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INTRODUCTION

This thesis describes the crystal structures of two
compounds and details two methods for the determination
of the phases of structure factors. The crystal struc-
tures were undertaken to extend the currently available
knowledge of cobalt and antimony complexes.

The cobalt compound was believed by its discoverers
to be §1§~Q(NC)2 trien cobalt(III) perchlorate. Thus, it
would have been the sole known mononuclear cobalt complex
in which the cyanide group was coordinated to cobalt through
the nitrogen atom. The structure that was determined is
actually trans-(CN)2 trien cobualt(IITI) perchlorate and is
one of the few examples in which a quadradentate ligand,
not restricted by its own structure to be planar, is
equetorially coordinated to cobalt.

The second structure described is that of K28b015.
The structure of the SbCl; anion has only been determined
once previously, in the compound (NH4)2Sb015. In that in-
stance, the disagreement between observed and calculated
structure factors was such thut the uncertuinty in bond
distances was 0,5 Rg Btructures of antimony halides are
known to be very sensitive to the cation present.

The first of the phase determining methods applies

the techniques of pseudo heavy atom superposition and

then uses space group symmetry to determine atomic



locations in electron density space. All of these oper-
ations are performed by a computer program with a minimum
of human intervention.

The second phase determining method also uses super-
position techniques, to enhance the phase determining
properties of a pseudo electron density map which has been
computed from origin-defining; reflections. The coefficients
of the lourier transform of this modified map are then used
to phase those reflections with the largest normalized
unitary structure factors. This method greatly simplifies

one of the major problems of direct methods, the expansion

of the origin-defining set,



THE CRYSTAL AND MOLECULAR STRUCTURE OF TRANS-DICYANO
TRIETHYLENETETRAMINE COBALT(III) PERCHLORATE

Introduction

The bonding mode of cyanide to cobalt has been the
subject of considerable controversy in recent years. The
energy difference between the cyano and isocyano coordina-
tions is small enough to permit either to occur.l However,
neutron diffraction studies of cyano-cobalt COmplexe52’5’4
have regularly shown that the cyanide group bonds through
carbon. Since it is ofttimes difficult to distinguish
between atoms which differ by but one electron by X-ray
diffraction, bonding via the curbon has sometimes been
assumed.5

Kuroda and Gentile6 recently have prepuared what they
characterize as an isocyano cobalt complex, cis-a-isocyano-
triethylenetetramine cobalt(III) perchlorate. Their assign-
ment of the isocyano coordination is based on visible and
ultraviolet spectroscopy. Because there is some doubt as
to the correctness of this assignment,7 it was decided

to carry out an X-ray structure determination of this

compound.

Experimentul
A sumple ol the compound, prepared by the method of

Kuroda and Gentile,® was kindly supplied by Dr. James H.



Espenson. Amber-colored crystals were obtained by re-
crystallization from an aqueous solution. High resolu-
tion infrared spectra of the initial sample and of the
recrystallized material, both in KBr pellets, were vir-
tually identical, indicating that isomerization had not
occurred during solution or recrystallization; Micro-
scopic examination revealed that the crystals have sharply
defined fuces and are needle-like in appearance with a
distorted hexagonal cross section in which alternate

sides are of unequal lengths.

Crystals were selected and mounted on a glass fiber
with Duco cement thinned with amyl acetate. Preliminary
Weissenberg and precession photographs exhibited 2/m
Laue symmetry, indicating a monoclinic space group. The
following systematic absences were observed: hO{ when
h + 4 =2n + 1, and OkC when k¥ = 2n + 1. These absences
are only consistent with the spuce group P21/n. The
unit cell parumeters at 25° C are a = 9.8544 + 0.0015,

b

B

deviations were obtained by a least squares fit8 to the

22.3529 + 0.0045, ¢ = 6.6766 + 0,0020 A, and

100.85 + 0.03°, These parameters and their standard

two-theta values of twelve independent reflections whose
centers were determined by top-bottom, left-right beam
splitting on a previously aligned Hilger-Watts four-circle

[o]
diffractometer (MoKn radiation, X = 0.71069 A). Any



error in the instrumental zero was eliminated by centering
the reflection at both plus two-theta and minus two-theta.
A calculated density of 1l.62 g/cc for four molecules per
unit cell agrees quite well with an observed density of
1.65 + 0.01 g/cc, which was determined by flotation
techniques.

For data collection, a crystal was selected having
approximate dimensions 0.1 x 0.1 x 0.9 mm along the &, b,
and ¢ crystul axes, respectively, und was mounted such
that the ¢ axis coincided with the g axis of the diffracto-
meter. Data were collected at room temperature using a
Hilger-Watts four-circle diffractometer interfaced to an
SDS 910 computer in a real time mode, equipped with a
scintillation counter, and using Zr-filtered MoKa radia-
tion. Within a two-theta sphere of 60° (sin8/X = 0.704 K’l)
all data in the hkt and hk! octants were recorded using the
0-20 scan technique with a take-off angle of 5.5°. Sym-
metric scan ranges of 1.2° in 20 at low two-theta values
to 2.0° at large two-theta values were used. Stutionary-
crystal, stationary-counter background counts of half the
scan time were taken at the beginning and end of each scan.
A counting rate of 0.4096 seconds per step of 0.01° in©

was employed. A total of 5081 reflections were measured

in this way.



As a general check on electronic and crystal statility,
the intensities of three standard reflections were remea-
sured periodically during the data collection period.

These reflections did not vary to any significant degree
during the entire period of dutua collection.

Based on u linear absorption coefficient of

b = 14,082 cm_l, the maximum and minimum transmission

9

factors”’ were 87.86% and 85.96% respectively, and no
absorption correction was deemed necessary.

The intensity data were corrected for Lorentz-
polarization effects. The estimated error in each in-

tensity was calculated by

65 = Cp + Gy + (0,05 C)7 + (0.05 €

where CT and CB are the totul count and the background
count, respectively. The factor 0.03% represents an esti-
mate of non-statistical errors. The estimated deviations
in the structure factors were calculated by the finite
difference method.lO Of the 4678 independent reflections,

3314 were considered observed (> BGF).

Solution and Refinement
The positions of the cobull and chlorine atoms were
obtuined from anulysis of u sharpened lutterson function.ll

The remuaining non-hydrogen uatoms were found by successive

structure factorla and electron density mup calculsa-



13,14

tions. These atomic positions were then refined by

a full matrix least squares procedure,12 minimizing the
function Xw(lFol-ch|)2, where o = l/ch, to a conventional
discrepancy factor of R = ZIIFO!-[FClI/ZIEbl = 0.170. The
scattering fuactors used were those of flanson et QLLlB with
the cobalt and chlorine scattering factors modified for the
real and imaginary parts of anomalous dispersion.l6

An electron density difference map verified that all
the non-hydrogen atoms had been accounted for, but indicated
that some aniéotropic motion, particularly of the cobalt
and chlorine atoms, was present. Accordingly, anisotropic
refinement was begun and after six cycles of refinement,
values of R and R (= Xw(IFOI-IFCI)2/Twlﬁbl)2)l/2) of 0.154
and 0.169, respectively, were obtained. The positions of
the hydrogens bonded to carbons in the triethylenetetramine
ligand were calculated with an H-C-C angle of 109.5° and
a C-H distance of 1.07 Z. The hydrogen atoms were assigned
isotropic thermal parameters of 3.0 K2. Two cycles of
refinement with anisotrcpic thermal parameters for all non-
hydrogen atoms, varying only the positional and thermal
parameters of the non-hydrogen atoms and the overall
scale factor, followed by a recalculation of the hydrogen

atom positions and two further cycles of least squares

refinement, yielded values for R and w kR of 0.123



and 0.156, respectively.

A final electron density difference map showed no
peaks greater than 1.2 e/ia. A final statistical analysis
of the FO and FC values as a function of the scattering
angle and magnitude of Fo revealed no unusual trends and
suggests that the relative weighting scheme used is a
reasonable one.

