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ABSTRACT |

Supervisor: Professor James Trotter . ’

The structures of'four.inqrganic compounds have been determined
by single-crystal X-ray diffraction;methods. Three of the structures
investigated were phosphonitrilié derivatives:. octamethylcyclotetra- .

phosphonitriliumbtrichlorocopper(II), [NPMe2]4H.CuC1 bis-(octa-

3,
methylcyclotetraphosphonitrilium) tetrachlorocobaltate(II), [(NPMe2)4H+]2

CoC142_, and hexadecamethoxycycloQOCtaph65phonitri1e, [NP(OMe)z]S. The

fourth analysis was a'study of the ionic compound caesium difluoro;
phosphate. For each structure determination the intensity measure-
ments were collected on a diffractometer using a scintillation counter
and Mo—Ea radiation. |

The structure of [NPMe2]4H.CuC13 was determined from Patterson
and Fourier summations. Refinement of positional and thermal parameters
of the atoms was by least squares. The structure consists of discrete
molecules in which the eight-member phosphonitrilic ring approximates
the '"tub" conformation Qith pairs of édjacent phosphorus and nitrogen
atoms displaced_alternately above and below the ring plane. A ring
nitrogen atom is bonded to the copper atom (N-Cu = 2.04 K) which has
three chlorines arranged about it in a distorted square planar con-
figuration. Across the ring from the N-Cu bond, there is a protonated
nitrogen atom which is hydrogen-bonded to a neighbouring chlorine. The
phosphorus-nitrogen bond lengths are not equal around the ring, but

. o ]
occur instead in four distinct pairs having lengths 1.63 A, 1.60 A,
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1.56 R, and 1.67 A. These varying bond distances are explainable in

terms of m-bonding systems.

4

by Patterson and Fourier methods and refined by least-squares. Most

The structure of'[(NPMe2)4H+]ZCo¢l 2- has beéﬁ determined

of the methyl.hydrogen atoms were located in a final difference Fourier
summation. The structure consists of tetrahedral CoC142— ions
hydrogen-bonded to two protonated phosphonitrilic rings. The N-H...Cl
distance in each case is 3.21 A. Tﬁé two independent rings have
slightly different conformations. Qne;épproaches the "tub'" shape and
the other tends towards the "saddle",conforﬁétion.‘ Protonation of

the phosphonitrilic ringévagain resﬁlts in nén—equivalent P-N bond
lengths. Averaged values for the two'fings are 1.69 3, 1.54 K, 1.61 A
and 1.58 A. Parameters which are unaffécted by the addition of the
proton agree with those found inlreléted ;ompounds when averaged values
are considered.

[NP (OMe) is a centrosymmetric sixteen-member phosphonitrile.

2]8
Its structure was determined by Paftefson, electron density, and least
squares techniques. The phosphohitrilic ring consists of two approx-
imately planar and parallel six-atom segments joined by a step. The
P-N bond lengths are all equal within experimental error, their mean
being 1.561 A. The average P-0 and 0-C bond distances are 1.576 & and
1.440.4 respectively. The methoxy groups cover the ring evenly, their

arrangement being such that there is little conflict between steric and

m-bonding requirements.
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The structure of céesium difluorophosphate was determinea by
comparison with KP02F2 and refined by least squarevmethods. Caegium
and rubidium difluorophosphate are isomorphous with the potassium salt;
all have the barium sulfate structure. The mean P-F distance in
CsP02F2 is 1.58 R, the P-O bond length, 1.48 R. The lattice parameters

and interionic distances increase with increasing radius of the alkali-

metal cation.
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GENERAL INTRODUCTION



From the first application of X-rays to determine the structure
of zinc blende by W.L. Braggl in 1912, X-ray diffraction has emerged as
the most powerful way of investigating the solid state. Since the
majority of compounds either exist or can be obtained in the solid form
the method has wide applicability. With recent improvements in methods
of data collection and in computing facilities crystal structures are
being reported in unprecedented numbers. The basic principles of X-ray
diffraction are by now well established as are the chief methods of
structure elucidation. The Patterson, Fourier, and difference Fourier
summations and the method of least squares refinement which were used in
the present structural work have been discussed in a number of standerd
reference booksz-5 and will therefore not be described here. Any symbol
or cfystallographic pomenclature occurring’in the thesis has its con-
ventional meaning described in the '"International Tables for Crysfallo—
graphy".6

This thesis consists of an account of the X-ray structure
determinations of several inorganic compounds with an attempt to inter-
pret some of their main structural features. It is chiefly concerned
with phosphonitrilicbstructures and is'arranged in three main sections.
In part I a summary of the bonding theory of the phosphonitriles is
presented together with a review of the X-ray structural information
available for the six- and eight-membered rings. The X-ray analyses of
two tetrameric ring structures, octamethylcyclotetraphosphonitrilium
trichlorocopper(II) and bis- (octamethylcyclotetraphosphonitrilium)

tetrachlorocobaltate(II) are then described. Because of their lengthy



names, these will be referred to in the thesis by means of their more

convenient chemical symbols, [NPMe2]4H.CuC1 and [(NPMe2)4H+]2CoC142_,

3

respectively. Part II contains an account of the structure determina-
tion of hexadecamethoxycyclo-octaphosphonitrile, [NP(OMe)2]8, a
sixteen-member phosphonitrilic ring compound. Part III consists of
the X-ray analysis of caesium difluorphosphate, CsPOéFZ‘
The appendix contains évdescription and source deck listing
of two computer programs written during the course of this work. The
first was intended for a particular analysis and consists of an
application of the N(Z) test to detect a centric distribution of
intensities. The second, of more general use, is a least squares

refinement procedure designed to give accurate unit cell parameters

from diffractometer measurements.



PART I

THE STRUCTURE DETERMINATIONS OF

OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM TRICHLOROCOPPER(II)

AND

BIS- (OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM) TETRACHLOROCOBALTATE(II)



A. INTRODUCTION

The first chemical reaction leading to the formation of a
cyclic phosphonitrile, the reaction between phosphorus pentachloride
and ammonia, was reported simultaneously by Rose,7 and Liebig and
Wc‘jhler8 in 1834. Stokes9 proposed a cyclic structure for the product,

[NPClz] which later X-ray diffraction work was to confirm. Since

33
this early'wprk much structural aﬁd chemical information has been

~ gathered by various methods about the phosphonitriles and these
findings are accumulated in a number of comprehensive reviews.lo-lg-
To introduce the phosphonitrilic structure determinations in this
chapter it is first necessary to review the essential features of
phosphonitrilic bonding theory. Then it would seem appropriate to
summarize the X-ray structure determinations which have been carried
out on six- and eight-membered phqsphonitrilic rings to the present
time. Such a review and summary should not only serve to indicate the
successes of the bonding theory in explaining experimental results, but
should also provide a basis for discussing the results of the-structure
analyses both in this section and the next.

The system of bonding for the phosphonitriles has been largely

developed by Craig and Paddockzo_22

so it is convenient to use their
conventions with respect to nomenclature and axial labelling. Although
Molecular Orbital theory is required for a complete analysis of the

chemical bonding, the Valence Bond approach provides an intuitive

explanation and goes far in rationalizing the observed structural



features found in the phosphoﬁitriles. Single (0) bonds are formed by
the overlap of bonding orbitals on phosphorus and nitrogen atoms having
the proper symmetry. §PS hybridization at phosphorus is often suggested
to account for the four tetrahedrally arranéed bonds, and orbitals at
nitrogen having s and p character, likely 522 hybrids, seem appropriate
for the o-bonds. The secondary or m-system of bonding must involve the
g_orbifals on phosphorus since all the p orbitals have been utilized
in the o-bonding. Overlap between phosphorus 3d and nitrogen 2p orbitals
is feasible particularly where the phosphorus atoms have electronegative
substituents attached to them.23
The orientaﬁion of the phosphorus d orbitals with respect to
the phosphonitrilic ring is shown in Figure 1. The z-direction is
chosen perpendicular to the local NPN plane, the y-axis is in the plane
and bisect the N-P-N angle, and the x-direction is orthogonal with
resﬁect to the other two. m-overlap occurring between the gxz and
gyz lobes of phosphorus and the singly occupied E% orbital on nitrogen
is designated T (this type of overlap is antisymmetric with res@ect
to reflexion in the NPN plane). A secondary m-system which lies in
the ring plane and is designated T, €an occur between the phosphorus
éxz-yz and gxy orbitals and the nitrogen EEy hybrid which contains the
nitrogen lone pair electrons. These two systems of orbital overlap are
illustrated in Figure 1. A third type of overlap is also recognized
which may pérmit m-bonding to exocyclic ligands on phosphorus. In

this, the principal orbital on phosphorus involved is the gzz orbital

(with the éxz and gyz participating to a lesser extent).



(d)

Figure 1. Tm-overlap systems in the phosphonitriles : (a) gxz and (b) gyz are used for ﬂé—bonding,

. 14
(c) éxy and (d) §x2-y2 for ﬂs‘bondlng. (After Paddock™ ')



The T and ﬂs—systeﬁs are not equivalent nor do the d
orbitals involved in them interact equally. The T -System in the ring
is the predominant one and overlap integrals suggest that in this the
éxz orbital is the more st;qngly involved.zzv A treatment proposed by
Dewar Eizil"24 however, is based on an equal participation of the
éxz and gyz orbitals at phosphorus. In this approach a pair of linear
combinations is constructed from these two orbitals which interact
separately with adjacent nitrogen m-type orbitals to form a system of
three-centre w-bonds. These ”iélands of electron density" which
encompass P-N-P segments do not permit delocalization around the whole
ring. In any case, the nature of the delocalization in the phosphoni-
triles différs from the m-systems of unsaturated hydrocarbons such as
benzene chiefly because of the character of the d orbitals and because
of.the bond polarity caused by electronegativity differences between
phoéphorus and nitrogen. In particular, Molécﬁlar Orbital calcula-
~tions for the phosphonitriles show that the uppermost occupied orbital
is always non-degenerate (it is doubly degenerate for hydrocarbons).
This result predicts an aromatic ﬁature for all cyclic phbsphonitriles
whether they have 4n or 4n + 2 ﬂ—electrons.20

After this introductory account of the bonding theory for
phosphonitriles it is appropriate to comment on the significant
structural features of the series which have been determined by X-ray
analyses. Molecular structures of trimers and tetramers will be
reviewed here; a discussion of the 1érger cyclic phosphonitriles will

be deferred until the Introduction to Part II.



The most accurate of the crystai‘strﬁcturekdeterminations
which have been carried out on trimeric phoéphonitriles are summarized in
Table I. (References in brackets refer td otﬂer X-ray Qork on the same
c0mpouﬁd but of less reliability.) Thé trimeric halides are all nearly
planar, have equal P-N bonds within the ring, and have approximately
constant ring angles. From these structures it is evident thaf the
m-systems extend over the whole ringvfor there is no indication of
alternating single and double bonds. The structures of the diphenyl-
and tetraphenyl-substituted trimers,.however, do show inequalities in
the observed bond lengths and angles. The P-N bond length is found to
be dependent upon the electronegativity of the substituents on phos-
phorus. Thus when-the electronegative chlorine atoms are attached to
phosphorus, the P-N bond is shorter than when the.ligands‘are phenyl
~ groups. Presumably the chlorine atoms when attacheéd to a phosphorus
atoﬁ enhance the transfer of electron denéity from the adjacent nitfogen
atoms into'a ﬁ—bonding system with the phosphorus causing a stronger and
shorter bond. The stfucture determination of‘a protonated phospho-
nitrilic trimer shows a pair of long P-N bonds (1;67 K) involving the
protonated nitrogen atom. Here the}nitrogen lone pair electrons are
required for bonding the hydrogen atom and do‘not participate in the
m-bonding.

In Table II the results of X-ray structure analyses of tetramerié
phosphonitriles are compiled. As will be noticed, in these eight-
member rings more geometrical freedom is permitted and a planar config-

uration is only found in the fluoride. Deviations from planarity are



Table I. X-ray structure determinations of trimeric phosphonitriles.

Compound

[NPCL,],

[NPBrZ]3

- [NPF,]

N.P.Cl,(C.H),

NgPC1,(CeHo)y

i
N PCL, (NHPT') ,, HC1

P-N(A)

.59(.02)
.53(.20)
.56(.01)

.615(.005)
.555
.578

.556(.008)
.609
.578

.67 (.005)
.58
.56

Angle PNP(°) Angle NPN(°) Ring Shape Reference
119.4 119.6 chair, m 25(26-28)
116.5 124.0 chair, m 129(30)
120.4 119.4 planar, m m 31(32)
122.0 115.2 )

119.2 119.7 chair 33

121.0 120.7 .

124.9 115.5 boat 34
132 120 distorted

125.5 107.5 boat 35

01



ComEound

[NPC1,], (K)

[N?C12]4(T)
[NPF,] ,

[NPMe2]4

[NP (NMe,) 1,

[NP (OMe) 5],

Table II. X-ray structure determinations of tetrameric phosphonitriles.

Angle NPN(°)

P-N (A) Angle PNP(°)
1.57(.01) 131.3
1.56(.012) 133.6

137.6
1.507(.017) 147.2
11596(.003) 131.9
1.578(.010) 133.0
1.68 (exo0.)
’1;57 132

121.2

120.5

122.7

119.8

120.1

122

Ring Shape Reference
tub, 4 36 (37)
chair, 1 38

g
o
- -
~
I
o

tub, 4 41
saddle, 4 42

I
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compatible with the theory ofvgﬁ—pﬂ 5§nding“becau5e'ofﬁthe shapes and
diffuseness of the d orbitals. 'Steric’infe?éctiohs betweeﬁ_ékocyclic
~ groups’ and competition between Wé‘ahd.ﬁ;quﬁdihgﬁwitﬁin:fhe ring=seem
to account for the adopted conformatidns;177 Thé stfuc£uia1 studies
suggest thaf tetrameric ringvconfiguratiohsiﬁSyaily approximate one
of three types. In the most common "fubifshapé»the ring atoms occur
in pairs alternately above and belowﬂthé-ring'flgne;. This shape has
Z;symmetry'and is reminiscent of the "boat" cdﬁfiguration found.in
six—membered rings. In this form fhé:éXOEYCIié'afbms-on successive
phosphorus atoms have stable staggered-pbsitioﬁs and Ioéal environ-
ments favoring T or ws-bonding occur around the ring;.VIn the "saddle"
arrangement the ring also has Z'symmetry.(idealiy_Z?m'(DZd)); The
phosphorus atoms are planar and.thé'nitrogen.atomQEélternate above and
below the plane. Overlép‘between schesSiVé ﬁ;drbitals.ié equal which
tends to strengthen 7_-bonding as aAwhbléﬁ' The "chair " shafe with T
symmetry, has larger dihedral‘angles_betWeen'adjacént ring atoms. In
fhis case the L system is expecte& to be less strong than ﬂs-bonding.
It is important to appreciate, though, that the two syétems of T-bond-
ing complement each other since their planes of maximum dverlap are
perpendicular. Thus decreased overlap éf the ﬂa;system due to a
misalignment of the z-axes on neigﬁbouring atoﬁs resulfs in an increased
participation in ﬂs—bonding. In addition to thesé n—syétems within
the ring tﬂe structure of the tetrameric dimethylamide indicates that

m-bonding can also occur between the ring and its ligands. Here, not

only are the exocyclic P-N bonds shorter than a pure single bond, but
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one dlmethylamldo group on each phosphorus is orlentated so as to
have good overlap with the phosphorus d. ;2" orbltal the other w1th the
phosphorus éxz or gyz orbltals. Tetramerlc structures can largely be
explained in terms of a compromise between steric reQuirements and
conformations enhancing somertype of nébonding;v

As can be seen by this review of trimeric énd-fétrameric
structures, the bonding theory is able to explain many of the‘observed.
features. Most of the X-ray work to date has been done on compounds
with just one type of ligand on the riﬁg{ Until the present anaiyses
no phosphonitrilic structure has beenAreported'in which the bohding of
a metal atom to the ring was possible. In both the copper and cobalt
qompounds of tetrameric rings investigated here, the positions of the
metal.with respect to the phosphonitrilic ring.énd the interactions
between them should be of interest. The métal atom could be bénded
covalently to the ring or held by electrostatic forces. An exciting
possibility is a type of organometallic bond between the metal and the
aromatic ring. Bonding of this kind is féund between organic aromatics

and cobalt in (m- C Co.C5H4.C6H5), for example.43 The system of

5°
m-bonds in the phosphonitrilic ring might permit an analogous situation
in which the metal atom is bonded either to a particular double bond

or to the ring as a whole. This would probably noé be as 1ike1y aé a
bond between a ring nitrogen‘atom and the metal, however, because of the
polar character of the P-N bond. It is also possible that the ring

might change its conformation so as to better accommodate the metal atom.

Of equal interest is the effect the metal atom will have on the bonding
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within the ring itseif.v Changes in bond order shduld be indicated
by variations in bond lengths and valency angles. ‘In the‘ﬁrotonated
trimer,35 the addition of a hydrogen atom to a nitrogen atom.within
the ring caused a significant lengthening of two P-N bonds. The
present analyses may indicate similar changeé in fetrameric.rings.

The two compounds investigated in-this section were prepared
by J..Dyson in a similar manner'.44 To mékg the coppei compound,

anhydrous copper chloride was reacted with the methyl phosphonitrile.

methyl
ethyl
: ketone .
CuCl, + [NPMe2]4 —_ yellow crystals

Analogously, anhydrous cobalt chloride was reacted with the phospho-

nitrile to give the cobalt compound.

methyl blue precipitate
ethyl
ketone of v
CoCl2 + [NPMe2]4 > .'[NPMe2]4C02C14 : + flltrape

Upon standing, small pale blue crystals were formed in;the fiitrate.
Some of these crystals were used for the X-ray anglysis.

The. products were identified upon the basis of a (partial)
chemical analysis. The yellow copper crystals were thought to be
[NPMe2]4 %-CuCl2 and the pale blue crystals from the filtrate of the
cobalt compound to be [NPMe2]4CoC12. Although these formulae are

certainly plausible and are suggested by the chemical analyses, the
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X-ray work to be déscribed shows that neither compound has the formula
assigned to it. Correctly formulated the compounds are [NPMe2]4H.CuC13
and [(NPMe2)4H+]2CoC142_1 Although a structure determination is rarely
undertaken solely for the purpose of detefmining chemical composition,

after an X-ray structure ahalysis the chemical composition of a

compound is seldom in doubt.
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B. THE STRUCTURE OF OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM

TRICHLOROCOPPER (11)
Experimental

Crystals of [NPMe2j4H,CuC13 are yellow needles glongated
along'gf Crystallographic data were obtained from various oscilla-
tion,vWeissenberg and precession photographs and tﬂe unit cell
parameters were refined by a least squares treatment of diffracto-
meter measuremeﬁts.of 20 values (see Appendix).

. <] (<]
Crystal Data (A, Cu- = 1.5418 A; A, MO_E@ = 0.7107 A)

K
-,

3> M = 471.11.

Orthorhombic, a = 15.70, b = 17.728, 3 = 14.52

[NP (CH,) ] H.CuC1
[+]
¢ A (for all o = 0.01 A).

U = 4043.3 A%, D_ = 1.54 g.cm. ®(flotation), Z = 8, D_ = 1.55 g.cm.”?,

F(000) = 1928.

- Absorption coefficients, p(Cu-K ) = 81.0 cm. 1, u(Mo-Ea) = 18.2 cm. ',

K
Absent reflexions : OkE when k = 2n+l, hOZ when Z = 2n+1, and hkO when

h = 2n+l. Space group Pbca.

Intensity measurements were collected on a card-automated
General Electric XRD-6 Spectrogoniometer with a scintillétion counter,
Mo-Ea radiation (zirconium filter and puise height analyser) and a
8-26 scan. The scaﬁ width in 20 was (1.80 + 0.86 tan 0) degrees to
allow for the increased width of reflexions.at higher angles. Back-
ground counts were taken on either side of every scan so that the

local background could be subtracted from the scan count for each
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reflexion. Lorentz and polarization factors wer¢ applied and the
structure amplitudes were derived as usual. Of the 2038 non-
sysfematically absent reflexions with 26 < 40° (minimum intérplanar
spacing 1.0 R) 1670 or 82% had intensities above the background level.
The unobserved refle;ions were assigned a value of IFOI = 0.6 F(thres-
hold) aﬁd were_included in the analysis (but not in the residual
calculation). The crystal used for the intensity measureﬁents was
mounted with the a-axis parallel to the ¢ axis of fhe goniostat and

had a length of 0.25 mm. and a cross-section of 0.20 mm. by 0.15 mm.

Structure Analysis

The compound was initially thought to be a 3:4 combination
of [N4P40Me2)4] and [CuClZ] units.44 However, using the measured

cell dimensions and density of 1.54 g.cm.

a satisfactory ratio of
_phosphonitrilic rings to copper chloride groups could not be found

which would give a whole number of molecules per unit cell. The best

variations were the 1:1 adduct for which Z = 8 and QC = 1.44 g.cm.

1.66 g.cm. °. Neither

and the 2:3 combination_where Z =4 and Qc

of these appeared likely. A different rafio of phosphonitrile to
copper groups, another chemical composition, or some form of dis-
ordered compound were considered possibilities. In an attempt to
clarify this problem the sample was submitted for a chemical analysis.
The results of this were similar to the original analysis so the
compound appeared not to have decomposed since its preparation.

The analytical results and the initially suggested composition are
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tabulated in Table III together with the constitution of the actual
structure determined by the X—rayvanalysis. “The analyses tended to
supporf the initial 3:4 model even though it was unlikely from the

X-ray information.

