2384 Cuiny Hsuan WEI

i k
=}{- - — — 6
v (2 v 2>‘L ©
is assumed to be located at the metal atom ; it bisects the
X-M-X angle and points toward the positive end of the

dipole. Consequently, the x, v, and z components of
the electric field at the sth proton are given by
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The component of E along the C-H bond, which deter-
mines the more important term in eq 4, is £ cos v
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where v is the angle between E and the C-H bond
direction, and E is simply (E,2 -+ 12,2 4+ £, Tor
the ring proton these equations simplify since x, = 7,
and y; = z; = 0; hence
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The coordinates used in the calculations are hased on
bond distances and bond angles given in a previous
paper.** The geometry assumed for the Ti(acac):X,
complexes is given in structure V of ref 42; that for the
tin, zirconium, and hafnium compounds is shown in
structure VI. Assumptions about the M-O bond
distances and the orientation and restricted rotation of
the methyl group are the same as in ref 42. The
calculated A for the methyl protons was averaged over
the six nonequivalent environments.
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Structural Analyses of Tetracobalt Dodecacarbonyl and Tetrarhodium

Dodecacarbonyl.
and a Twinned Composite!
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Crystallographic Treatments of a Disordered Structure

A statistically disordered crystal structure and detailed molecular configuration of Cos(CO); have been unambiguously deter-

mined from a three-dimensional single-crystal X-ray photographic analysis.

The compound crystallizes with four tetrameric

molecules in an orthorhombic unit cell of symmetry Pcen and dimensions a = 8,99 (2) xo%, b = 1170 (2) A:X, and ¢ = 17.28 (4)
A. A three-dimensional X-ray photographic investigation of twinned apparent orthorhombic crystals of Rh;(CO)e has also
been completed. The successful analysis of the structure of Rhy(CO)» was accomplished by the assumption of a simple
twinning mechanism and the application of derived mathematical relations which made possible a breakdown of the observed
F? data for the twin composite into the appropriate F coefficients for the single-crystal component. The results of the analysis
conclusively showed (a) that the individual twin component contains four tetrameric molecular species in a centrosymmetric
monoclinic unit cell of dimensions ¢ = 9.24 (2) A, b = 12.02 (2) A c = 17.74 (3) A, and 8 = 90°, with symmetry P2, /c,
and (b) that the twinning mirror plane parallel to the unique b axis and perpendicular to either the @ or ¢ axis results in

apparent orthorhombic Dyp-mmm Laue symmetry.

Both structures solved by the heavy-atom technique (complicated in

each case by the psendomirror symmetries imposed by metal atom positions) were refined isotropically by full-matrix least
squares to conventional discrepancy factors Ri(F) = 0.126 for Cos(CO)1z and R (F) = 0.096 for Rh.(CO)1s, based on 529

and 962 nonzero observed photographic data, respectively.

Despite the different ways in which these complexes crystal-

lize, the molecular configurations of the two polynuclear metal carbonyls are strikingly similar and have idealized C;.-3m
symmetry. Each molecule consists of an apical M(CO); group coordinated by the three metal-metal bonds to a basal
M;(CO)y fragment containing three chemically identical M(CO), groups linked to each other by metal-metal bonds and

bridging carbonyl groups.

Introduction

During the course of stereochemical investigations of
metal carbonyl complexes, the correct detailed molec-
ular architecture of tetracobalt dodecacarbonyl has been
the source of much speculation and controversy. The
apparent contradictions that have arisen between

(1) Research jointly sponsored hy the National Science Foundation
(Grant GP-4819 to L. F. Dahl) at the University of Wisconsin, the National
Institutes of Health, and the U. 8. Atomic Energy Commission under con-
tract with the Union Carbide Corp.

(2) Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tenn.
37830,

A detailed structural comparison of Cos(CO )1, and Rhy(CO)r is given.

theoretical considerations and experimental data for
this compound are perhaps paralleled only by those
surrounding triiron dodecacarbonyl.?

First synthesized in 1932 by thermal decomposition
of Coz(CO)s, cobalt tricarbonyl was formulated as a
tetramer by molecular weight determination in iron
pentacarbonyl solution.* The infrared spectrum of
this black compound, later investigated by Friedel,

(3) C.H.Weiand L. F. Dahl, J, Am. Chem. Soc., 91, 1351 (1069).
(4) W, Hieber, F, Miihlbauer, and E. A, Ehman, Ber., 85, 1000 (1932).
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et al.,’ with rock-salt optics, showed a ratio of 2:1 for
terminal-to-bridging carbonyls in the molecule. Al-
though Cable and Sheline® at one time favored a dimeric
configuration over a tetrameric structure, two-dimen-
sional X-ray work by Corradini’ revealed that the struc-
ture possesses four cobalt atoms of tetrahedral configu-
ration surrounded by the 12 carbonyl groups, of which
three bridging carbonyls are most likely located be-
tween the basal three cobalt atoms. Because of crystal
disorder, however, Corradini was not able to determine
unambiguously the positions of the carbonyl groups.

High-resolution infrared spectra, as independently
studied by Cotton and Monchamp® (with fluorite
prism) and by Bor and Marké6® (with LiF prism), in-
dicated well-defined carbonyl stretching bands, four
terminal and one bridging, in sharp contrast with the
group theoretical prediction of a more complicated
spectrum consisting of six terminal and two bridging
infrared-active carbonyl bands derived on the basis of a
proposed molecular symmetry of Cy-3m.”  An explana-
tion was given by Cotton and Monchamp?® as to why the
experimentally observed simpler spectrum of Co,(CO)ys
might be caused by accidental effects. On the basis of a
different interpretation of the infrared spectrum of
Co4(CO)1; and of a similar spectrum of Rhy(CO)ys,
Beck and Lottes! rationalized the discrepancy ob-
served between the experimental and the expected
spectra of Co,(CO)y, and thus supported the Corradini
model. Reexamination of the infrared spectrum of
Co4(CO); in m-hexane solution and new assignments
of the bands were subsequently made by Bor.!! Five
terminal and two bridging carbonyl stretching bands
were recognized as being compatible with the rationali-
zation of Cotton and Monchamp.?

Meanwhile, on the grounds of geometrical considera-
tions involving the comparison of Co:(CO)s and its
acetylene derivatives Coy(CO)s(RCR’) with Co4(CO)ys
and Cos(CO)1(RC:R’), Krilerke and Hiibel!? proposed
another idealized model of C,-m symmetry for Cos(CO)ys,
in which two doubly bridging carbonyl groups were
each attached to two cobalt atoms of opposing edges of
a tetrahedron. The correctness of the Corradini struc-
ture was questioned by Smith,*® who from an infrared
spectrum analysis proposed a third possible alternative
molecular model of D,g-42m symmetry involving a
different arrangement of the four bridging carbonyl
groups; his model appears to be consistent with the
observed infrared spectrum®® without invoking any
accidental carbonyl frequency degeneracies.