The bonding orientation of the two cyanide groups was
determined after the final least squares refinement. The
atom multipliers of the two cyanide group atoms were al-
lowed to vary under two sets of conditions. In the first
of these, carbon scattering factors were assigned to c(?7)
and C(8) and nitrogen scattering factors were assigned to
N(5) and N(6). In the second instance, the scattering
factor assignments were reversed. All four atom multipliers
were initially set at a value of 1.00. The results of
these refinements ure shown in Table I and clearly indicate
the correct assignments.

The final positional and thermal parameters for the
non-hydrogen atoms are listed in Table II. The standard
deviations were calculated from the inverse matrix of the
final least squares refinement cycle. The calculated

hydrogen atom positions are listed in Table III. Bond



Table I. Determination of the bonding mode of cyanide in
trans—-(CN}2 trien Co™77Cl0,
Assigned Atom Multiplier
Scattering Actual Theoretical
Atom Factor Table Co~C-=N Co-N=-C R wR
c(?7) Carbon 1.033% 1.0 1.17
c(8) Carbon 1.0%4 1.0 1.17
N(5) Nitrogen 1.026 1.0 0.86
N(6) Nitrogen 1.046 1.0 0.86 12.4 15.8
c(?7) Nitrogen 0.82% 0.86 1.0
c(8) Nitrogen 0.825 0.86 1.0
N(5) Carbon 1.293% 1.17 1.0
N(6) Carbon 1.314 1.17 1.0 12.4 15.8




Table II

.

. S IIT a,b
Final positional and anisotropic trermal parameters of non-hydrogen atoms in trans-(JC)z-trien ot 210, ’

Atom x ¥ z 10“511 10“522 105533 10"512 10“313 1o"p23
Co 6;6629(1) 0.3488(1) 0.6552(2) 55.9(1.4) 9.2(0.2) 169.9(3.6) 1,1(5.5) 13,3(1.6) 0.7(0.9)
cl 0.6616(3) 0.1289(1) 0,6466(6) 79.7(3.0) 15.6(0.6) 306.3(9.7) 3.6(1.1) 12,7(4.3) 6.1(2.2)
(1) 0.6601(9) 0.0863(l) 0.4868(15) 139(12) 21(2) 360(32) 10(4} -26(:5) 11(7)
0(2) 0.5498(9) 0.1700(4) 0.5928(16) 121(12) 30(2) 486(39) 32(4) -79(17) 43(8)
2(3) 0.7893(8) 0.1635(4) 0.6748(15) 92(10) 26(2) 386(32) -5(4) =7(14) 13(7)
o(4) 0.6586(11) 0.0988(5) 0.8283(16) 204(17) 34(3) 333(33) -.2(5.6) 50(19) -3(9)
N(1) 0.4727(8) 0.3159(l) 0.5898(14) £9(9) 14(2) 198(24) -9(3; 2(12) 10(6)
N(2) 0.5927(8) 0.4122(3) 0.8075(12) 77(9) 11(2) 148(21) 3{3) 11(11) u(s)
N(3) 0.8378(8) 0.3891(h) 0.736%(15) 66(9) 14(2) 22L(26) -4(3) 23(13) -9(6)
N(4) 0.7579(9) 0,2898(4) 0,5051(13) 97(11) 14(2) 197(25) 8(4) 29(13 7(6)
(7) 0,6226(10) 0,3942(5) 0,4078/12; €2(11) 12(2) 205(30) 374) 73y -.3(6.7)
2(8) 0.6997(10) 0.3013(4) 0.8952(12) 63(11) 9(2) 250(33) -.7(2,5) 21(15) -7(7)
(1) 0,3914(11) 0.3494(6) 0,7122(20) 77(12) 22(3) 274(36) =7(5; 15(17) -.5(9)
c(2)  0.4392(11)  O.k1b4(5)  0.7393(20) 62(11) 20(3) 313(39) 10(4) 33(17) 15(9)
£(3) 0.6694(12) 0.U679(5) 0.7878(13) 93(13) 12(2) 280(37) “h(a 3(17) -11(8)
c(h) 0.8173(13) 0.4546(5) 0.7531{25) ’ 118(17) 16(3) 388(47) -7(5) 11(22) -19(9)
2(5) 0,9274(12) 0,3720(6) 0.6003(21: 31(13) 26(3) 289(40) -5(5) 4z ~-15(10)
2(6) 0.9102(13) 0.3046(6) 0,5589(23) 105 16) 26(3) 407 (50) 13(6) 35122) 14(11)
n(5) 0.6027(11) 0.4174(5) 0.2485(19) 116(13) 19(2) 349(38) 3(4) 27(1%) 9(8)
N(6)  0.7204(10)  0.2762(4)  1.0540(15) *115(12) 16(2) 230(28) 3(4) 2%(15) 5(7)

& In this and subsequent tables, nunmbers in parentheses represent standard deviations in the least significant digits.

b Anisotropic thermal parameters are defined by: T = exp[-(thll + k2ﬁ22 + L2B33 + 2hkpy, + 2kL523 + 2h4313)]-

0T
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Table III. Calculated hydrogen atomic positions in trans-

(cw), trien cotlclo,

Atom X y z

H(ACL) 0.4041 0.3289 0.8624
H(BC1) | 0.2834 0.3479 0.6404
H(AC2) 0.3934 0.4374 0.8519
11(BC2) 0.4113 0.4386 0.5960
H(AC3) 0.6762 0.4947 0.9921
H(BC3) 0.6135 0.4932 0.6569
H(ACH) 0.8303 0.4765 0.6143
H(BC4 ) 0.8906 0.4724 0.8798
H(ACS) 1.0339 0.3827 0.6673
H(BCS) 0.8990 0.3961 0.4566
H(AC6) 0.95606 0.2912 0.4366

H(BC6) 0.9593 0.2799 0.6960
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lengths and bond angles, and significant non-bonded
distances are listed in Tables IV and V, respectively,
along with their standard deviations.17 The final values
of the observed and calculated structure factors are
listed in Table VI.

Shortly after the data had been collected and the
crystal removed from the diffractometer, the instrument
was found to be slightly misaligned. Thus, the data are
somewhat poorer than might be expected. However, since
all the stereochemical features of interest were well
determined and the electron density difference map was

rather featureless, the data were not retaken.

Description of the Structure

The results clearly indicate that the bonding of
cyanide to the cobalt is through the carbon and not the
nitrogen, and that these groups are trans and not cis to
one another, contrary to the predictions of Kuroda and
Gentile.6 Hence, the compound is trans-dicyanotriethylene-
tetramine cobalt(III) perchlorate, and is illustrated in
Figure 1.18 This configuration has been anticipated by
Konya, Nishikawa, and Shibita7 on the basis of spectro-

scopic examination of similar compounds. The trans

configuration is also consistent with an exceedingly
1

9

sharp band for the C-N stretching frequency at 2145 cm

with no evidence of splitting.



Table IV,

and degrees for cis-(CN)2 trien Co

C10

Selected bond distances and angles in angstroms

i
Cc1-0(1) 1.427(9) c(8)-N(6) 1.180(13)
C1-0(2) 1.424(8) N(1)-Cc(1) 1.462(15)
C1~0(3) 1.456(9) N(2)-Cc(2) 1.488(12)
Cl-0(4) 1.392(10) N(2)-C(3) 1.476(13)
Co~N(1) 1.978(8) N(3)=C(4) 1.484(14)
Co-N(2) 1.951(8) N(3)-C(5) 1.444(15)
Co=N(3) 1.922(8) N(4)=C(6) 1.506(15)
Co-N(4) 2.001(8) c(1)-c(2) 1.527(16)
Co~C(7) 1.909(12) C(3)=-C(#) 1.551(17)
Co-C(8) 1.894(12) c(5)-C(6) 1.536(18)
c(7)-N(5) 1.161(14)

0(1)-C1-0(2) 110.7(&) N(4)-Co-C(8) 91.5(4)
0(1)-C1-0(3) 109.1(6) C(7)=Co~-C(8) 177.9(4)
0(1)-C1-0(#) 109.3(6) Co-N(1)-C(1) 106.7(6)
0(2)-C1-0(3) 107.1(6) Co-N(2)-C(2) 108.1(7)
0(2)-01-0(4) 112.3(7) Co=N(2)=C(3) 108.9(7)
0(3)-C1-0(4) 108.4(6) Co=N(3)-C(4) 110.8(7)
N(1)-Co-N(2) 88.0(4) Co-N(3)-C(5) 109.0(7)
N(1)-Co-N(3) 172.5(4) Co-N(4)-C(6) 106.3(7)
N(1)-Co-N(4) 99.4(4) Co-C(7)-N(5) 173.7(10)
N(1)-Co-C(7) 89.2(4) Co-C(8)~-N(6) 174.1(9)



Table IV (Continued)

N(1)-Co-C(8)
N(2)~Co-N(3)
N(2)~Co-N(4)
N(2)-Co-C(7)
N(2)-Co-C(8)
N(3)=-Co-N(4)
N(3)=-Co=-C(7)
N(3)-Co-C(8)
N(4)-Co-C(7)

89,
84.

