the molecular
geometry of Mn2P2O7. The atomic coordinates of B-M32P207 and B—Zn2P207

were from Calvo (a and b, 1965).
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Some of the data used in these structures determinations were

collected with a manual diffractometer. Instrumental metheds of
reasuring intensities have an advantase over visual methods in that they
yield o more precise value for the intensity and that they have the
irherent possibllity of accelerating the recording of the data. The
accurzcy of the counter data was compared Lo that measured visually by
caleulating the R value for this data seporately. In addition this
data alone was processed through % cycles with the least scguares program.
The R value thus obtained was €.125. Since the ratio of the number of
observations to the number of variables, that is the “overdeterminancy"
wos substantizlly smaller in this case, the modest improvemsnt obtained
wos not sipnificant. This implies that other effects such as extinctien,
absorrtion and perhaps inadequate treatment of the thermal or orientational
disorder may be liniting the ultimate accuracy of this structure deter-
miaztion.

azarev (1964) has carried out é seriecs of investigations of the
pyrocompounds by means of infrared absorption. In particular, tﬁe spectrum

of ¢-Mz D suggest that the P-0-P angle is not linear but the central

2%7
oxysen atom is probably on either side of the centrosymmetric position
~ even though the space group of B-M32P207 requires its averaged position
to be centrosymmetric. Becauce of the "fuzziness' of the spectroscopic

lines, lLazarev postulates that the atom is vibrating slowly in a double

well potential and further that the transition to the low temperature
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form probably corresponds to a ''freezing in" of the = central oxygen
atom on alternate sides of the wells. However, his results do not
rule out the possibility that the tramnsition is an order-disorder
phenomenon. The non~linear P-0-P bond has been confirmed by Calvo
(1965) .

The electron density projections on the y = O and 2z = O planes
for both phases are shown in Figures 5 to 8. The projection on the
Y = O plane seems to show lack of resolution characteristic of the
effects of series termination. It appears that the limited amount of
data collected with CuKa radiation is not sufficient to suppress spurious
peaks in the electron density projection. If the data is taken with
Cuka radiation, large terms may be left out of the Fourier series used
to calculate the electron density projections and "ripples" appear. This
effect probably accounts for the strong negative peak on either side of
the Cu'’ atoms in the T (x,z) projections. The second peak in this
ripple is positive and occurs in the vicinity of the 02 ato&s as may be

seen from Figure 5. Because of this, the x coordinates of the O, atom,

2
when refined with the{hoégdata, was quite different from that obtained
when refinement was carried out with the more completeipkd}data. In the
case of the 0(x, y) projection, the background of negative peaks is
weoaker. Apparently more&uuﬁdata are necessary. This can be obtained

by decreasing the wave length since the radius of the volume of reciprocal

space available for sampling is inversely proportional to the wave-length
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of the radiation used in the experiment. Approximately ten times more
data should be available when the MoKa radiation is used. In practise,
however, if MoKa radiation is used, the atomic scattering factor, together
with the atomic thermal motion reduces the average intensity to below

the detectable limit at | sin @\ = 1.

The 0(x,y) projection of the p phase shows four peaks in the
region of the central oxygen atom. In order to determine whether these
peaks arose from scattering matter in the cryastal or the inadequacy of
the Debye-Waller factor in treating a strongly-vibrating or disordered
atom, a difference Fourler synthesis was computed using {hkﬁ%reflections.
The structure factors were calculated assguming that the central oxygen
was situated at the origin with large thermal motion in the b direction.
The difference synthesis indicated that the proposed structure had
insufficient electron density in the region of the peaks farthest from
the origin, but this blended gradually into a region at the origin which
had too much electron density. Thus the peaks nearer the origin are
gpurious and probably arise from the inadequacy of the mathematical treat-
ment. These outer peaks could arise from a bent P~O-P angle if the space
group of a-Cu2P207 were C 2. )

The effect of absorption is to decrease the.relative intensity of
low angle reflections with respect to those at higher angles. Also,
bacause of the irregular shape of the crystals used in these studies the

amount of decresase varies with the crystal orientation. The effect of the
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thermal motion is to increase the relative intensity of the low angle
reflections. This increase is also dependent on the erystal orientation
because of the anisotropy of the thermal vibrations. For nearly harmonic
atomic motions, the vibrations of a given atom can be represented by an
ellipsoid whose principle axes and orientation are defined in terms of

the anisotropic temperature factor components, ﬁij' Thus uncompensated
absorption will cause errors in these anisotropic temperatﬁre factor
componenté. Approximate corrections were not made to the structure factors
because the exac? geometry of the samples was not known.

