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While parts 4 and B consist mainly of rigid fused-
ring systems, different conformers of comparable ener-
gy are possible by rotation about the linking bond
C(4)-C(25). The conformation about this bond ob-
served in the crystal structure is shown in the Newman
diagram in Table 6. This is most likely determined by
the intramolecular hydrogen bond O(1)- - - H-O(5), the
interactions Br(1)- - -O(5), 3-17 A, and Br(2)- - -O(4),
3-15 A, both of which may be hydrogen bonds, and the
close approach Br(2)- - - C(26), 3-39 A. These Br-O dis-
tances and the intramolecular hydrogen bonds are
shown in Fig. 3 which is a diagram of the molecular
packing in the unit cell. There are no other bromine
distances shorter than 3-55 A, but each bromide ion is
within 4-75 A of 29 C, N and O atoms from three dif-
ferent molecular cations. The intermolecular distances
less than 4 A are listed in Table 7.

It is notable that the bromide ions occupy positions
which indicate participation in hydrogen bonding in
preference to positions which would imply pure ionic
interactions with the formally positively-charged qua-
ternary N(2) and N(3) atoms; the shortest Br—N dis-
tance is 3-55 A. The short Br(2)-C(26) distance may
be indicative of some localization of positive charge on
the carbon atom adjacent to the quaternary nitrogen
atom rather than at the nitrogen atom itself.

I thank Professor G. A. Jeffrey for constructive criti-
cism in the preparation of this report and Professor
B. M. Craven for technical advice and assistance dur-
ing the course of the work described.

Acta Cryst. (1970). B26, 1464

CONFIGURATION OF THE DIHYDROBROMIDE OF (+)-HAPLOPHYTINE

References

Cava, M. P., TALAPATRA, S. K., NoMURA, K., WEISBACH,
J. A,, DouGLas, B. & SHoop, E. C. (1963). Chem. & Ind.
p. 1242,

Cava, M. P., TALAPATRA, S. K., YATES, P., ROSENBERGER,
M., SzaBo, A. G., DouGLAs, B., RAFFAUF, R. F., SHOOP,
E. C. & WEISBACH, J. A. (1963). Chem. & Ind. p. 1875.

CRAVEN, B. M. & ZacHARrIAS, D. E. (1968). Experientia,
24, 770.

GILBERT, B. (1965). In The Alkaloids, Vol. 8, Ch. 14.
Edited by R. H. F. MANSKE. New York: Academic Press.

GILBERT, B. (1968). In The Alkaloids. Vol. 11, Ch. 9. Edited
by R. H. F. MANSKE. New York: Academic Press.

International Tables for X-ray Crystallography (1962). Vol.
III. Birmingham: Kynoch Press.

RAE, I. D., ROSENBERGER, M., SzABO, A. G., WILLISs, C. R.,
YATES, P., ZacHARIAS, D. E., JEFFREY, G. A., DOUGLAS,
B., KIRKPATRICK, J. L. & WEIsBACH, J. A. (1967). J.
Amer. Chem. Soc. 89, 3061.

RoGeRrs, E. F., SNYDER, H. R. & FiscHER, R. F. (1952).
J. Amer. Chem. Soc. 74, 1987.

SaxtoN, J. E. (1965). In The Alkaloids, Vol. 8, Ch. 18.
Edited by R. H. F. MANSKE. New York: Academic Press.

ScHNOEs, H. K., BURLINGAME, A. L. & BIEMANN, K. (1962).
Tetrahedron Letters, p. 993.

SNYDER, H. R., FISCHER, R. F., WALKER, J. F., ELs, H. E. &
NUSSBERGER, G. A. (19544). J. Amer. Chem. Soc. 76 2819.

SNYDER, H. R., FIsSCHER, R. F., WALKER, J. F., ELs, H. E. &
NUSSBERGER, G. A. (1954b). J. Amer. Chem. Soc. 76,
4601.

SNYDER, H. R., STROMAYER, H. F. & MooNEY, R. A.
(1958). J. Amer. Chem. Soc. 80, 3708.

TaYLor, W. 1. (1965). In The Alkaloids, Vol. 8, Ch. 11.
Edited by R. H. F. MANSKE. New York: Academic Press.

Structures of Ferrimagnetic Fluorides of 4BF; Type.
I. RbNiF;

By J. E. WEIDENBORNER AND A.L.BEDNOWITZ
IBM Watson Research Center, Yorktown Heights, New York U.S.A.