172

90

2(4)
5(4)

6(4)
91.
89.
88.

8(4)
6(4)
1(4)

c7(4)
Ol.
87.

o(4)
3(4)

N(1)=-C(1)-C(2)
N(2)=-C(2)~C(1)
N(2)=C(3)~C(4)
N(3)~-C(4)=~C(3)
N(3)=-C(5)-C(6)
N(4)=-C(6)-C(5)
C(2)-N(2)-C(3)
C(4)-N(3)-C(5)

111.3(9)
105.9(8)
111.4(8)
110.2(9)
108.3(10)
109.1(9)
116.8(8)
114.5(10)




Table V. Significant non-bonded distances in trans-(CN)2
II1 a

trien Co

€10,

15

C(7)-H(BC3)
C(7)-H(ACH)
c(8)-0(2)
c(8)-0(3)
N(4)-0(3)
0(1)-H(AC5)"
0(4)-H(BC1)"

2.870(10)
2.884(10)
2.694(13)
3.601(13)
3.034(12)
2.34(1)

2.49(1)

a Primed atoms indicate atoms in another molecule.
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Table VI. Observed and calculated structure factors
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Table VI. (Continued)
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Figure 1.

A formula unit of trans-cyano triethylenetetramine cobalt(III)
perchlorate

8T



The cyanide groups are within a degree of being per-
pendicular to the nitrogens of the trien ligand (Table IV),
and the variations from an ideal octahedral configuration
displayed »y the N-Co-N angles appear to simply reflsct the
restrictions imposed by the quadradentate ligand (Figurc 2).
This trien ligand coordinated to cobalt in a ¢is configura-
tion hAas been investigated by l'reemen and Muxwell,19 and
Dwyler and Maxwell;ao their results have been used as lhe
vasis of many of the comparisons which follow.

The N(1)-Co-N(2) and N(3)-Co-N(4) angles of 88.0
and 88.1° are reasonable and consistent with similar results
ottained in other investigations of the trien ligand. A
slight compression of the Co-K(2)-C(3)-C(4)-N(3) ring due
to the equatorial coordination of the ligand adeguately

explains the somewhat small value of 84.5° for the

expected to produce an increuse ia the N(L)=Co-N(4) ungle
compared to the nominal 90°, and the 99° angle found is
quitc reasonable. A similar result was obtained during
the investigation of a cobzlt compound containing a nomo-
logous ligand.21 The bond angles within the trien
ligand, with the exception of the C-N-C angles, do not
differ from the expected tetrahedral angles by more than
three starndard deviations. In addition, they fall within

two standnrd deviations ol the ranee of vialues ol 108,47
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Figure 2. Bond distances and angles within the trien ligand
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to 112.3° for Co-N-C tonds, and of 105.2° to 111.4° for
N-C-C bonds reported by other investigators of this ligand.
The C-N-C bond angles of 116.8° and 114.6° are also
reasonable in view of the fact that the Co-N-C angles

are, on the average, somewhat less than tetrahedral. These
C-N-C angles also agree wifhin three standard deviations
with other results obtained in investigations of this
ligand.

The bond distunces within the trien ligund range from
1.92 to 2.00 A for Co-N bonds, from l.44 to 1.51 A for
N-C bends, and from 1.53 to 1.55 K for C-C bonds, with
average values of 1.96, 1.48, and 1.54 K, respectively.
These distances ir no instance differ significantly from
previously reported values for other compounds involving
the trien ligand coordinated to cobalt.

The four trien nitregens and the cobalt atom all fall
within 0.01 K of the least squares plane. The three five-
membered rings formed by the quadradentate ligand and the
cobalt atom are not planar, however, as the carbon atoms
are located above and below the N-~-Co-N planes. Nonetheless,
a1l of the atoms in the trien ligand fall within 0.37 A
of a least squares plane.

As has been described above, the coordination of the
cyanide groups to the cobalt is clearly through the carbon.

o
The Co-C average bond distance of 1.90 A is in good



agreement with previously published values. The average
C-N distance of 1.17 K also agrees quite well with the
range of previously reported values, 1.15 tc 1.18 X. 2,22-24
The fact that no part of the chain N(6)-C(8)-Co-C(7)-N(5)

is linear, with bond angles of N(6)-C(8)-Co, C(8)-Co-C(7),
and Co=-C(7)-N(5) of 174.1, 177.9, and 173.7°, respectively,
is somewhat unusuazl but not surprising. Surry and

Hunolman2 have alreuady observed such u phenomenon. Much

of this cun be attributed to steric effects both insli:ile

the moiety and between moieties (Figure %). Significant
non-bonded distances are gilven in Table V.

The Cl1l-0O bord distances in the perchlorate group
average 1l.42 Z and the angles average 109.5°. The
relatively large thermsl parameters, possibly due to spatisl
as well as temporal disorder probably account for the large
individual deviations from the average valuces. lowever,
these average valnes agree reasonably well witha previously

published values for this anion.gl

A weal hydrogen bond

(o]
is possible between N(4) and 0(3), which are 3.03 A apart.
Such a hydrogen bond would help stabilize the perchlorate

group.



Figure 3.

Unit cell showing packing of trans-cyano triethylenetetramine
cobalt(III) perchlorate
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THE STRUCTURE OF POTASSIUM
ANTIMONY(III) PENTACHLORIDE

Introduction
Structural investigations of antimony halide complexes
have been actively pursued in this laboratory during
recent years, beginning with the work of Lawton and
Jacobson.25 The structures of species containing antimony-
(III) are of particular interest because of questions
concerning the stereochemical role of the lone pair of

electrons.

Only a very few antimony(III) chloride structures

have been reported in the literature. ©SbCl, exhibits a

3
trigonal pyramid structure with antimony at the apex,26

while in (NH4)2Sb015 the chlorine atoms are arranged in a

square pyramidal coordination geometry around the

antimony.27 In [C NH][SbIIICl4], the halogen configu-

55
ration around the antimony can be described as tetragonally

distorted octahedral with two of the equitorial atoms

removed,28

and Sb0165— forms perfect octahedra in Co(NH3)6
SbC1, .=

Because of the relatively poor determination (R = 0.24)
of the structure of (NH4)2SbCl5 and because of the seeming
variety of structural geometries possible for antimony (III),

it was decided to undertake 4 structure determination of

KgstlSu
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Experimental

A sample of KéSbCl5 was kindly supplied by Dr. Donald
Macalady, who prepared the compound in the following
manner: Two solutions, one of SbCl3 in 3N HCl and one of
KCl in 3N HC1l, were combined so that the molar ratio of
potassium to antimony in the resulting solution was 5:7.
This solution was allowed to stand, and crystals formed
by slow evaporation. Microscopic examination revealed
many different crystal morphologies. Thin plates appeared
to be the basic unit of all these morphologies, however.