From the tbree-dimensional Patterson function the co-
ordinates of one copper and two chlorine atoms were derived.
Uncertainty about the structure made it difficult to interpret
further Patterson vectors. These threé atoms were‘used to calculate
"phases for a starting Fourier summétion, the initial R being 0.69.
The scattering factors used were the usual forms'given in the
International Tables, volume III,»ahd all atoms were‘assigned an
initial isotropic temperature factor of 4.0 AZ. This ;alculated
.electfon density distribution then indicated clearly the positions
df the phosphorus atoms of -a phosphonitrilic ring. -Successive
Fouriers incorporating newly—found atomic positions revealed not only
the ring nitrogen atoms and the methyl carbons buf also an unexpected
peak adjacent to the coppér position. To identify this atom in an
unbiased.manner an atom was not immediétely placed in this position.
‘With one copper atom, two chlorine atoms, four phosphorus atoms, four
nitrogen afoms and seven carbon atoﬁs’the residual faétor was 0.30.
Ap this stage a difference Fourier was calculated to locate the final
methyl carbon and to identify the unexpected peak. Both atoms were
prominent on thé difference map, and the relative peak heights were
very indicative: the unexplained peak was three times as strong as the

carbon peak suggesting that about eighteen electrons were associated
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Table III. Comparison of elemental analyses, postulated composition,

and actual composition of the compound.

ELEMENT | _ MICRO-ANALYSIS (%)
Original* _ Present’ (= .3%)

P 26.38 -

N 11.87 - 12.03

C 20.74 20.21

H 5.87 | 5.0

Cu '

c1 20.01 | 21.4
ELEMENT - THEORETICAL COMPOSITION (%)

Postulated | Actual
[P N, (CH ) ] [CuC,], [P N, (CH) gTH[CuC1,]

P 25.84 26.30

N 11.69 11.89

C 20.04 20.40

H 5.05 5.35

Cu 17.67 - 13.49

cl 19.72 | | 22.58

* J. Dyson. Ph.D. Thesis, Victoria University of Manchester, 1964.

P. Borda. Chemistry Department, University of British Columbia.
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with it. This information together with a bond distance of 2.24 A
to the cépper, identified the anomalous peak as a éhlorine atom. The
‘difference map did not show any other prominent peaks.

With the inclusion of the chlorine and final carbon atom
the R factor was reduced to 0.21. At this stage block-diagonal least
squares refinementtof all the positional and thermal parameters was
begun. In.minimizing Ew(FO-FCj2 a weighting scheme was used which
kept wA2 approximately constant over ranges of Fo. The scheme used
consisted of setting Vo |F0|/75 when.|F0| <75 and ¥w = 75/|F |
when |Fo| > 75. Unobserved réflexions were assigned vw = 0.90. After
several cycles of isotropic refinement R was 0.11. Refinement was
cpntinued for two further cycles with anisotropic temperature parameters
for the copper and chlorine atoms giving a final R of 0.097 for the
1670 observed refléxions. At this point the shifﬁs in parameters were
' alliless tﬁan the corresponding standard deviations. A final difference
‘map did.suggest several possible hydrogen positions with peaks of 0.5
to 1.0 electrons per cubic angstrom around some of the methyl carbons,
but né attempt was made to accurately locate these since spurious
fluctuations of * 0.8 e.A ° were also present.

Measured and calculated structure factors are listed in
Table Iv. Sections of the three-dimensional electron density distri-
bution are shown with a drawing of the molecule in Figure 2. The final
positional and thermal parameters and their standard deviations are
given in Table V, and a packing diagram looking down the c-axis is

shown in Figure 3.
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Table IV. Measured and calculated structure factors. Unobserved

reflexions have ]Fol 0.6 F(threshold) and are indicated by a

negative sign.

Hoox L Fuss  FCAL H W K L FORS  FCAL W K L FORS  FCAL H ok L FuUSS  FCAL
0 ¢ 2 arn.T 412,46 L i 3 2 8 9 -10.1  -~s. 34 3 3B.8 -al.-
0 0 4 393.6 -369,9 1 1 7 2 8 10 -19,5 -19.4 3 4 4 130,10 -1%0.2
0 0 & 117.8 —1nh.4 1 y 8 7 08 11 49,1 =46, 34 5 a4 -65.
0 € & 4l.¢ -39.8 i ] 1 2 8 12 s2.1 42,7 36 6 BY.S -TALT
0 ¢ 10 10C,7 -Ae.7 1 [y 2 2 9 0 34 1 =H.e -7uld
0 0 172 62,8 696 1 1 3 38 8 35,8
0 6. 14 E1,3  B9.6 . 13 56,2 -51.p s 2 9 @ 3 4 12,0
0 2 0 ir9,s -203.8 1 B 2 9 3 34 10 T8y
o 7 1 W6 BOLP 1 Y 2 9 e 3 4 11 953
0 2z 2 EBGC.,9 -Bl.E 1 7 2 s s 3 e 12 -1l
0 2 3 915 -me 1 1 2 9 e 36 13 -il.s
0 .2 & 14,6 139,2 1 2 97 106,38 99,6 35 1 16,4
0 2 5 150,0 -157.1 1 2 9 86 35 2 15046 —14.0
0 2 & 23 213 1 2 9 9 305 3 R 7o
o2 1 1 2 9 19 35 4 19.0 162
c 2z @ 1 2 s 11 305 5 B2 -36.2
o 2 9 1 2 e 12 305 6 10,0 A
6 2 1c 1 210 0 35 1 9 =25.4
n 2 11l 1 2 0 o 2 1¢ 1 3 5 89 52,5 sa.n
6 2 12 1 16 . 2 0 2 2 1c 2 305 3 =w5 e
o 23 1 2t 4 2 10 3 305 10 -10.1 5.2
0 2 e 1 2 ¢ 6 1512 -i35.9 2 ic 3005 4b =187 -tl.d
o 4 o 1 2 0 B 79.5 T4.2 2 16 s 3005 12 13,3 -a.
o 4 1 1 25 35 A3 39 -2
e & 2 i 2 0 32 PL.T 78, 2 36 1156,3 =172
e 4 3 2 2 0 14 -12,0 -19.9 2 34 2 =801 e
0 T4 & 147.4 -135. 210 357,17 -36.1 2 3008 1 sd3 v
U 4 5 148,9 ~139,5 \ 2 1 1 332 -33.9 2 36 & 10240
o “ & 294,71 -295.7 1 2 1 2 19,6 -116.8 2 1 ¢ S 198,45
6 4 T -B.l -T.2 L5 3_151.8_-}a9. 3 & b 403
0 4 B 175,01 -175,1 1 5 & ,..":577%7)';,‘;_ 2 3 6 7
L& 9 58,5 & L5 5 (01.8 -91.° 2 3 6 8
0 4 10 118.3 123,10 1 8 6 72.3 [} 2 3 6 9
04 11 76,5 24l I 5 7 e2.3 -6b.7 2 + 6 10
@ 4 17 93,0 1£0,3 I 5 8 -R5.8 2 3.6 _ 11
O 4 13 -11.3° 3,7 1 4 8 _#gen 1 TeT a2
0 6 0 169.5 -177,3 s 10 2904 36 13
0.t ) 103.3 ~12:2,9 15 11 -10.8 31
[ to5 12 M. 32
o ¢ 3 L5 13 «8.8 3o 3
9 e e TSR S T 31
¢ & 5 2 2 —ou1 3T 8
o 6 & ) B z 2 EIN Y
o & 7 : @ ;;_!, 22 2 307
0 6 8 & 5 555 2 2 3 46,8 -28.9 3 1.8
FE AN & & w54 [ [
o & 190 6 T es.t 2 2 s 37 ?A
0 & 1l 664 8 4 7 37
0 & 17 3 : 'ﬁa_z 2 2 37 1
e 6 (3 6 10 105.3 2 2 o9
o € ¢ £ 11 -10.5 23,5 2 2 3 42
o 3 6 12 -11.2 -1l 22 3o
o A& 2 5 13 1.6 I 2 2 38 3
o & .3 7 aQ 22 12 «e, 1 -31.5 3 A4 3
o e« ¥ 7 2 3 e
0o & 5 1 2 2 3 e
a 8 & 7 z 2 33
o 8 7 7 2 3 309
0o 84 a y 2 3 36
—0 5 9 1 —2 3 3 209.3 4 K
v - R 2. |
7 2 3 5 2 3 5
M 2 3 6 H 19 2
7 2 Y 7 2 A e 3
' 2 3 8 2 T
1 13 42,1 -13,2 229 -2 3 g
: 3 . 3 z 310 2 19 s
2 6 2 st 2 3 e 7
H 2 3 a2 2 308 @
o 2 3 13 2 L
5 B 2 T N V-
o 240 7 3 1
0 ] - n3.6 -1a7. [ - 2 H
o 1c 1p yoa ey e z 62 2 3
¢ 1c 11 @ 9 8.2 -as.d z 4 3 2 3
otz 9 6 10 -19.5 2 e 2 3
o el 811 30,7 e 2 3
e .2 __- 2
177 Y007 1.t 2 4 7 2 3
0 12 4 82,4 a2 4001 2 4 8 ? 3
0 1z 5 3.1 e 3 1362 2 4 8 2 E
e 12 & 26,1 a9 4« 3.0 2z 40 2 3
o 12 1 3.5 s 5 9.0 2 2
—0 12 £ 19 6 44k 2 4 2716 - 5 3
0 1z 9 @ 1 arl.7 -110. z 4 2 11 o 3
o 12 10 9 8 atip P ) 2 a1 1 3
0 0 9 4 -te.l 25 2 112 1
0 & 1 % 18 22.1 2 9 30 2 3
o 16 2 9 _)1__ 48,9 2_ 5 o S S 3
0 s 3 9 12 74.8 -4 23 30 6 3
LRTEEE 11 92.7 -105.1 23 1¢ 8 3
R LI 1IC 2 163.7 -169.2 2 3 [ 3
no1a 6 3 2 5 e a2 3
o 14 1 i 2 5 YU 14
o otk R 5 25 3 1 1
[ e z 5 ¥ 1 H
[ i 7 z 5 3 1 3
[3 2 B 2 5 31 s
[ ‘ 9 2 5 315
] “ 0 E ] 301 e
3 16 s 2. & SO S
g 2, 1T202 z103,0 2 6 R
i v “ REUTRS 17204 2 [ 3 1 9
L6 e 236,80 220401 2 & 31 10
L6 8 wh.C SNl 2 & 31 n
[T 2 8 Y12
1_c__e2, 2 &
T e 2 6 31 s
o 2 e y o2
! rz [ 32
rot 3 2 e 3 T2
1 (S 2 6 32
I B 2 & 32
(S S z 7 32
[ 2 7 32
to1 8 2 7 32
LI ; ; 32
1o1ae a2
A1 2 1 3y 2 1 7
17 27 32 a2 N
13 2 7 ER S} 1
14 2 7 3 ) ?
i 2 1 3 3 3
¢ 2 1 333 14,1 =296,8 b
3 1 3 1 4 5
2 7 3 3 5 &
2 1 3 3 e 3 1
z 8 [ 3 2
2 4 303 e A 3
2 4 2 100, 3 1 9 1_.ib, &
ERE) 3 3 a9 Y e s
2 e 33 1 1 Pt
2 8 35 12 “ ¢ 0 11,2 -1l
2 e 3 3 ) ¢ 2 117.r 1an.l
2 8 341 « 6 e PE.S MINNLY
2 6 1 a2 4 U % 4 ~tie




Table IV (continued).
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K K L Fass  FCAL H K L FORS  FCAL W K L FOBS fCat H K L FORS  FCAL W K L FORS  FCAL
4 0 8 0.3 30.9 4 11 0 122,8 -130.4 5 7T 5 15.0 20.8 6 &4 6 3.0 39.1 71 1L 648 7001
4 0 10 105.3  99.6 4 11 1 137.3 140.1 $ 1 6 757 1.0 6 4 T 132 2644 Tl 12 -1l 6.7
4 012 4 5t 2 s 17 -25.6 6 & 8 271 ten0 T2 1 86,1 -99.9
& 1 0 5 ~15 4 11 3 s 1 8 -33.8 & 4 9 a1.3 a7, 12 2 54,2 80,5
& 11 411 & 5 1 o 5 4 10 23.5 -3v.7 T 2 3 45.0 -37.8

[} A 11 s 5 110 6 411 19.4 -14.8 T2 & 38,5 =342
a1 3 33,8 31.8 P T s 7 11 B A4 12 27.5 -d4.A T2 s & -40.
4 1 4 19,00 =224 4« 7 s 1oz B 5 0 144.8 -147,9 T2 6 -9 -13.1
4 1 s « 8 5 8 1 55 1 39,5 4,5 T2 7 25.0 -6
4 1 6 4 11 9 5 8 2 6 5 2 26,0 -27.4 -9 =14,
4 17 4 11 )0 5__8 3 6 5 3 37,8 -4],] T2 9 3% 31,0
4.1 8 21.0 4 12 0 5 8 & 6 5 4  63.0 65,9 T2 10 59.3 -65.5
1 9 4 12 1 5 8 s 6 5 5 116.1 -118.5 T2 1 -11,2 6.6
4 1 10 « 12 2 S &8 & 6 5 & 19.2  T5.4 T2 12 -1 -t
4 11 s 12 3 s 8 7 6 5 1 23,9 16.3 T3 1 51.2 44,2
4 1 12 4 12 4 5 8 8 6 5 8 81,2 86.7 -
4 1 13 4 12 -5 s g 9 6__5 9 126.1 124.9 T3 3 28,7 191
« 2 o PNV 5 6 10 67 5 10 33.8  15.8 T3 4 #3.1 -6l.4
4 2 1 “« 12 7 5 8 11 6 5 11 33,7 136 T3 5 64,9 -60.7
6 2 2 4 12 8 5 9 1 6 5 12 -11.7 -10,A T3 6 109.6 170.8
“« 2 3 « 12 9 5 9 2 6 & 0 91.7 93,9 T3 7 s4,2 -s5.6
4 2 4 4 13 0 5 9 2 68, 13.2
“ 2.5 1,5 . 6 13 3 5.9 & 6 & 2 ~-8.0 6.8 T3 9 25.1 -25.A
PR S . 3 13 2 EREE 6 6 3 4T.3  4l.8 T 3 10 -10.8  -9,5
© 2 7 4 13 3 5 9 6 & & 4 Be5 87,7 773 11 379 -34.8
s 2 g PERT Y s 9 7 6 & 5 T2.1  el.1 T3 12 117 =125
« 2 9 A 13 s s 9 8 6 & 5 20,1 -9.7 T4 oar2.T. 17w
« 2 10 4 13 b 5 e 2 = Y 42 AT.0 -09,%
« 2 3 4 137 5 9 10 6 6 8 S51.0 -8.2 T & 3 13.9 -la.o
v 2 1 4 13 8 579 11 -ll.6 -13.7 6 6 9 45,4 -4k.] T 4 4 90,8 -44.2
a2 13 “ 16 0 5 10 1 116.7 -121.1 6 6 10 26,1 -l1l.6 T4 5 1R.T -1k
« 3 0 “ 16 1 s 2 5 6 1l S3.a =53,3 T e 6 26.1 5.0
6 3 1 4 14 2 5 3 6 6 12 -11.8 28,3 T4 T -9 3.3
“ 3 2 4 14 3 5 “ 6 1 0 -8,0 18,7 T4 8 37,9 s5,)
4 3 3 4 14 & 510 5 62,7 422 6 1 1 72,0 69.9 T4 9 13,9 28,1
DREERE) PEEUERE] s & 7 2 139,3 1375 7 & 10 -10,9. 18,2
« 1 5 “ 14 6 5 6 7 3 143.0 148,5 T4 11 ~-11.4  ~5.0
“ 3 6 4 14 7 5 6 1T 4 150.7 142.R 74 12 -i1.8  16.3
« 37 4 15 © 5 & 1 S 78.2 82,6 75 1 =13 -25.1
« 3 9 4 15 1 TS S S I P ;N 15 2 139.4 47,8
4 3 9 4 15 2 B 6 1 1 26,2 -30.7 T 5 3 131.5 —124.5
4 3 10 4 15 3 5 6 7 8 143.2 -135.5 T s 4 35 3.0
4 3 n 4 15 4 s 6 1 9 4C.0 -aT.6 15 8 -5 -11.3
4 112 4 15 s s 6 7 10 =10.9 3.6 TS5 A A0L1 -61.7
s 1 11 4 15 & 5 6 7 11 -11.3  -2.1 T 5 T G430 ueld
4 4 0 4 e 0 6 8 0 60,8 -5¢. PS5 A 69,8 -ma.6
441 4 16 1 S 7 6 8 1 84,6 -69.C T 5 9 35,0 73,4
4 4 2 4 16 2 5 8 & & 2 65.8 TiL.s 75 10 60,3 -&4.0
4 4 3 “ 16 3 s “ 6 8 3 28,B 24,4 705 11 51,9 -47.5
4 & 6 4 16 & 5 o & B 4 93,4 06,04 T 5 12 -9 5.2
4 4 5 5 2 5 1 5 B 5 -9,3 .8 T e 1
“« & 8 5 4 5 2 68 b 9.6 -16.9 16 2
o 4 7 b 5 3 6 8 1 -9.9° -9.u T 6 3
« 4 8 8 5 4 6 8 8 -10.2 -64.1 T8 6
4 4 9 -9,7 -11.7 10 R8.8  BO.9 5 s 6 8 9 26,2 -25.0 7 6 3
4 4 10 110.4 -1D7.9 12 21.6 0.8 s & 6 & 10 -11.1 12.9 T 6 6
4 4 11 31 29.9 1 s 7 6 8 11 25.5 15,5 T s 7
4 4 12 -sla1 2 5 8 & 9 1_o 8
& 4 13 39,3 3 5 ) 6 3 T &9
« 50 58,4 4 5 1 6 9 T 6 10
« 5 1 -78.1 s s 2 6 9 7 6 11
4 5 2 -22.1 I 5 3 6 9 T
4 5 3 12,0 ~207.7 1 s 4 6 9 r 12
4 5 & 52,3 el 8 5 5 6 o 7T 71 3
L 5 H3 85,4 -8%,3 9 3 6 [ 9 7 T 4
45 6 -8, 11.0 s 7 6 3 o1 s
4 5 T 1le.9 134 5 3 -6 9 T s
4 5 B 70,0 Ta.7 5 1 6 9 1 71 1
4 5 9 37,9 <18 § 14 2 119,7 =123, 6 1c R S
4 5 10 1.1 3.0 5 14 3 o__1¢ !
4 5. 4] 26,1 =229 5 14 4 ¢ 10 o
] ~23.5 5 14 5 6 1C 7o
1 7.3 5 14 8 6 1C 8
1%9,0 -145.1 5 14 7 6 1C 2 53.4  52.1
-2.0 5 15 1 6 10 1
~48,7 5 15 2 s 1C [] 33,7 -24.0
“63.® 5 15 3 6 10 ]
15.1 -32.7 5 15 4 6 10 Y
125.4 =117.5 5 15 8 6 1c 1 8
1 10.4 s 16 1 6 11 [
5 16 2 6 11 ]
5_16 3 & 11 8 1
4 C 0 6 11 M
1 6 0 2 6 11 v
1 6 0 4 6 11 s
1 6 0 4 6 11 9
6 0 8 6 11 3.
4 .0 10 6 1 ]
6 © 12 6 11 9
6 1L 0 &6 12 9
6 1 1 6 12 9
6 1z & 12 9 1
6 1 3 PRV 1c
4 1 6 612 10
6 1 5 6 12
& t & & 1C
1 3 tT7 6 12
1 6 1 8 s 12 e
1 s 9 6 13 1
Te [
6 6
I3 6
6 6
6 6
[:]
&
6
6
6
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a
a
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&
b6
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7
7
T
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i
1
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110 13 1

111 28.0 -25.8 13 10

112 117.6 -123.5 13 11

1 13 71.0  2B.4 13 11

2 0 T8.5 837 13 1

6 2 |  81.5 -75.8 13 11

6 2 7  4T.3 41,0 13 1

6 2 3 17.0  16.6 14 1

6 2 4 58,9 -58.2 14 1

6 2 5 25.1 23.6 14 1

t 6 2 6 113.0 -113.1 14 1n

1 6 2 7 22,0 -4 14 12

1 6 2 8 8.8 3l 14 12

& 2 9 -1C.0 -16.9 14 12

6 2 10 A3l AT.1 15 12

& 2 11 AT.1 42,7 15 12

6 2 12 3T.9 35,3 15 12

6 2 13 N -1, 15 12

5 3 0 176.4 173.8 15 12

Pa— 6 3 1 118.0 118.9 18 13

“ 9 6 3 2 42,9 40,3 16 13

5 9 & 3 3 1211 116.6 c 13

“ 9 6 3 & 171.0 ~161.6 c 1

PR 6 3 5 44,3 -45,7 c T 1

6 3 6 124.3 —122.4 0 T 13

+ 1o 6 3 7 91,9 -89.2 0o 1 o

4 10 6 3 8 =96 -10.5. o 7 1

4 10 6 3 9 36.8 -40.5 1 7 14

4 10 6 3 10 38.5 -33.9 1 Ll 3 32,0 23.0
4 1c 6 3 1l 24,8  -9.6 1 T e &
4_1C 5 6 3 12 -11.5 -9,6 B 7 16 S
“ 1D 6 6 4 0 272.5 -26B.1 1 T
4 16 7 6 & 1 45,5 52.0 1 67,6 63,3 T 152
« 10 8 6 4 2 163.3 -154.7 1 63.8  S7.6 715 3
« 10 9 6 4 3 3l.1 19,9 1 107.9 -101.1 ~A 0. 0 152,7 -150.7.

4_10 10 &6 & 67,3 $T.4 ] 40,6 36.8 a0 2
“1c 1 6 4 5 -8.3 0.6 ) 72.9 49,1 a a0 4
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Table IV (continued).