(Recieved 6 October 1969)

The crystal structure of RbNiF; has been determined from a least-squares refinement of three-dimen-
sional X-ray data. Intensity data were acquired with the CCXD, a computer controlled X-ray diffrac-
tometer, operating in a time shared environment on an IBM 1800 Controller System. The space group is
P63/mme. The lattice constants of the unit cell, which contains six formula units of RbNiF3, are a=
5-840+0-002 and c=14-308+0-004 A. All of the ions in this structure occupy special positions. The
nickel ions occupy two non-equivalent sites, each the center of a fluorine octahedron. Two-thirds of
the NiFs octahedra occur in face-sharing pairs to form NiFs polyhedra. The remaining NiFs octahedra
are linked to the Ni,Fy polyhedra by sharing of corners. The average Ni-F distance is 2:028 + 0-008 A.

Introduction

A great deal of attention has been directed to studies
of the interesting magnetic and optical properties of
ABF;-type ferrimagnetic fluorides with the hexagonal

BaTiO; structure. RbNiF;, an unusually transparent
material, has been one of the most extensively studied
compounds of this group, at these Laboratories and
elsewhere. Rudorff, Kandler & Babel (1962) first syn-
thesized the compound, reported it as a probable ferri-
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magnet, and published powder data indicating a struc-
ture similar to that of the hexagonal form of BaTiO;
(Burbank & Evans, 1948). A more recent paper pre-
sented data supporting the ferrimagnetic model and re-
ported on its magneto-optical properties (Shafer,
McGuire, Argyle & Fan, 1967). Low temperature
single-crystal work done at these Laboratories (Stemple
& Wnuk, 1968) confirmed the space group (P6s/mmc)
and indicated no structural change down to 30°K. In
addition to the work done on the pure compound,
McGuire & Shafer (1968) have replaced nickel in the
hexagonal structure with other magnetic and nonmag-
netic ions, to gain further insight of the magnetic struc-
ture.

A precise knowledge of the ionic positions would be
useful in making a more accurate interpretation of the
magnetic and optical properties of RbNiF; and analo-
gous substituted compounds. Because this information
has not heretofore been available, the present work
was undertaken to provide a detailed structure ana-
lysis of RbNiFs.

Experimental

Crystals of RbNiF; used in this work were prepared by
M. W. Shafer of these Laboratories, following a pro-
cedure described elsewhere in detail (Shafer, McGuire,
Argyle & Fan, 1967). Briefly, the method involves the
direct reaction of RbF and NiF,, and subsequent
growth of single crystals from a melt of the reacted
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materials by the Stockbarger technique. The lattice
constants, determined from diffractometer data, are:
a=5840+0-002 and c¢=14-308 + 0-004 A. Six formula
weights in the unit cell give a calculated density of
4742 g.cm™3; and a linear absorption coefficient for
Mo Ka radiation (A=0-7107 A) of 247-8 cm-!. An
attempt was made to grind a spherical sample from
the material in order to facilitate an absorption correc-
tion, but difficulties were experienced in obtaining a
uniform sphere. After several tries, a sample with ap-
proximately 10% variation in diameter was obtained.
This sample, with an average radius of 0-0165 cm
(#R=4-09), was used for the intensity measurements.

Preliminary orientation of the sample was accom-
plished by a series of oscillation photographs. The
crystal was then set up for intensity measurements on
the CCXD, a computer controlled X-ray diffractom-
eter (Cole, Okaya & Chambers, 1963) operating in a
time shared environment on an IBM 1800 Controller
System (Bednowitz, Ryniker & Cole, 1968). Integrated
intensities were obtained by a continuous 6-26 scan-
ning method*, using Mo K« radiation and a scintilla-
tion counter with pulse height discrimination. Stability
of the equipment was monitored by periodic reference
to two standard reflections throughout the period of

* Scan lengths were computed by the control program,
using the formula «+ oK tan 0 where « and K are empirically
determined constants for a given crystal and 0 has the usual
meaning.

Table 1. Observed and calculated structure amplitudes (x 10) and standard deviations ( x 10) for RbNiF;
Unobserved reflections are marked with asterisks to improve readability of the Table.
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data acquisition. A profile of each reflection was obtain-
ed with an on-line IBM 1627 Plotter, as an aid in
judging the validity of the cata. One set of independent
reflections was obtained out to a limit of sin /A=
0-75 A-1; altogether 327 reflections were measured, of
which 91 registered zero intonsity, as listed in Table 1.

Lorentz—polarization and absorption corrections
were applied to the raw data (stored on disk) using a
program written for the IBM 1800. The absorption
corrections used were based on values given for spher-
ical samples in International Tables for X-ray Crys-
tallography (1959). A calculation of the standard devia-
tion for each reflection was also made in the course
of the data processing according to the formula

2
=2 +(C,NY + [CzN (ﬁ; —1)] :

where o, is the estimated standard deviation .based on
counting statistics, C. is an estimate of non-systematic
errors, C, is an estimate of the error due to uncertainty
in the absorption correction, 4%, and N is the total
peak-less-background count recorded during the scan.