A crystal was cut from one of these plates and mounted
on the end of a glass fiber with Duco cement thinned with
amyl acetate. Preliminary Weissenberg and precession
photographs exhibited 2/m Laue symmetry, indicating a
monoclinic space group. The following systematic absences
were observed: hO{ when 4 = 2n + 1, and OkO when k = 2n + 1.
These absences are only consistent with the space group
P21/c° The unit cell parameters at 25°C are
a = 8.8686 + 0.,0007, b = 12.4577 + 0.0013, ¢ = 8.9280 +
0.0013 Z and B = 110.512 + 0.011°. These parameters and
their standard deviations were obtained by a least squares
fit8 to the 26 values of sixteen independent reflections
whose centers were determined by left-right, top-bottom
beam splitting on a previously aligned four-circle dif-

fractometer (MoKa radiation, A = 0.71069 K). A calculated
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density of 2.711 g/cc for four molecules per unit cell
agrees quite well with an observed density of 2.72 +
0.01 g/cc, determined by flotation techniques.

For data collection the crystal described above,
measuring approximately 0.2 mm along each of the crystal
axes, was mounted so that the ¢ axis coincided with the
# axis of the diffractometer. Data were collected at
room temperature using an automated four-circle diffrac-
tometer designed and built in the Ames Laboratory. The
upper full circle was purchased from STOE and is equipped
with encoders (Baldwin Optical) and drive motors. The
design of the base allows the encoders to be directly
connected to the main 6 and 2 shafts, using solid and
hollow shaft encoders, respectively. The diffractometer
is interfaced to a PDP-15 computer in a real time mode
and is equipped with a scintillation ccunter. Zirconium-
filtered MoKa radiation was used for the data collection.
A scan rate of 0.1l second per step of 0.01° in © was
employed with a variable scan range of 35 steps plus 1
step per degree theta. Stationary-crystal, stationary-
counter background counts of a quarter of the scan time
were taken at the beginning and end of each scan.

Before the scan was made a peak height measurement was
used to determine if the reflection was observed. To be

scanned, the reflection had to exceed the background by
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more than six counts. If the reflection met this
criterion, the w setting was then adjusted slightly, if
necessary, to maximize the peak height. Within a two-
theta sphere of 50° (sin6/A = 0.595 A™%), all data in the
hkt and hk £ octants were measured in this manner, using
a take-off angle of 4.5°., Of the 1750 reflections ex-
amined, 1614 met the peak height criterion and were
scanned.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were remea-
sured every twenty-five reflections. These reflections
did not vary to any significant degree during the entire
period of data collection.

The intensity data were corrected for Lorentz-
polarization effects and for effects due to absorption. An
absorption correction was made using the Tompa-Alcock
absorption correction programao’51 using a linear absorp-
tion coefficient of p = 52.28 cn™l. The maximum and mini-
mum transmission factors were 43.95% and 35.98%, respectively.

The estimated error in each intensity was calculated by

0'2= C

2
T )

¥ 2CB + (0.03 CT

2 .2
+ (0.03 C)° T.°,

+ (0.03 cB)2

where CT’ CB, CI’ and Ta are the total count, the
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background count, the net count, and the brunsmission
factor, respectively, and the lactor 0.05 represents an
estimate of norstatistical errors. The estimated deviu-
tions in the structure factors were cualculated by the
finite difference method. ® Of the 1614 independent

reflections, 1543 were considered observed (> 2.00 F).

Solution and Refinement
The position of the antimony atom was obtained from
analysis of a sharpened three-dimensional Patterson

. 11 .- o -
function. The remaining atoms were found by successive

structure factor12 and electron density map calculations.Ler
These atomic positions were refined by a full matrix least
squares procedure,12 minimizing the function ?w(‘Fo[—chl)a,
where w = l/GFe, to a conventionul discrepuncy factor of

R = 0.169. The scattering factors used were those of

i5

Hanson et al., modified for the real and imaginary

parts of anomalous dispersion.l6

An electron density difference map verified that all
the atoms had been accounted for, but indicated that some
anisotropic motion, particularly of the antimony, was
present. Accordingly, anisotropic refinement was begun
and after four cycles of refinement, values ol i and

wR of 0,054 und 0.078, respectively, werc obluined.
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A final electron density difference map showed no
peaks greater than 0.9 e/KB. A final statistical analysis
ol JKE, where A = (I '] 4 F| ), as a function of the
scauttering anple and mugnitude of Fo reveuled no unusuul
trends und supgests that the relative weighting scheme used
is a reasonable one.

The final positional and thermal parameters are listed
in Table VII. The standard deviations were calculated from
the inverse matrix of the final least squares cycle.

Bond lengths, bond angles, and significant non-bonded
dist:mceslr7 are listed in Table VIII. The final values
ol the observed uand calculatced structure fuctors are

listed in 'Table IX.

Description and Discussion

The configuration of Sb015= in K2SbCl5 is essentially

that of a square pyramid wnich has been distorted by

interionic and packing forces. The inversion-related

anions are packed approximately base to base, as depicted

in Figure 4.18 The axial antimony-chlorine bond length

(o]
is 2.385 A, in goo

o fu

agreement with the axial distance in
=]

0o
i
o/
'—l
o

(NI, ),85C1; (236 4),%7 the shorter distance (2.3

in[CsnsNH]beIIICl4J,28 and only slightly longer than the
206

9
distiance (2.3%2 A) in SbCl

N
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Table 7II. Final atonic coordinates and shermal parameters (x 1C7) for Kgbbdls

Atom x y z Bin Pon Bsy By Biy Poy
Sb 0.1835(1) =-0.0068(1)  0.2025(1) 75(1) 42(1) 80(1) -2(.4) 20{(.8) =3(.4)

)
Cl(1)  0.2424(3) 0.0959(2) ©.0510(3) 141(4) 55(2) 98(3) -3(2) 47(3) 3(2)
Cl(zZ) =0.0097(3) 0.1519(2) 0.2073(3)} 90(3) 51(2) 160(4) o(2) 47(3) 2(2)
C1(3)  0.4157(3) =~0.1400(2) C.2121(3) 143(4) 68(2) 115(4) 35(2) 41(3) .8(2)
Cl(4) ©C.2885(3) 0.1137(2) 0.3563(2%) 89(3) 61(2) 99(3) -17(2) 26(3) =9(2)
CL(5)  0.1706(3) =-0.0770(2) 0.4511(3) 11&8(4) 67(2) 100(3) -11{2) 40(3) 156(2)
K(1) 0.1853(3)  0.1746(2)  9.5925(3) 135(3) 56(1) 112(3) 2(2) 52(3) -1(2)
K(2) 0.3742(3) -=0.1285(2)  0.8452(3) 106(3) 94(2) 129(4) 5(2) 43(3) =-24(2)

a , . . . <
anisotropic thermal parameters asre defined by:

T = exp (b, + kB + 42%55 b hEB , + DUByx + KEBLg)



Table VIII.

non-bonded distarces in Kzst15a

Bond lengths, bond angles, and significant

Sb-C1(1)
So0-C1(3)
Sb-C1(5)

C1(4)-3b-C1(1)
C1(4)=-5b=C1(3)
CL(1)-8b=C1(2)
CL(5)=-5b=-C1(5)

2.799(2)
2.622(2)

2.509(2)

81.92(7)
87.06(8)
28.50(7)
92.19(3)

C1(1)-Sb-C1(5) 169.69(&)

Sb-8b !
ClL(1)-Sv!
C1(2)~C1(5);
CL(1)-K(1)4434
Cl(2)—K(2)iii
C1(2)-K(1),,
CL(2)=K(L)

5.932(1)
3.701(2)
3.768(3)
3.187(3)
3.168(3)
3.147(3)
5.289(3)

Sb-C1(2)
Sb-C1(4)

C1(4)-Sb-Cl(2)
Cl(4)-5b=-C1(5)
CL(2)=-sb-C1(5)
C1(3)-3b-C1(1)
C1(2)-Sb-C1(3)

Sb-C1(2)"
c1(1)-c1(2)"
C1(1)-C1(3);;
CL(1)~K(2)545
CL(1)-K(1),,
C1(3)-K(2),,
CL(4)-K(1)

2.625(2)
2.385(2)

83.54(8)
87.77(8)
90.43%(8)
§7.22(8)
170.13(8)

3.881(3)
3.699(3)
3.832(4)
3.290(3)
3.247(3)
3.190(4)
3.317(3)

a . . .
Frimed atoms are those related by the center of

inversion, as in Figure 4.

referred to are:

Yy, 2-1;

Other symmetry operations
(i) _X, VZ'*':)’, “Z; (ii) X

(iii) =, ¥~-y, z-1; (iv) x, -k-y, z-1; (vs 1-x, -y, -z.
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Table IX. Observed and calculated structure factors
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Figure 4. Two inversion-related SbCl5 anions
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The antimony-chlorine bond distances in the base are
all considerably longer than the axial distance. Two of
these distances ure almost identical (2.€22, 2.625 K) and
involve chlorines tiuns to each other. The other pair of
chlorines form bonds of 2.799 and 2.509 K length, with an
average of 2.654 A. In (NH4)HSb015 all buszl antimony-
chlorine bonds were found to be essentially of equal
length (2.62 A average) while in [CSH5NH][Sb014] the
corresponding bond length for chlorines trans to one
another is 2.63 K.