H K L FOBS  FCAL M K L FNAS  FCAL h K L FOBS  FCAL H oKL FOAS  FCAL SE K
8 a0 & 108,909 117.1 3 12 -6 a4k -53.0 9 14 1 324 3041 11 8 49,4 -44,0 12 6
‘8 0 B 38.9 =S0.8 8 12 7 3.8  30.7 9 16 2 -il.4 17,3 M1 9 2608 22,5 s
8 € 10 108.1 -114.0 B 13 © 17,1 -19.3 10 ¢ ¢ 118.4 -132.3 1l 1 10 29.9 -28,1 7
8 9: 0, 10 0 2 97,1 -98.2 117271 S6.3  Sa. 7
CE 10 0 4 =9.7 .5 12 2 105.9 -199.1 7
8 1 16 0 6 92.5 5.8 I 2 3 142.0 -144.9 : 1
& 1 10 o0 8 1L ¢ 4 -0 -1t.a i
a 1 10 8 10 12 5 99,1 -ur. 7
8 1 10 1 o 11 2 6 3.2 -5, 1
A 1 1t 11 2 1 3.6 21,7 )
L o 2 11 2 & 214 -10.3 [E3)
8 1 0w 1 3 12 9 32.0 -26.3 124
8 1 0w 1 & 113 1 56,5 -57.9 12 4
g 1 1 15 o3 2 st 47,9 128
8 1 10 1 6 1L 3 3 17.8  -9,5 2 3
B L 1w 1 7 i3 4 -10.0 2.3 12 &8
[ 10 1 8 13 5 7409 -13.5 Y]
8 2 10 1 9 13 6 ?27.3 -35.3 1z v
8 2 1c 1 10 37 -1l -2, 129
8 2 e 2 n 11 s 8 30,7 6.l 12 @
a2 10 2 1 113 o e2.6 b1.E [F
—8_ 2 4 102, .-98.0 o I — | 12 2 117 4 1 AL.3 -p3,% 12 9
8 a1 & 2 3 14 2 748 83,2
8 5 1 s 102 4 1 4« 3 s1.2 -36.5
8 9 1k o2 s 14 & 21,5 1e.s
] s 1 7 w2 6 L& 5 aB) 46,5
L4 A1 38 102 1 M A6 6l.4 =-52.5
8 2 lo 1,7 5 <1 9 2 8 11~ & 7 8L.6  al.«
a2 3 9 1w 0 2 9 (SR T T P I 12 1y
8 2 a 111 a2 1 1 4 9 -lt.8. 29,4 13 ¢
8 3 @ 7 1 w 3 0 1L 5 1 #0.8 -S4,9 )
8 3 1 R3.T 9.1 @ 2 2 10 3t ns 21083 167, (I
8 3 2 9. ¢ 3 1003 2 W5 3 25,2 33.2 ERE
B3 3 92 16 3 3 105 4 T, 14,5 13
B 3 & 2 2 s 103 4 1L 5 5 45,4 4a.b 11
g 3 5 2 & m 3 s 15 6 4%.0 48,0 131
8 1 8 “ 2 7 0 3 6 15 7T =110 -5.1 3o
8 3 7 5 2 8 w3 7 5 8 =13 -85 131
8 3 A 9 2 a 103 8 1L 5 9 -1l.6 -2),7 13 1
w2z 1p 10 3 a 11 6 1 77.8 w3 o2
8 3 19 -1l -l e 2 M i3 0 1 & 2« anLs 13 2
B3 1 W1 =337 9 3 1 10 & @ 1 6 3 AT RS 132
8 3 12 756 142 e 3 2 [C 1 6 4 57.5 -58.1 B2
8 4 0 1BL.6 -t9e,7 a3 3 0« 2 e s 2.1 9.4 13 2
8 4 1 49 — 3] ¢ 150.4 -lALl), 10 4 3 41,8 -46.9 _tl & 8 03.1 -72.9 13 2
A« 2 105.4 ~103,7 T3 5 ss. 10 & 4 77,5  Ta.s 11 6 7 e8.7 =ie.2 13 2
® 4 1 a9y L S 10 & 5 78.9 =71.2 no¢ A 532 S7.5 IR
8 & 4 @ 37 10 4 & 58,5 So.? 117 1 9l.é 98,5 133
8 4 8 9 3 B 10 4 T 19.8 4.3 1T 2 681 -70.0 13
8 4 6 @, 3 q 0 4 8 w1 3 133
—9__ & 1 9__ 3 19 10 & 9 I} T« i3 3
8 4 & R 10 & 10 nor s 133
& 4« o 9 4 1 10 s o 1o e 133
8 4 10 @ & 2 1005t [S U 13 e
8 4 a o« 3 w5 2 u o1 o8 13w
8 5 0 9 4 s 10 5 3 TR S 13 e
-] 5 1 L) L) 5 10 5 & 11 2 13 “
8 s 2 T« 6 05§ 1" 3 o4
[ Y ° & 7 1w s 6 1 . 13 .
W5 4 ° « 8 wos 7 11 5 13 4
8 3 5 EEECEEE ] w5 8 1 4 [FE
8 5 & a 4« 1n w5 @ 1t 7 13 5
8 5 7 N T Y 13 5 10 1 3 s
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Table V.- Final positional parameters (fractional) with mean standard

. o
deviations (A), and.thermal parameters and standard deviations

(B in A%, U

ATOM

P(1)
P(2)
P(3)
P(4)
N(1)
N(2)
N(3)
N(4)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)

" Cu

c1(D)
c1(2)

C1(3)

ATOM

Cu

C1(1)
Cl(2)
C1(3)

kol

.1201
.1352
.2656
.3047
.1148
.1733
.3253
.2108
.0848
.0486
.2018
.0386
.3297
.2600
. 3767
.3363

OO0 O0OD0DOOOOOCODOOOOOO

0.0572
-0.0740
0.1646
0.0248

=11

3.10
2.55
5.21
3.35

. [+
in A

x 10

OO0 COODOCODODODOOO O

OO OO

=12

-0.68
-0.59

0.29
-0.54

2).

. 3906
.3397
.4525
.4068
.3248
.4215
L4121
.4298
.3494
.4674
. 2649
.3311
.4389
.5511
.4674
.3110

.2235
. 2681
1722
.1228

=13

0.17
0.80
-1.09
0.61

OO OO OO OOOO

QO OO

I~

.1366
.0507
.0628
.1307
.0584
.0693.
.0181
.1528
.2406
.1110
. 0884
.1132
.1626
.0433
.1863
.1616

.0830
.0990
.1597
.0058

=22

3.41
7.26
4.31
4.92

el oReRRReR=ek=k=k=R=R=R=ReR=R=

OO OO

mean O

.0066
.0067
.0073
.0072
.020°
.021
.022
.020
.028
.028
.027
.028
.034
.033
.031
.031

.0033
.0088
.0079
.0080

Uss

. 0.16

-0.89
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-1.77
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Discussion .

The eight-member phosphonitrilic ring has the "tub" shape
with.pairs of adjacent phosphorus and nitrogen atoms alternately up

and down. This is the conformation of the parent compound, [NPMe 0

4
2]41

although in the present structure the molecular 4 symmetry is destroyed

by the CuCl3 adduct and by non-equivalent bond lengths. In common with

42 .
17, the nitrogen atoms are

ofher tetrameric phosphonitrilic compounds
displaced slightly more from the best plane through all the ring atoms
(O.SSIR) than are the phosphérus atoﬁs (0.48 R). The methyl groups lie
on either Side_of the ring and those ‘on neighbouring phosphorus atoms
tend to be staggered. The CPC planes are approximately perpendicular
‘td the local fing (NPN) plane, the average angle being 86.5°. The
ACuC13 adduct bonded fo nitrogen (1) has an ﬁnusual diétorted configura-
_ tion. Although the majority .of Cu(II) éomplexes have octahedral
environments, in the'present case the arrangement of atoms about the
metal atom is between the‘tetréhedrai and square planar forms.

Recent crystallogréphic evidence for the effect of the pro-
fonation of a trimeric phosphonitrile has heen given for

35

N P_C1 (NHPrl) , HCI. In this structure the hydrogen has been definite-
4 ;

373772
ly located on one of the ring nitrogen atoms and long P-N bond lengths
of 1.67'2 are observed to this>profonated ﬁitrogen. Ring bonds are
reported of 1.67, 1.58 and 1.56 K, although the two latter lengths may
be influenced by the different character of the substitﬁents on the

phosphorus atoms. The present study demonstrates that in the case of

a tetrameric phosphonitrile as well, the formation of chemical bonds



a drawing of the molecule.
als beginning with 1 e.A"3. In the drawing,

Figure 2. Sections of the electron density distribution and

Contours are drawn at one electron interv
P(4) is displaced towards N(3) for clarity.
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to the nitrogen atoms markediy influence the detailed structure of the
phosphonitrilic ring. Bond lengths and angles pertaining to the ring
are shown on a diagramatic representation in Figure‘4, while the
complete intramolecular bond distances and angles are given in

Table VI. 1In all reporte& structures of cyclic phosphonitriles with
similar substituents on the phosphorus atoms, the P-N ring bonds have
been found to be equal. Bond lengths vary from 1.51 & in [NPF2]439 to
1}60 in [NPMe2]440 dépénding upon the electronegativity of the sub-

stituents. In the present structure the addition of the CuCl group

3
to a nitrogen atom (with the corresponding protonation of the ring)
has broken the equality of the ring bonds. There appearito be four
distinct P-N bond lengths : 1.63 A, 1.60 &, 1.56 & and 1.67 R,

(o = 0.01 R).

These differences in bond length can be interpreted in terms
of'the m-bonding theory of Craig and Paddock for phosphonitriles.22
The ﬂabandvﬂs~notation (for overlap involving phosphorus sz or gyz
and §x2-y2 or gxy orbitals respectively) and the axial convention has
alreadbeEen described in the Introduction.

The pairs'of distinct P-N bonds are symmetrically arranged so
as to imply that the protoﬁation takes place on N(3) where the longest
~ P-N bonds of 1.67 A occur. The nitrogen lone pair-electrons are
required for bonding the proton and are thus localized (presumably
in an EE? hybrid orbital). The double bond character of the P-N bonds

is decreased by this localization of the lone pair which now cannot be

utilized for donation into the ﬁs—bonding system. Some ﬂa—bonding
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Figure 4. Bond lengths and angles within the phosphonitrilic ring.



Table VI. Bond distances (K)fand valency angles (degrees).

P(1)-N(1)
P(1)-N(4)
P(2)-N(1)
P(2)-N(2)

P(3)-N(2)

P(3)-N(3)
P(4)-N(3)
P(4)-N(4)

P(1)-C(1)
P(1)-C(2)
P(2)-C(3)
“P(2)-C(4)
P(3)-C(5)
P(3)-C(6)
P (4)-C(7)
P(4)-C(8)
Mean P-C.

Cu-C1(1)
Cu-C1(2) .
Cu-C1(3)

- Cu-N(1)
-Mean Cu-Cl

o (P-N)
o(P-C)
g (Cu-C1)
o (Cu-N)

NN NN N e B e S T o [ Sy

OO OO

.631
.602 .
.638
.591
.554
.665
.670
.563

.768
.804
.775
774
.781
2772
.758
.826
.782

.218
.217 -
.262
.042
.232

=]
.02 A
.04
.01
.02

P(1)-N(1)-P(2)
P(2)-N(2)-P(3)
P(3)-N(3)-P(4)
P(4)-N(4)-P(1)
Mean P-N-P

N(4)-P(1)-N(1)
N(1)-P(2)-N(2)
N(2)-P(3)-N(3)
N(3)-P(4)-N(4)
Mean N-P-N

C(1)-P(1)-C(2)

 C(3)-P(2)-C(4)

C(5)-P(3)-C(6)
C(7)-P(4)-C(8)
Mean C-P-C

C1(1)-Cu-C1(2)
C1(1)-Cu-C1(3)
C1(1)-Cu-N(1)
C1(2)-Cu-C1(3)
C1(2)-Cu-N(1)
C1(3)-Cu-N(1)

o (P-N-P)
o (N-P-N)
o(C-P-C)
0(C1-Cu-C1)
g(C1-Cu-N)

o o nn

. 123.
131.
127.
134.
129.

117.
- 112,
114.
111.
. 114.

107.
106.
107.
106.
© 106.

143.
97.
96.
97.
96.

133.

OO ==
NN A

ADHNOLUWD OV OO W LN
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Qoula seem to occur, however, with overlap from a phosphorus gxz or
éyz orbitaljinto a singly occupied R, orbital on the nitrogen for the
bond length is less than the value of 1.77 Z for a single P-N bond
distance.45’46 The length_is very similar to the P-N bond lengths

in the metéphosphimate sfructures NaS(NHPO 4H2047 (1.68 R),'and

2)3'
(NH)4P408H4.2H2048 (1.66 K) where only a single system of m-bonds

can exist. Adjacent‘tﬁ this long P-N bond is the shortest bond
distance in the ring, 1.56 X. The shortness éan be accounfed for in
the following way. The absence of electron drift from the N(3) 1one
pair electrons to the gﬂs orbitals of phosphorus (3) and (4), and the
formal positive charge on N(3) would combine to make these phosphorus
 atoms more receptive to Qm‘Eﬂ bonding via acceptance.of the.lone pair
electrons from nitrogen (2) and nitrogen (4) respectively. The next
bonds, 1.60 A between N(4)-P(1) and N(Zj—P(Zj are more like normal
-phdsphonitrilic ring'bonds. The effect of the anomalous N(3) is nd
longer felt and the normal overlaps can occur once more. At N(1),

the lone pair is again required for bonding an exocyclic atom. Hybridi-
zation at nitiogen into EB? orbitals again is likely both from the
P(l)—N(l)—P(Z) angle of 123°vand from the fact that the nitrogen is

only 0.1 & off the P(l)P(Zqu plane. The P-N bond distances show an
increase to 1.63 A as the double bond character (especially the
ﬂs—component) is once more decreased. It would seem that the copper is

not as strong an acceptor as is the proton, however, for here the effect

on the bond length is less severe.
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The interbond qnglés in [NPMeé]4H.CuC13 also tend to support
this bohding scheme, the angles at nit;ogen being the most indicative.
At,N(i) and N(3) where the lone pair electrons are required for bond-
ing, fhe angles are 123° and 127° respectively. These approach the
équiiibriﬁm angles egpected fér three co-planar bonds and suggest that
the postﬁlated ER? hybridization is not unréasbnable. ‘The angles are
similar to the P-N-P angles in tri- and tetrametaphosphimates'(123°
and 126°) where the nitrogen atom is also protonated. The angles at
N(2) and N(4) (131.5° and 134°) which are bonded only to phosphorus
atoms, are similar to values observed in other tetrameric phosphonitriles.
The larger angle is consistent with-some donation of electron density
~ from these nitrogen atoms into the ﬂs—system. These anglesvare greéter
than at N(1) and N(3) because of the increased electronic repulsions
between the bonds. The angles at phosphorus are considerably different

" from those of the parent compound [NPMe

],. The average N-P-N angle
2'4 _ g

here is 114° compared to 119.8°%; the exocyclic angle is larger, 106.6°
compafed to 104°. In no unperturbed phosphonitrilic structure ﬁas the
endocyclic angle deviated far from 120°, nor the exocyclic angle exceeded
104°. The ring angles,von the other hand, aré larger than those of the
metaphosphimates‘(104.5° and 107°) where the secondary T -system is not
possible. The anglesvat phosphorus in [NPMe2]4H.CuC13 are thus about
midway between these two cases. The effect this decreased angle will
have on the‘phosphonitrilic bonding system is difficult to assess, but

it is probable that the overiap of bonding orbitals would not be as

~great here as it is in the case of normal phosphonitrilic rings.
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Consideréble attention has been given to the shape of tetra-
meric phoéphonitrilic'rings with the purpose of distinguishing the
relétiVe importancé of the M and ﬂs—bonding systems. Paddock17
has demonstrated‘that the ”tub" configuration permits strong
m-interactions between adjacent atoms displaced on the same sidé of the
molecular plane. The organic analogue of this, cyclo—octatetraene49
iliustrates the limitihg case where doubie bonds between fwo such
atoms alternate with single bonds. While this treatment has been use-
ful with unperturbed phosphonitriles it is not as fruitfﬁl in the
present case. -As can be seen in Figure 4, equivalent bond lengths
occur on'either side'of the molécule. This cannot therefore be used
‘to support stronger bond formation'between adjacent phosphorus and
nitrogen atoms displaced in the same direction. It would seem that the
"tub" conformation is addpted (at least in the present case) mainly for
" steric reasons. This shape, although somewhat constraining the CuCl3
group, permits the methyl groups on adjacent phosphorus atoms to be
approximately staggered. |

The arrangement abbut the copper atom is a distorted one.’

The deviation from a tetrahedral enviromnment is considerably greater in

50,51
4
the -angles around the central copper atom are 124.9°, 123.3°, 102.5°

this case than in the tetrahedrally co-ordinated C52CuC1 There
and 102.9°, but in the present'compound the corresponding angles are
143°, 134°, 98° and 96° indicating that the tetrahedron here is much
more flattened. The distortion is much greater than that expected

from the Jahn Teller effect.s2 Theoretical calculations based on
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-changing the screening COnstaﬁt of Cu(II) and varying the polariza-

bility of the ligands in C52CuC1 have indicated that 122.4° and

4
103.4° are the angles expected in the distorted tetrahedron.”> It
seems more appropriate to consider the arrangement as a deviation
from square planar co-ordination, which although less common than
an octahedral environment in Cu(II).cdmplexes is found in the complex

Cu(py0)4(C104)254 and in (NH CuC145$ where the C1-Cu-Cl angle is

4)2
~ required by symmetry to be 90°. (There are no atoms about the copper
in the present strﬁcture which could complete the four short and two
long bonds of a distorted octahedron.) To investigate the_steric
interactions that would arise in a square planar arrangement, positions
for atoms C1(2) and C1(3) were calculated on the C1(1)CuN(1l) plane
using the oBserved bond distances from the copper. This plane seemed
a likely one from a model and was almost perpendicular to the ring.
Several unacceptably close contacts occur. The distance from C1(2) to
C(3) of the same moleéule is about 2.7,3 and C(6) of the molecule
‘at 1/2 - x, y - 1/2, z there is a contact of 2.9 K. Between C1(3) and
C(5) of the molecﬁle at x - 1/2, 1/2 - y, -z there is a disténce of
2.8 &. These distances can be compared with the sum of the van der Waals
radii of 3.8 K. The disfortion of C1(2) and C1(3) away from the plane
increases allAthese non-bonded contacts and preéumably leads to a more
stable configuration.

There are, however, several intermolecular distances remaining
which are somewhat less than the sums of the van der Waals radii. The

shortest of these, a C1(3)...N(3) distance of 3.20 A (van der Waals
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sum = 3.3 R); and a-Cl(I)...C(S) distance of 3.57 & occur between the
standard molecﬁle and the one at x -V1/2, 1/2 - y, -z. The first of
these, the C1(3)...N(3) distance very likely involves a hydrogen bond.
The P(3)N(3)...C1(3) angle is 126°, and the P(4)N(3)...C1(3) angle is
104° so the molecular arrangement isvsuitable for such a bond.

Although the hydrogeﬁnatom could not be located on the difference map
the observed N(3)...C1(3) distance is the expected value for a N-H...Cl

6 As well as these, there are several methyl...methyl

hydrogen bond.5
interactions less than the sum of the van der Waals radii (4.0 K).

Those less than 3.8 A are 3.69 A from C(1) to C(3) at x, 1/2 - vy,

1/2 + z, and 3.75 A from C(2) to the'corresponding C(2) in the mole-
cule at -x, 1 -y, -z. These are not to be considered unduly compressed,
however, since C...C contacts of less than 4.0 A are not uncommon.
Recently Hanson has.reported contacts between methyl groups of adjacent

57

molecules to be as small as 3.13 R. With non-rotating methyl groups

these need not involve unreasonably small H...H distances.
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C. THE STRUCTURE OF BIS—(OCTAMETHYLCYCLOTETRAPHOSPHONITRILIUM)

TETRACHLOROCOBALTATE (I1)

.Experimental

[(NPMe2)4H+]2CoC142— crystallizes as pale blue platelets
from methyl ethyl ketone. The platelets are élqngated along ¢ with
the (010) fa;e developed. Space group and unit cell information Qere
obtained in the usuél manner from oscillation and Weissenberg photo-
- graphs. Some thirty diffractometer-measured 26 values were used in.

a least squares technique to refine the cell parameters.

Crystal Data (A, Mo—Ea = 0.7107 K)
+ ‘ 2- _
[ (NPMe,)) '] CoC1,%", M = 803.17.
Monoclinic, a = 10.43; + 0.01 &, b = 32.83, + 0.02 A, ¢ = 11.17, *
0.01 K, B = 102.29 * 0.1°. (Here * refers to 0).
U =3740.7 8%, D = 1.45 g.cm.”> (flotation), Z = 4, D_ = 1.43 g.cm.™>

F(000) = 1668.
Absorption coefficient, u(Mo—Ea) - 11.6 cm-l.
~ Absent reflexions : hOE when h + 2=2n+ 1, and 0kO when k = 2n +1.

Space group P21/n.

Considerable difficulty was encountered dﬁfing the data coll-
ection because of the small crystalline size of the samble and the long
b-axis of the unit cell. Numerous attempts to prepare larger crystals
by varying solvents and crystallizing conditions were unsuccessful.

After a systematic examination of the entire sample, the crystal having
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the greatest thickness was selected for the intensity measurements.
This cryéfal, however, was still very small and measured 0.2 mm. in
length, 0.1 mm. in breadth, but only 0.02 mm. in thickness.. The small
size of the crystal resulted, unfortunately, in a large number of weak
and barely deteétable_intensities. Also the long b-axis caused
certain types of reflexiohs to fall close together in reciprocal
space. Reflexions of the class Oke, in particular, overlapped badly
when measured on the diffractbmeter with Qk + 1, £ reflexions since
their 26 vélues were close together and the differences in X were not
great enough to properly separate the intensities.