The obvious contradictions between the different
molecular models of Corradini’” and Smith!'? were later

(8) R. A, Friedel, 1. Wender, S. L. Shufler, and H. W. Sternberg, J. Am.
Chem. Soc., T7, 3951 (1955).

(8) J. W. Cable and R. K, Sheline, Chem. Rev., 56, 1 (1958),

(7) (a) P. Corradini, J. Chem. Phys., 81, 1676 (1959); (b) P. Corradini
and A, Sirigu, Ric. Sci., 836, 188 (1966).

(8) F. A. Cotton and R. R. Monchamp, J. Chem. Soc., 1982 (1960).

(9) G. Borand L. Markb, Specirochim. Acta, 16, 1105 (1960).

(10) W. Beck and K. Lottes, Chem. Ber., 94, 2578 (1961).

(11) G. Bor, Spectrochim. Acta, 19, 1209 (1963).

(12) U. Kruerke and W. Hitbel, Chem. Ber., 94, 2829 (1961).

(13) D. L. Smith,J. Chem. Phys., 43, 1460 (19685).

STRUCTURAL ANALYSES OF Co04(CO);2 AND Rhy(CO)yp

2385

rationalized by Cotton'* as being the consequence of
possible intramolecular rearrangement of the carbonyl
groups we facile paths from one configuration to the
other in solution. The %*Co nuclear magnetic resonance
spectra of Coy(CO)ys in heptane and n-hexane solutions,
however, have been shown by Lucken, et al.,** and by
Haas and Sheline’® to possess two closely spaced res-
onances with the intensity ratio 3:1, thereby indicating
that the predominant species in solution possesses
Corradini’s C;, solid-state model rather than Smith’s
D,q model,

Although accumulating evidence seems to favor the
Corradini model (at least in the solid state), a disquiet-
ing uncertainty, reflected in a recent paper,'” still re-
mains about the structure of Cos(CO)jp. Our three-
dimensional crystallographic investigation of Coi(CO)y,
was undertaken to clarify the nature of its disorder and
to establish conclusively the arrangement of the car-
bonyl groups in the crystalline state. The results that
support the Corradini model have been presented briefly
in a previous communication.!®

An X-ray study!® of the structure of tetrairidium
dodecacarbonyl, Irs(CO),, revealed a molecular con-
figuration of the symmetry Te-43m, without bridging
carbonyls, that is distinctively different from that of
C04(CO)ye, while another metal carbonyl complex of a
congener element rhodium (first reported by Hieber
and Lagally® as [Rh(CO);],) was suggested by Beck
and Lottes! to have a structure similar to that of Coy-
(CO)12. A three-dimensional X-ray analysis of this
rhodium complex has been undertaken not only to
establish its tetrameric character and to ascertain the
relationship of its molecular configuration to that of
Co04(CO)1z, but also to confirm the general trend of
increasing stability of the Mi(CO).-type complexes
toward the nonbridged configuration for Ir,(CO);; as
compared to the bridged configuration for Coi(CO)y,,
as one goes from the first transition series to their
analogs in the second and third series. Preliminary
accounts of our work on Rhi(CO);; with a proposed
crystallographic treatment of a twin composite ap-
plied to the structural determination of this complex
have been reported.?!

Experimental Section

Samples.—No attempt was made to prepare a large quantity of
tetracobalt dodecacarbonyl in a pure condition. Black crystals
of Co.(CO)2 were obtained from the partially decomposed
product of a toluene solution of Co(CO)s. Reddish orange
tetrarhodium dodecacarbonyl-—prepared by the high-pressure

(14) ¥. A, Cotton, Inorg. Chem., 5, 1083 {19686).

(15) E. A. C. Lucken, K. Noack, and D. F. Williams, J. Chem. Soc., 4,
148 (1967).

(16) H. Haas and R. K. Sheline, J. I'norg. Nucl. Chen., 29, 693 (1967).

(17) G. Cetimi, O. Gambino, R. Rossetti, and P. L. Stanghellini, Inorg.
Chem., T, 609 (1968).

(18) C. H. Weiand L. F. Dahl, J, Am, Chem. Soc., 88, 1821 (1966).

(19) G. R. Wilkes, Ph.1>. Thesis, University of Wisconsin, Madison, Wis.,
1965.

(20) W. Hieber and H. Lagally, Z. Anorg. Allgem. Chem., 251, 96 (1943).

(21) (a) C. H. Wei, Abstracts of Papers, National Meeting of the Ameri-
can Crystallographic Association, University of Minnesota, Minneapolis,
Minn., Aug 20~-25, 1967, p 83; (b) C. H, Wei, G. R. Wilkes, and L. F. Dahl,
J. Am. Chem. Soc., 89, 4792 (1967),
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carbonylation of anhydrous RhCl;, with freshly reduced copper
as the halogen acceptor!®®—was supplied by Dr. G. R. Wilkes at
the University of Wisconsin.

Collection of X-Ray Data.—Intensity data were collected with
zirconium-filtered Mo Ka radiation (A 0.7107 &) by the equi-
inclination Weissenberg and precession methods. Approximate
dimensions of crystals used were 0.15 X 0.18 X 0.54 mm for
Co4(CO)z and 0.10 X 0.10 X 0.15 mm and 0.12 X 0.11 X 0.15
mm for Rhy{CO)s. Crystals were mounted parallel to their
longest dimensions in thin-walled glass capillary tubes. For the
Cos(CO)ys crystal, k0! through 212] Weissenberg data were re-
corded, and 494 independent reflections were obtained. An
additional 85 independent reflections were obtained by 0&I, 1%/,
and %0 precession photographs. In the case of Rhy(CO),
Okl through 8kl and hk0 through hk3 Weissenberg data were
collected from the first and second crystals, respectively. From
the second crystal another 16 independent reflections were ob-
tained from 0&! and 1k! precession data. Thus a total of 962
independent intensity maxima corresponding to one octant???3
of the reflection sphere were recorded. Cell parameters were
determined from precession photographs for both complexes.

Intensities were estimated visually by comparison with
corresponding standard strips. In each case, corrections for
Lorentz and polarization effects were made; common reflections
appearing in both Weissenberg and precession photographs were
used to assign initial individual relative scale factors for the 16
reciprocal levels of the cobalt complex and for 15 levels of the
rhodium complex. No corrections were made for absorption or
extinction. The linear absorption coefficient (u = 38 cm ™) for
the cobalt complex results in a value of 0.84 for uRmax; for the
rhodium complex the u of 33 cm™! gives pRmax values of 0.16
and 0.20 for the first and second crystals, respectively. For
these values of uRmax, the variation of absorption correction
factors with @ is not appreciable,?$ and the maximum variation
due to absorption of the intensities on a given layer was approxi-
mately 10%.

Minimum observed intensities, Io.(min), were estimated for
cach reciprocal level, and variable weights for the observed struc-
ture amplitudes, F,, were assigned in the following way:
VolFe) = 20/F, it I, 2 4l(min); ~/w(F,) = 1.251%/
Folo(min)? if Jo < 41o(min).