In the present study, the lengthening of the Sb-Cl(1)
distance to 2.799 K appears to be due to electrostatic
repulsions and packing effects, as it is this chlorine
that is involved in the closest non-bounded ccntacts; sig-
nificant non-borded distances are given in Table VIII. An
antimony atom is only 3%.7CL K from CL(1l), whereas the sum
of the van der Waal's radii is 4.0 2. Also, the shortest
chlorine-chlorine distance found, 3.699 K, is between this
chlorine and Cl(2)'. Both these distances would become
significantly shorter if the Sb-Cl(l) bond were shortened.
Thus, it can be inferred that this bond can be readily
distorted if more efficient packing of the ions results.
The shortening of the Sb-Cl(5) bond appears tc be a truns

ef’fect in response to the lengtbening of the 3b-Cl(1l) bond.



The observed bond lengths of the basal antimony-
chlorine bonds described above are consistent with charac-
terizing the antimony bonding orbitals as being composed
primarily of p-orbitals as in the three-center four-
electron bonding scheme described by Porter and Jaoobson.52
The lone pair appears to have a comparatively small stereo-
chiemical effect. [his is supported by the relatively short
antimony-uantimony distunce ol 5.932 K, where localized
lone pairs, if present, would huve to be directed toward
one another. Distortions of the Cl-0b-Cl bond angles from
the expected 90° (cf. Table VII1) can be explained ty intfer-
lonic repulsions between inversion-related complexes.

The arrangement of the Sb015= complexes in the unit
cell is such that the chlorine atoms approximate a closest
packed arrangement in the bc plane, as is evident in
Figure 5, with the shortest chlorine-chlorine distances
approximating the sum of the van der Waal's radii. None
of the potassium ions lie between these plares, but rather
are located among the Sb015= ions in the planes. The

(o]
shortest potassium-chlorine distance is 3.147 A,



Figure 5.

Packing diagram of

9¢
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ATLOP: A PROGRAMMED, SEMI-AUTOMATIC VERSION
OF THE PSEUDO HEAVY ATOM TECHNIQUE

Introduction

The increasing availability of high speed digital
computers has enabled the crystallographer to make much
more frequent use of mathematical techniques which pre-
viously were extremely time consuming. This fact has
greatly enhanced the development and usage of direct methods,
which recently have evolved to such an extent as to permit
semi-automatic solution of crystal structures. In con-
trast, such indirect methods as Patterson superposition
techniques have been employed more and more infrequently
in recent times. Despite their great power, these latter
methods require a great deal of human intervention and are
somewhat tedious to perform. Cleurly, what is required is
a series of programs which would enable one to solve a
structure using superposition techniques but requiring
a minimum of human intervention.

This series of programs probably would have greatest
applicability to, and thus should be specifically designed
to solve, the pseudo heavy atom problem, in which the
"heavy" atom does not contribute enough to the phasing to
make heavy atom methods feasible. This problem occurs

with compounds in which there are many light atoms and but
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Tfew heavy atoms, such as transition metal complexes or
heavy atom derivatives of organic compounds.

In what follows, the essential features of this series
of programs are detailed. The techniques employed naturally
divide into two categories: (1) preparation of a Patterson
map suitable for evaluation, and (2) utilization of this

map to solve the structure.

Map Preparation

11 is created on either

14

A shuarpened Patterson mup
tape or disk by the program ALRFEK or any other similar
fourier series program. However, in this form the map is
somewhat cumbersome to analyze. Hence, the program ALPP
(Ames Laboratory Peak Picker) finds and outputs the heights
and positions of all the peaks above a certain limit on the
Pattersor map. ALPP is divided into four subprocedures,
the function of which is described below, and a main pro-
cedure, which controls the order of execution of the sub-
procedures. The program listing for ALPP is given in
Appendix A.

Input to the first subprocedure, SETUP, consists
of the size of the map and the minimum height of a
peak which should be recognized. This subprocedure then
reads and rewrites the map by layers, setting all points

less than the minimum 1limit equal to zero.
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The secornd subprocedure, LAYERS, reads these map
layers and outputs layers with all non-peak grid points
negated. The essence of this subprocedure is the subroutine
PICKER, which is flowcharted in Figure €. PICKER analyzes
a line of the map point by point. The absolute value of
each point is compured with thut of the point before it.
The lesser of the two 1s neguted. LAYERS culls IPICKER
for each row and euch column oif the layer, and then com-
pares points located diagonally to each point, negating
those with smaller absolute values.

The next subprocedure, NTRLAY, compares the absolute
value of a peak with those of the nine peaks adjacent to
it in the next layer, again negating the smaller values.
The only positive grid points which now remain are those
of peaks. Next, these peak locations and heights are output
and tue modified muy is printvted, if desired for debugping
purposes.

The final subprocedure, PKSORT, is a modified PL/I
translation of WYSTSRT. PXSORT sorts the peaks in order
of decreasing height and outputs the ordered peaks.

The entire program runs in less core and requires
somewhat less execution time than does ALFF. Thus, it 1s

feasible to run the two programs back to back as one job.
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PICKER:
{A ~—— |LINE {IACR-1)
1B ——— |ACR-!

PK "B
! 0
MK ‘0'B

1
SGD:

LIK |LINE (1)

LINE (IB)—-IA

| —— 4

FLS: :
| =—— 0 Y NO yes | NDL:

MK——"1'B RETURN

NO

Figure 6. Flowchart of subroutine PICKER
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Solution of the Structure

The main program of the series is ALOP (Ames Labora-
tory Origin Picker), and the program listing is given in
Appendix B. ALOP is divided into a main procedure and
seven subprocedures.

The main procedure reads in the size of the map, the
number of peaks produced by ALPP, and the symmetry oper-
ations of the space group under consideration. These are
in the form: PyX + Qs pyy + qy’ P,z + q,, where Py py,
p, = 1 or -1 and q, Ays 9y = O or %. Thus one can re-
present an equivalent position produced by: an inversion,
a two-fold axis, a two-fold screw axis, a mirror plane
in one of the three crystal directions or an a-, b-, or
c-glide plane. Any of the triclinic, monoclinic, or
orthorhombic space groups can be represented by these
five symmetry operations (except Fdd2 or Fddd). In addi-
tion, any of the other 230 crystallographic space groups

can be converted into a space group which only uses these

operations, although some loss of symmetry generally

occurse.