The seriousness of these problems was not fully appreciated
until midway thrqugh the analysis. The intensities were recorded
initially on a card—automated Geheral Eiectric XRD-6 Spectrogoniometer
equipped with a scintillation counter and a pulse height analyser.
Zirconium-filtered Mo—_lgOc radiation was used with a 6-26 scan. The
measurements were corrected for background, Lorentz and polarization
factors were applied, and the three-dimensional Patterson function was
summed.

As will be explained in the Structure Analysis section, the
reliability of these intensity measurements later became questionable.
Consequently it became necessary to recollect large bortions, if nof
all of the data, in a different manner. A consideration of the choices
of X-ray radiation available indicated that MO-EQ was probably still
preferable. The linear absorption éoefficient for Mo-Ea (0 = 11.6 cm.-l)

is much Smaller than for other radiations : for Cu—Ea, U =95.8 cm._l,
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for Fe—Ea, U = 127.6 cm.-l, aﬁd for Cr4§a radiation, u = 204.7 cm._l.
.Copper radiation was especially unsuitable since the compound con-
tained cobalt atoms which would probably fluoresce. Since iron
radiation might have proved useful, a study was made of the character-
istics of this radiation diffracted by the crystal. Although the
reflected radiation was more intense than with molybdenum, and there
was far less oveflap of refléxions, the absorption was much more serious.
At x = 90°, a reflexion of the type 002 was found to vary in intensity
by a factor of ten as'the.crystal was rotated about the ¢ dial. With
.filtered molybdenum radiation, by comparison, there was little deteét—

able variation. |

For recollecting the intensity measurements manual operation
of the diffractometer seemed desirable. This would permit operator
intervention where necessary to reduce overlapping of reflexions. The
: Ze'écan iﬁcrement was reduced to 1° and the entire set of intensity data
'waé recollected on a manual General Elecfric diffracfometer. In an
effort to compensate for the weak reflexions the scanning Speéd was
reduced to 2° a minute from fhe usual 4° per minute. This, however,
was not as beneficial as had been hoped for the general béckground from
the molybdenum radiation was often comparable to fhe peak height. Once
again this resulted in a large number of weak and unreliable intensities.
As will be explainéd later, many of these were included in the analysis
only as "unobserveds'. These were assigned a value of Fo =
0.6 F(threshold), and because of the relatively large scaling factor

(about 20) required to place the observed structure factors on the same



39

scale as the calculated ones, have fairly large magnitudes in the
final structure factor table. Of the 3483 reflexions measured with
20 < 40°, only 1324 (38%) had total counts greater than 1.5 times the

minimum background count.
Structure Analysis

The incorrecf starting formula made the three—dimensional
Patterson function more difficult tOvinterpretIthan had been anticipated.
The measured density of 1.45 g.cm._s implied that there were probably
eight molecules of the postulated [NPMe2]4CoC12 in the unit cell.
(The calculated density for this assumption is 1.53 g.cm._s.) With
two molecules per asymmetric unit a strqng'Co—Co vector should occur
between non-equivalent cobalt atoms in:fhe Patterson map. This Qas not
apparent. In addition, neither the Harker line at 1/2, 2y, 1/2 nor
the Harker section at y = 1/2 contained well resolved unambiguous peaks.
However, the ofientation of a set of two chlorines about a cobalt atom
could be determined from the.near—origin region and when'thisvsame
orientation was found about the Harker positions, the co-ordinates of
one ;obalt (and then two chlorine atoms) were tentatively determined.
A structure factor calculation based on this possibility using the
appropriate scattering factors from the Infernationdl Tables and -
aﬁsuming isotropic temperature parameters of 4.0 RZ’ ga?e an encourag-
ing residual of R = 0.63. A three-dimensional Fouriér summation based
on these positions indicated that the postulated formula was incorrect:

there appeared to be two eight-membered phosphonitrilic rings but only
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one cobalt atom io the asymmefric unit. oPositions for the eight

: phosphorﬁs atoms were obtained and a éecond'Fourier was  summed although
the residual factor was still 0.59. From this the co—ordinateo of the
ﬁitrogen atoms in the phosphonitrilic rings couid be located. In addi-
tion, it became clear;fhat two othei chlorine atoms completed a
tetrahedral arrangement about the cobalt. The‘preSence of_those atoms
discredited the initia1~as$ignment of two molecules per asymmetric
~unit: instead of two molecules_each containing ooe phosphohitrilic ring

-2

and a CoClz.group, the actual unit consists of two rings and a'CoCl4

~ion. Each formula has approximateiy‘the same'phemical composition and
without a chemical analysis for the percentage of cobalt in the sample,
it is difficult to‘distinguish betWeon the two. The partiai chemical
analysis together with the chemical composition of the postulated and

actual structures are compared in Table VII.

' Table VII. Comparison of the postulated and actual composition of the

compound with the chemical analysis.

Element Analysis* (%) Theoretical Composition (%)
Postulated ' Actyal ’-
[NPMe ] ,CoCl, [ (NPMe,) H] CoCl,
P 29.03 28.81 30,85
N 13.56 13.03 13.95
C 23.29 22.34 23.93
H 6.03 5.63 . 6.27
Cl 17.07 16.49 17.66

* J. Dyson. Ph.D. Thesis, Victoria University of Manchester, 1964.
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One final Fourier‘summation'was required to locate the
methyl carbons. This was based on the positions of one cobalt, four
chlorine, eighf phosphorus and eight nitrogen atoms, the residual
being 0ﬂ44. The sixteen methyl carbons were readily located and
least squares refinement was commenced with R = 0.28. Refinement of
the positional and isotropic thermal parameters began normally, but
converged quickly. In successive cycles the residual decreésed from
0.28 to 0.24, to 0.23 and to 0.225.‘ The relatively poor»égreement
between the observed and calculated structure factors was surprising
since all non-hydrogen atoms had been located on the electron density

.map. Also the structure was chemically feasible and the density
calculated from it was in good accord with the measured density.
Furthermore a Difference Fourier summed at this stage showed generai
fluptﬁations of up to 2 e.K-s but:no regions having large excesses of
eleétron density.

At this time an examination of the worst discrepancies
between the measured and calculated structure factors indicated that
sections of the observed data were unreliable. Some serious differ-
ences betweeﬁ the amplifﬁdés'measured on the automated-diffractométer
and the corresponding spot intensities on the photographs were noticed.
In some caseg, also, backgrounds measured on the counter were
unreasonably IArge. The crystal was remounted on tﬁe diffractometer
and a more thorough study of intensity profiles indicated some serious
overlapping of reflexions. For example, within the 26 scan of 1° either

side of the weak 061 reflexion (26 = 8.33°), significant contributions
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from the 051 (26 = 7.24) and fhe 071 (26 = 9.45) reflexions were
~included even thqugh'fhe X values differed by‘a ﬁinimum-of 2.4°.
This problem was worsened by the white radiation éfreaks accompanying
the molybdenum radiation.  In addition, the presence éf intensities
only slightly above thevbackground'— some of which were apparent on
the Weissenbérg photographs - prompted remeasurement of the entire
data. As described earlier this was undertaken, and the intensity
estimates then appeared to be more reasonable. The remainder of the
analysis was carried oﬁt using fhese new manually—coliected measure-
ments. At a later stage, a number of reflexions for which the observed
intensities disagreed radically with the calculated structure factors
were remeasured. In most cases a missetting of the angles on the
manual diffractometer was responsible, since the remeasured values
were mofe realistic. For some reflexions én anomalously high back-
groﬁnd or the residual of an extraneous peak were detected and the
 count was adjusted accordingly. For one reflexion, 032 (20 = 8.34)
an accurate intensity could not be assigned because the streaking:
from the strong 022 reflexion (26 = 7.87) almost completely mésked it
even though the difference in X was 8.1°. A value for this reflexion
was estimated by visual comparison with neighbouring spots on the
second level Weissenberg film.
The overall agréement of this second set of data appeared

substantially better than the first. The initial R using the previously
determined coordinates was 0.20.and decreased to 0.16 in a few least

squares cycles. At this stage the treatment of weak reflexions was
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reconsidered. Until this poiht a somewhat arbitrary figure of 3 counts
had been faken as the minimum observable count. In‘view of the high
random background: present fhis seemed unreasonably low. The standard
deviation of a peak count given by counting statistic558 takes into

account the magnitude of the background as well as the scan count

o = /B1 + scan + 82

where the backgrounds B and-B2 are counts for half the scan time. On

1
the basis of a minimum background of 120 counts.(measured as 12),
intensities were classified as Gunobserveds" if they were less.than
three timés their standard deviation. This is approximately equivalent
to éliminating reflexions having net intensities below a threshold.
value of 6 measured counts. Unfortunately, this procedure resulted in
a greatly depleted number of.observed inteﬁsities._ The least squares
refinement‘was continued, however, for even in the final stages of
refinement when a tétal of sixteen atoms were refined anisotropically
there were still more than five observed reflexions per parameter.

~The weighting schemé used in the le;st squares refinement was

.varied slightly during the course of the refinement. This was chiefly
to adjustvthe weights applied to the unobservéd refiexions. These
were given weights varying from 0.0 to 0.5 and finaliy set at 0.2 wﬁich
made their wA2 comparable to the first range of observed reflexions.

In keeping wA2 approximately constant for ranges of FO the weights

applied to the observed reflexions were of the form vw = IFOI/F* for

|F,| < F* and /u = F*/|F | when [F_| > F* with F* finally set at 80.
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After reclassification of the unobserved reflexions, and
with very little change in the parameters thé residual became 0.11.
Three cycles of refinement of the anisptropic thermal parameters of
the cobalt, chlorine, phosphorus and nitrogen atoms reduced R to
0.089. At this_stage'a threé;dimensional différence map indicated'
the positions of most of the methyl hydrogens which had peaks of
0.3 to 0.5 e.K_S. Forty-four bf the forty-eight possible methyl
hydrogen atoms were located having C-H bond lengths between 0.8 R
and 1;2 K, but the hydrogen atoms on each of the phosphonitrilic
rings were not apparent. Ihcluéion of the fbrty—four hydrogen atoms
in a structure factor calculation further reduced the residual to
0.082 indicating that the assigned positions were probably valid.
No least sqﬁares'refinement of the hydrogen atom positions was att-
empted. Refinement ofbthe heavier atoms wés essentialiy complete after
one:further cycle at which time the indicated.shifts were all less than
.the staﬁdard deviations. The final residual was 0.077 for the observed
reflexions. A list of observed and calculated structure factors is
~given in Table VIII, and the final atomic co-ordinates and thermal
parameters are listed in Table IX, the hydrogen atom positions being
in Table X. 1In Figure 5 sections of the final electfon-density distri-
bution are shown and in Figure 6 there is a drawing&bf the structuré

viewed along the c*-axis.
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h, k, E, F

F(threshold).and are ihdicated by a negative sign.

Measured and calculated structure factors.

obs

Unobserved reflexions have fFol

The columns
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. Table VIII (continued)
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Table IX.

Co
Cl(1)
C1(2)
C1(3)
Cl(4)
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)
P(7)
P(8)
N(1)
N(2)
N(3)
N(4)
N(5)
N(6)
N(7)
N(8)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
Cc(11)
C(12)
C(13)

c(14)

C(15)
C(16)

]
OO0 OO0OO0OOCOOODOOODODOODODODOODOODCOODOOOOO O

Final fractional positional and thermal parameters.

.4613
.3034
.5639
.6009
.3590
.0780
.2942
.1348
.0907
.2628
.1131
.1147
.0201
.0329
.2110
. 2327
.0020
.1807
.1903
.0007
.0764
.0002
.0857
.3138
.4552
.2016
L1191
.1005
. 2482
.3150
.4135
. 2275
.0526
-0.
.1847
.0041
.0051

2479

11 1
C OO0 O OO OO OO OO

1

COCOQOOCOODOCOOOOCOCO

y

.1178
.1298
1762
.0733
.0927
.3327
.2883
.2186
.2677
.0149
.0823
.0318
.0379
.3157
.3126
. 2462
.2384
.0247
.0552
.0618
.0010
.3268
.3842
.3213
.2813
.2036
.1718
.2582
.2703
.0032
.0143
.1031
.1248
. 0606
.0092
.0759
.0615

OO COODOOOODODOODODODODOODOOCOOODOOODOODOODO0OOCOOCOOO O

. 2881
.1126
. 3666
.2321
.4368
.3794
.5231
.4595
.4571
.2350
.3057
. 2865
.2146
.4597
.4032
.5494
.3992
.2748
. 2209
. 3572
.1942
L2173
.4144
. 6606
.4930
.3291
.5369
.6085
.3654
.0955
.3524
. 4407
.2112
.1966
.4051
L3215
.0686

o NeoRoRoloNeRololoReRoleNoleleNelololeleloleloleNoNoloNoleloleoNo ool o)

mean O

.0054
.0101
.0111
.0117
.0108
.0098
.0097
.0099
.0099
.0096
.0102
.0097
.0096
.027
.028
.028
.028
.025
.026
.025
.025
.044
.042
.049
.042
.042
.044
.038
.040
.038
.042
.035
.044
.048
.051
.036
.039

B(A%)

.25
.52
.03
.58
.66
.16
.60
.43
.69
.70
.04
.01
.76
.89
.98
.89

NN NWUTRRERWRROWUEREDSRAWD

o(B)

COOCOHOODO OO H MM OO

.06
.96
.90
.01
.03
.04
.89
.94
.88
.97
.81
.03
.88
.79
.82
.93

..../continued .
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Table IX (continued). Anisotropic thermal parameters (gij in Kz X 102).
Y Lip: Yis Y2 Yrs Usz mean o(U)
Co 3.69 ~0.39 1.24 3.06 0.44 5.11 0.28
Cl(1) 3.68 -0.14 0.81 4.53 0.10 5.04 0.57
C1(2) 5.13 - -0.54 1.35 4.04 1.00 7.83 0.61
C1(3) 6.17 3.15 1.84 5.52 0.65 8.21 0.68
C1(4) 5.83 -0.94 1.69 4,37 - 0.53 5.49 0.60
P(1) 1.87 0.17 1.49 3.17 0.72 5.12 0.54
P(2) 2.56 -0.01 1.16 3.17 0.90 4.00 0.52
P(3) 2.99 0.14 1.52 2.46 0.74 4.55 0.53
P(4) 2.91 -1.06 1.56 3.77 -1.37 3.44 0.54
P(5) 2.46 0.00 0.45 3.61 0.19 2.44 0.52
P(6) 3.76 -0.19 1.84 2,79 0.12 3.85 0.54
P(7) 3.63 -0.86 0.68 3.28 0.33 2.05 0.52
P(8) 2.45 0.21 0.83 3.00 0.30 3.05 0.51
N(1) 2.78 -1.69 1.25 1.09 1.70 6.01 1.61
N(2) 4.29 0.91 1.00 2.84 -0.03 3.21 1.63
N(3) 2.99 ~-1.61 -0.38 3.06 1.35 3.87 1.65
N(4) 3.28 0.06 1.43 1.91 ~-0.95 5.31 1.62
N(5) 1.63 1.70 1.73 1.86 0.94 4,03 1.40
N(6) 2.96 0.47 0.68 3.11 - -0.41 1.32 1.48
N(7) 0.99 0.68 -0.49 1.04 -0.24 2.84 1.40
N(8) 3.31 0.54 0.93 2.79. 0.91 1.23 1.45



Table X. Hydfogen atom positionswlocatéd on difference map.

H(1-1)
H(1-2)
H(1-3)
H(2-1)
H(2-2)
H(2-3)
H(3-1)
H(3-2)
H(3-3)
H(4-1)
H(4-2)
H(4-3)
H(5-1)
H(5-2)
H(5-3)
H(6-1)
H(6-2)
_H(6-3)
H(7-1)
H(7-2)
H(7-3)
H(8-1)
"H(8-2)
H(8-3)
- H(9-1)
H(9-2)
H(9-3)
H(10-1)
H(10-2)
H(10-3)
H(11-1)
H(11-2)
H(11-3)
H(12-1)

H(12-2)

H(12-3)
H(13-1)
H(13-2)
 H(13-3)
H(14-1)
H(14-2)
H(14-3)
H(15-1)
H(15-2)
H(15-3)
H(16-1)
H(16-2)
H(16-3)

n

CO000O0O0OO00 OO0 OOOO

no
0
0
0
-0
-0
no

-0.
. =0
-0.
-0.
0.
0.
0.
-0.

X
.061
.086
.000
.086
.000
.077

.374
.335

t located.

.431
.374
.489
.134
172
.297
.182
.201
.058
.134
.201
.067
.262
.214
.339
.364
.240
.402
.402
.460
. 364
.230
.192
t located
.000
.125

.019

.192
.316
t located
240
.125
240
096
096
038
067
058

not located

coococodo o

OO OO OOOO

317 -

.302
.353
.384. .
.399
.384
.308
.298

.253
.298
. 268
.183
.201
.207
149
.198
164
.225
.274
.250
.247
.283
.295
.030
.000
.015
030
015
.015
131
116

.116
.134
.146
.070
.040

.030
.003
.009
.082
.085
.046
.082
.067

OO0 O

O 0000000000000 OOOO

cooo o

OO OO OO O

2 .

.167
.217
.200 "
.483
.400
.317
.733
.617

.450
.500
.583
.283

. 400
.333
.550
.550
604
.600
.600
.700
.392
.292
.367

.100
.050
.075
.417
.350
.383 -
.375
.500

.142

.233
.283
.150
.183

. 383
.450
.350
.333
.325
.317
.092
.133

B(AY)

4.0
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Discussion

The structure of [NPMez] H CuCl showed that a phospho-

3

nitrilic ring could be assoc1ated with a tran51t10n metal atom by
means of a covalent bond between the metal and a’nltrogen atom of

the ring. In [(NPMe H+]2C0C1 2-

24 4

an ionic one with the CoC142_ ion hydrogeh;bOndedﬁtb tﬁo-protonated :

by contrast, the association is

phosphonitrilic rings -In‘both compounds the ad&itionAof ; proton

to a ring nitrogen atom- destroys the equa11ty of the P N bond- lengthsv
and causes them to dev1ate from the 1dea1 values found in the symmetrlc
parent compound,.[NPMe2]4.40 g

The phosphonitrilic rings in [NPMe and [NPMeZ] H.CuCl,

2]
approximate the "tub"kconformation It is 1nterest1ng, therefore' to -
4-.hote that in [(NPMe2) H+] CoCliz_ one of the rlngs approaches the

~ "saddle" shepe. The two conformations can be dlstlngulshed on the

~ basis of the deviation of the phosphorus and nitrogen atoms.from the
best pléne thrqﬁgh the ring atoms as well as from the dihedral ahgles
between successive NPN/PNP planes. In the “tub" form, as has been‘noted
previously, the.ring_atoms occﬁr'in pairs alternately above and below
the ring. The dihedral angles in this cdnformation would then vary
aroﬁnd the ring as the atoms alternatively have their z-axes approx-
imately aligned (when‘the atoms are on the same level) or mismatched
~ (when they are hot). In the idealized "saddleﬁ conformation on the

other hand, the phosphorus atoms are planar with successive nitrogen

atoms deviating in opposite directions from the plane. This



Figure 5.

\ellay

Superimposed sections of the final three-dimensional electron density distribution.
Contours are ¢rawn at 1,2,3 ... e.A 3 for the nitrogen and carbon atoms, and at
1,5,10 ... e.A"3 for the copper, chlorine and phosphorus atoms.
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Figure 6. A drawing of the molecule viewed along the c*-axis.
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arrangement requires the dihedral angles to be approximately equal
around the ring. Ring I (P(1)-P(4)) is similar to the unperturbed
parent compound and has adjacent P-N segments alternately up and
down. In common with most phosphénitrilic structures (a recent
exception being [NP(NMé)2]659) the nitrogen,agoms'are displaced more
from fhe ring plane (0.59 K) than are the phosphorus atoms (0.40 X).
The dihedral angles between successiye PNP/NPN planes are 59.7°, 25.0°,
68.1°, 21.55, 60.0°, 38.9°, 80.1° and 15.0° beginning from the
protonated nitrogen atom and progressing clockwise around the ring. .
In ring IT (P(5)-P(8)), however, the phosphorus afoms are .very nearly
planar with the mean deviétion from the plane being only 0.02 K. The
nitrogen atoms are displaced alternately above and below the plane an
average distance of 0.61 A. In this ring the dihedrél angles are more
. regular. Around thé ring they are_39.0°; 63.1°, 60.2°, 42.6°, 45.1°,
'52.5;, 54.2° and 43.1°. On the basis of the atomic displacements and
vthe tiends in the dihedral angles, ring II tends more toward the
"'saddle" shape although it lacks the symmetry required to equalize the
T-interactions. It would seem from this analysis that the distinction
between the two conformations can not be very great, for there is no
.indica;ion of an.overall preference towards a shape which favours pre-
dominantly m, or ﬂs—bonding within the compound. | |
In the crystal structures of N3P3C12(NHPri)4, HCl35 and
[NPMe2]4H.CuC13 the pfotonatipn of the phosphonitrilic ring was shown
‘to have a marked effect on the riﬁg bond lengths and angles. The

phosphonitrilic rings in both these compounds had other perturbing
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features: in the first, thexring bond lengths were probably influenced
by the different substituents on the ring, and in second, the bond to
copper would disrupt the m-electron system. [(NPM62)4H+]2C0C142 would
appear to be a good structure.in which to see the effect of disturbing
the ring bonding systems only by the addition of a single proton.
Although the present analysis is not as accurate as the other two,
(the standard deviation of the P-N bonds being about 0.03 R) some con-
clusions can be based upon thé intramolecular bond lengths and angles
listed in Table XI.