Crystal Data

Co04(CO);;.—The crystals of Cos(CO);z are ortho-
rhombic with lattice parameters ¢ = 8.99 £ 0.02 A,
b = 11.70 = 0.02 A, and ¢ = 17.28 = 0.04 A (lattice
parameter errors were estimated on the basis of re-
producibility of the measurements). These cell param-
eters are in agreement with the values of ¢ = 11.66
+ 0.07A, 5 =894 +0.054, and ¢ = 17.14 = 0.10 4,
reported by Corradini,”** within the limits of errors
of the determinations. The volume of a unit cell is
1818 A3, The calculated density is 2.09 g cm—3 based
on four formula units of Cos(CO)p in a unit cell
The total number of electrons per unit cell, F(000), is

(22) Although the true crystal system of Rhsa(CO)i2 was later confirmed to
be monoclinic for the twin component, a large number of crystals examined
showed an orthorhombic diffraction symmetry. To obtain untwinned
Rhe(CO)a single crystals, several organic solvents were utilized for recrystal-
lization,!® which, however, invariably led to the identical diffraction pat-
tern. Attempts to obtain good crystals by sublimation were also unsuccess-
ful.28

(28) Private communication from Dr. W. Murayama of the Central
Laboratories of Ajinomoto Co., Inc., Kawasaki, Japan, June 1967.

(24) “International Tables for X-Ray Crystallography,” Vol. II, The
Kynoch Press, Birmingham, England, 1959, p 295,

(25) The choice of labeling for the unit cell axes of Co:(CO)12 was made
for ease in comparing these values with those of Rhi(CO)i2, which has a
unique monoclinic axis. Our labeling differs from that of Corradini’® in an
interchanging of the @ and & axes. The observed space group Pccn for
C4(CO)12 is invariant to this axial transformation.
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1104. Systematic absences of 0k/ for ! odd, 20! for
!/ odd, and %&0 for & + k odd are uniquely characteristic
of the centrosymmetric space group Pecen (Dy,'°, no.
56).% This choice was confirmed by a satisfactory
refinement of the solved structure.

Rh,(CO)p.—The diffraction pattern of Rhy(CO);,
shows an orthorhombic D Laue symmetry with cell
parameters ¢ = 9.24 = 0.02 A, b = 12.02 = 0.02 A,
and ¢ = 17.74 = 0.03 A, The volume of a unit cell
is1970 A%, The observed density of 2.58 = 0.02 g cm—?
(by flotation) compares satisfactorily with the calcu-
lated value of 2.52 g ecm~® based on four Rhy(CO)js
formula species per unit cell; F(000) = 1392. The
systematic absences of 40! for / odd and 0k0 for %k odd
indicate probable space groups Pmc2;, P2cm, and Pmem,
provided that the 0k0 absences are considered to be
accidental. However, the correct space group of the
single-crystal component having a monoclinic unit cell
of the same dimensions (8 = 90°) (vide infra) was de-
duced to be P2;/c (Cyl, no. 14),% which was subse-
quently confirmed by the successful refinement of the
derived twinned structure.

Determination of Structures

Because the ways of handling the problems caused
by the crystal disorder of Cos(CO);s and the problems
involved in the twinning of Rhy(CO);, may be of interest
to others, this section of the paper is given in some de-
tail,

Analysis of Co,(CO);2.—A three-dimensional Patter-
son function, sharpened by the use of {F2 [2Z,/%f; 1
as coefficients,®® was computed from the corrected in-
tensities by the Blount program.?® A resulting hexag-
onal-like distribution of 18 large peaks (of which six
are independent) around the origin of the unit cell in
the Harker section at z = 0 strongly resembled that
obtained from a hexagon (with side lengths 1.4-1.6 A) of
identical atoms*® located on a (001) plane. With the
addition of two independent Patterson peaks (both
found at the section z = 10.2/60), corresponding to
presumably cobalt-cobalt intramolecular vectors of
length approximately 2.5 A, it became evident that the
two tetrameric molecules are each composed of a tetra-
hedral array of cobalt atoms randomly oriented in one
of two positions so as to yield a crystallographic two-
fold axis in the ¢ direction for the average structure,
thereby conforming to the disordered arrangement of
the cobalt atoms in the unit cell as first proposed by
Corradini.”™ Examination of other Patterson peaks
(intermolecular vectors), together with these intra-
molecular vectors between cobalt atoms, established
a self-consistent assignment of positional parameters

(26) “International Tables for X-.Ray Crystallography,” Vol. I, The
Kynoch Press, Birmingham, England, 1965, p 144,

(27) Reference 26, p 99.

(28) See, e.¢., H. Lipson and W. Cochran, “The Determination of Crystal
Structure,” B. Bell and Sons Ltd., London, 1957, p 170.

(29) J]. F. Blount, ‘A Three-Dimensional Crystallographic Fourier Sum-
mation Program for the CDC 1604 Computer,” Ph.D. Thesis (Appendix),
University of Wisconsin, Madison, Wis., 1965.

(30) Cf. Figure 184(c) of H. Lipson and W. Cochran in ref 28, p 184; Fig-
ure 12.4(a) of G. H. Stout and L. H. fensen, “X-Ray Structure Determina-
tion,” The Macmillan Co., New York, N. Y., 1968, p 305.
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for four cobalt atoms, one of them (Co4) being located
on the crystallographic twofold axis. Since one atom
of the cobalt tetrahedron (Cos) is located approximately
on a ¢, glide plane at y = !/, which in this case also
serves as a quasimirror plane for the framework of cobalt
atoms, the net contribution of the four heavy atoms to
the structure factors on the basis of the space group
Pcen is appreciable only for the reflections with / even.
The reflections with / odd would then be almost entirely
due to the light atoms. Indeed, this model is compati-
ble with the observed intensity data.’! Consequently,
only the reflections with / even should be used for the
initial least-squares refinement of the trial parameters
of the cobalt atoms. Because of the quasimirror plane
that coincides with the ¢ glide plane at y = 1/, however,
a least-squares refinement in which all four cobalts are
treated as independent atoms is not feasible, owing to a
high degree of parameter interaction between the two
cobalt atoms (Co; and Cog) related by this quasimirror
plane.?? This difficulty was overcome by taking a unit
cell of half the original size with half the original ¢
dimension, so that the original space group Pccn be-
comes Pmmn (D,,!1%, no. 59), with only three cobalt
atoms (Coj, Cos, and Co) considered as crystallo-
graphically independent. For this generated umit cell
the [ indices are half those for the original unit cell.