produced by ALPP for a suitable heavy atom peak. This
peak must be among the largest 20% of the peaks. In
addition, if any of its coordinates, u, v, w, is equal to
O or % of the unit cell, then it must be at least twice

as large as the largest peak which has no one of u, v, w
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equal to O or %. These criteria assure that the heavy atom
peak chosen is not solely a Harker vector, but allow the
choice of a heavy atom which has O or % as one of its
three coordinates, such as the antimony atom in K28b015.
When PART1 finds a sultable heavy atom peak, it
prints its coordinates, Ups Vs Wy and uses it as the
shift vector of an in-core algebraic superposition. For
a peak u, v, w, to be retained, there must also be a
peak at u' = u + Up v' = v + Vi w' = w + Wo in the list
of peaks produced by ALPP. In practice, since ALPP only
determines the maximum grid point, and not the center,
of each peak, these requirements are somewhat too stringent
and thus u'y, v'y, w' is permitted to be off by one grid
point in each direction. The values of u'y, v', w' thus
found are output for subsequent use.
PARTZ? assumes that the peaks produced by PART1 repre-
sent an electron density map of the compound, with its

origin shifted to tx, t tz, i.e., the following relations

y’
hold: U, = x; o+ tx’ Vi = ¥; ¢t ty, We = 2Z; + tz, where

. are the coordinates of the peak in electron

K. Teog 2
i? Jl’ i

density space. When the symmetry operations defined above
are applied to a peak at x, y, z they produce an equi-
valent peak at P.X + Q. pyy + qy, P,z + Q. Thus for

every peak at u = x + t vV=y+t ,w=2+ tz there is

x? y
s t r _
an equivalent peak at u' = DX *+ tx t Q. V' = pyy + ty
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+ qy, w' = P,z + tz + Q. In Table X the results of

subtracting and adding u, v, w and u', v', w' are given

for all permutations of Pys P The asterisked (*)

g Py

sums determine values of tx’ t and tz. PART2 and PART?

y’

accumulate all possible values of tx’ t_, and tz for the

y
symmetry operations, as shown in Table XI. PART3 and PART4

write these values, along with the frequency of occurrence
of each, on file SORTIN for future use. If any one of

tx’ t tz is not determined, as is the case with all but

y3
inversion symmetry, it is set equal to -1. In addition

to writing out the exact values of tx’ t and tz, those

ya
which are as much as one grid point off in each direction

are also written out. Tables X and XI also demonstrate

that values of tx’ t tz determined by two-folds, screws,

y’
mirrors, and glides have to meet criteria before they
are acceptable, whereas inversions do not. Therefore, a
greater weight is placed on these former values.

At this point, the following items may be present
y? x?° ty§ tya Z;
tx, tz doubles; or tx, tv, or %, singles. These are

<

t

on file SORTIN: tx, t or

tz triples; ©
sorted by the IBM procedure IHESRTA within their different
types in order of decreasing frequency of occurrence.
PARTS reads and stores 1/64 of the triples, 1/16 of the
doubles, and 1/4 of the singles, all of which have the

largest frequencies. These singles, doubles, and triples



Table X. Relationships used in determining tx’ ty, tz
Quantity u v w
U A =x + tx B=y + ty C=12z + tz
UO A + Ay B + qy C + q,
Us 2A + Ay 2B + qy 2C + Q,
UO Ay qy e
Ul -X + tx + Q. B + qy C + q,
Ul 2tx + Qy 2B + qy 2C + q,
Ul U -2 + qQ, qy qa,
U2 A+ Ay -y + ty + qy C + q,
U, 2A + Qe 2ty + qy 2C + q,
Us Ay -2y + 4y q,
U5 -X + tx + dy -y + ty + qy C + q,

*
U5 U 2tx +q, 2ty +qy 2C + q,
U3 U -2X + q, =2y + qy q,
U, A+ g B + g -z + %, +q
Uy 2A + Ay 2B + qy 2tz +q,
Uy Ay iy -2z + q,
U5 —X+tx+qx B+q.y —z+tz+q
U5 2tx + Qy 2B + qy 2tz +q,
U5 -2X + Q. qy -2z + q,



Table X. (Continued)
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Quantity u v w
U6 A + qy -y + ty + qy -Z + tz +q,
U6 + U 2A + Q, * 2ty + qy 2tz +q,
U6 - qy 2y + qy 2z + q,
-X + tx +q, -y + t_ + qy -Z + tz +q,
*

+ U 2tx + g, * Zty *+q 2tz +q,

U7 - U 2x + Qe 2y + qy 2z + 5,




Table XI. Restrictions placed on the determination of t t

tz by
the type of symmetry element

y,

Type of symmetry element Determines Restrictions

Plane perpendicular to x tx vV =V = qy, w, =W =g,
Plane perpendicular to y ty Uy = U = Qy Wy =W =4,
Plane perpendicular to z tz Uy = W =Quy Vy =V = qy
Axis in x ty, tz Ug = u = q

Axis in y tx, tz v5 -V = qy

Axis in z tx’ ty Wy = W = q,

Inversion t t t None

y? "z

St
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are then merged with each other as described in Table
XII, with a latitude of one grid point allowed in each
direction. Thus, if a single in tX equals the tx of a

t t_. double or is off by one grid point, then the fre-

<?
quenc? of the tx’ ty double is increased by the frequency
of the single. A record is kept of each such merge.

This record is used in PART6, where all of the possible
mergings for each symmetry element present are computed.
Consider, as an example, the space group P2l/c which has

an inversion producing a triple tx, t tz, a two-fold

’
screw axis producing a double in tx’ Zz and a c-glide
producing a single in ty. PARTS5 should have merged a
single in ty and a double in tx, tz with each triple and
left a record of having done so. The values of the triples
which were not suitably merged are eliminated, and the
tripie remaining with the highest frequency of occurrence
is then output for use in PARTY.

Sometimes, however, a space group may not have an
inversion. If it has three two-fold or screw axes, these

will produce three doubles: t t

xl “yl° tx2 tz2’ tyB tz5°
In the cases where txl = tx2’ tyl = ty3, and tz2 = tZB’
a triple is created with a frequency equal to the sum of
the frequencies of the three doubles. The highest such
triple is then taken as the origin. If any one of tx,

ty, or tz is not determined by the above procedures, it
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Table XII. Merging of singles and doubles into doubles
and triples

Single or double Double or triple merged into
b by by By Bas by B0 5,
ty tx ty, ty tz, tx ty tz
t, by by by by, By b b,
ty by by by By Bye by b 6,
b t, by tys Ty Ty by to b,
t_t t,. t t,. t t, t_ t
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is set to zero, as the origin may have any value in that
direction.

PART7 computes the electron density space coordinates
of all the peaks found in PART1 by using the equations:
X; = uy - tx, y; = V5 - ty, Z2; =W - tz. For each peak,
this procedure then attempts to find the symmetry equi-
valent peaks. If at least half of the equivalent peaks
are present, a peak is output with the appropriate frac-
tional coordinates.

ATOP uses less than 32K words of main core storage

and runs in less than five minutes of CPU time for a 32

X 32 x 32 map with less than 500 peaks input from ALPP.

Results

The programs ALPP and ALOP were tried on two differ-
ent problems and the technique was successful in both cases.
In the first case, the structure of D-(1,5)-glucono lactone
(space group P2l2l2l)33 was "chlorinated" by substituting
chlorines for two of the hydrogens, yielding a molecule
with two chlorines, six oxygens, and six carbons. The

2

. . 2
heavy atom ratio for thi as y2. n s on
3 0 o for this compound was “Zneavy /?(legnt)

= 0,963, All of the non-hydrogen atoms were used in a
structure factor calculation and a sharpened Patterson
map was computed from these structure factors. ALPP

found 502 off-origin peaks in this map with heights rang-
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ing from 13 to 2%34. A heavy atom peak, which proved to

be an oxygen-chlorine vector, was found at u = 30, v = 26,
w = 3 with a height of 99 on the 32 x 32 x 32 map. In-core
superposition retained 187 peaks with a minimum height of
23. This is a good demonstration of how the superposition
process tends to eliminate spurious peaks. Multiple
merging produced eleven possible origins, of which the

one with the highest frequency of occurrence was tx = 14,
ty = 13, tz = 1l2. When this value was used as an origin,
323 symmetry independent peaks were retained. Subsequent
least square refinement of the positional parameters and
atom multipliers of these 33 positions through twelve
least squares cycles resulted in a conventional discrep-

ancy factor of R = 0.206. The scattering factor curve for

this and the subsequent test case is defined by:

N N N
f. = v f../ v 2.
i < ’
g=t - g=1 Y
where f.. is the normal scattering factor for the j# atom

1J
over a range of sine/k,15 Zj is the atomic number of the

jt atom, and the sum is over all the atoms in the unit
cell.