The phosphorus-nitrogen bond lengths vary considerably
within the rings and it is surprising that corresponding bonds having
the same rélationship to the protonated nitrogen are not more nearly
-equal. Rather than considering individual bond lengths in detail, it
would seem more appropriate to eiamine avefaged values for these are
' moré regular in the two phosphonitrilic rings. In each ring the pattern
is the same: moving from the protonated nitrogen, thé longest P-N bond
is followed by the shortest, then a longer one is followed by a shorter.
The mean values averaged over four chemically equivalent bonds are
1.695 A, 1.538 X, 1.614 R, and 1.582 A, (0 = 0.02 A). This is the same

sort of order found in [NPMe2]4H.CuC1 except that there the final pair

3
of bond lengths is longer because of the attached copper atom. A
pattern of this nature cannot arise from inductive effects, and would

appear instead to be a phenomenon associated with-the interactions of

the m-electron system.60



Table XI. Bond lengths (R) and valency angles ).

P-N bond lengths (o = 0.03 A)

Ring I Average
N(1)-P(1) = 1.702 N(1)-P(4) = 1.686 1.694
P(1)-N(2) = 1.509 P(4)-N(4) = 1.565 1.537
N(2)-P(2) = 1.641 N(4)-P(3) = 1.583 ©1.612
P(2)-N(3) =. 1.576 P(3)-N(3) = 1.561 1.568
Ring II
N(5)-P(5) = 1.668 N(5)-P(8) = 1.723 1.696
P(5)-N(6) = 1.516 P(8)-N(8) = 1.559 1.538
N(6)-P(6) = 1.632 N(8)-P(7) = 1.600 1.616
P(6)-N(7) = 1.565 P(7)-N(7) = 1.624 1.594
P-C bond lengths (0 = 0.04 R)
P(1)-C(1) = 1.831 P(1)-C(2) = -1.733
P(2)-C(3) = 1.855 P(2)-C(4) = 1.797
P(3)-C(5) = 1.813 © P(3)-C(6) = 1.789
P(4)-C(7) = 1.745 P(4)-C(8) = 1.745

CP(5)-C(9) = 1.799 P(5)-C(10) = 1.820
P(6)-C(11) = 1.845 P(6)-C(12) = 1.782
P(7)-C(13) = 1.801 P(7)-C(14) = 1.804
P(8)-C(15) = 1.782 P(8)-C(16) = 1.783

= 1.795

.mean .P-C

Co-C1 bond' lengths (0 = 0.02 A)

Co-C1(1) = 2.311
Co-C1(2) = 2.280
Co-C1(3) = 12.246
Co-C1(4) = 2.308

mean Co-Cl = 2.286

..../continued



Table Xi"(continued)

Angles at nitrogen (o = 1.8°)

P-N-P
N(1) 125.3
N(2) : 131.6
N(4) 129.4

N(3) 128.7

Angles at phosphorus

P(1)
P(2)
- P(3)
P(4)
P(5)
P(6)
- P(7)
P(8)
mean

Angles at cobalt

C1(1)-Co-C1(2)
C1(1)-Co-C1(3)
C1(1)-Co-C1(4)

N-P-N

117.
114.
116.
109.
115.
118.
117.
114.
115.

(c = 0.5°)

112.0
105.2
108.4

NOHJ00OWWNWNLR

N(5)

‘N(6)

N(8)
N(7)

(o

1.5%)  C-P-C (0

108.
106.
104.
109.
104",
106.
104.
108.

106.

_c1(2j-Co-c1(sj
C1(2)-Co-C1(4)
C1(3)-Co-C1(4)

BrOoOWUON A

nonon
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Average

126.2
132.2
128.5

= 2.0°)

112.1
105.9
113.3
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As was the case in [NPMe2]4H.CuC1 the longest P-N bonds

32
are thosé involvingAthe protonated nitrogen atoms. The mean value
of 1.695 K‘again suggests only weak m-overlap. With'the nitrogen
lone pair electrons required for bonding the hydrogen atom, only the
na-system can be operative.. The bond length is again similar to

3

those found in the metaphosphimate compOunds4 where the bondiﬁg
system is analogous. It is significanp’also that the smallest
P-N-P angle in each ring occurs at the protonated Site suggesting
weaker inter-bond repulsioné and hence less electron density in
these links than in any of the other P-N bonds.
The parameters which ére unaffected by the perturbation

are very similar to those in [NPMe2]4H.CuC13 when averaged values are
considered. The angleé at phosphorus, N-P-N % 115.5° and C-P-C =
106.4° are close to the values of 114.0 and 106.6° found in the copper
comﬁound. Also, although the phosphorus-carbon bond lengths vary
somewhat, the mean value 1.795 R is in good accoid with the 1.782 A
in [NPMé2]4H.CuC13 and the 1.805 } vaiue for the PQC bond lengfh in
[NPMe2]4.40

The phosphonitrilic rings are linked by hydrogen bonding to
the tetrahedral CoCl 2- ion in much the same way as different molecﬁles

4

of [NPMe2]4H.CuC13 were connected. The distance between C1(1) of the
standard unit and the protonated N(1) atom of ring I at position
x +1/2, 1/2 -y, z - 1/2 is 3.21 K; similarly, the‘separation between

C1(4) and N(5) of ring II is also 3.21 K. These distances correspond
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to the average N'-H...C1™ sepération_usually reported.61 The distance

can be compared with the sum of the van der Waals radii for nitrogen
and chlorine of 3.3 R.‘ The angles around these nifrogen atoms also
support the hydrogen bond assignment; In the first instance the
P(1)N(D)...C1(1) gnglg is 126.6° and the P(4)N(1).;.C1(1) angle is
107.6°. In fhe second case the P(5)N(5)...C1(4) angle is 115.1°, the
P(8)N(5)...C1(4) angle, 116.4°. Tﬁe hydrogen bonding is shown in
Figure 7 where the packing in the unit cell is drawn viewed down the
E;axis. |

Apart from these hydrogen-bonded distances the shortest
intermolecular contacts occur between the nitrogen and carbpn atoms.
The sﬁortest of these is a distance of 3.44 A between N(6) and C(16)
at —i, -y, -Z. There are two other contacts less than 3.6 R:‘that
between N(4) and C(3) at x-1/2, 1/2 - y, z - 1/2 of 3.53 &; and
' thaf bétween N(3) and C(8) at x + 1/2, 1/2 -.y, z + 1/2 of 3.54-&.
In addition there is an approach of 3.53 A between C(10) and the
.centrosymmetfically related atom translated a unit cell in thé x and
z directions; As was mentipned in the discussion of [NPMe2]4H.CuC13,

none of these distances are unreasonably small.
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Figure 7. » Packing of the unit cell viewed along the c-axis showing hydrogen-bonding.
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PART II

THE STRUCTURE DETERMINATION OF

HEXADECAMETHOXYCYCLO-OCTAPHOSPHONITRILE
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A. INTRODUCTION

In the Introduction to Part I, the crystal structure
deterﬁinations of six- and eight-member phosphonitriles were reviewed.
The major structural features were mentioned, and in some cases
explanations fdr these were attempted in terms of the bonding theory
described. While many of the same principles hold for larger rings,
there are also differences which should be examined. Before discussihg
the present analysis of a sixteen-member ring it would be wise to
complete the survey of structural information available for the
phosphonitriles by reviewing the X-ray work which has been published
. on compdunds greater than the tetramer in size. In this way, features
which are peculiar to the larger rings may be anticipated and looked

2]8'

Very few X-ray studies have been carried out on the larger

for in the structure of [NP(OMe)

phosphonitriles, the conformations of the trimers and tetramers having
received the most attention. The two structures which have been

reported are summarized in Table XII. With the larger rings, planar

Table XII. X-ray structure determinations of the larger phosphonitriles.

Compound P-N(A) Angle PNP(°) Angle NPN(°) Ring Shape Reference
[NPC1,] 1.49 to 148.6 118.4  nearly planar, 62
1.55(.015) - re-entrant

nitrogen atoms

[NP (NMe 1.56(.01) 147.5 : 120.0 puckered, 59

),]
27276 1 67 (exo0.) 3, (tub)
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shapes with equal angles areAnot readiiy attainable because the angles
at phosphorus and nitrogen would héve to become unreasonably large.
This obstacle is overcome in the pentameric chloride by means of
Are-entrant nitrogen atoms‘and the molecule is able to remain nearly
planar. As a consequencé of this, the average angle at hitrogen (148°)
" is rather large. Although the range in individual Bond lengths is
considerablg, fhe average P-N bond length (1.52 R) is shorter than in
the corresponding trimeric and tetrameric chlorides suggesting that

a planar shape and large P-N-P angles permit maximum m-interactions.

In addition, Molecular Orbital theory predicts.that T-electron energies
" per electron increase slightly with increasing ring size.21 Thus if
the ligands on phosphorus are the same, larger rings are likely to be
more strongly bound. This tendency is also found to a smaller extent
in the hexameric dimethylamide. The twelve-member ring has a puckered
conformation with pairs of adjacent phosphorus and nitrogen atoms
alternately up and down. This is‘reminiscent of the '"tub" conformation
found in the tetrameric series and it would seem that in ;his case also
the steric requirements of the exocyclic groups are the major factor in
determining the shape. In common with its tetrameric analogue, some

_ Secondary bonding occurs between the ring and tﬁe exocyélic nitrogen
atoms. |

The structure of [NP(OMe) was undertaken to extend the

2]8
information available about cyclic phosphonitriles to larger rings.
The sixteen-member ring is the largest phosphonitrile to have been

analyzed by X-ray diffraction to the présent time. The octameric
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methoxy compound is prepared by replacement of the chlorine atoms on
the corresponding chloride.63

benzene

[NPC1,] + NaOMe ———> [NP(OMe)

8 2]8

The geometrical shapes which a phosphonitrilic ring might
assume increase rapidly with increasing ring size. In the present
octameric compound the steric interacfions of_exocyciic groups might
well have less influence upon the resulting conformation than in the
smaller rings since the diameter of the ring will probably be large;
The actual shape which is found may be determined primarily by
‘ﬂ—bonding preferences and thus the structural principles observed in
the tetramers might apply again. Also, the geometric freedom of the
large ring may permit regions of local planarity which would aid
m-overlap. It might be hoped that accurate structural information for
larger rings will permit the bonding‘theory for phosphonitriles to be

developed still further.
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B. THE STRUCTURE OF HEXADECAMETHOXYCYCLO-OCTAPHOSPHONITRILE
Experimental

Crystals of [NP(OMe)Z]8 from carbon tetrachloride are colour-
less needles elongated alqng a. Crystallographic data were obtained
from various rotation, Weissenbérg and precession photographs. The

data refer to the primitive reduced cell.64

o . o
Crystal Data (A, Cu-K = 1.5418 A; X, Mo-K = 0.7107 &) [NP(OCH,),],,
M = 856.4 |
Triclinic, a = 8.40, b = 11.07, ¢ = 11.67 A (all * 0.01 &), a = 62°7",

B

84?18',‘Y = 76°14' (all % 5')

= 1.53 g.cm.-s, F(000) = 448.

U=2931.6 R, D_=1.52,2=1,D

Absorption coefficients, W(Cu-K ) = 41 cm._l, u(Mo-K ) = 4.5 cm."1
=0, _ —a
No systematically absent reflexions. Space group Pl or PTI. PT from

‘N(Z) plot and structure analysis.

Three—dimensionai data were collected on a General Electric
XRD-5 Spectrogoniometer with a scintillation counter, Mo-K radiation
(zirconium filter and pulse height analyser), and a 6—29 scan. Of the
2368 reflexions with 28 < 45° (corresponding to a minimum interplanar
spacing d = 0.92 R), 1786 (75%) were observed. After,corrécting for
background, Lorentz and polarization factors were applied, and the
structure amplitudes were derived. Reflexions with intensity less than
1.5 times background were classified as unobserved and given |FO| =

v0.4 F(threshold). The crystal used for recording the intensities was
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mounted with a* parallel to the ¢ axis of the goniostat and was approx-
imately cylindrical with length 0.60 mm. and diameter 0.20 mm. No

absorption corrections were applied.
Structure Analysis

A statistical N(Z) plot suggesfed thaf the intensities approx-
imated a centric distribution, and with one molecule per unit cell this
implied that the molecule possesses a centre of sfmﬁetry. .Full details
and a listing of the Fortran program written;for the N(Z) test are given
in the Appendix. The results of the N(Z) test and'theAWilson Ratio:test
are tabulated in Table XIII together.with the theoretical values. The
‘actual N(2Z) plot is shown in Figure 8. The centric’distribution was
confirmed by the appearance of the three-dimensional Patterson function
which contained a number bf strong peaks consistent with é centrosymmetric
A sfrﬁcture. The po#itioﬁs of the phosphorus'atoms were determined from
the P-P vectors in the Patterson function. Structure factors were cal-
culated based on these phosphorus positions and the initial R was Q.46;
The nitrogen, oxygen and carbon atoms were located from a three-
dimensional Fourier synthesis. Structure factors were calculated for all
' tﬁe reflexions with the usual scattering factors, with B = 4.0 Kz, and
R was 0.26.

Refinement of the positional and thermal parameters proceeded
by block-diagonal least-squares with minimization of Zw(FO-FC)2 with
W = |F_|/12 when |F | < 12 and W= 12/]Fol when |F_| > 12. Unobserved

reflexions were given vw = 0.50. Analysis of. the values of w(FO—FC)2 at
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Table XIITI. Results of statistical tests to distinguish between centric

and acentric distributions of intensities.

N(Z) Test
Fraction of local Experimental N(Z) " Theoretical N(Z)
average (Z) : : centric acentric
0.1 .2240 .2481 .0952
0.2 .2954 .3453 ‘ .1813
0.3 .4002 o .4187 . 2592
0.4 .4612 .4738 + 3297
0.5 .5129 .5205 .3935
0.6 .5519 .5614 : » .4512
0.7 .5834 .5972 - .5034
0.8 .6158 .6289 .5507
0.9 L6426 .6572 : .5934
1.0 .6642 : .6833 .6321
Ratio Test
Experimental Ratio Theoretical Ratio
centric acentric

0.682 0.637 0.785
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each stage of refinement indiéated that this weighting scheme was
appropriéte. Sik least-squares cycles with isotropic'thermal parameters
reduced R to 0.089. At this stage an (Fo—Fc) syntheéié was computed and
nineteen of the twenty-four independent hydrogen atoms Qere.located,

with peak heights 0.6.- 0.8 e A3

and C-H bond distanceé 0.7 - 1.3 A.
These were included in the structure factor éalculations, but the hydrogen
positions were not refined. Two further least-squares cycles with an-
isotropic temperature factors for the ring atoms N and P, and isotropic
temperature féctors for the O, C and H atoms gave a final R of 0.079.
Measured and calculated structure fa;tors are compared in Table XIV.
Sections éf the final three-dimensional electron-density distribution
are shown in Figure 9, and in Figure 10 there is a drawing of the.mole—
cule, giving the atom numbering. A final differencg synthesis had
maximum fluctuations of * 0.5 e.K_S.

‘ The final positional and thermal parameters and their standard
"deviations are listed in Table XV. The hydrogen atoms are humbefed
according to the carbon atoms to which they are bonded; the hydrogen
positions are not to be considered accurate. The bona distanﬁes and
angles are given in Table XVI. Figure 11 shows the molecular packing
arrangement viewed along the c-axis. All the shorter intermolecular
distances involve contacts between the methoxy groups, which cover the
outside of the molecule, and all the separations correspond to
van der Waals interactions. The shortest distance is an 0...C contact
of 3.20 X, between 0(1) of the standard molecule and C(8) of the mole-

cule at (x, 1 + y, z). The shortest 0...0 and C...C contacts are 3.70 A

and 3.67 A respectively.



Table XIV. Measured and calculated structure factors. Unobserved
reflexions have IFO[ = 0.6 F(threshold) and are indicated by a

negative sign.
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0 6 11 -7 L -4 8 -1 8 4 -2 17 53,4 -52.3

0 & =2 -1 1 7 1 4 -8 1 8 5 2 1 B 4.0 44,0

o & 3 11 8 2 -1 4 8 -t 8 5 2 -1 8 15.3 -12.8

0 6 -3 T 0 2 1 4 9 1 e & 2 1 -8B 2441 235

a6 & 11 -8 4 9 -1 a -2 1 a8 8.5 6.8

0 & -4 -1 1 8 I 4 10 30.2  27.8 1 a7 2 1 9 2. 28,

o & s 1 1 9 =1 4 10 5.3 5.5 -1 e 7 2.-1 9 1524 -1646

0o & -5 1 -t 9 1 & 1L 2L.1 23,2 [ L] 271 -9 21.2 -20.5

[ 1_ 1 -9 Sl 4 11 113 -10.8 o) 9 8 -2 19 211 202

0 & -6 1T 19 1 5 © [EEE] 2 1 10 9.0 -10.1

06 1 11 10 1 -5 0 -t 8 9 2.-1 10 -3.3 2.8

o o 8 1 -1 10 L5 1 L8 10 2 1 -10 10.6 -11.2
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Table XIV (continued)
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Table XIV (continued)
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Table XV. Final positional parameters (fractional) with mean standard

) o
deviations (K), and thermal parameters and standard deviations (B in A2,

U.. in RZ X 102).

L
P(1) -0.1315  0.3154  -0.1258  0.0041 - ;
P(2) 0.2114  0.2593  -0.2020  0.0044 - -
P(3) 0.2511  0.0714  -0.3144  0.0044 - -
P(4) 0.1884  -0.2048  -0.1498  0.0041 - -
N(1) 0.0585  0.2572  -0.1156 - 0.014 - -
N(2) 0.2183  0.2157  -0.3118  0.013 - -
N(3) 0.2040  -0.0523  -0.1894  0.013 - -
N(4) 0.2161  -0.3074  -0.0017  0.013 . - -
0(1) -0:1860  0.4732  -0.2273  0.0l1 3.14 0.21
0(2)  -0.2189  0.2477  -0.1878  0.012 3.83 0.24
0(3) 0.3670  0.1664  -0.1129  0.011 3.22 0.21
0(4) 0.2364  0.4147  -0.2665  0.012.  3.49 0.22
0(5) 0.4363  0.0214  -0.3402  0.013 3.96 0.24
0(6) 0.1702  0.0975  -0.4420  0.013 4.02 0.25
0(7) 0.3069  -0.2742  -0.2266 ~  0.012 3.45 0.22
0(8) 0.0164  -0.1914  -0.2048  0.012 3.35 0.22
c(1)  -0.1626  0.5203  -0.3645  0.022 4.91 0.42
c(2) -0.1994  0.1009  -0.1312  0.019 3.95 0.36
c(3) 0.3969  0.1866  -0.0025  0.021 4.52 0.41
C(4) 0.3740  0.4539  -0.3464  0.022 _ 5.09 0.4
c(s) 0.5288  0.1174  -0.4376  0.023 5.89 0.50
c(6) -0.0114  0.1440  -0.4568  0.024 5.31 0.48
C(7) 0.4732  -0.3371  -0.1892  0.024 5.43 0.48
c(8) -0.0403  -0.3140  -0.1767  0.022 4.99 0.44
mean
Atom U Y2 Yis %22 Yos LEE SO
P(1)  3.02  -0.50  0.37  3.17  -1.16  3.18  0.15
P(2) 2,92 -0.50  0.12  3.01  -1.50  3.53  0.15
P(3) - 3.59  -0.99  0.40  3.32  -1.89  2.68  0.16
P(4)  3.48  -0.47  0.58  3.40  -1.41  3.15  0.16
N(1)  3.74  -0.53  -0.73  4.68  -1.73  3.52  0.55
N(2)  4.58  -0.89  0.52  3.04  -1.45 3,71  0.55
N(3)  4.40  -0.19  0.46  3.86  -2.09  3.86  0.53
N(4)  3.67  -0.27  0.31  4.17  -1.45  4.68  0.50



Table XV (continued)

Atom

H(1)
H(1)
H(1)
~ H(2)
H(2)
H(2)
H(3)
H(3)
H(3)
H(4)
H(4)
H(4)
H(5)
H(5)
H(5)
H(6)
H(6)
H(6)
H(7)
H(7)
H(7)
H(8)
H(8)
H(8)

QO OO0 OC OO

X

-0.067
-0.083
not located
-0.217
-0.100
-0.275
.367
.500
.408
.450
.400
.433
.575
.475

not located.

0.100
-0.033
not located
0.542
0.350
not located
-0.033
0.042
not located

o

o O

-0.
-0.

-0.
-0.

OO OO OODOOOOO

<

.542
.508

.058
.050
.083
.125
.217
.283
.400
.433
.408
.083
167

.142
.233

333
233

373

375

=0.
-0.

-0.
-0.

.383
.342

.042
.133
.108
.058
.042
.033
.300
.275
.400
.383
.483

.467
.433

158
242

108

192

5.

75

|

0
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Discussion

The [PN(OMeZ)]8 molecule is centrostmetrical, and has the
~general shape.shown in Figure 10. The siXteen—membered phosphonitrilic
ring consists of two approximately planar and parallel segments, P(2),
N(2), P(3), N(3), P(4), N(4) and the centrosymmetrically related set
of atoms, joined by a step at P(1), N(1) and P(1'), N(1'). The methoxy
~groups cover the outside of the ring very evenly, and the whole molecule
is quite compact. |

The P-N bond distances are in the range 1.550 - 1.569 A.
The least-squares standard deviation$ of the individual lengths are
.0.014 R, and the standérd deviations calculated from the internal con-
sistency, if all the distances are equal, are only 0.005 3, so that the
least-squares estimatés of the accuracy appear to be on the peséimistic
side. The same conclusion is suggested ffom a study_of variations in
meaéured values of the other bonds and the aﬁgles in the molecule. It
seems appropfiate to use the less-optimistic Ieast—squéres standard
deviations in the remainder of the discussion. The P-N bond lengths are
all equal within experimental errér, the mean value being 1.561 A
(o = 0.005 R). The P-0 and 0-C distances also show no significant diff-
erences among the individual values, the mean léngths being P-0 = 1.576 A
(6= 0.005 &), and 0-C = 1.440 X (o = 0.009 &).