A full'matrix least-squares refinement?®® was carried
out in which an assumed initial isotropic temperature
factor of 2.0 A? was assigned to each cobalt atom, and
all parameters except the y coordinate of Cog and the
x and y coordinates of Cos were allowed to vary for the
reflections with new / indices (original reflections with /
odd were omitted). From a multiplicity consideration,
the Co; and Co, atoms were each given one-fourth and
the Co; atom was given half of the full scattering power
of a cobalt atom. The function minimized was
Sw(F.)||Fo| — s|Fe|?, where s is the adjusted scale fac-
tor. After three cycles the discrepancy factors, Ry(F)
= 3||F,| — s|Fl/Z|F,), had decreased to 0.22, with
no anomalies present in the temperature factors. %

A three-dimensional Fourier synthesis was then cal-
culated?? in the space group Pmmn phased on only the
cobalt atoms. Aside from real peaks for a partially
correct structure, there appeared corresponding images,
which are related to the true ones by two mirror planes,
one perpendicular to the ¢ axis at x = !/, and the other
perpendicular to the b axis at v = !/,. Hence, of the
four possible positions for each of the light atoms only
one position should be selected. After careful examina-
tion of this complicated Fourier map, a choice was made
to distinguish the real positions for carbonyl atoms

(81) The reflections with ! odd (66 out of a total of 529 measured) are
mostly weak and constitute only about 12.5% of the total number of ob-
served diffraction maxima.

(32) When the refinement was actually carried out for the four cobalt
atoms in space group Pccn, it resulted in isotropic temperature factors of
29.0 and —23.3 A2 for the mirror-related Co1 and Co: atoms, respectively.
A subsequent Fourier synthesis based on this result would have been physi-
cally meaningless.

(33) W. R. Busing, K. O. Martin, and H. A, Levy, ‘“OrFLS, a Fortran
Crystallographic Least-Squares Program,” Report ORNL-TM-305, Oak
Ridge National Laboratory, Oak Ridge, Tenn., 1962.
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from their mirror-related images, and thus 12 indepen-
dent peaks were assigned as six carbon and six oxygen
atoms. The other six carbonyl groups in the Cos(CO)z
molecule were found to be related to these assigned
carbonyl groups by a crystallographic twofold axis
located at (Y/4, Y/4, 2). The light atoms were not well
resolved, and it was not possible to obtain their posi-
tional parameters with great precision. Presumably,
resolution was incomplete partially because each peak
representing a light-atom position is the superposition
of two light-atom peaks (vide infra).

The addition of these light atoms to the heavy-atom
framework destroys the mirror symmetries in both the
a and ) directions. Refinement of parameters for 16
independent atoms in the unit cell of the original space
group Peccn with all data (i.e., with / both even and odd)
was subsequently carried out with only the x and y
coordinates of Co4 being fixed. Initial isotropic tem-
perature factors of 4.0 A? for carbon and 5.0 A? for
oxygen atoms were arbitrarily assigned. In this struc-
tural analysis the Co, atom was assumed to occupy
the special fourfold set of positions (4d) [viz., £(3/4,
V4, 85 3/4y Y4y /2 ++ 2)]; all other atoms were assumed
to occupy the general eightfold set of positions (8e)
[viz-: :l:(x: Y, &5 1/2 - X, 1/2 — )% 1/2 =+ %, - 1/2 -
z; —x, /2 + ¥, /2 — 2)]. On the basis of the disor-
dered structure, an assignment of 509 full atomic scat-
tering factor was made for all four cobalt atoms. After
four cycles of isotropic refinement, the Ry(F) value had
dropped to 0.126, and Ry(F) = {Zw(F,)[|Fo| — s|Fe|]2/
Zw(Fo)lFo)z}l/’ also stood at 0.126. The standard
deviation of an observation of unit weight, defined as
{Zw(Fo)||Fol — sIF.)|2/(n — p)}"* where n is the num-

‘ber of observations and p is the number of parameters

fitted to the data set, was 1.80. At this stage the shifts
of all parameters were less than 329 of the correspond-
ing estimated standard deviations. The values of 16
scale factors ranged from 0.144 to 0.257. As a final
check of the correctness of the structure, a three-di~
mensional difference Fourier was computed. It showed
positive peaks of up to 1.5 e~/A% in the neighborhood of
the cobalt atoms and no other peaks greater than 0.7
e~/A% which is approximately equivalent to 15% of
the average peak height of a carbon atom in this struc-
ture. “An attempt to carry out anisotropic refinements
for all atoms (with a single scale factor obtained by
relative scaling of all of the observed structure factors
based on the scale factors from the isotropic refinement)
was not successful. Although a refinement in which
the four cobalt atoms alone were assigned anisotropic
thermal parameters yielded slightly lower Ri(F) and
Ro(F) values of 0.124 and 0.119, the results of the iso-
tropic refinement with multiple scales are presented in
this paper. The atomic scattering factors used were
those of Thomas and Umeda?® for cobalt and rhodium
atoms and those of Berghuis, et al.,% for carbon and

(34) L. H. Thomas and K. Umeda, J. Chem. Phys., 28, 293 (1957).
(35) J. Berghuis, 1J. M. Haanappel, M. Potters, B, O. Loopstra, C. H.
MacGillavry, and A. L. Veenendaal, Acta Cryst., 8, 478 (1955).
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oxygen. No correction was made for anomalous dis-
persion. %7

Analysis of Rhy(CO);;.—The three-dimensional Pat-
terson function, sharpened by the use of |F|* [2Z,/Zf;]2
as coeflicients,” was computed?® from the intensity
data. Attempts to interpret the resulting maps in
terms of any orthorhombic space group, however, were
fruitless. Instead, the only trial model that conformed
to the observed symmetry elements and Patterson vec-
tors was based on the four rhodium atoms in a nearly
regular tetrahedral configuration with an edge length
of approximately 2.7 A in a monoclinic unit cell of the
same dimensions as the orthorhombic unit cell and of
space group P2;/c (Figure 1). The contradiction be-
tween the observed Laue symmetry and the space
group of the deduced crystal model based only on the
heavy atoms led us to suspect that soine sort of twinning
was present in this structure.

The assumnption was made that the observed intensity
distribution is a comnsequence of the superposition of
two monoclinic reciprocal lattices with 8* = 90°, with
the twinning mirror plane normal to the @ axis, as
shown in Figure 2. The presence of this (100) twinning
mirror plane operating on the monoclinic reciprocal
lattices would give rise to the samne apparent unit cell
for the twinned composite and would thereby result in
the observed pseudoorthorhombic diffraction pattern
without double-lattice character.®®* Based on this
simple twinning mechanism involving a monoclinic
single crystal with 8 = 90°, the observed intensity for
every reflection would be actually the sum of the in-
tensities for a pair of skl and %kl reflections, as shown
in the relationships?®®

F(hkD o2 = m F(hkl)o 2 + (1 — m)|F(hkD o2 (1)
|F(hkD)o? = m FhEDo|? + (1 — m)| F(hkDo|*  (2)

where |F(hkl)o? and |F(hkl),? stand for the observed
and calculated intensities for the apparent orthorhom-
bic twinned composite; |F(hkl).|* and \F(hkD)o |2 and
‘F(hkl)c/{2 and |F(hkl).|? are the observed and calculated
intensities for the monoclinic twin component; m
stands for the fraction of one component lattice. Con-
sequently, the calculated Patterson function based on
the observed orthorhombic intensity data would be
the superposition of the Patterson function for one
monoclinic component and the mirror-related image of

(36) For Mo Kea radiation, the real and imaginary dispersion corrections,
Af" and Af’, for atomic scattering factors are 0.4 and 1.1 for cobalt atom
and —~1.1 and 1.2 for rhodium atom, both at a (sin 8)/X value of 0.37 The
effects on the atomic scattering factors caused by these values are considered
small enough to be insignificant.