The second test case was that of K28b015 which crys-
tallizes in space group P2l/c with four eight-atom moieties
prer unit cell. The heavy atoﬁ ratio for this compound 1is

1.200. ALPP found 258 off-origin peaks on the sharpened
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Patterson map, ranging in height from 17 to 508. A heavy
atom peak, which was produced by an antimony-antimony
vector, was found at u = 20, v = 16, w = 3 with a height
of 282 on the 32 x 32 x 32 map. In-core superposition
retained 112 peaks. The origin with the highest frequency
of occurrence was at t = 10, ty =0, 5, = 9, and its use
yielded 20 symmetry independent peaks. Sixteen cycles of
full matrix least squares refinement of the positional
parameters and atom multipliers of these positions led to
the removal of eleven of them as their atom multipliers
dropped to less than 0.40. The remaining nine positions

refined to yield a conventional discrepancy factor of

R = 0.240.
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PSST: A COMBINATION OF PATTERSON SUPERPOSITION
AND SIGMA-2 TECHNIQUES FOR PHASE DETERMINATION

Introduction
At present there are two methods commonly used for
solving structures of moderate complexity. Direct methods,

such as those using the T relation,54

are primarily recip-
rocal space methods, while methods based on the deconvolu-

tion of the Patterson function (for a detailed bibliography
see Buergeras) are primarily real space methods.

There is a certain parallelism between these two
methods and both have their advantages and disadvantages.
Both involve some initial choices which can greatly influ-
ence the success of the method. The 22 relation can be
readily programmed and many automatic or semi-automatic
procedures have been developed based on this relation.
However, 1t is usually difficult to make use of known
structural information in this approach. Furthermore,
if no reasonaple structure is produced, the investigator
has little recourse but to modify his choice of origin-
determining reflections or to closely examine those phases
selected at the early and most critial part of this phase
determination procedure. With Patterson methods, on the
other hand, there are usually a greater number of options

initially available corresponding to differing modes of
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selection of peaks for superposition. Also, known struc-
tural information can be more readily introduced, since a
real space representation is being employed. For complex
structures, however, large numbers of superpositions are
generally required and severe degradation of the struc-
tural image can result due to the accumulation of errors
in the atom position selections.

The advent of the fast [ourier transform technigue
and its application to crystallography56 allows rapid
real space - reciprocal space conversions. Thus, it is
appropriate to consider whether a hybrid direct method -
Patterson method approach having greater power than either
method alone can be developed. It is Jjust such a hybrid

that is described here.

Theoretical Basis of the Method

In direct methods employing the 22 relation, one
starts with E's of large magnitude so that phases will be
determined with reasonably high probabilities. Due to the
fact that the initial contributors are few in number, erro-
neous phase indications may still result which then propagate
in the phase determination procedure. Consider the map
produced by a Fourier transform using as non-zero coeffi-
cients only those reflections input into the 22 relation
(henceforth this map will be referred to as the 5 map).

For the phase determination procedure to be successful, it



54

is necessary that the square of this Zz—map better resemble
the true electron density function than does the Z,-map
itself. If so, the phases of the transformed coefficients
with larger magnitudes should be good approximations to
the phases of the corresponding large |E|'s.

Since the initial set of E's is very small in number,
possibly only the three origin-determining reflections,
it is the characteristics of the 22-map which should be
closely examined. First, if large |E|'s are used, there
is a high probability that atoms will lie on, or at least
near, some of the maxima occurring on this map. Second,
there willl be a large number of extraneous maxima on the
square of the§32-map —- a number far exceeding the number
of atoms in the cell. The first is an asset and the second
a liability for successful phase determination. These
gxtraneous peaks come from either maxima or minima on the
Zg-map. It is the presence of these extra peaks that
greatly inhibits the production of additional phase infor-

mation.,.

One would like to modify the square of the & _,-map so

2
that it better resembles the electron density function.

An obvious such modification is to eliminate all negative
regions (or possibly regions less than a certain lower
bound) by setting these regions equal to zero before squar-

ing. Indeed, this technique has been applied by Barrett



55

and Zwick57 to some extent in the extension and refinement
of crystallographic protein phases.

In the initial application of theiZ2 relation, there
are so few phased E's that even with the modification des-
cribed above, there are large positive regions in many
areas of the map which do not correspond to atomic loca-
tions. However, the Patterson function contains images
of the structure with each atom in turn at~the origin.
Therefore, if an atomic position can be selected on the
%-map, a superposition of the appropriately scaled
Patterson map on this position should produce a map with
considerably fewer extraneous peaks and with much better
resemblance to the electron density function. If such a
map is then squared to emphasize the higher peaks and
transformed, better and more extensive phase information
will result. Once a sufficiently large set of phased
Z's has been obtained, the remaining |E|'s can be efficient-
ly phased by normal application of phase extension and

refinement techniques of theZ > type.

Application of the Method

Centric case

The compound B -picoline-N-oxide fumaric acid adduct38
was chosen as a centrosymmetric test case. We felt this
would be a good test case as the structure had previously

been solved only with difficulty by use of a roving model --
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vector verification technique after usual superposition and
symbolic addition procedures had not proved successful.

This adduct crystallizes in the space group P21/c
with a = 3.888, b = 14.104, ¢ = 14.666 A and B = 98.85°.
There are two adducts of formula C16H18N2012 per unit cell,
i.e., the adduct has a center of symmetry. Values of | =l
were computed in the ordinary way and there were 270 2l 's
greater than 1.0. The three selected origin-determining
reflections are given in Table XIII. These three, along
with the symmetry-related reflections, were used in a ?2-map
calculation (32 x 32 x 32 grid points). Some typical
sections of this map are shown in Figure 7.

The positions of the five highest peaks on this map
were noted and in each case checked by examining the
Patterson for the presence of vectors between symmetry-
related atoms. In each case, such vectors were found
and indeed these peaks fell approximately (within 0.5 K)
at the positions of four carbons and a nitrogen in the
structure.

All of the negative regions in the 22—map were then
set equal to zero and five independent superpositions were
carried out by placing the origin of the Patterson at each
of the five peak positions and the symmetry-related points.
A sharpened Patterson function was used and the minimum

procedure employed.59 The scale of the Patterson was
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Table XIII. Origin-determining reflections for the centric
test case (B-picoline-N-oxide fumaric acid
adduct)

h k 1 | B Sign
1 0 2 4,17 +
5 1 3 2.53 -
1 14 -5 2.14 +




58

Figure 7a. Composite of layers 3.4,5 of a I 5=-map for
B-picoline—N-oxide fumaric acid adduct.
—— contoured at 40 and 80. -—--- contoured
at -40 and -80. Atom positions indicated by X.
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adjusted so that the value of the highest off-origin peak
on the Patterson map was approximately equal to the value
of the highest off-origin peak on the ¥ ,-map. Figure 8
shows some typical results using the peak corresponding to
the nitrogen atom position as the superposition point.
Each of the five maps was then squared and the resulting
transform coefficients (thl) calculated using a fast
Fourier algorithm.l4 Only the 50 reflections with the
largest values of the product |E*G| and with [E| >1.50
were kept. Some typical results are shown in Table XIV.
The signs determined for each hkl were then averagead.
(In some cases more than 80% of the 50 largest |E|'s were
signed correctly in the individual sets.) These signed
reflections were then used to compute a neW'Ea—type map,
and negative regions were set equal to zero. The trans-
ferm ¢f the sgquare of this map was used to chbtain signs
(92% of which were correct) for input at the 90% confi-
dence level into a phase extending program.4o The result-
ing complete set of 270 phases was used to compute a map
from which the positions of all the non-hydrogen atoms in
the structure were readily determined. There were no
significant spurious peaks on this map. This method has
recently been used to solve the structure of diisopropyl-
(2,3,4,5-tetraphenyl-cyciopent?—2,4-diene)-phosphate,

which crystallizes in space group PQl/c with 160 non-
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Table XIV. Representative results® obtained for a centric
test case (p-picoline-N-oxide fumaric acid

adduct)
N . 1 2| galcglatgd signs5 gﬁgzn
-2 10 4 3.25 - + + + + +
-1 11 7 3.13 - + + + +
Y 11 9 3.00 - + +
0] 12 4 2..94 + -
-1 10 12 2.80 - - - - - -
1 10 8 2.73 + - = - -
-2 4 12 2.63 + +
1l 11 7 2.55 + - - -