The mean N-P-N angle is 116.7°, but three of the angles are
114.2, 115.6, and 115.8°, mean value 115.2° (0 = 0.4°), while the N(1)-

P(2)-N(2) angle is significantly (7.50) larger at 121.2° (0 = 0.7°).



Table XVI.

P(1)-N(1)
P(2)-N(1)
- P(2)-N(2)
P(3)-N(2)
P(3)-N(3)
P(4)-N(3)
P(4)-N(4)
P(1')-N(4)

- P(1)-0(1)
P(1)-0(2)
P(2)-0(3)
P(2)-0(4)
P(3)-0(5)
P(3)-0(6)
P(4)-0(7)
P(4)-0(8)

0(1)-C(1)
0(2)-C(2)
0(3)-C(3)
0(4)-C(4)
0(5)-C(5)
0(6)-C(6)
0(7)-C(7)
0(8)-C(8)

P(1)-N(1)-P(2)
P(2)-N(2)-P(3)
P(3)-N(3)-P(4)
P(4)-N(4)-P(1")

Standard deviations
G(P-N) = 0.014 A
o(P-0) = 0.013
o(0-C) = 0.025

.566
.550
.558
.569
.559.
.564
.565
.556

S S Vg W T

.567
.580
.574
.580
.572
.570
.576
.586

T e e el

.441
.413
.460
.428
.453
.488
.414
.427

b b et e b b e

141.0

134.1

136.0
135.7

.0 (P-N-P)
o (N-P-N)
o (0-P-0)

OO -

Bond lengths (K) and angles (degrees),

N(4')-P(1)-N(1)
N(1)-P(2)-N(2)
N(2)-P(3)-N(3)
N(3)-P(4)-N(4)

0(1)-P(1)-0(2)
0(3)-P(2)-0(4)
0(5)-P(3)-0(6)
0(7)-P(4)-0(8)

P(1)-0(1)-C(1)
P(1)-0(2)-C(2)
P(2)-0(3)-C(3)

 P(2)-0(4)-C(4)

P(3)-0(5)-C(5)
P(3)-0(6)-C(6)
P(4)-0(7)-C(7)
P(4)-0(8)-C(8)

N(4")-P(1)-0(1)
N(4')-P(1)-0(2)
N(1)-P(1)-0(1)
N(1)-P(1)-0(2)

N(1)-P(2)-0(3)

N(1)-P(2)-0(4)

N(2)-P(2)-0(3)

N(2)-P(2)-0(4)
N(2)-P(3)-0(5)
N(2)-P(3)-0(6)

- N(3)-P(3)-0(5)

N(3)-P(3)-0(6)
N(3)-P(4)-0(7)
N(3)-P(4)-0(8)
N(4)-P(4)-0(7)
N(4)-P(4)-0(8)

~N 3O

" 115.
121.
115.
114.

99.
105.
100.
100.

122.
120.
119.
121.
121.
118.
121.
120.

104.
111.
114.
111.
109.
105.
_106.
107.
111.
107.
106.
113.
113.
106.
107.
114.
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Figure 10.
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A diagram of the structure viewed along the a'-axis of the

~ orthogonal set a', b, c*.



Similarly the mean P-N-P anglé is

(c = 1.0°), is significanily (50)
135.7, and 136.0°, mean 135.3° (o
similar effect, that at P(2), 105
the other three, 99.2, 100;2, and
P-0-C angles are in the raﬁge 118

variations from the mean value of

Averaged molecular parameters of the molecules [NP(OMe)

and [NP(OMe)2]440 are compared in

80

136.7°, but theAangle at N(1), 141.0°
larger than the other three, 134.1,

= 0.6°). The 0-P-O angles show a
.6° (o =.0.7°), being 70 larger than
100.3°, mean 99.9° (¢ = 0.4°). The
.3 - 122.0°, with no significant

120.6 (0 = 0.4°).

2]8
Table XVII. It would appear from the

Table XVII. Comparison of molecular parameters'of [NP(OMe)2]4 and

[NP(OMe)Z]S.
[NP(OMe)2]4‘ [NP(OMe)2]8

P-N(R) 1.58 1.561
P-0° 1.60 1.576 -
0-C 1.47 1.440
Angle P-N-P(°) 132 136.7
Angle N-P-N 122 116.7
Angle O-P-0 105 101.3
Angle P-0-C 120.4 120.6

bond lengths that the larger molecule is more strqngly bound, but

differences are small and may well be within experimental error.

the

The

effect, however, is in the direction predicted by a Molecular Orbital
treatment21 and has previously been observed in [NPC12]562 where the
average P-N bond is shorter than in the corresponding smaller rings.

In any case, the P-N bond distance in [NP(OMe) of 1.56 A is 0.21 R

2]8



11,

. 1,
0 1 2 3A

The molecular packing viewed along the c-axis.
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shorter than the single-bond length of 1.77 R found in sodium phosphor—
-amldate45 46 This bond distance and the equality. of bonds around the
ring are both consistent with findings in other phosphonitrilic
structures. The average ring angle at nifrogen in [NP(OMe)é]s is
~greater than in the tetramer suggesting an incréa§ed participation of
the nitrogen lone pair electrons in ﬂ—bqndinglwithin'the lafger ring.
It is sﬁrprising, however, that this angle is ﬁot larger than in
[NP(NMeZ)Z]é where it is 147° for the methoXy‘g?oups onfphosphofus
would be expeéted to enhance the elecfron delocalization from ﬁitrogen
more than the dimethylamido substitgents. The N-P-N angle isvalso
smaller than the 120° usually found in phospﬁonitriles. In the present
case.it is more comparable with the 0=P-0 angle of 117.2° in dibenzyl-
65 | |

' phosPhorlc acid.

The phosphon1tr111c skeleton in [NP(OMe) has a definite

218
' tendency towards planarity. In common with [NPCIZ]5 this is partially
‘attained fhrough re-entrant angles at N(1), N(1'), N(3) and N(3'). A
convenient way of describing the shape is to consider thevring as beihg
derived from the idealized planar éonfigufation illustrated in |
Figure'12(a). This structure would be strained at the nitrogen atoms
N{1) and N(1') where the angles would be aboutl60° if normal values
were a551gned to the other angles. The strain at these atoms can be
relieved by dlsplac1ng one half of the molecule relative to the other
as shown in Figure 12(b). This would permit the angles at N(1) and

N(1') to increase while allowing large portions of the ring to remain

approximately planar. This does appear to be an acceptable picture



T
L

Figure 12. Idealized structures .indicating the distortion of the phosphonitrilic rin
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for the angle at these nitrogén atoms is signifiéantly larger than the
others, and the mean deviation of the atom sequence P(2)N(2)P(3)-
N(3)P(4)N(4) is only 0.12 R from the mean plane. In addition, the
six-atom sequence P(4')N(4')P(1) N(1)P(2)N(2) is also nearly planar,
the mean deviation being 0.26‘3. These planar segments would tend to
make possible both m and e bonding within the rihg;

The éonfiguration about the individual phqsphorus atoms can
be seen in Figure 13 where the atom positions are plotted with respect
fo a ?articular three-atom plane. The centre diagram represents an
idealized configuration which allows the exterior atoms to be arranged
about the central atom with a minimum of steric interference. This is
the arrangement found in pentaerythritol tetranitrate66 where the absence
of m-bonding probably assures that the shape is determined by the steric
repulsions of the outermost atoms. In this configuration, the exterior
' atoﬁs can be considered related by a four-fold inversion axis (A,B) or
by a two-fold axis (A,C).. It is convenient to discuss the configura-
tion about the phosphorus atoms in relation to this model. All the
phosphorus environments show some similarity to the idealized arrangé—
ment in that the terminal bonds are all displaced in opposite directions
from the three-atom planes. Furthermore, the positions of the outer-
most atoms about P(2), P(3), and P(4) are all analogous to the model
which would tend to reduce steric interactions. The configuration at
P(1) is slightiy different. It is situated at the junction between
major planar sections of the ring and the steric interactions about it

are not the same as for the other phosphorus atoms. In particular, the



@ s (e
P@:’K

B cla)
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Pﬂﬁ I

% P(4)
O

' Figure'13. Configurations about phosphorus. The centre diagram shows an idealized
P(0C) , group, the others indicate the atomic arrangements about the :
phosphorus atoms in [NP(OMe)2]8

QC(B)
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re-entrant angle at N(1) cauées a close approach (3.48 K) between the
0(1) and 0(4) oxygen atoms. Although a reorientation of the methoxy
~groups on P(1) towards the pentaerythriéol Configuratioﬁ.could increase
the separation, this could only occuf at the expense of leaving the
centre of the ring open.

The relationship of one POC group to the other at a parti-
cular phosphorus atom is also interesting because of the possibility
of exocyclic m-bonding. Two different‘types of arréngements are
~generally found in the esters of phosphoric acid. At P(1), P(3), and
-P(4) the methoxy. groups are related approximately by a 4 axis
(see Figuré 13). This is the cbnfigufation found in dibenzyl phos-
phoric acid65 and in vitamin B12’67 At P(2), by contrast, the methoxy
‘ groﬁps are related by an approximate two-fold axis as is found in
di-p-chlorophenyl phosphoric acid,68 for exampie. These two different
orientations make possible different m-overlaps between the phosphorus )
atom and its exocyclic groups. In both situations there is a tendency
towards a preférred alignment of the POC planes with the m-orbitals on
phosphorus. Accurafe alignment of one dimethylamido group for maximum
overlap with one set of éﬂ‘orbitals and partial overlap for the other
were found in the case of [NP(NMe2)2]4. The situation at P(1), P(3),
and P(4) for the present molecule is rather similar to the case of
dibenzyl phosphoric acid. In this compound, Py orbitals at two diff-
erent oxygehs can each overlap with a different m-orbital at phosphorus

because bf_the large dihedral angle of 88.6° between the POC planes.

Although in [NP(OMe)Z]8 the average dihedral angle is reduced to 70°
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for steric reasons, this stili permits at least partial overlap at these
phosphorus atoms with the separate na.and ﬂs-orbital systems., At P(2),
however, the sitﬁation is different. As before,'the normal to the POC
plane can be téken to indicate the lone pair electrons in the oxygen

p orbital capable of ﬂ—bénding. Unlike the other cases, at P(2) the
normals to both POC planes tend to élign with the YZ plane. This would
suggest involvement between the.lone pairs on both oxygeﬁ atoms with fhe
same T_-system on phospﬁorus. The overlap betﬁeen‘the exocyclic groups
at P(2) is thus distinct from the m-bonding possibilities at the other
phosphorus atoms. This difference, and the fact that P(2) is near the
end of a long planar section may help to explain thé large angles at
this atom. There are no variations in the P-O bond lengths which can

be attributed to w-bonding involving a particular m-system. Since the
T and ﬂs-orbitals are primarily involved in the ring bonds it is

likély that a balance of orbital participation with the exocyclic atoms
" is maintained. Also, the effective ﬂ—bonding toithe methoxy groups will

be weaker here than in [NP(NMe because it involves delocalization

2)2]4
of the lone pairs from the more electronegative oxygen atoms. In spite
of this some exocyclic ﬁ—bonding must occur for the average P-O bond

length of 1.58 R is 0.13 & less than the expected value of 1.71 R for

a true single bond.



PART III

THE STRUCTURE DETERMINATION OF

CAESIUM DIFLUOROPHOSPHATE
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A. INTRODUCTION

In the thesis until now the bonding and structural features
of phosphonitrilic compounds have been described. In this section
' the structure of CsPQze.will be discusSed and the bonding from
phosphorus to oxygen énd fluorine wiil be considered in a slightly
different manner from the phosphorus-nitrogen bonding of the phospho-
nitriles. | ‘

The difluofophosphate anion; like the phosphonitriles,
contains bonds between tetrahedrally co-ordinated phosphorus and
firsf-row elements. Such bonds are often coﬁsiderably shorter than the
expected single bond distances. Some common values'for_the P-0 and P-F
bonds in isplated tetrahedra are given in Table XVIII tpgether with the

distance predicted from the Schomaker-Stevenson equation;69 The usual

form of this semi-empirical equation

r = r, + 1, - 0.09 (xA - X

AB A B B)

modifies the atomic radii, r, and T

A B’ by a correction depending upon

the difference in their electronegativities, X, and Xps but makes no

allowance for m-bonding.

~ Table XVIII. Bond lengths (X) between tetrahedrally co-ordinated

phosphorus and the first-row elements oxygen and fluorine.

Bond Calculated bond length Observed Reference
P-0O 1.71 1.54 LiMnPO4 (70)
P-F 1.65 1.53 POF

3,

l
'

PSF35(71,72)



90

The contraction of the obéerved bond lengths from the‘
calculated values indicates that the bond order in each instance must
. be greater than one. Ionic resonance structures suggest a way of
accounting for the bond shortening. Another explanation can be
~given in terms of ém'Em overlap, and this will be described briefly
here because of the analogy with phosphonitrilic bonding. The theory
is mainly due to Cruickshank who hag considered the possibilities for
~multiple bonding between first row elements and tetrahedrally co-
ordinated second row elements.73 In this treafment the orientation
of the d orbitals at phosphorus is chosen differently from the cases
previously discussed. To preserve the tetrahedral symmetry at phos-
phorus, the axes are chosen to be coincident with the 4 axes of the
tetrahedron. Cruickshank shows that although the SE_orbitéls of
phosphorus are required for o-bonding some-ﬂ—Bondihg'is feasible with
_ thefphosphorus d orbitals, espeéially the gzz and QXZ,&z-u The éxz’
gyz’ and gxy’ although also potentially n—bogding orbitals, combine
‘much less strongly with the appropriate ligand orbitals. ’Cbmplete
tetrahedral symmetry abbut phosphorus would allgw the éxz-yé'and QZZ
orbitals to interact equally with the four ligands. Simultaneous
involvement at the ligands with each of these d orbitals is possible
because there are two orthogonal p-type orbitals available having
the proper symmetry. A diagram of the orbitals involved and the
geometrical proximities for overlap in the two systems are illustrated

in Figure 14,
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Figure 14. m-overlap between phosphorus d orbitals and ligands.
(a) overlap of d , with ligand p_ orbitals, “(b) overlap
. -2 .
of d with lIgand p,_, orbitals.
_x2_y2 ; ar!

It should be noted at this point that a plausible explanation
of phosphonitrilic bbndingvcan also be formulated using this axial

73 In this approach the ring

sy;tem and the 922 and gxz-yZ orbitals.
is considered as built up tetrahedra linked together. This bonding
scheme is not as satisfactory, however, for the phosphonitriles as it is

for isolated tetrahedral configurations. 1In the case of the phospho-

nitriles the symmetry at phosphorus is always less than tetrahedral"
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~ because of the ring formatidn and the different electronegativities

of the nitrogen and exocyclic atoms.. The equality Ofxthe participation

’by these two orbitals is therefore removed. In the phOsphonitriles |

there were advantages‘to selecting the orbital directions relative

to the ring in order to stress the symmetric and antisymmetrié aspects

of overlap; in isolated tetrahedra the axial directions'are chosen

along the symmetry axes and this distinction is no longer necessary.
The alkali-metal difluorophﬁsphates are prepared by the

reaction of the metal chlorides with difluorphosphofic acid.74 For the

caesium salt the equation is

CsCl + HPOF, > CsPOF, + HCl

The difluorophosphate anion can-be conéidefed in terms of the
bonding theory described. A shortening of the P-O and P-F bond lengths
to-yalues less than the accepted single bond‘distances should be
expected on the basis of this theory, but the relative émount‘of double
bond character in each type of bohd is not easy to predict. As will be
shown the geometry of the anion in CsPOzF2 is.véry,similar to‘thel
. parameters determined in the isomorphous KPOZFZ.' The“struc?ure of.the
pétassium salt was beguﬁ at the same time as the céesium'combound but
completed sooner by a colleague, R. Harrison.75 The X-ray anaiysis_of
CsP02F2 was continued, nevertheless, in order to defect any differences
which might arise from the larger size of the Cs' cation. The singly

charged caesium atom with a radius of 1.69 A is the largest stable

monatomic cation. Replacement of a cation by a similar but larger one
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often results in an isomorphéus structure having increased interionic
‘distances and correspondingly larger.cell dimensions. This effect is
observed for the cations of potassium, rubidium, and caesium in the
perchlorates and fluoroborates which have the barium sulfate structure.’ ®
To provide comparable crystallogfaphic data for the difluorophosphate
series which haé the éame basic structure, the cell dimensions of

RbP02F2 were also measured.
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B. THE STRUCTURE OF CAESIUM DIFLUOROPHOSPHATE
Experimental

Crystals of CsP02F2 from methanol are cplourleés‘needles
.elongated along c. The unit cell dimensions were measured from a
c-axis rotation photograph, and by the extrapolation method of
Farquhar and Lipson77 from high—angle reflexions on hkO.Weissenberg
photographs. The space group was determined from various Wéissenberg_
and preceésion films, and the density was measured by flotation in a
mixture of diiodomethane and iodofofm.
Crystal data for the potassium, rubidium, and caesium salts
‘are summarized in Table XIX (A, Cu45ai = 1.54051 L; 2, Cu-K,, =
1.54433 &; A, Cu-K_ = 1.5418 R). o
The intensities for ali reflexions with ZQ(MO—EQ):S-54O
were measured on a General Electric XRD-5 Spectrogoniometer with a
séintillation countef, approximately monochromatic MO_E@ radiation
(zir;onium filter and pulse-height analyser), and a 6-20 scan. .Of the
563 reflexions measured, 506 (90%) were observed. The obseryedb
intensities were corrected for background, Lorentz and polarizétion
factors were applied, and the structure amplitudes were derived. The
crystal used for recording the intensities was mounted with ¢ parallel
to the ¢ axis of the goniostat and had dimensions 0.25 x 0.25 x 0.60 mm.
parallel to a, b, and c respectively. No absorption corréctions were

applied.



M
FOrmula
~Mol. wt.
Radius of M'(A)
Crystal system
a &)
b &)

NeS

Xg)

Qm_(grcm._s)

F(000)
H(CuKy) (en™ )
M(Mo-K ) (cn™ )

Space group

Table XIX

Crystal data for MPO

KP02F2
140.07

1.33

8.03
6.20
7.63

380.9

~2.44
272
155

17

F2.

Rb
RbPO,F,
186.44
1.48
Orthérhombic
8.15
6.45
7.79
409.5

3.02
344
215
130

16

ana(DZh)

95

Cs
CsP02F2

233.87

6.79

8.06

416
654

84
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Structure Analysis

Since it was likely that caesium dlfluorofhosphate Qould
be isomdrphouS'W1th the potass;um_saltj5 structure factors were.
'calculated-directly, using the final atomic coordinates ef potassium.
.difluorphosphate withvisotropic temperature‘factots' The initial R
factor was 0.28. Refinement of the p051t10na1 and thermal parameters
proceeded by block d1agona1 least- squares methods, the functlon
minimized belng Zw(Fo- C) with vw IF |/15 when IF l <15 and
W = 15/|F | when |F | >15. Unobserved reflex1ons ‘were given zero
weight. ' Three strong reflex1ons (102 210, 400), for which the
‘oeserved structure factors appeared to be too low, were corrected for
secondary extinction by the procedure of Pinnock, Taylor, and Lipson.78
Four cycles of refinement with»isotfopie thermai“parameters,-and’six
further cycles with’anisotrepic thermal parameterS'reduced B_to-d;070
fortthe 506 observed reflexiens.‘ The measured structure factors
 together with the final ¢alculated values afe listed in Table XXT 
The final positional and anisotropic thermallpatameters are
~given in Table XXI, together with.their'standardfdeviatidns calcﬁlated“
from the least squares residuais. The signifiéaﬁtffhtetatemic distances
and angles are compared with those.of KPOZthin:fablefXXII,Yand.the
distances.involving the Cs® ion are also shown in views .of the structure

in Figures 15 and 16.
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Tab_le XX. Measured and calculated structure factors.
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Table XXI.

deviations

Atom
cs” (1)
P (2)
F (3)
F(4).

0 (5)

‘Atom
CcsT Q)
P (2)
F (3)
F (4)

0 (5)

- 98

Final positional parameters (fractional) with standard

[ . ' .
(A), and anisotropic thermal parameters (RZ x'102),

X , y zZ o(x)  oy) d(z)

0.1365 0.2500  0.1423 0.0020 0 $0.0022
0.1099 0.2500  -0.3198 . 0.0089 0 0.0097
0.2510  0.2500  -0.4511 = 0.029 0  0.027

-0.0273  0.2500  -0.4433  0.030 0 0.026
0.1125 0.0606  -0.2325 0.016  0.022  0.022

_ mean

Up U Us Y Y U3 o

4.46 0 0.24 2.82 0  3.62  0.10

3.96 0 -0.12  3.06 0 2.87  0.36

717 0 2.35  7.24 0 . 5.40 1.4

8.05 0 -4.61 9.15 0 .42 1.42

6.40  0.04 1.52 ~ 2.87  0.62 - 5.24  0.90
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Discussion

- Comparison of the anisotropic thermal parametefe of the atoms
in caesium difluorphosphate tTable XXI) with the corresponding valﬁes
in the potassium‘salt,75 indicates that the translational mofioh of
the difluorophosphate ion as a-whoie is slightly greater in the caesium
compound, the root meen~square amplitudes of vibration of the phosphorus
atom being 0.20, 0.18,10.17'3 in the a, b, and c¢ directions respectively,
ae.against 0.16, 0.14, 0.16 A in the potassium compeund.' The rotational
oscillational motions of the POZFE ions are very similar in both compounds,
and the corrections to the P-0 (+ 0.01 K) and P-F (+ 0.02 &) bond
distances in CsP02F2 are not significantly different from the corrections
.in the potassium salf. The,corfected distances are included in Table XXII.