(37) D. H. Templeton, “International Tables for X-Ray Crystal-
lography,”’ Vol. III, The Kynoch Press, Birmingham, England, 1962, p 215,
Table 3.3.2C.

(88) Cf. (a) M. J. Buerger, ‘“‘Crystal-Structure Analysis,” John Wiley &
Sons, Inc., New York, N. Y., 1960, Chapter 5 and pp 190-193; (b) R. Sada-
naga, “X-Ray Crystallography,” I. Nitta, Ed., Vol. 1, Maruzen Co., Ltd.,
Tokyo, 1959, pp 495-504.

(39) D, W. Muwayama, who also cartied out an Xoray study of Rhg
(CO)iz crystals, interpreted his observed orthorhombic data on the basis
of an identical monoclinic twinning model for the single-crystal component
with symmetry P2:1/c, although his attempts to determine the carbonyl atom
positions were not successful,2?
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Figure 1.—An arrangement of rhodium tetrahedra as obtained
from the interpretation of the Patterson function calculated with
the apparent orthorhombic data. Only basic atoms are num-
bered. This arrangement, based only on a heavy-atom frame-
work, conforms to the symmetry requirements of the monoclinic

space group P2, /c.

0|0
I b‘ G_
X X ® ®
mo b
X | X ® | ®
—_ b’ a

Figure 2.—Twinning mechanism of Rhy(CO);; involving a
(100) twinning mirror plane operating on monoclinic lattices with
B* = 90°. FEach registered point of one monoclinic reciprocal
lattice with point group symmetry Con-2/m coincides precisely
with that of the other twin component, thus forming a composite
reciprocal lattice of apparent orthorhombic Dsy-mmm Laue
symmetry.

that function across the U axis.* The two-dimensional
data for the kk( reciprocal net would not be subject to
the effect of this twinning mechanism, because the rela-
tion F(hk0)| = |F(RhkO)| is still correct for the twin com-
posite, and the projections on the (001) plane would be
identical for both nontwinned and twinned structures.
To test the validity of the twinned model, parameters of
the three independent rhodium atoms (instead of four,
vide infra) were refined® in the two-dimensional space
group p2gm?! with the 42k0 data (comprised of 91 reflec-
tions) to give an Ri(F) value of 0.19. A two-dimen-
sional Fourier projection was next computed. With
the aid of the determined molecular configuration of
Co4(CO)yz, which was presumably similar to that of
Rhy(CO)yp, seven peaks were assigned as the probable
projected positions for 12 oxygen atoms, some of which
were assumed on the basis of the Cos(CO);y configura-

(40) Reference 26, p 526.
(41) Reference 26, p 62.
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tion to overlap closely in this projection. Inclusion
of these positions in the two-dimensional least-squares
refinement lowered the Ry(F) value to 0.14. Since the
relation |F(0kl)| = |F(0kI)| also holds for any mono-
clinic space group, the two-dimensional Ok data phased
on the rhodium atoms would also result in the identical
Fourier projection for both nontwinned and twinned
structures. However, for this projection [the refine-
ment on the 0k/ data was terminated with Ri(F) =
0.27], the data with / odd could not be included (vide
infra), and as expected the resulting map was less in-
formative than in the former case.

As shown in Figure 1, the initial rhodium atom posi-
tions were to a first approximation interrelated by a
mirror plane coincident with the ¢ glide plane in the
centrosymmetric unit cell of P2;/c. Because of this
pseudomirror plane, the rhodium atoms make no con-
tribution to the calculated structure factors for #Zkl
reflections with / odd. This fact is consistent with the
observed intensity distribution.? As in the case of
C0:(CO)ye, the generated space group P2;/m, obtained
by halving the c-axis length (here the original reflections
with / odd were excluded, and the even / indices were
halved), was used for the initial refinement of the three
independent rhodium atoms together with 15 scale
factors. The refinements based on F? data were per-
formed with standard errors o(F,?) related to the previ-
ously defined ¢(F,) values by the relation o(F,?) =
2F.0(F,), where ¢(F,) is equal to 1/+/w(F,). An iso-
tropic full-matrix least-squares refinement3??® was carried
out with the assumption that |F(hkl),2 = 0.5[|F(hkl).|?
+ |F(hkl) o], and OF|(hki)o2/0p = 0.5[(d|F(hkl).|*
dp) + (O|F(hkl).|?/0p)], where the derivative of
F (hkI) |2 with respect to an individual atom parameter
P (see ref 33, p 6) is taken over the two component
quantities. The function minimized was Zw(F.%):
HF(}LkZ)Oj2 — SUF(hkl)J?[%.  After three cycles Ri(F?),
defined as Z||F(hkl)o* — syF(hkl)2/Z|F(hkl)o?, be-
came (0.17. A Fourier synthesis phased on only the
rhodium atoms was next computed, with the estimated
monoclinic structure factors, F(kkl)y and F(hkl),, used
as coefhcients. These two values were computed from
the corresponding observed quantity, fF(th)on, for
the twin composite as follows#*

(42) Among 962 independent reflections observed, 201 reflections have !
odd. Most of these are weak and constitute approximately 20Y of total
diffraction maxima.

(43) In order to test the validity of this assumption, the parameter m
in eq 2 was varied in addition to all other parameters in the least-squares pro-
gram,33 with the use of the relation bIF(hkl)aP/bm = ‘F(hkl)cr‘l — ‘F(Ekl).«/l’
(see ref 33, p 6). A value of m = 0.504 £ 0.009 was obtained with other
parameters essentially remaining the same as in the case in which m was
held constant at 0.5. Hence, m = 0.5 was considered to be valid for the twin
model.

(44) In the discussion following the presentation of a part of this work
at the National Meeting of the American Crystallographic Association,?1®
Dr. D. Harker of the Roswell Park Memorial [nstitute, Buffalo, N: Y.,
pointed out that these relations were also previously assumed for *‘diffuse’’
reflections (but nmot for “sharp” reflections) in their successful structural
analysis of decaborane: ¢f. J. S. Kasper, C. M. Lucht, and ID. Harker,
Acta Cryst., 8, 436 (1950). Ip their study of this compound, the intensity of
each diffuse reflection hkl was considered to represent the average of the
inteusities for a pair of the reflections Akl and kkl.
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|F(hkl)o| = [iF(th)o\ | F(W)OJ 3)
|F(hkl)o| = [!F(hkl)o} ‘F(W)CJ (4)