Because of the enhanced motion of the central oxygen atom it
should be noted that the values quoted in Table 14 for interatomic angles,
involving this atom are not true angles because of the enhanced thermal
disordering or vibration of the central atom. These angles should be
taken as time or space §§eraged values. |

The refinement of the position of the two peaks corresponding to
the central oxygen atom is limited by the resolving power of X-rays.

The limit of resolution by X-rays is 0.61A/(2 sin Gh) where @ is the
largest Bragg angle used (James (1962)). For the case of MoKa radiation
this gives 0.31A for @ = 45° and for Cuko radiation, 0.67A. Therefore,
it will be difficult to resolve the position of two closely placed atoms.

Also all the_z_codrdinates of the two half atoms are highly
correlated and this violates one of the approximations used in the derivation

of the least Sseuares equatioms.
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We have attempted to descrive the thermal motion of the central
oxygen atom by a second order tensor g whose components are sij' The

structure factor is written

’ E ({H?) exp (~H.B.H)
FH = fjﬁ exp (iH.r) exp (-H.B.
H
This is a generalization of the Debye-Waller factor. In the derivation
of the Debye-Waller factor, it is assumed that:-
(1) The magnitude of the atomic vibrations is small
(ii) The vibrations are harmonic

(iii) The vibrations are not coupled.

Now, in the case of the enhanced motion of the central oxygen atom,
these assumptions will not necessarily be valid. In order to properly
describe this motign, the above equation must be modified. Similar
modification will be necessary if the atom in statistically disordered.

Ve may pgain some knowledge of the nature of these modification by the
following considerations.

let us replace the central oxygen atom by two half atoms.  Thelr

contribution to the scattering amplitude will be

1/2 £, exp (-H.B.H) exp (2nt H.(r + &F)) +

h

1/2 £, exp (~H.B.H) exp (2ni (¥ - 28))

J
in the place of the expression for one atom of the form
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f, exp (-H. iﬂ‘) exp (2ni ﬁ)-_;)

J
Equating these expression we find that

— End - - -

exp (-E{.Q.H) cos (2r H.or) = exp (H.B'.H)

or

N —
Hog____"iHo = H>o—_B;f.ﬁ>- fen (COS (ZW ?OAI')

giwill be adjusted by the least squares process to fit the data to this
eguation but if Heor >1/4, the second term is complex. This corresponds

to the matrix of B' being non-positive definite. That is,

\Bn\ < Oor Byy Bigl K Cor 1By By By | € 0
P31 Py Pay Paz Paz |
Psp Psa Pi3

If B is positive definite the Bij define the principle axes of

2
an ellipsoid of vibration in reciprocal space. This reciprocal space
ellipsoid is related to an ellipsocidal distribution of electrons in real
space arising from the anisotropic motion of the atom. Obviously, if
this motion is large the time 'averaged distribution of electrons in real
space can no longer by described be an ellipsoid. Thus, even though we

can still approximate the description of the central oxygen atom by

anisotropic temperature factor components, this treatment is not adequate.
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The peculiar shape of the two peaks in Figure 6 representing the central
oxygen may be a result of this inadequacy. DBecause of this and the
abzorption effects, the thermal parameters in Tables 8 and 9 cen only
be regarded as rough indications of the magnitude of the thermal motion.
Another problem arises in the refinement of this structure because
of non-positive temperature factor components. If the determinants
of the matrices in the aforementioned relations are negative, the effective
scattering power does not fall off as fast as it would ignoring thermal
effects. However if these determinants are large and negative the
effective scattering curve diverges with increasing (sin 6/A), and the
calculated structure factors at large values of sin ©/A become too large
by several orders of magnitude. This phenomenon caused considerable
difficulty in the refinement of B—Cu2P207.
In Table 2 Cruickehank predicts a value of 1.58A for the P-O(P)
bond length, and 1.52A for the exterior bond length for a linear P-0-P
vector, and for the 120° case, these values are 1.64A and 1.51A respectively.
~ ion, all the external bonds