Refinement of the structure

All of the ions in the RbNiF; structure lie in special
positions, as indicated in Table 2. Since the general
arrangement of the structure was known, it was pos-

STRUCTURES OF FERRIMAGNETIC FLUORIDES OF ABF; TYPE. I

sible to proceed directly with a least-squares refinement.
Initially, a modified version of a full matrix least-
squares program of Gantzel, Sparks & Trueblood
(1961), which minimizes the quantity Sw(|F,| —|Fe|)?,
was employed for the calculations on an IBM System/
360, Model 91 computer. Starting coordinates and iso-
tropic temperature factors were estimated from the
previously reported structures of BaTiO; (Burbank &
Evans, 1948) and CsMnF; (Zalkin, Lee & Templeton,
1962). In general, the least-squares weight was com-
puted as w=1/¢2 from the estimated values of the vari-
ance obtained in the processing of the raw data (see
Experimental); unobserved reflections were given zero
weight, but included in the structure factor calcula-
tions. Scattering factors and dispersion corrections for
Rb+, Ni2*, and F- were taken from International Tables
for X-ray Crystallography (1962).

The first attempt at refinement, utilizing the complete
set of observed reflections, resulted in convergence after
only three cycles, with a reliability index, R=0-093,
where R=7J||F,| — |Fel [/ZIFOI. However, examination of
the data at this point showed substantial discrepancies
between observed and calculated structure factors for
low angle data, particularly among the stronger reflec-
tions, indicating a probable extinction effect. For this
reason, a number of low angle data were given zero
weight in subsequent computations. The final refine-
ment with this program utilized only 214 of the 236
observed reflections, with zero weight given to the 22

Table 2. Final coordinates, thermal parameters and standard deviations for RbNiF;

Anisotropic thermal parameters are given only for the four metal atoms. The f;; are defined by
T=exp [—(B11h2 + B22k? + B3312 + 2B12hk + 2813kl + 2B23k1)] .

B13=0 and B,3=0 for all metal atoms.

Position x y z
Rb(1) 2(b) 0-0000 0-0000 0-2500
Rb(2) af) 0-3333 0-6667 0-0948 (1)
Ni(1) 2(a) 0-0000 0-0000 0-0000
Ni(2) 4f) 0-3333 0-6667 0-8453 (1)
FQ) 6(h) 0:5172 (7) 2x 0-2500
F(2) 12(k) 0-8328 (7) 2x 0-0798 .(3)
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Fig. 1. Stereodiagrams of the RbNiF; unit cell.
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for which sin 6/4 <0-30 A-1, The refinement again con-
verged quickly and resulted in an improvement of the
reliability index to R=0-068.

At this point, a version of the Busing, Martin &
Levy (1962) least-squares program, modified by Cop-
pens & Hamilton (1970) to include a correction for
secondary extinction according to the method suggested
by Zachariasen (1963, 1967) was made available to us.
Seven cycles with this program were used to complete
the refinement, including all 236 observed reflections.
Anisotropic thermal parameters for the metal* ions
were also introduced at this time, in addition to the
extinction parameter. Five cycles were sufficient to re-
duce the parameter shifts to less than one-tenth of
their calculated standard deviations. A listing of the
observed and calculated structure factors resulting
from the last cycle is given in Table 1; for these data,
R=0-042, R,=[>w(F,— F,?/>wF2]'2=0-041 and the
standard deviation of an observation of unit weight =
1-009.

* A refinement with anisotropic thermal parameters assigned
to all ions converged to the values for the other parameters
given in Table 2, within the calculated standard deviations.
However, errors in several of the i for the fluorine ions were
so large, that it was decided to return to isotropic temperature
factors for these ions.

Fig.2. NiFg octahedra in RbNiF3;.
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Table 2 lists the coordinates and thermal parameters
along with their standard deviations, from the final
refinement. A value of g=38+5x 10-6 was obtained
for the extinction parameter. It should be mentioned
at this point that the introduction of the extinction
correction did not produce appreciable shifts in the
positional parameters (i.e. not greater than the range
of e.s.d. calculated from the refinement without extinc-
tion correction); the thermal parameters, conversely,
were all reduced significantly.