The signs for F(hkl), and F(hkl),, were provided by
the corresponding signs of F(hkl), and F(hkl).. In
this first approximation to an electron density map,
each possible atom peak was accompanied by a false
image peak related to it by a mirror plane of the gener-
ated space group P2;/m. However, 13 light-atom
positions were located from stereochemical considera-
tions supplemented by knowledge of the structure of
Cos(CO)12.  With the addition of these light atoms to
the heavy atoms, the quasimirror plane symmetry im-
posed by the rhodium atoms was destroyed, and the
subsequent least-squares refinement for these 17 atoms
was carried out in the original space group P2;/c with
all diffraction data included. All atoms occupy the
general fourfold set of positions (4e): =(x, v, 2; %, 1/,
—,/2 -+ 2). After three cycles, the R;(F?) value was
lowered to 0.29. The second Fourier synthesis, which
revealed all the remaining atom positions, was followed
by seven cycles of least-squares refinement for all 28
independent atoms. At the end of the refinement,
Ry(F?) stood at 0.175, Ry(F),® defined as Z||F(hkl)| —
s|F(hkl)o|l/Z|F(hkl)o|, stood at 0.96, and Ry(F2), de-
fined as {Zw(F.2)[|F(hbl)o: — sF(hki)o?]*/Sw(Fo2)-
[|[F(hk)o2]2}", stood at 0.195. The standard deviation
of an obsetvation of unit weight, defined as {Zw(F,?)-
[|F(hkl)o? — sHF(hED2]2/(n — p)}7%, was 1.46. All
parameter shifts became less than 209, of the corre-
sponding standard deviations. The values of 15
scale factors ranged from 0.0533 to 0.0702 for the
Weissenberg data. A difference Fourier synthesis at
this stage showed positive peaks of up to 2.5 e=/A3 in
the immediate vicinity of the rhodium atoms. An
attempt to carry out the anisotropic refinement for all
atoms was mnot successful. Another refinement for
which anisotropic temperature factors were assigned
only for the rhodium atoms, with a single scale factor for
the whole set of data, resulted in a slightly lower Ry (¥?)
value, 0.170, but all positional and thermal parameters
remained essentially the same for all of the atoms.
This paper, therefore, gives the results of the isotropic
refinement with multiple scale factors.

Although a full-matrix least-squares refinement of
the twinned Rhy(CO),, structure was carried out on F?
data and the subsequent calculations were based on
results of this refinement, the refinement was also per-
formed on F with the function minimized being Zw(F,)
| F(hkl)s| — s|F(hkl)o||? where |F(hkl)| is defined in eq
2, and the derivative of |F(kkl)s with respect to an in-
dividual atom parameter p (see ref 33, p 6) be-

(45) This quantity is closely related to but not identical with a calculated
discrepancy index for a twin cotfiposite, Ri(F)T (=0.095), which has been
defined? as Z{||F(hkl)or| ~ s|F kD r|| + ||FGrkD 0| — s F R} 72{|F -
(hkl)or| + |F(REDor|}. Unless the ratio ]F(hkl)o‘/F(hkl)c\ is independent of
individual reflections, it can be shown that Ri(F) = Ri(F)1.
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TaBLE I
AroMIC PARAMETERS WITH STANDARD DEVIATIONS FOR
THE AVERAGED DISORDERED STRUCTURE OF Cos(CO)iz

Atom  x (10%0z) ¥ (1040y) z (10%02) B, &2 (100B)
Co; 0.8313 (16) 0.3450(9) 0.1163(8) 2.98(2.6)
Coy 0.8049 (11) 0.1330(7) 0.1208(7) 2.37(2.7)
Co; 0.5808(9) 0.2508 (13) 0.1207(4) 2.16(1.4)
Coy 0.7500 0.2500 0.2374 (3) 2.57(1.2)
Ci 0.8463 (63) 0.3502 (35) 0.0220(33) 7.8(13)
O; 0.8665(42) 0.3737(22) —0.0391(21) 7.5(8)

C, 0.8307(43) 0.3358(24) 0.3030 (21) 3.4 (7)
O, 0.8928 (35) 0.3985(22) 0.3477 (18) 6.4 (7)
Cy  0.7488 (72) 0.5068 (26) 0.1374 (20) 5.3 (7)
O; 0.7502 (61) 0.5942 (24) 0.1398 (15) 7.9 (6)
Cy  1.0506 (53) 0.3547 (28) 0.1483 (24) 4.4 (9)
O; 1.1470(45) 0.3905(26) 0.1659 (19) 7.8(9)
Cs  0.9316 (48) 0.1559 (28) 0.2146 (25) 4.5(8)
Qs 1.0108(34) 0.0967 (19) 0.2519(14) 5.2 (6)
C¢ 1.0197 (62) 0.1425(33) 0.0533 (29) 6.2 (12)
Op 1.0793 (39) 0.1035(26) 0.0254(19) 7.7(8)

TaBLE II
AToMIC PARAMETERS WITH STANDARD DEVIATIONS
FOR THE TWINNED STRUCTURE OF Rhy(CO);

Atom  x (10%0z) ¥ (104¢y) z (104a,) B, At (10cp)
Rh; 0.8208 (5) 0.3537 (4) 0.1172 (4) 2.40(1.4)
Rh, 0.8030 (6) 0.1296 (4) 0.1170 (4) 2.48 (1.4)
Rh; 0.5600 (4) 0.2593 (5) 0.1190 (3) 2.44 (0.9)
Rhy 0.7298 (4) 0.2555 (4) 0.2439 (2) 2.37(0.9)
C:  0.8323 (586) 0.3767 (39) 0.0098 (31) 2.0(11)
O 0.8761 (68) 0.3694 (45) —0.0588 (40) 7.9(17)
C;  0.8089 (75) 0.3586 (49) 0.3076 (40) 3.9(15)
O, 0.8930 (38) 0.3959 (30) 0.3594 (23) 2.9(9)
C;y 0.7715(60) 0.5162 (41) 0.1394 (30) 2.0(11)
O;  0.7244 (43) 0.6023 (30) 0.1520 (22) 2.9(9)
Cy  1.0354 (82) 0.3627 (57) 0.1459 (561) 4.7 (18)
Oy 1.1282(58) 0.3782 (38) 0.1630 (33) 5.2(12)
Cs  0.8832(83) 0.1536 (37) 0.2152 (29) 0.8(10)
O;  0.9967 (55) 0.0891 (38) 0.2506 (34) 5.9 (12)
Cs  0.9825(67) 0.1205 (46) 0.0489 (36) 2.0(12)
O 1.0669 (59) 0.1127 (46) 0.0176 (87) 7.3 (16)
Cy/ 0.6474(123) 0.1652 (88) 0.0439 (64) 10.2(33)
O, 0.6401 (69) 0.1512 (38) —0.0300 (36) 6.9 (14)
Cy’ 0.6439 (102) 0.1553 (61) 0.3192 (55) 7.1(22)
0, 0.5747 (61) 0.1250 (45) 0.3639(39) 7.2(16)
Cs' 0.7376(84) —0.0368 (61) 0.1115 (51) 6.5 (20)
Qs 0.7378 (58) ~—0.1299 (41) 0.1271 (34) 6.8 (13)
Cy' 0.4057 (57) 0.1501 (46) 0.1342 (40) 2.7(13)
Oy’ 0.3267 (63) 0.0934 (45) 0.1584 (35) 7.7(17)
Ci' 0.5642 (59) 0.3592 (45) 0.2217 (36) 2.5(12)
Os" 0.4753 (50) 0.4269 (38) 0.2452 (31) 5.0 (11)
Ce¢' 0.4601 (62) 0.3554 (44) 0.0658 (39) 3.1(13)
O¢ 0.3834 (42) 0.4077 (32) 0.0209 (26) 3.2(9)
comes (1/ F(hkl)o|){ [m| F(hkl) |0 F(hkD)o|/0p] + [(1 —

m)| F(hkl)o|d| F(hkl)o|/0p1}. The validity of this refine-
ment (m was fixed at 0.5 here) is evidenced by the
successful convergence which resulted in essentially
the same least-squares results as those obtained from the
refinement based on F? data with Ri(F) = 0.098 and
Ry(F) = 0.108.