4
277

were considered equivalent. The\average value of the P-O bond lengths,

Since Cruickshank assumed an isolated PO

whose deviation from the accepted value of l.5hA.for a bond order of 1.5,
con give a measure of delocalization of the total charge from the anion.
These values are 1.552A, 1.548A, 1.541A and 1.517A for the pyrophosphate

of Mn, Mg, Zn and Cu respectively. In the light of the large errors on the

z parameters in the latter case, together with the difficulties involved in
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the anisotropic temperature factor components, the deviatioﬁ from the
expected average may nct be significant. This seems to indicate no large
migration of charge from the anion. However, an environmental effect

is clearly apparent. ‘The I.R. spectroscopic work of lazarev has shown
that the assumption that the pyro anion ie independent of its environment
is not a good one since the spectrum of the central X-Q-X group vibration
is shifted by varying the cation.

A detailed analysis of the role of the environment must be made
from a set of bonds properly corrected for thermal motion. This cannet
be done until the true nature of the disordering phenomena is knowme.

It is evident that in order to gain a complete understanding of
the mechanism of the different phase transitions of the '"transition metal
ion" pyrophosphates, further investigation is required of the structures
of the low temperature and intermediate forms. AlSo additional kmow-
ledge of the e.s.r. spectra, the specific heats and magnetic properties

of these compounds will be most useful.



(a) «

TABLE 12

Comparison of the Molecular Geometry of o« and 3 Cu, P O

Bond Designation

}-Ol

a-bu2P207

Bond Length
1.588
1.575
1.513
1.515
1.960
1.981
1.922
1.890
2303
3,002

227
a-Cu2P207
Bond Length

(1.532)

(1.577)

- -

(1.471)

o

(1.947)

-

(1.953)

o

(2.616)
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TABLE 12

(b) Angles (°)

a~Cu P 0, B=CuF 0.,
P-0, -P 1564 (180.0)
0, -P-0,, 104.3 (103.7)
ol'P‘°31 103.8 S
ol--P--o32 110.0 (107.7)
0,-P=05y 111.1 e
0,-P-0, 109.6 : (113.0)
031-13-032 116.7 (111.0)
0555Cu=0sy 1100 eeea-
ozla-Cu-o32b 109.5 (111.0)
o?_a-cu-oB:Lb g4.6 ————
OZb-Cu~032b 94.8 ( 96.2)
02p=Cu=05, /- 1- 2 pu—
0,, =Cu=0 88.1 ( 84.3)



Corrections for Thermal Motions Applied to PO

Bond

B=Cu,P,0,

a-Cu2P207

Pt

P-0

n

P-0

P=0

I AN

P-0

P-0

=

P-0

TABLE 13

Uncorrected
1.532
1.577
1.471
1.588
1.575
1.513
1.515

-

277

"Riding" Motions
1.563
1.578
1.495
1.591
1.576
1.513
1.515

€9

Bond lengths

Uncorrelated Motions
1.563%
1.590
1.495
1.627
1.587
1.523
1.526



TABLE 14

Molecular Geometry of the B Forms of the“Transition Metal

Cation
(a) Bond (A)

P-O1

PO

n

P-0

M-0

AV RN

M-0O

W

'
M—O3

(b) Angles (°)

01~P-02

Ol-P-O3

OZ-P--O3
0,-P=0,
0, -#-0,
0, -H=0,

03~M-02

M= Mn++

1.568
1.569
1.537
2,14
2.11

2.27

104.8
108.2
113.0
109.1
117.71
953
80.6

* Calvo, (a) (1965)