Description of the structure and discussion

The interionic distances calculated from the final co-
ordinates are given in Table 3. Fig. 1 shows stereo
diagrams of one unit cell of RbNiF; prepared with
the ORTEP computer program (Johnson, 1965). There
are two nonequivalent sets of rubidium ions and two
nonequivalent sets of nickel ions shown within the unit
cell. The fluorine ions are represented by the corners
of octahedra about the nickel ions. The fluorine ions
at height z=1, 2 are of type F(1); all remaining fluo-
rine ions are of type F(2).

Each Rb(1) and Rb(2) ion has twelve fluorine ion
neighbors at distances which are summarized in Table
3. The Ni(l) and Ni(2) ions each have six fluorine
neighbors in an octahedral arrangement. As shown in
Fig. 1, two-thirds of the NiFg octahedra in the struc-
ture occur in face-sharing pairs to form Ni,F, poly-
hedra [4(f) sites]. The remaining NiFs octahedra
[2(a) sites] do not share faces, but are linked to the
Ni,Fs polyhedra by sharing of corners.

The local symmetry and bond distances within the
NiF¢ octahedra are the most significant structural fea-
tures from the standpoint of magnetic and optical stud-
ies; hence these are reproduced in greater detail in
Fig. 2. For Ni(1) [2(a) site], with point symmetry 3m,
all Ni-F distances are identical, and the octahedron
is very nearly regular. However, for Ni(2) [4(f) site]
with point symmetry 3m, the Ni(2)-F(1) and Ni(2)-F(2)
distances are dissimilar, and the octahedron is more
distorted because of the repulsive forces between the
Ni(2) ions in adjacent face-sharing octahedra. It is in-
teresting to note that the average Ni-F bond distance
of 2-028 +0-008 A is in nearly exact agreement with
the value (2-03 A) calculated from the empirical set of
effective ionic radii in oxides and fluorides recently

Table 3. Interionic distances in RbNiF;

Estimated standard deviations in parentheses are in units of the last place.

Ni(1) -2Rb(1) 3-577 (2) A
Ni(1) -6Rb(2) 3-635 (2)
Ni(1) -6F(2) 2:041 (8)
Ni(2) -3Rb(1) 3637 (2)
Ni(2) -Rb(2) 3-570 (2)
Ni(2) -3Rb(2) 3479 (2)
Ni(2) -Ni(2) 2:728 (3)
Ni(2) -3F(1) 2:036 (7)
Ni(2) -3F(2) 1-993 (8)
Rb(1)-6F(1) 2:925 (7)

Rb(1)-6F(2) 2:965 (8) A
Rb(2)-3F(1) 2-896 (7)
Rb(2)-6F(2) 2928 (8)
Rb(2)-3F(2) 3011 (8)
F(1)—4F(2) 2:92 (1)
F(2)—2F(2) 2:84 (2)
F(2)—2F(2) 291 (2)
F(2)—2F(2) 2:93 (3)
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published by Shannon & Prewitt (1969), assuming co-

ordination numbers of six for nickel, twelve for rubid- -

ium, and six for fluorine. The average Rb-F bond
distance of 2:943 +0-008 A, however, is considerably
shorter than the value of 3:06 A calculated from the
empirical radii. This discrepancy is significant, but not
surprising, in light of the discussion given by Shannon
& Prewitt in their paper. These authors point out the
difficulty in applying the empirical radii to highly sym-
metric structures and give examples which indicate
that the discrepancies are particularly large for cations
with a coordination number of twelve. One specific
example is the Cs—F bond distance in CsMnF;, a si-
milar structure, where a nearly identical discrepancy
is found between observed and calculated values.

The observed differences in the degree of distortion
in the two types of octahedra help to provide an under-
standing of site preferences observed when various
other ions are substituted for nickel in the RbNiF;
lattice. The work of McGuire & Shafer (1968) showed
that ions larger than nickel prefer the 2(a) sites while
ions of the same size as nickel probably substitute
randomly on both the 2(a) or 4(f) sites. It was sug-
gested that the larger ions prefer the 2(q) sites because
they produce the minimum distortion within the octa-
hedra which share only corners. Ions comparable in
size, however, can occupy either octahedral site with-
out producing further distortion. The results of this
structure analysis would appear to confirm this line of
reasoning.

"“Noteaddedinproof:-Since the completion of this work
Babel (1969) has also reported a structure determina-
tion on this compound, based on a set of 40/ precession
data. Although his data do not permit the degree of ac-
curacy reported here, his description of the structure
agrees substantially with ours except for the x coordi-
nate of the F(1) atom.

The authors gratefully acknowledge the assistance
in sample preparation of R. A. Figat of these Labora-
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tories. They are further indebted to S. LaPlaca of
Brookhaven National Laboratory who supplied much
helpful advice in the application of the Coppens &
Hamilton procedure for refinement of the extinction
correction.
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