An analysis of the m-bonding in the difluerophosphatezion has

75

been given for KPO The arguments apply eQuall&'to the anion in the

2F2.' v
' preéent compound in view of the.simiiar dimensions obtained}‘ Essentiaily -
the X-ray results are in excellent accord with parameters derived from
infrared stretching frequencies and indieatela bond order of 1.83 for

the P-0 bondSYWith the P-F bonds‘containiﬁg‘é smeller ampunt of m-bond
character. This m-bonding would presumably oceuf'tﬁrougﬁ 0ver1ap-befween
the p orbitals on the ligands and the éxz-yz and gzz orbitals of phos-
phorus. Utilizing both d orbitals a total m-bond order of‘2 should be -
attainable in the ion. Fluorinevis more reluctant than oxygen to enter
into a m-bonding system but the shortened.bond does indicate some

participation and an assumption of 17% double bond character is not

unreasonable.75 The greater m-bond character of the bonds to oxygen is



Table XXII. ‘Interatomic distances (K)

M
. . +
Ionic radius of M

P-F(3)
P-F(4)

* Mean P-F

P-0(5)

F(3)-P-F(4)
0(5)-P-0(5")
F(3)-P-0(5)
F(4)-P-0(5)
Mean F-P-0

=
1

(2x)

(2x)
(2x) -

S (2x)

[ IZI
MM EMmMO OO

==

===
RSO

Z|=|

(2x)

o(P-F)
o(P-0) .
o(F,0-P-F,0)

K

1.33

1.552

1.552
1.552(1.575%)
1.457(1.470%)

- 97.1°

122.4
108.3
108.9
108.6

.76 .
.83
.93
.08
.14
.34
.62
.68
.88

L LN RN

.007
.005 -
4

O O O

*
corrected for rotational oscillation

122,

. 108.

Cs

.59
.53
.56
.47

[ S S

97.

107.
108.

.16

.42
.61

£ OGT LT G LT WO R

.03
.02

oo

R T Nt N N

.62
.60
.28

énd angles (degrees) in MPO

(1.58%)
(1.48%)

26

.29

0 o

100

2F2‘



Figure 15.
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The structure ViéWed'albng the a-axis. The oxygen atoms are shaded. .
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Figure 16. The structure viewed aldng the _ll—aXis-. The oxygen atoms are shaded.

20t
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also shéwn by a comparison of the 0-P-O and F-P-F anglesvwhich are
distorted from the tetrahedral values. The angles are 122.6° and
97;7° respectively because the ﬁ-O bonds having"fhe gréater“eiéctron
density repel each other more ;han.do the P-F ﬁoﬁd;.

The crystal strugtﬁre of caesium difluorophosphate is similar
to that of the potassium salt. ‘All of the.shortef M,},O diétances ére
increased in the caesium compound in acéord with'thé-largér ionic
radius of Cs' (Table XXII). Some of thg longer g..;o distances, which
are more influenced by anion-anion contacts, havé rathgrvsimilar values
in the two structures. The isomorphism of the ﬁotassiuh, rﬁbidium and'
caesium difluorophosphates is évident-frdm the lattice parameters,
which show a steady increase with ionic radiusi Tﬁe interionic
diétances in the rubidium salt-cou;d be estimated‘approximately by

interpolation between the values for the potassium and caesium compounds.



APPENDIX
THE COMPUTER PROGRAMS

COFSYM AND CELDIM
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A. COFSYM PROGRAM FOR INDICATING CENTRE OF SYMMETRY

2]8 statistical tests

In the struéture‘analysis of [NP(OMe)
were usgd to determine the séace group and molecular symmetry. A
résumé of the theory is presented here, together with the input require-
ments for the program and a Fortran listing. Good summaries of the
method are given in several of the standard references mentioned in
the General Introduction at the beginning of the thesis.

For a crystal belonging to the triclinic system, two space
_ grdups are possible, P1 and P1. Since a centre of symmetry gives rise
‘to no special absences, the two space groups cannot be distinguished
on tﬁe basis of systematically missing reflexioﬁs. However, Wilson79
has shown that the intensity distribution itsélf ig characteristic of
the symmetry of the unit cell. Thus if the intensity distribution can
be recognized, the proper space group can be inferred.

The distribution of function for a non—centrosyﬁmetric space

~group can be predicted from the Gaussian equation for a two-dimensional

random walk. The resulting expression is

(AT = s exp (-1/8)dI

where P(I)dI is the proportion of intensities having a value between I
and I+dI, and S is a distribution parameter equal to the sum of the-
squares of the atomic scattering factors. It can be identified with
<I> which is the local average intensity.

For a centrosymmetric space group the structure factors are

all real and there are no imaginary terms on an Argand diagram of
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structure factors. This simplified distribution can be represented
by an equation derived from the expression for a one-dimensional

random walk,
B - -1/2
TP(I)dI = (2mSI) exp(-I/28) dI

The difference between these distributions is usually

detectable. Wilson80 considered the fraction

p = <|p[>2/<1>

énd showed that the ratio of the square of the mean strﬁcture amplitude
to the local meén intensity should be 0.785 for a non-centrosymmetric
distribution, 0.637;for a centric one.

Howells, Phillips and R_oger581 proposed the N(Z) test in
which the choice between distributioné is based upon a comparison of a
. number of points.- For this method each intensity is expressed in terms

of its local average

Z = 1I/<I>

Then the fraction N(Z) of reflexions whose intensities are equal to or

less than a fraction Z of the local average are given as

1 —'exp(—Z)

N@)

and

/2

it

@) erf (32)"

for the acentric and centric distributions respectively. Here erf is the

statistical error function. A comparison of the two theoretical curves
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with the experimentél one shéuld_indicate the appropriate distribution
. and permit the correct space group to be chosen.

Input for the computer program td carry out these tests
consists simply of a starting value of sinf/A, the range increment,
aﬁd the input tape and file number of the data tape. The tape is
read twice: ‘the firsf time to sort the reflexions into ranges and to
calculﬁte the averages, and then to determine what fraction éaéh
intensity is of its local mean intensity. The intensity distfibution
is output as well as the Wilson Ratio for each range. The weighted
averages can then be compared with the theoretical values in order to
determine which is the most likely distribution.

A listiﬁg of the program follows. The program is fairly
“direct and lérgely self-explanafory. The subroutine POSN is used to

locate the correct file on the input tape.



$IBFTC COFSYM

C - L :

C PROGRAM FUR STATISTICAL- TEST OF INTENSITY DATA FOR CENTRE OF SYMMETRY
C IN TRICLINIC CRYSTALS
C

DIMENSION bN(lO)’bUMFZ(IO),AMEAN(10910)’DIST(10910)QWAVG(1U)9F(8)
DIMENSTOUN TbUMF(lO)9 RATIG(10)

ARATIO = 0.0

DO 175 K = 1510
DN(K) = 0.0
SUMF2(K) = 040
TSUMF(K) = 040
DO 275 1 = 1,10
WAVG(I) = 0.0

275 DIST(Ksl) = Qa0

175  CONTINUE _
READ 5s SOLSTs> SINCR » INPUTs IFILE

5 FORMAT(2F10e0+212)
CALL POSN (INPUTs IFILE)

252 READ(INPuT)II9IGPENsboOLb'FHsFK’FL9FOBD,FOBDZ,(F(I)o = 158)
' SUL = SWRT(550LS) :
V IFCIGPEN «NEe 0) GO TO 1
C  SORT DATA INTU RANGES AND COUNT
K =-1
SOLLIM = SULST
100 IF (SOL eLEe SOLLIM) GO TO 101
SOLLIM = SULLIM + SINCR
IF(K oGEe 10) GO TO 4

K = K + 1
GO TO 100
101 SN(K) = oN(K) + 1e0 ,
SUMF2(K) = SUMF2(K) + FOBS2
TSUMF(K) = TSUMF(K) + ABS(FOBS)
GO TO 252 ' ,
4 PRINT 159 Ks SOLs SOLLIM
15 FORMAT (3Xs [4s 2(F10e5s 3X)s 40H SOL TOU LARGE - MAKE INCREMENT
1 LARGER ) ‘ ' S
GO TO 999
i CONTINUE

C WILSON RATIO TEST

80T



DO 8 K = 1910
8 © O RATIU(K) = TSUMF(KI®**2/(SN(K)¥* SUMFZ(K))
C CALCULATE MEANS FOR EACH RANGE
DO 150 K = 1910
I =1
AMEAN(K 1) SUMF2(K)/SN(K) * 0Oel
DO 250 I = 2410
Al =1
250 AMEAN(K s )
150 CONTINUE
REWIND INPUT
CALL POSN (INPUT; IFILE)
253 RLAD(INHUT'lI’IthNobbULSvFH9FK,FL9FUBD9FUBDZ9(F(I)9I = 198)
SOL = SWRT{(550LS)

AMEAN(Ks1) * AI

: IF(IGPEN eNEe 0) GO TO 11 o
S22 K = 1 : -
SOLLIM = S0LsST _
200 IF (50L eLEe SOLLIM) GO TO 201
SOLLIM = SOLLIM + SINCR _ <
K=K+1 o o .
GO TO 200
C " COMPAKRE DATA WITH MEANS OF APPROPRIATE RANGE
201 I =1
300 IF(FOBS2 - AMEAN(KsI))301,3019302
301 DIST(KsI) = DIST(KsI) + 140
302 I =1 +1
IF (I «GTe 10) GO TO 253

_ GO TO 300
11 PRINT 55 - '
55 FORMAT (4Xs SHRATIO 6X,11HINTENDITIE5 20Xa36HINTENaITY DISTRIBUTION
1 N(L)Y TEST /)
DO 350 K = 1910
DO 450 I = 1510
450 DIST(KsI) = DIST(KsI)/SN(K) . ,
350 PRINT 659 RATIO(K)s SN(K)s (DIST(KsI)s I = 1910)
65 FORMAT(1X9F94495Xs F9els 5Xs 10(F9e4)) ‘ i
C  CALCULATE wEIGHTED AVERAGE
TOT = Qe0

DU 550 K = 299 :
ARATIU = AxATIU + RATIU(K) #* Sn(K)
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550

750

650

15

95

999

TOT = .TO0T + SN(K)

DO 650 1 = 1510
DO 750 K = 259 -
WAVG(T) = WAVG(I) + SN(K) * DIST(KsI)

WwAVG(T) = wAVG(I)/TOT

CONTINUE

ARATIO = ARATIO/TOT

PRINT 75 ARATIOs TOTs (WAVG(I)» I = 19101}

FORMAT (/7 30Xs 53HWEIGHTED AVERAGE ~ (OMMITTING FIRST AND LAST
LRANGES) s / 1Xs F9ebs 5Xs F9els 5Xs 10(F9es))
PRINT 95

FORMAT(// 1Xs 123HTHE RATIO SHOULD BE COMPARED WITH THE THEORETICA
1L VALUES» 04637 FOR A CENTRIC DISTRIBUTIONs OR 04785 FOR AN ACENTR
2IC ONEe // 1Xs BOHTHE N(Z) DISTRIBUTION SHOULD BE CUMPARED. WITH T
3HE FOLLOWING THEORETICAL CURVESs /5Xs 15HCENTROSYMMETRIC 9X» 90H

4 02481 03453 4187 e4738 5205 ) 5614 5972
.5 «6289 06572 6833 /5Xs 19HNON-CENTROSYMMETRIC 5X»s 9OH
6 «0952 . 1813 2592 3297 3935 e4512 5034 e5
7507 e5934 | 46321 )
CALL RuUnN (INPUT)
STOP T
ENv

01T
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B. CELDIM PROGRAM FOR CELL DIMENSION REFINEMENT

This program is designed to give accurate unit. cell parameters
by meéns of a least-squares réfinement. The most probable lattice |
dimensions are found by minimizing the sums of the squares of the
deviations between measured and calculated values of sine theta over

lambda.
L. ;s 2,82-84
Although the principle of the method is well known,
a summary of the theory'is presented here. In the discussion let there
be p parameters and n reflexions. The i th reflexion and j th parameter
will be considered as typical.
The general equation relating reciprocal lattice parameters

to the Bragg angle is given by

2

h a*2'+ kzb*2>+ Bzc*z + 2kBb*c* cos.a* + 2Bhc*a* cos B* + 2hka*b* cos y* =
4 sin%e = %

where 6 can be measured either on film or by diffractometer. The best
values of the parameters are those which make the sum of the squares of
the deviations, R,

2 2

=
1]
nm~mg

a minimum. This will occur for each variable when

]
n o~
=
P
>
N
o
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where pj is one of the pargméters, Wi the weight, S and Sé are meas-
ured and qalculated values of sin6/A, and A is their difference.
Although.these equations are not lineaf and hence theré may be several
minima, a set of equations can be written to give corrections to the
parameters by expanding pj'= (pj + Apj) as a Taylor series. Siﬁce
‘Apj is assumed to be a small incrémeht, CToss térms su;hvas Apj Apk

will be very small and derivatives higher than the first can be omitted.

This leads to a set of normal equations of the form

P n BSC BSC P n BSC
r I W o= —llp, = z L WA, =—
j=1 i=1 109 9P; ] j=1i=1 11 0p;

~ which can be solved for the cprrections,'Apj, to'tﬁe lattice parametérs.

In the.present application, initial reciprocal dimensions are
first calculated from the given direct éell lengths and aﬁgles. Then
th? matrix A(I,J) is formed. The elemgnt.aijf= /W;: V;EE is the
derivative of the general equation with respect to the»pij j th parameter
for the i th reflexion multiplied by the square root of the weight apprdp—
riate for that reflexion. The matrix G(I,1) is formed by using the initial
-parameters to calculate.a value of Sc.’ The differences between the

observed and calculated values of sinf/A are multiplied by the observed

value and the square root of the weight to give the general element

-5 /Wi Aisi' The weighted observational equations are then given

by AP = G where P is a column matrix with the element pj = Apj. To obtain

the p normal equations which determine the p unknowns it is only necessary

~to multiply each side of the matrix equation above by'éF the trahspose of
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A (formed by replacing each élementvaij by aji)' In the program,

B=AAand E = AFQ, The normal equations are written as BP = E
or e = irbjk Py where bij = i-aki a5
1

The corrections to the parameters are then given by P = B~ E where

-1 . . .
is the inverse of the matrix B.

. 2 . . ' .
The variance, 07, is estimated from the residuals

noo2
62 . IWAY

(n-p)

and the standard deviation of the j th parameter is then given by

-1 2
o . = b.. ©
(pJ). P53

where b;; is.the‘corresponding~diagona1 eleﬁent ofvthe-inQerse matrix
'Efl. The corrections to the parameters are apﬁlied aﬂd the cycle is
réﬁeéted with the new valués until the chénge in variance iéuless.than,
10% bétween Cycleé.' in praCtice,.rarely more than three cycles are
'requiréd.for convergence. After the final cycle, real parameters are
calculated and.output together with fheir standard deviations.

During the formation of the derivatives, lattice restrictions
are observed. ‘For example, in the’mbnoclinic system, o and Y are held
at 90.0° byvsétting 3a* = 9y* = 0. This can be overuled, however., "If
it is desirable, all parametersvcan be refined merely by treating the

crystal as triclinic. Alternatively, if B were known very accurately

and was not to be refined, a monoclinic crystal could be treated as an
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orthdrhombic one in which ca$e only the axial lengths would be refined.
In addition a FUDGE(Jj‘factor can be controlled so as -‘to apply any
fraction of the calculafed‘correction to a paiameter. |

Varioué weighting schemes are incorporated in the pfogfam
including sevefal fugctions of theta and a form of the Nelson Riley
functioh. In general, however, for theta vélues less than 20° fhese
iweighting s;hemes lead to very similar results and a wéight of one
is usually used for each reflexion. Refléxions ofiexceptionalb_
reliability can be weighted individually.

The.program is primarily intended to fefine-cell dimeﬁsidns
from diffractometer measurements priér to calculating final angular
séttings. it may also be used to give cell dimensions  from zero-layer
Weissenﬁerg.photographs, It is particularly useful_here;ﬁheh thefg are,
- few axial;ﬁpots siﬁce general spots on the layer may also be measured.
The program may be used with data obtained froﬁ a béck-reflexion
camera. Here, the positions of the front- and_back—reflecfed spofs
are used to accurately determine the effective radius of‘thé film -
‘cassette. Values of theta are then derived from the film measurements
and the data ére'refined as before. |

The subroutines used in this program aré standard library
programs of the U.B.C. Computing Centre. The purpose and result of
eaéh subroutine call is fairly straight-forward. Programming details
can be found in>the UBCMATR subroutine péckage for square matrices.85

On the following pages are a description of the input require-

ments for the program and a source deck listing.
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CELDIM CELL DIMENSION REFINEMENT BY LEAST SQUARES®

The program is designéd to refine unit cell parameters and will accept

6, 26, or back reflexion data for general HKL reflexions.

Notes : 1. No decimalsAtd,be punched.
2. Limit of reflexions is 30. -
3. Bracketed columns need not be punched.

Input Requirements

Column S DeScriEtidn
Card 1 - [Identification .
2-80 _ Anything for identification
Card 2 - 1Initial cell parameters
1-5 - XX.XXX a XXXXX - a*
6-10 XX . XXX b . XXXXX b*
11-15 XX . XXX c « XXXXX. . c*
16-21 (xxx. xxx) o (xxx.xxx) = o*
22-27 {(xxx.xxx) B A{xxX . xxX) " B*
28-33 C(xxx . xxx) Y ' S (xxx.xxX) CY*
: 90° assumed if angles left -blank
34 (x) 1 if RECIPROCAL DIMENSIONS N _
35-36 XX ' . CRYSTAL SYSTEM: 1 = triclinic, 2 = monoclinic,

3 = orthorhombic, 4 = tetragonal, 5 = cubic,
6 = hexagonal, 7 = rhombohedral

-40-41 XX. - “RADIATION: 1 = Mofga, 2 = Cu-K

42-43 (xx) METHOD: O = read in°8, 1 = read in 26, 2 = back
. , reflexion, read in separation. (mm.)"

44-45 xx) WEIGHTING SCHEME: O = 1, 1 = sinB, 2 = tan8,

3 = sin2B, 4 = sin226, 5 = form of Nelson-
Riley function
50-51 Xx NUMBER OF REFLEXIONS .
52-53 (xx) - NUMBER OF CYCLES: wusually = 0, program will run
: until convergence o

...... /continued



- 25-30

35-40
45-50
55-60
61-66

((xx.xxxx)

Data cards - one card per reflexion
Ixx- H
XX K
XX L
XXX . XXX POSITION: 6, 26, or position of front -
_ reflexion (mm.) depending on METHOD
(xx) WAVELENGTH: if different from initial
’ radiation,
1= Mo—Ea, 2 = Cu-K , 3 = Mo-K 1°
4 = Mo-K>,, 5 = Mo-R,, 6 = Cuk .,
7 = Cu-K°%, 8 = Cu-K,, 9 = special
(xxx.xxx) POSITION OfagRONT REFLEXION: {mm.)
(XXX . XXX) POSITION OF BACKREFLEXION: (mm.)
(XXX .XxXX) POSITION OF BACK REFLEXION: (mm.)
(x.xxxxx) - SPECIAL RADIATION: (only if 9 in 23)

SPECIAL WEIGHT
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»[oFTC CELOIM

C .

REFIN
DIMEN
DIMEN
DIMEN
DIMEN

EMENT OF CELL PARAMETERS BY LEAST SWUARES MARCH 1968
SION A(30530)s ATRAN(30930)s P(636) :

SION ZH(30)s ZK(30)s ZL(30)s THETA(30)

SION G(30930)s NEWLAM(30)s WAIT(30)

SION B(30530)s E(30530)s B6UGs6)s E6(696)

DIMENSION wAV(9})s FUDGE(6)s NSTORE(30)

DIMEN
O IMEN
DIMEN
DIMEN
DATA
1 7/
DATA
iplcC
DATA
1 =
DATA
1TA *
ITEND
I RANK
ICOLS
IRkeCl
NLOW
NHI1GH
SENT
SEXIT
DISTH
DISTH
DISTL
MCYCL
DO 51
TEMP
FuLGE
1cout
TU Hu
Fuk T
DU 5S¢
NEwLA
NoTUK

SION SYSTEM(14) o

SION ICOL(6)s TEMP(6)s ATEMP(30930)

SION SIG6(696)s SIGREP(696)s REALSG(696)

SIUiN VIANCE(10)s LABRL(12)s LABREP(12)

WAV/54rMOA CUA MUA1l MUA2 MOB1 CUAl CUA2 Cub SPEC

SYSTEM/ 84HTRICLINIC MONOCLINIC: ORTHORHOMBICTETRAGONAL (U
AEXAGONAL RHOMBOHEDRAL / - .

LABRL/72HA AXIS = B AXIS = C AXIS = ALPHA = BETA

‘GAMMA = ./ : S

LABREP/772H A AXIS # B AXIS # C AXIS #» ALPHA #* BE
GAMMA *# /

= 0 '

= 0

=0

P:

= 0

= 0

= 0.