** Calvo, (b) (1965)

/
Ion'Pyrophosphates

.
Mg++

1.554
1.523
1.560
2.067
2,002

2.158

102.5
107.2
112.8

113.3

++**

1.570
1.453
1.571
2.11%
1.992
2+305

103.5
108.9
111.9

110.9

+4

1.532
1.577
1.471
1.947
1.953
2.616

103%.7
107.7
11%.0
111.0
111.0

96.2

84.3



Fige 5
o (x, z) Electron Density Projection of s—Cu2P207

Legend Cu -- @

0, -~ X
O, == +
O, — o
The contours defining the Cu atom are drawn at 1/5

the intervals of the other contours. Dashed lines

represent regions of negative electron density.
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Fig. 6

o (x, y ) Electron Density Projection of ﬁ-CuaPe(}?

Legend Cu =~ ®
P
O, -- X
0
The contours defining the Cu and P atoms are drawn at

1/5 the intervals of the outer contours. Dashed lines

represent regions of negative electron density.
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Fige 7

o-(x, z) Electron Density Projection of a--CuZPZO7

Legend Cu ~- ®
P ®
0, -=- X

O, == +

The contours defining the Cu atom are drawn at 1/5
the intervals of the other contours. Dashed lines

represent regions of negative eleciron density.






Figc 8

O (x, y) Electron Density Projection of a-Cu2P207

Legend Cu == ®

P --®
Ol - X
O2 ——
O3 -

The contours defining the Cu and P atoms are drawn
at 1/5 the intervals of the other contours. Dashed

lines represent regions of negative electron demsity.






APPENDIX 1: COMPUTING FACILITIES

At the beginning of this research, a Bendix G-15 computer was
available. This computer had the disadvantages that it was very slow’
and had a very small memory. This made it necessary to perform most
calculations in steps, storing the intermediate information on paper
tape. During the summer of 1963, an IBM 1620 Model I computer became
available. This computer provided a larger memory and a faster rate
of calculation. The size of the memory and speed were not sufficient
for a useful crystallographic least squares calculation however, and
a Fourier series calculation was limited to grids containing 30 by 30
points for the entire unit cell. In January 1964, an IBM 7040 was
installed. This computer was much faster and contained a much larger
memory than those previously available. Crystallographic least squares
calculations Become feasible on this machine and Fourier series calculations
could be done in grids containing up to 120 x 120 points. /

Also the fast access auxiliary memory proved to be very useful
for crystallographic computations which involves the processing of a
large amount of data. The following is a list of programs used in this

research.

-75 -
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6.

7o

8.
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DP«10B written by Dr. I. D. Brown, Dr. B. Torrie and J. Stephens
for the G-~15. This program calculates, for each reflection entered,

gin ©/A and the appropriate atomic scattering factors.

F~10 written by Dr. I. D. Brown and Dr. B. Torrie for the G~15.
This program calculates two dimensional Fourier series for any

centrosymmetric space group.

SF=10 written by Dr. I. D. Brown and Dr. B. Torrie for the G~15.

This program calculates structure factors using DP-10B output.

LP-X written by B. Robertson for the G-15. This program calculates
Lorentz~polarization corrections to the measured intensities for

three dimensional Weissenberg data.

DP-20 written by J. Stephens and J. Rutherford for the 1620.
This program calculates three dimensional Weissenberg lorentz-

polarization corrections to all reflections supplied.

DP-30 writien by J. Stephens and J. Rutherford for the 1620.
This program culculates three dimensional precession Lorentz-

polarization corrections to all refections supplied.

F-20-%0 written by J. Brandon and Dr. I. D. Brown for the 1620.
This program calculates three dimensional Fourier series at 3Oths

of a unit cell.

SF-20 written by B. Robertson for the 1620. This program calculates
structure factors for centrosymmetric space groups with individual

temperature factors. An R factor is also given.



9 O5F-30 written by B. Robertson for the 1620. This program calculates
structure factors for non-centrosymmetric space groups with
individual temperature factors. An R factor is also given.

10. SP-20 written by B. Robertson for the 1620. This program calculates
an overall temper:ature factor and scele constant for any block of

data entered.