The final parameters with estimated standard devia-
tions, obtained from the last cycle of isotropic least-
squares refinement, are given in Table I for Cos(CO)y2
and in Table II for Rhy(CO),. Observed structure
amplitudes and calculated structure factors are listed for
Co4(CO)1z and Rhy(CO)y; in Tables III and IV, respec-

Inorganic Chemastry

tively. Bond lengths and angles were calculated with
the Busing-Martin-Levy function and error program,4
and some selected values are summarized in Tables V
and VI, The “best” molecular planes formed by sets
of specified atoms and the distances of other atoms from
these planes, as calculated by the Smith program with a
weighted least-squares method,* are given in Table V1I,
The computers used for the calculations in this paper
were the CDC 1604 and CDC 3600 computers at the
TUniversity of Wisconsin and the CDC 1604 and IBM
360 computers at the Oak Ridge National Laboratory.

Discussion

General Description of Structures.—The crystal
structures of tetracobalt and tetrarhodium dodecacar-
bonyls are both composed of discrete molecules with an
idealized configuration (depicted in Figure 3) of Cs,
symmetry. Both molecules consist of four tetra-
hedrally arranged metal atoms in which an apical
M(CO); group is symmetrically coordinated to a basal
M;(CO), fragment by only metal-metal bonds. The
M;(CO), fragment contains three equivalent M(CO);
groups, each located at a vertex of a nearly equilateral
triangle. Each pair of M(CO), groups is linked by
both a metal-metal bond and a bridging carbonyl
group. The 12 carbonyl groups are disposed at corners
of a distorted icosahedron which surround the tetrahe-
dron of metal atoms.

Figure 3.—Molecular configurations of Cos(CO)z and Rhy
(CO)z. In Coy(CO)z the carbon and oxygen atoms with primed
symbols are related to the corresponding atoms with nonprimed
symbols (for basic atoms) by a twofold crystallographic axis pass-
ing through Co, and the center of the equilateral triangle of Coy,
Coz, and Co;. In Rhy(CO)yp all primed and nonprimed atoms
are crystallographically independent.

(48) W, R. Busing, K. O. Martin, and H. A, Levy, ‘ORFFE, a Fortran
Crystallographic Function and Error Program,”’ Report ORNL-TM-306,
Qak Ridge National L.aboratory, Oak Ridge, Tenn., 1964.

(47) D. L. Smith, “A Least-Squares Plane Program for the CDC 1604
Computer,”” Ph. D, Thesis (Appendix IV), University of Wisconsin, Madison,
Wis,, 1962,
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TaABLE II1

OBSERVED STRUCTURE AMPLITUDES AND

WL FO FCpH L FO FCJH L FO FC pH L FO FC[H L FO £ | H L FO FC
were owee | 9 6 61 57 |8 2 58 6 |st0 39 =35 | s 6 43 w6 |4 9 28 =21
8 6 6 %7 160 & 6 )3 8 8 82 | 410 32 =26
6 2 149 «109 bl ST Bl 9 4 62 75 6 1 39 33 6 2 85 -9 | 5 1 25 -32
0 4 167 =174 6 2 58 =52 6 6 65 58 5 2 85 67
o 8 213 282 | 0 2 247 -286 wht ke 2% 16 5 37 =22 | 610 65 64 | 5 & 62 =43
010 83 =70 o & 31 =30 6 6 43 =51 7 0 62 69 5 8 36 =30
otz 111 =115 | o 6 tos 123 o o 181 w187 |6 8 52 su |74 37 322|510 82 72
oty 6 64| o8 8 75 o 2100 72 |8 & s -2 )76 39 -3 [516 w -3
ot6 82 78 | oto t51 =183 |o 6 102 105 |9 2 w33 |7 8 50 56| 6 0 137 150
1w o2n 18 ) ors w2 38 Jo B 92 ~03 |96 w2 - a1 32 28 |6 2 w3 W
16 186 216 | 016 e 73 otz w4 9 2 32 32|64 s3 b3
v 8 132 =115 | 018 70 75 |ow w0 w2 Ll SR R 6 6 sz 87
110 166 190 | 1 o 265 325 |06 w7 e wmKe ywer | 6 8 g4 =97
10h 55 1 & 30 =20 t 2 76 =53 |o 2 8 62 612 38 36
116 66 =50 |1 s 33 22 |13 s o o s w2 42 o oo 24 w257 |61 3 37
198 70 73 | v e 107 =08 |1 5 1es -188 | o 6 3 -35 | o 2z s -8 | 616 33 <46
20 13 =126 | 1 7 32 e [1 8 62 57 |0 8 33 -3 o4 75 73|72 67 -8
2 2 ¥ 72 V8 126 150 Y10 73 =26 | ot10 53 58 1o 6 95 =96 |7 & 45 b
2 4 100 gb | 11z 66 =86 | t16 w8 w9 lorz 58 55 | o2 w8 45 | 710 53 65
28 8 93| 114 52 =53 |20 w5 29 |1 0 13 -m2 [ 1 22 =22 |80 w43
214 52 22 | V16 55 56 |2+ 56 53 |1 2 99 108 |1 4 47 51
302132 sizv | 24 28 -1 [2 2 82 -85 [1 4 55 =58 |1 6 39 106 bl S
304 s 26| 28 6 59 [2 3 169 205 [+ 5 28 -33 |4 8 3 24
316 H -9 210 b4 45 2 b 133 153 1 6 50 34 112 63 =55 o2 99 86
38 1 49| 216 w7 w43 |26 8 8 [1 7 0 w1 e s6|o s ;28
310 39 28 | 31 57 47 [210 30 26 [1 8 48 50 |12 & =32 |06 7 -
312 47 58 3 2 63 s6 | 212 52 43 | 110 53 43 22 78 9t o 8 27 27
316 56 =52 § 3 3 sh oue | 213 31 27 112 36 <37 | 2 & 162 =198 ] 02 51 0»
4 2 122 =tts | 3 4 13 -126 | 21w 33 =27 |2 2 38 28 | 205 41 =2 |ow 4y -3
4 4 8 87 )36 59 53|31 103 =8 |26 98 97 |26 s s53|czw 36 30
4 6 106 =95 | 310 4z 43 | 3 2 tos ~108 | 292 63 55 |2 7 3 32|t o 8o =63
48 wy w6 | 312 & 59 [3 3 43 35 |24 6 -6 |28 22 26| 1 0 -2
410 6 6% [ 4 2 4o 28 |3 6 107 0t |31 56 58 | 210 8 83 |1 2 70 -8
412 61 w6 | b 3 28 =26 [3 8 w0 36 [3 2z 8 -97 | 212 8 -8 |1 4 100 110
s 2 st 36| w4 31 11 |310 35 =26 |3 3 W 46 |3 2 133 139 |1 6 50 -4
54 77 =9 | 4 6 82 -8 [312 39 38 [3 4 100 100 |33 30 36110 73 —3
5 6 4 38| b9 3 =27 | 314 6 60 |3 6 40 =28 |3 4 28 39 |112 76 N
512 46 w2 | k12 48 46 | w2 57 52 | 310 62 40 | 3 6 105 ~tto | 2 2 8 75
6 0 29 <32 bah w5 =37 | b w98 99 | 312 64 67 | 3 8 65 59 2 b 30 =40
6 2 bs w2 | 5 2 8 -8y |4 6 ko 40 |4 1 22 =34 [ 310 37 35 |2 6 120 1
6 4 40 =27 5 4 53 57 410 W 34 42 22 =10 31 38 4o 210 42 ~-38
7 2 W2 23| 5 6 47 =51 | uwi2z w5 =46 | & 4 30 =38 | 312 s3 45 | 212 76 =61
7 8 w3 3 | 6w 39 =27 [5 1 35 -39 [ 4 6 w0 38 | 3w 62 -85 | 214 N e
7 6 52 <5t | 6 6 48 o |5 u 30 15 |4 8 27 =25 | 4o 74 8|30 43 32
8 2z 48 -3 |68 39 =3 |5 5 30 27 [s10 29 i3 | w1 33 -3 |32 6 6
8 4 8 91 [ 71wt -2 |5 6 3 =29 |wis b2 43 |4 2z n =35 |33 28 -n
812 s 57 |7 2 53 w0 |5 7 w2 37 |5 o 107 ~tbr |4 b 66 58 | 3 u 133 ~i6s
92 53 =54 | 7 4 59 -3 |58 w2 w2 |5 2 36 32|48 30 nl3s 29 -4