The absence of a calculated sign indicates that the value
of | E*G | for that reflection was smaller than the limit
used.
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Figure 8a. Results of Patterson map superimposed on the
Za-map of Figure 7 at the four nitrogen equi-
valent positions. Composite of layers 3,4,5.
contoured at 9 and 18. Atom positions
indicated by X.
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Figure 8b. Results of Patterson map superimposed on the
gg—map of Figure 7 at the four nitrogen equi-
valent positions. Layer 9. contoured at
5. No atoms in or near this section.




hydrogen atoms per c:e].l.q'l

Acentric case

The compound chosen as a test for the acentric case
was D-(1,5)-glucono lactone,55 which crystallizes in the
space group P2l2l2l with axial lengths a = 7.838, b = 12.322,
c = 7.544 E. Of the 1259 unique observed reflections, 435
have]Eﬂ greater than 1.0. Three origin-determining reflec-
tions were selected (|El = 2.39, 2.51, 2.04), two of which
were non-zonal reflections. To make the test a reasonably
severe one, no enantiomorph-selecting reflection was in-
cluded; the enantiomorph was chosen as part of the super-
position procedure.

The212-map produced from these and their symmetry-
related reflections showed more than 25 large peaks, all
of which had relative heights between 120 and 185. The
relative height of the other peaks on this map was less
than 90. However, only eight of these 25 peaks generated
appropriate Harker vectors on the Patterson. Of these
eight, four were clearly in one enantiomorph, since they
remained when the superposition point was a member of the
set.

Using these four peaks and proceeding in a manner
similar to the centric case above, the average phases of
the 30 largest |E*G!'s with |E| > 1.40 were obtained. Some

typical results for this acentric structure are given in
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Table XV. The transform of the square of the expanded
Zz—map yielded initial phases for the 50 largest |E*G|'s
with |E| > 1.40. These phased E's were then input

into a phase-extending program at the 90% confidence
level. In the resulting set of 410 phased E's, 390 were
within 40° of the published phases and their transform
readily revealed all the non-hydrogen atomic positions.

As in the centric case, there were no significant spurious

peaks on this final map.

Extensions of the Method

Since a reasonably severe test of the method was
desired, only three origin-determining reflections were
used for the initial Zz-map calculation in each case.
Other reflections, phased by either 22 or Zl relations
(and perhaps with appropriate weights), can also be includ-
ed to produce peaks of greater reliability. In the centric
case, those Xl reflections which were determined with
greater than 90% probability were included in the calcu-
lation of the Za-map. Their addition improved the phase
agreement to a small extent. The frequency check pro-
cedure42 can also be applied to the Ze—map.

It is also possible to include an additional strong
reflection in the origin-determining reflecitions, thus
producing two 22-maps in the centric case, for example.

The resulting two sets of averaged phases could then be
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Table XV. Representative results® obtained for an acentric
test case (D-(1l,5)-glucono lactone)

Calculated phases (°) Known
h k 1 |E] 1 2 3 4 phase
0 3 6 3.48 270 270 270 270 270
0 4 3 2.67 0 180 180 180 180
0 7 2 2.58 20 90 90 90
0 11 2 2.36 89 90
2 2 6 2.22 277 256 296
1 7 5 2.19 276 284 293
4 -9 -1 2,04 230 243 220 256 252
0 4 0 1.95 179 0]
3 =3 =7 1.77 179 171 182 177 197
3 4 2 l1.64 261 278 316
1 -3 -2 1.59 83 c0 81
0 1.58 179 0 0] 180
2 4 6 1.56 84 88 o1 114

a
The absence o

the limit used.

a calculated phase indicates that the
value of IE*G| for that reflection was smaller than
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handled in a similar weay as in those direct methods
programs which produce multiple solutions.

Lower bounds different from zero can be used for
modification of the resultant superposition map. Indeed,
some calculations for the centric example have shown that
use of a lower bound of 10% of the maximum peak height
results in somewhat improved agreement.

From Tables XIV and XV, it is obvious that a straight
average is a poor procedure compared to a more Jjudicious
method of averaging. Preliminary computations indicate
that in the centric case a requirement of a net of two
like signs produces a significant improvement in the
percentage of correct signs selected.

The phases are also somewhat sensitive to grid point
resolution of the maps. In the centric structure,
calculations were run using a grid of C.12 x 0.45 x
0.45 K resolution. Results improve if a resolution of
approximately 0.25 K is used in all three directions.

Squaring the resultant superposition map appears
to give the best phases compared with other powers which
could be employed. All exponents from 0.2 to 6.6 in
steps of 0.2 were examined for a typical run, with 2.0

appearing the most satisfactory.
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RESEARCH PROPOSALS

The proposals for research given below suggested
themselves during the course of the research described in
this thesis. No claim of an exhaustive literature search
for these ideas is implied, although it is the author's
belief that they are not presently under investigation.

Due to the fact that more investigators without
formal training are employing crystallography as a re-
search tool, there is a desperate need for the develop-
ment of computer programs which can make many of the
routine decisions now requiring human intervention. ALPP
eliminates, or at least makes much less tedious, the
contouring of a map, and is an example of this type of
program. Such a program should be developed to implement
the PSST method. One could write a program to implement
the heavy atom technique, which would work in conjunc-
tion with ALOP, by cycling structure factor and Fourier
series calculations, at the same time deciding whether
or not possible atomic positions should be retained.

As well as being easy for the initiate tc use, the above
programs should also permit enough intervention so that
the course of their execution can be altered by the
more experienced user.

The prime difficulties in implementing direct

methods are in choosing between various sets of phases
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produced and in discriminating spurious from real atomic
peaks. The first problem is being extensively researched
and such methods as the comparison of absolute figures

%0 the absolute

of merit and the psi zero test of MULTAN,
value of rho test reported by W. Ozbirn,45 and a plot
of psi zero vs. the absolute figure of merit as described
by Cochran and Douglas44 are all examples of possible
solutions. A promising approach to the problem of peak
discrimination should be the superposition of the Patter-
son on a likely atomic position, similar to the tech-
nique used in the PSST method. Another approach would be
the development of a program which makes use of known
interatomic vectors, such as those within a benzene ring,
to choose peaks of chemical sense. A third would be
the development of & more exact and easily used technique
for producing three~dimensional modeis. A model con-
structed of wooden spheres suspended by fine lines from
a perforated plate would satisfy these requirements.

The relative ease in determining the bonding mode
of cyanide in E;ggg-(CN)g trien cobalt (III) perchlorate
indicates that X-ray diffraction data may be sensitive
enough to distinguish between carbon and nitrogen. A
more intensive effort on the part of investigators on
this problem and perhaps even a reexamination of pub-

lished data could be initiated.
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The number of antimony (III) structures which have
been determined is exceedingly small. The investigation

ITT

of a number of different compounds of formula Mzsb X

>

(M = Na, X, Rb, Cs; X = C1, Br, I) would be of interest

in determining the influence of the M' and the X on the
configuration of the SbXE complex.

The 72—map has a much wider applicability than is
described in the PSST method. In combination with the
discriminator function45 to test possible atomic positions,
it should have great power. In addition, using the expanded
starting set of phased E's to produce a map which then

would be used in place of the ?2—map, is an extension

which has promise.
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APPENDIX A

PROGRAM LISTING OF ALPP
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READ IN THE CONTROL CARDS AND INITIALIZE THE MAP

CALL SETUP (TACR,IDWN;ILAY,IPRT,LMT,FWySP,TACS,PMIN, PMAX]} S

PICK PEAKS FROM EACH LAYER

~
#*

CALL LAYERS (TACR,IDWN, ILAY,FWySP,IACS,PMINy PMAX);

PICK PEAKS BETWEEN LAYERS AND OQUTPUT PEAKS

-, >
- and

CALL NTRLAY (IACR,IDWNyILAY,FW,SP,IACS,PMIN, PMAX,#PEAK, IPRT

/%
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