1l. DP-IV written by J. Stephens and J. Rutherford for the 7040. This
program calculates Weissenberg and Precession Lorentz-polarization

corrections for three dimensional data, and gives Fo, for any lo

H 4

entered.

12. IPC written by A. K. Das and Dr. I. D. Brown for the 70%0 This
program calculates precession lorentz-polarization corrections for
three dimensional data with random orientation of the reciprocal

axis on the film.

13. F-IV-2 written by J. Rutherford for the 7040. This program calculates
two and three dimensional Fourier series of Patterson functions,
electron density distributions and difference synthesls at integral

fractions of 120ths of a unit cell edge.

1%, BAT written by Dr. I. D. Brown for the 7040. This program calculates
molecular gecmetry including bond lengths, interatomic angles and
direction cosines of the principle axis of the ellipsoid of vibration

of individual stoms.
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15. BAC written by B. Robertson for‘the ?704C. This program calculates
structure factors in centrosymmetric and non-centrosymmetric space
groups with individual isotronic temperature factors. The program
also calculates an overall temperature factor and scalé constant

wvhich are applied to the data. A final R factor is also given.

16. DIC written by B. Robertson for the 7040. This program calculates
corrections for dead~time, filterc and background for data obtained

from the diffractometer. e.s.d.'s are also given for the data.

17. DESLID written by B. Robertson for the 7040. This program compares
the Debye-~Scherrer line intensity and position for the purposes of

line identification.

18. DESLS written by B. Robertson for the 7040. This program refines the
reciprocal lattice cell parameters from observed d spacings by non-

linear least squares for any Bravais lattice system.

19. MACLS modified from a program, ORFLS, written by Busing and Levy (1962).
The modifications for the 7040 were carried out by Dr. I. D. Brown,
F. Hainsworth, J. Stephens and B. Robertson. This program refines a
crystal structure by varying the atomic co-ordinates and anisotropic
temperature factor components by non-linear least squares. Up to 87

parameters may be varied.



APPENDIX 2

Generalized Non-Linear Least Squares Analysis

Let S,° be a member of a set of quantities which may be observed

i
and measured. Let Sic (P) be a member of a set of known functions of the
vector'g having components pj in a given basis. Then if the Sio may be
measured accurately and p is accurately known, Sio = Sic (p) exactly for
all i. However, the Sic cannot be measured exactly but a sufficlently
large number of them may be measured such that the problem is over-
determined in the sense that many more observations are available than
unknown components pJ. Then to obtain the best values of the pj under the
least squares criterion, one may minimize the function R by adjusting
2D, where R is defined by
2
R(3 + 2p) =§\s°-s°(5’+z§>\ A(1)
N i
i
In the refinement of lattice parameters Sio represents the square
L ]
of the reciprocal lattice spacings, dH as determined experimentally from
o b sin® (80y)
do = A(2)
H 2
A
L
where the QoH are the observed Bragg angles. Sic(B) represents ch 2,

the square of the calculated lattice spacing. In general dec, 2 = (na* +

kb* + A?c')2 which for the monoclinic system becomes



* * * o L 3
dey 2210222 + k%10 2+ 8224 onta ¢ cos B A(3)

* L * *
The components of p in Equation A(1) are a , b, ¢ and B , the reciprocal
lattice parameters.

In the refinement of a crystal structure, the Si° and Sic(;)

represent the observed and calculated structure factors Fo., and Fga(ﬁ)

H

respectively, and the phase of Fcﬂ(ﬁ) is assigned to Fo. Py are
now the co-ordinates and anisotropic temperature factor components of the
atoms in the unit cell and the scale constants to be applied to the data.

A Taylor expansion is used to find EB, of the form

28 c(") - '
5,55 + 3p) = 5,°(p) + Z A‘Sj +0 (Apj)a ACk)

Also we define Di(;) = Sio - Sic(p) and drop terms of order 2 and greater

in Kij- Then

oS, °(p) \ 2
R = Z{n 3 - - X A(5)
gL i i Opj J

Now to find the minimum in R, we set the wvariation of R with respect to

Apj for all j equal to zero. That is,

—

. She- 2. =P
Wapy) - ° D, ® - j op, 4py

i

88, S(p)

i

op

provided the pj are independent. These equations are referred to as the
"normal" equations of the least squaresrefinement. In matrix form this

"equation becomes

() (D) = (B)

4 .o e
k '_
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where

c —

> - . (p)

E 35, °(p) 35 %(p) E » 98,

— D, (p) =g A(7)

A = 3 — At L5 o
i N i

The equation is solved by determining (é:l) and multiplying through on
the left in order to obtain Ap. The process is repeated until the pj

are smaller than the error in pj for each j.