= 0

1
2

2
E
J [
J) .
(J) =1
Jr = 0
L A PARTICULAR LENGTH ur ANGLE CONSTANT SET FuuGk(Jd) = U
HAT VARIABLE '
I= 1y 30
ML) 0
() 0

[ T 1]

"wn
O

it n

LTT



53
52

112
111

22

23

25

DO 53 J =
ATEMP{(IsJ

).
AlIsJ) = 0.
CONTINUE
DO 111 I
DO 112 J
SIGREP(IsJ) =
REALSG(Isd) =
S1G6(I9J) = Oe
CONTINUE
PRINT 22 o
FORMAT (1HO» 23HUNIT CELL LEAST SWUARES / )
READ &

FORMAT (1Xs 79H o o

1 : o ' )
PRINT 4

[ [ ]|
P
L J
o

READ 19 AAXISs BAXISs CAXISs ALPHAs BETAs GAMMAs IRECIP ITYPE, fj;

1 IWAVEs METHODs IWAITs NDATAs NCYCLE
FORMAT (3FYe3s 3F6e3sIls 129 3Xs 312s 4Xy 212 )

PRINT 23s NDATAs SYSTEM(2¥ITYPE-1)s SYSTEM(2%ITYPE)

FORMAT (5Xs 3> 8H PLANESs 10Xs 2A6 )
DATA = NLATA

IF(AAXIS oEQe 0e0 oORe BAXIS oEQe Q0esO «ORe CAXIS «EQ. OoO)PRINT 25i

FORMAT(1HO» 44HTHE PROGRAM REQUIRES ALL THREE AXIAL LENGTHS )

IF(AAXIS «EQe 00 oORe. BAXIS eEQe 0e0 «ORe CAXIS oEQe 0.0)GOTO 999

IF(ALPHA +tQe 0e0). ALPHA = 90.0.
IF(BETA +EQe 0e0) BETA = 90 0
IF (GAMMA +EQe 0e40) GAMMA = 90.0
IF (IRECIP +EWe 1) GO TQO 8

PRINT 3 LABRL(I)’LABRL(2)9AAXIboLABRL(3)9LABRL(4)9BAX15’LA5RL(5)9
lLABRL(s),CAXIboLABRL(7)9LABRL(8)’ALPHAQLABRL(9)9LABRL(IU)’BETA9

2 LABKL(11)sLABRL(12) s GAMMA

FORMAT (1HOs 9X»s 24HORIGINAL REAL PARAMETERS // (12XsA6sA4sFlUe3))

GO TU 10

AAXIS = AAXIS/100.0
BAXIS = BAXIS/100.0
CAXIS = CAXIS/100.0

PRINT 9sLABREP(1)sLABREP(2)s AAXISsLABREP(3)sLABREP(4)sBAXIS,

1 LABREP(5)s LABREP(6)s CAXIS
FOURMAT (1HO99Xs 30HORIGINAL RECIPROCAL PARAMETERS 7/

(14X9A69A4L >
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36

500

49

50

1 3H=

Fl0e5))

PRINT 79LABREP(7)9LABREP(8)9ALPHA LABREP(G)s LABREP(1U) +sBETAS
1 LABREP(11)sLABREP({12) »GAMMA

FORMAT

ALPHA
BETA

{14X9A69A491H=9F1063)
ALPHA/ 574295779
BETA/57e295779

GAMMA = GAMMA/5742957179

[F (IWAVE «EQe 1) WAVE = 0471069

IF (IWAVE oEQe 2) WAVE = 1454178

ORIG = WAVE '

IF (METHOU «EQe 2) PRINT 36 :
FORMAT(1H1s 10Xs 19HBACK REFLEXION DATA // T77H PLANE H
1 L LOW ANGLE POSITION ~ HIGH ANGLE PUSITION /)

IF (IRECIP «EQe 1) GO TO 49
VOL =AAXIO#BAXIS*CAXIS*#S5QRT (1. U+2.0*COS(ALPHA)*COS(BETA)*COS(
1 GAMMAI-CUo(ALPHA) *%¥2 —~COS(BETA)*#2 —COS(GAMMA)#*%2)

ASTAR
Bo>TAR
CoTAR

CALSTR
C3ESTR
CUASTK

ALSTR
BESTR
GASTR

it

BAXIS*CAXIS*SIN(ALPHA) /VOL

CAXNISH*AAXTIS*SIN(BETA)Y/VOL

AAXISH*BAXIS*STN(GAMMA ) /VOL
—(CUQ(BETA)*COS(GAMMA)—COS(ALPHA))/(SIN(BETA)*SIN(GAMMA))
=(COS(GAMMA) ¥*COS(ALPHA) -COS(BETA) )/ (SIN(GAMMA) *SIN(ALPHA) )
=(CUS(ALPHA) #COS(BETA)=COS{GAMMA) ) /{SIN(ALPHA) #*SIN(BETA))
ARCOS(CALSTR)

ARCOS(CBESTR)

ARCOS(CGASTR)

IFCIEND)IS0s 50 300

ASTAR
BoTAR
CoTAR
ALSTR
BESTR
GASTR
DO 100
READ ¢

AAXIS

BAXIS.

CAXIS

ALPHA

BETA

GAMMA

I. = 1s NDATA '

IHs IKs ILs THETA(I)s NEWLAM(I)s DISTL2s DISTHLls DISTH2,

1 SPWAVEs OPECWT
FORMAT(3I3s 5X9 F6e3s 1Xs [29 1Xs 3(F6e394X)s F6e59 Fbe4)

L)
LT
cL L)

I
IK
Iu

IFr{MeTHOU eitEe 2) GC TO 11

611



C

37

38

75

76

77

71

100

30

1

1

CALCULATIUN OF THETA FROM BACK REFLEXION DATA
IF(THETA(I) oNEe 0e0 eORs DISTL2 oNEe 0e0) PRINT 37
ILs THETAC(I)s DISTLZ

FORMAT(5Xs I3s 4Xs 3(I392X)s 2(2Xs F8e2))

Is IHs K>

IF(THETA(I) oEQe 0e0O oANDe DISTL2 eEQe 0e0) PRINT 38s Is IHs IK>»

ILs DISTHLs DISTH2
FORMAT(5Xs 135 4Xs 3(I352X)s 28Xs 2(2Xs F842))
IF(THETA(I) «EQe 00 oORe DISTL2 «EQe 0.0) GO TO 75
EXIT = (THETA(I) + DISTL2)/2.0

THETA(L) = ABS(TAETA(I) - DISTL2)

NLOW = NLUW + 1

CSEXIT = SEXIT + EXIT

i

GO TO 100

IF(THETA(L) oEQe 00 oANDe DISTL2 +EQe 0e0) GO TO 76
THETA(I) = ABS(THETA(I) - DISTLR)

NSTORE(I) = 1

GO TO 100

IF(DISTHL «EQe 0e0 «ORe DISTHZ2 oEQe 0e0) GO TO 77
ENTRY = (DISTH1 + DISTH2)/240

THETAC(L) = ABS(DILTHL - DISTH2)

NHIGH = NHIGH + 1

SENT = SENT + ENTRY

NSTOKRECTL) = 2

GO TO 1vo '

THETA(I) = ABS(DISTH1 - DISTH2)

NOoTORE(IL) = 3

GO TO 100

THETA(L) = THETA(I)/57.295779

[F (METHOU- «EQe 1)} THETA(I) = THETA(I)/240
CONTINJE

IF{METHOD oeNEe 2) GO TO 60

CTHIGH = NnAlgH

CTLUw NLUW

AVENT SohNT/CTHIGH

AVEAIT = ot XIi/CTLOwW

AFCIR = Abo>{AVENT = AVEXIT)

RADIUS = HFCIR/ 31415927

PRINT 80s RADIuS

FURMAT(1RUs 43HEFFECTIVE RADIUS OF BACK REFLEXION CAM
loYal Viele )

ERA = sF10e59

0c1



DO 81 1 = 1s NDATA

IFINSTURE(L) «GTe 1) GO TO 85
IFINSTORE(I) «EQe 1) GO TO 84 .

ANG = (THETA(L)/(4.0%RADIUS))
- THETACT) = ANG

60 Tou 81

34 FOIST = Avo(THETA(l) - AVEXIT)* 240

ANG = FDIST/(440%#RADIUS)

THETA(I) = ANG

- GO TO 81
85 . IF(NSTORE(I) «EQe 3) GO TO 86
ANG = 341415927/2+0 = THETA(I) /{4,0#RADIUS)
THETA(L) = ANG . '
GO TO 81
86 BUIST = ABS(THETA(L) = AVENT) * 240
ANG = 361415927/240 - BDIST /(440%RADIUS)
THETA(I) = ANG :
81 CONTINUE
60 PRINT 35
35 FORMAT(1HLl»s 95H PLANE H K L THETA UB> THETA CA
1L DIFF wT RAD@N MINIMIZE /) :
SDEL = O : ' .
DO 200 I = 1s NDATA :
70 IF (IWAIT oEQe 0) WAIT(I) 1.0

IF (IWAIT «EQe 1) WAIT(I)
IF (IWAIT oEQe 2) WAIT(I)
IF (LwAIT «EQe 3) WAIT(I) SIN(THETA(L) ) %%2
I (IwAIT etQe 4) WAIT(I) SIN(THETA(I ) #240) %2 _
IFUIWATD oEQe BIWAITII) = 160/ (2,0%(COSUIHEIALTI) ) *¥2/5INGIHEIALL))
1 +COo(THETA(L) ) #%2/THETA(L))) : : _
C OTHER wcIGHTING oCHEMES MAY BE INCLUDED HERE
 IF (SPECWT oNEe 0e0) WAIT(I) = SPECWT
RUGTWT = SWRT(WAIT(I))
GO TO (4009400540094019402+4039404)s1TYPE

SINITHETA(L))
TAN(THETALI))

o n

C PREPARATIuNn OF MATKIX OF DERVIAIIVES {OBSERVAIION EWUAITONY)
401 Allsl) = ((ZHII)*%2 4+ ZK(I)*%*2)#AS1AR)*ROGIWI

Alle3d) =L () *¥*2%¥CH 1 AR ) #ROOt W

Gu Tu 61 5
402 Allsesl) =0l () #%*2 + LK(T)#®%¥2 4+ LLUI])¥¥2)%A51AR)¥RUUI W I =

Gu TO 61



403 AlTol) ={(LH(T)*#2 4+ LKUI)#%2 + 26U%LHUI)*2K(I)*COS(GASIR))
1 ®*ASTAR) ¥ROUTWT :

Alls3) —(LL(I)**Z*CSTAR)*ROOTWI
GO TO 61

404 AlIs1) =((LH(TI%%2 + ZK(T)*#%2 + LL(I) *2IHASIAR + 24U*COS(ALSIRY
1 ¥(ZKODI*ZL(L) + ZLUT)*ZH(T) + ZHUI)#ZKCT))*¥ASTAR)*¥ROCIWI
AlIs4) =(-SINCALOSTR)¥ASTAR®#2# (LKL )*LL () + ZLUI)Y¥LHUT) + ZH(])
1 #ZK(I)))I*ROOTWT
GO TO 61 V -

400 A(I91) = ROOTWT*(LH(T)*#2%#ASTAR +ZH(1)#ZL([)*CSIAR*¥COS(BESIR)

1 +LHUD) *LK(T) *BSTAR#COS(GASTR) ) :

Al152) = RUOTWT*(ZK([)**2%BSTAR +LK(IDI#LHUI) ¥AS1AR¥CUSLGASIR)
1 +LKOI)*ZLUT)*CSTAR¥COS(ALSTR)) ,
A(Is3) = ROOTWT#(ZL(I)#*%#2%CSTAR +4LL(1)%LK(1)*BSIAR¥CUS(ALSTR)
1 +ZLCL)*ZA(I)*ASTAR¥COS(BESTR))

IFULITYPE eGEe 3 oANDe ITYPE oLEe 6) GO 10 61

IF(ITYPE oEWe 2) GO TO 62

Allsa) = ROOTWTH(-ZK(I)*ZL(I)*BSTAR*CSTAR*¥SIN(ALSIR))
Alls6) = ROOTWTH*(—-ZHIT)*ZK{])*ASTAR*BSTAR*SINIGASIR))
62 CA(Ie5) = ROOTWTH(=ZLIT)I*LH(T)*COIAR¥ASIAR*¥SINIBESIR))

61 GCALC = SURT(ZH(I)#H2¥FASTAR®*2 + ZK(I)**Z*BDTAR**Z
+ZL(]) #*2#CSTAR®*2
+2.0*ZK(I)*ZL(I)*BSTAR*CSIAR*COb(ALbIR)
+2e ORZL(T ) *¥ZH(I) #COIAR*ASIAR®CUS(BESIR)
+2 0 ZH{ I *LK () HASTARZRBSIAR#*¥COO(GADIR) )

IF (NEWLAM(I))32952933

£ W N

33 IF (NEWLAM(I) oEQe 1) WAVE = UeT71U69
IF (NEWLAM(I) oEQe 2) WAVE = 1454178
IF (NEWLAM(I1) oEQe 3) WAVE = 0470926
IF (NEWLAM(I) oEQe 4) WAVE = 0471354
IF (NEWLAMII) oEQe 5) WAVE = 04632253
IF (NEWLAM(I) oEQe 6) WAVE = 1454051
IF (NEWLAM(I) oEQe 7) WAVE = 1454433
IF (NEWLAM(I) otQe 8) WAVE = 1439217

IF(NEWLAM( L) oEQe 9) WAVE = SPWAVE
32 GMEAS = 24U*SIN(THETA(I))/WAVE
DEL = UmEAS - GCALC
SDEL = SDEL + ABS(DEL)
THCALC = ARSIN(GCALC*WAVE/240)%574295779
THOBS = THeTA(1)#%#57e295779

el



DIFTH = THOBS - THCALC

J = IWAVE A o
IF (NEWLAM(I) oNEe 0) J = NEWLAM(I)
IH = ZH(I1) .
IK = ZK(I)
IL = ZL(I).
PRINT 34> I’IHle’ILoTHOBb’THCALC’DIFIH,WAIllI)’WAVlJ),DEL
34 FORMAT(5Xs1395Xs3(1392X)s2(3XsF9, 5)'3X’F8.594X9F6.2’5X'A4’5X’F9 5)

G(Isl) = ROOTWT*DEL*GMEAS
WAVE = ORIG

200  CONTINUE

C DETERMINATION OF RANK AND REMOVAL OF LERO Rowb
IF(IRANK «EQs 6) GO TO 275
"IF(MCYCLE «GTe 1) GO TO 256
DO 251 J = 196 '

DO 252 1 1sNDATA
IF(A(IsJ) eNEe 0e0) GO TO 251
IF(I +EWe NDATA) ICOL(J) = 1

252 CUNT INUE
251 CONTINUE
DO 255 J = 1s6
255 ICOLS ICOLS + ICOoL(U
I RANK 6 - ICOLS o
IFUIRANK oEWe 6) GO TO 275
256 NCOL = 0 :
DO 260 J = 1+6
L = J - NCOL :
IF (ICOL(J) oNEe 1) GO TO 263
NCOL = NCOL + 1
GO TO 260 :
263 DO 261 1 = 1s NDATA ‘
-~ ATEMPU(IsL) = Allsd)
261 CONTINUE B :
260 CONT INUE

DO 265 J = 16 .
DO 266 I = 1s NDATA
266 AllsJ) = ATEMP(IsJ)

265 CONTINUE
275 CONTINUE
DEVN = SDEL/DATA

¢cl



PRINT 103s IRANKs DEVN :
103 FORMAT (1HOs 6HRANK = s I5s 58Xs 17HMEAN DEVIAIION = s F945)
CALL TRANSP(As ATRANs NDATAs 30) oo o
CALL MULT(ATRANs As Bs NDATA» 30)
DO 109 1 1s IRANK
DO 109 J = 1s IRANK
109 B6(lsd) = B(IsJ)
CALL MULT(ATRANs Gs Es NDATAs 3U)
DO 110 I = 1s IRANK
DO 110 J 1s IRANK
110 E6(IsJ) = E(IsJ)
CALL INVERT(B6s IRANKs &» DEIs CONDNOY 7 77—
PRINT 39 DET '
39 FORMAT (1Xs 14HDETERMINANT = s 1PEl6e5 /)

IF (DET «EGe 040) GO 10 999
CALL MULT(B6s E69 Ps IRANK»s 6)
RANK = IRANK
SIGSQD = 060
DO 180 I = 1s NDATA

180 SIGSQD = SIGSQD + G(Isl)®*2

SIGSWD = SIGSQD/(DATA = RANK)
VIANCE(MCYCLE) = SIGSQD
IF (IRANK «EQe 6) GO 10 276 =
C ADVUSTMENT OF MAIRICES 10 ALLOW FOR ¢ERO ROwo
J =0 ‘
DO 281 I = 196
J = J +1 ' ' :
IFUICOL{I) oNEe 1) GO TO 282
GO TO 283 - : i '
282 TEMP(IL) = P(Jrl)
GO TGO 281
283 TEMP(I) = 040
J=Jd -1
281 CONTINUE
DO 284 1 = 1s6°
PiIsl) = TEMP(I)
284 TEMP(I) = Qa0
J =0
DO 291 I = 1s6
J = J + 1

R7ZA



292

293

291

294
276

181

182

IFCICoL(I)

oNEe 1) GO TO 292

GO TO 293

TEMP (]

) = B6(Jsd) T

GO TO 291

TEMP( 1
J =

) = 0e0

J -1

CONT INJUE

DO 294
B6(Isl
TEMP(I
SIGA
SIoB -
SIGC

w nn

GANEW=

IF(ITYPE
IFCITYPE
IF(ITYPE
IF(ITYPE

ALSDEG
BESDEG
GASDEG
PRINT
FUKMAT
1L SAIFT
2EGREELS
FORMAT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

- BESTR

181

I = 16

) = TEMPI(T)

) = 040 :
.aQRT(Bé(lol)*SIG§QQ)“
SQRT(B6(292)*SIGSQD)
SQRT(B6(393)%5IGSQD)

SQRT(B6(494)*51GSQD)

SQRT(B6(595)*¥SIGSQAD)

= SQRT(B6(696)#SIGSQD)
(FUDGE (1)

ASTAR +
BSTAR
CSTAR
ALSTR

P(ls1) %
P(2s1)
P(3s1)
Pl4sl)

FUDGE t2)
FUDGE(3)
FUDGE + &)

P(5y1)
P(6s1)
eOEe 4) BNEw. = ANEW
eEWe 5 «ORe IIYPE «EQe
ebWe 7) BENEW = ALNEW
oEQe T)CNEW = ALNEw

+ 4+ 4+ + 4+
* ki ok %k k'

GASTR FUDGE 1 6)

FUDGE(5)

77 CNEw =

ANEw

ALNEW*574295779
BENEW*57 4295779

‘GANEW®57 4295779

(10X 22HRECIPROCAL
/)

(A62ALs 3(5X9F1046)

DIMENSIONS /77/14Rs
NEw _PARAMETER =

_SIGMA

1UASF1lUe6915A9F1545)

182sLABREP(1) sLABREP12)sA51ARsP«151)9sANEws»oIGA
1829 LABREP{3) s LABREP14)sBo1ARP291) sBNEws»oIGB
1829 LABREP(5) s LABREP6)9Co1ARP 1391 ) sCNEwsoIGC
1829LABREP(7)QLABREP\B)9ALolR9Pt491)sALNEn’uIGAL’ALuDEG

lesLABREP(9)9LAbREP(lU)9BEDIRsP\59l)’BENEwouIGBE9ﬁEJUEG
1829 LABREP(11)sLABREP(12)sGASIRsP(631) s GANEWs>IGGAsGASDEG

95HPREVIOus vALUE

o

SC1



183

189

191

190

300

1

PRINT 183s MCYCLEs SIGSQD"

FOKMAT(5Xs 13HEND OF CYCLE »1355A915HoIGMA° O QUARED =

s1PE1l646>

IF(NCYCLE - 1) 1899190y 191
IF(MCYCLE +EQe 1) GO 10 191

IF (VIANCE(MCYCLE-1) = vIANCE{MCiCLE) eLie vel *vIANCE(MCiCLE)

/)

THESE @FINL@ VALUES ARE FINAL REAL vARIABLEa‘w 

ALFDEG = ALFINL ¥ 57,295779 o

BEFDEG BEFINL * 574295779 = . . -
GAFDEG GAFINL * 574295779 5
DERIVATIVES OF REAL PARAMEIERo wCRei e RECIPROCAL
SI1G6(1s1) = —AFINL/ANEwW '
S1G6(195) —AFINL*COTAN(BENEW)
S51G6(196) ~AF INL#¥COTAN(GANEW)
SIG6(292) ~-BF INL/BNEW

ONEJ

«ORe MCYCLE oGEe 1U) GO i0O 19v
NCYCLE = NCYCLE - 1 :
MCYCLE = MCYCLE + 1
ASTAR = "TANEW
BSTAR = BNEW
CSTAR = CNEW
ALSTR = ALNEW
BESTR = BENEW
GASTR = GANEW
" HAVE RESET RECIPROCAL DEMENSIONb
GU TO 60
IEND = 1 B
AAXIo> = ANEW
" BAXIS = BNEW
CAXIS = CNEW N
"ALPHA = ALNEW
BETA = BENEW
GAMMA = GANEW o o B B
ALL THESE ARE RECIPROCAL DIMENSIONS
GO TO 500
AFINL = ASTAR : .
BFINL = BSTAR B I
CFINL = CSTAR : ’ ' '
‘ALFINL = ALSTR o _ o -
BEFINL = BESTR
GAFINL = GASTR
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302

303
999

2 bIGRAL9LAdRL(9),LABRL(IU)98EFDEGJQIGRBE;LABRL\11)9LABRL\12)s
.3 GAFDEG» SIGRGA

FORMAT(lOXoAéoAh’F10 5s10XsF10 5) - T
RVOL = 1e0/VOL
PRINT 303s RVOL e . e
FORMAT(1HUs 18HuNIT CELL VOLUME vy F154)
STOP : ‘
END
—_
&
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