BIBLIOGRAPHY

Ballhausen, C. J., Introduction to ligand Field Theory, McGraw Hill,
New York, 193 (1962).

Baur, W. H., Acta Cryst. 9 515 (1956).

Buerger, M. J., X-ray Crystallography, John Wiley & Sons, Inc.,
New York (1962).

Busing, W. R., Martin, K. O. and levy H. A., ORNL-TM-305 (1962).
Busing, W. R., and levy, H. A., Acta Cryst. 17, 142 (1964).
Calvo, C., (a), to be published (1965). /

Calvo, C., (b), to be published (1965).

c»hﬂmmrs%go Gey Datars, W. R. and Calvo, Cey J« Chem. Phyﬂo ﬂ’ 806
(1964) . '

Corbridge, D. E. C., Acta Cryst. 10, 85 (1957).
Cruickshank, D. W. J., J. Chem. Soc. 5486 (1961).

Cruickshank, D. W. J., Lynton, H. and Barclay, G. A., Acta Cryst. 15
491 (1962).

Daniels, F., Mathews, J. H., Williams, J. W., Bender, R. and Alberty, R.,

Experimental Pg%sical Chemistry, McGraw Hill Company, New York
S5th ed. 120 (1956).

Evens, R. D., The Atomic Nucleus, McGraw Hill Company, New York 785
(1955) .

Hoffman, C. W. W. and Mooney, R. W., J. Electrochem. Soc. 107 854 (1960).

International Tables for X-ray Crystallogravhy, Volumes I, II and IIT.

Kynoch Press, Birmingham, England (1952).

James, Re W., The Optical Principles of the Diffraction of X-rays,
G. Bell & Sons, london, England, 5th ed. 00 119325-

- 82 -



83

Katnack, F. L. and Hummel, ¥. A., J. Zlectrochem. Soc. 105, 125 (1955) .

Ketelaar, J. A. A., Chemical Constitution, Elsevier Publishing Company,
2nd ed. 28 (1958).

Landan, L. D. and lifshitz, E. M., Statistical Physics, Addison Wesley
Publishing Company, Inc. Reading Massachusetts, 439 (1960).

Lazarevy A. N., Izv. Akad. Nauk. SSSR Otd. Khem. Nauk. 7, 1314 (1962).
lazarev, A. N., Izv. Akad. SSSK., Ser. Khem. 235 (1964).

Lazarev, A. N., Ibid. k2,

lazarev, A. N., and Tenisheva, T. F., Ibid. 403,

Leung, Jurn Sun, Masters Thesis, McMaster University, Hamilton, Ontario.
October, 1964.

Lipson, H. and Cochran, W., The Determinstion of Crystal Structures.
G. Bell & Soms, london, England, 273 (1953).

Lukaszewicz, K., Roczniki Chemii 35, 31 (1961).

lukaszewicz, K. and Nagler, E., Roczniki Chemii jﬁ, 1167 (1961).
Lukaszewicz K. and Smajkiewicz, R. 35, '(1961).

MacArthur O. M. and Beavers C. A. Acta Cryst. 10 428 (1957).
Oetiing, F. L. and McDonald, R. A., J. Phye. Chem. 67 2737 (1963).

Ranby’ P W., MGSh' De He and Henderscn, Se To’ Brit, Jo’ Applo Phys.,
Supplement 4, 518 (1955).

Roy, R., Middlesworth, E. T. and Hummel, F. A., Am. Mineral 33 458 (1948).

Zachariasen, W. H., Theory of X-ray Diffraction in Crystals, John Wiley
& Sons, New York, 3rd. ed. 103 (1951).

AN