Consequence of Crystal Disorder for Cos(CO);p—
The crystal disorder of Co4(CO)1» necessarily requires
the cobalt atoms of each molecule to appear as two
sets of chemically equivalent tetrahedral arrays of
cobalt half-atoms related by a crystallographic twofold
axis, located at (}/s, /4, 5). Since in our calculations
this twofold axis in the ¢ direction is assumed to pass
through one of the three basal cobalt atoms of each co-
balt tetrahedron (Co,) and since the other three cobalt
atoms (the apical and two basal ones) lie on a plane
approximately perpendicular to this twofold axis, this
model gives rise to a formation of a hexagonal pyramidal
framework of disordered cobalt half-atoms around the
twofold axis. The 12 half-carbonyl sites associated
with one set of half-weighted cobalt sites overlap the
other 12 half-weighted carbonyl sites associated with
the other set of half-weighted cobalt sites closely enough
so that the two sets of carbonyl sites are not well re-
solved, Hence, each of the six independent whole-
weighted carbonyl groups in this structure represents
the gverage of two nearly coincident, alternatively oc-
cupied carbonyl positions. The light-atom positions
are nearly invariant to the disordered crystal structure,
since they are responsible for the molecular packing in
the crystal.

The two arrangements of the Cos(CO);» molecules in
the unit cell are shown in the [001] projections of the
molecules given in Figures 4a and 4b.*® Figure 4a
shows the cobalt atoms in positions related by symmetry
to those in the “‘basic” molecule in Figure 4b. To aid

(48) The drawings shown in Figures 4 and 5 were prepared by the use
of the Johnson program: C. K. Johnson, ““A Fortran Thermal Ellipsoid

Plot Program for Crystal Structure Illustration,”” Report ORNL-3794, Oak
Ridge National Laboratory, Oak Ridge, Tenn., 1965.
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CALCULATED STRUCTURE FACTORS FOR THE AVERAGED DISORDERED STRUCTURE OF Co4(CO)2
L FO FC K L FO FC| W L FO FC ] H L FO FC| H L FO FC [ B L FO FC
6 u6 uh | 2 3 95 7|t 6 w53 |1 6 w9 @ |17 29 24|28 29 29
8 W 37 Q2 b 8 % )1 7 32 =8 |V 8 42 -2 )3 8 7 8 |34 26 29
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ve 38 29 | 210 so s | t16 3 =8 | 118 w0 38 | vie 39 s |4 2 33 23
v o9 st |22 st s0o |22z 20 | zo w9 =s0o| 22 27 6|k s w2
2 3% 20 | 2w 29 93|24 32 35|20 8 -2 |23 2 275 s 32 10
6 33 =2 | 3 2 s0 =0 | 26 48 46| 22 w2 45| z8 3 - |s 6 w -2
8 35 32 3 3 15 =26 2 8 28 6 2 4 23 =23 210 38 3 6 2 4«30
9 20|34 32 33| 232 39 32|25 33 32| 216 36 -2 |6 4 38 2
1o w2z 16 |36 8 9t |2 35 w; |26 3 3] 30 2 ~BL8 4 51 -2
wown =38 | 312 w36 | 31 2t 18 )27 28 -2 |31 2 -2
o 122 139 | 316 e 58 | 3 2 46 w5 | 2 8 w2 =41 | 3 2 43 39 AR T
2 34 =23 | s oo w3 =3 |3 3 25 au |33 29 =27 |34 w2 -3
5 32 28 | s o1 20 22|36 98 0w |34 27 5|35 33 36 oz suo e
6 w0 |42 60 6t |36 39 =37 |36 31 -3 |36 26 19 Jo 6 37 =3
8 s s | & w g0 =13 312 w0 39|31 32 -2 |37 2 -7 Joo8 3z -z
1 w2 =30 | 4 6 b s6 | h o6 23 23|32 27 30|39 28 -29 |00 6 55
16 w29 | 48 35 =30 | w8 22 <7 | 314 33 =32 | 332 35 -8 |o016 3 -2
2 96 91 |s 1 28 ;o Juto 2 7 |wo 30 a|a o3 =0 |y o & 73
6 8 =10 | 5 2 & 67 | utz 33 -2s |4 1 25 20|46 39 - [1 6 30 2
1 76 79 | s 6 53 4 |wtw 31 25 | 4 o2 48 =k | 5 2z 39 -3 |1 8 33 =40
16 46 43 |5 7 3w =28 |5 0 6 -8 |4 4 33 w0 |s 4 33 29 |26 15 ws
18 49 42 | 590 s5 53 |5 2 35 4 | s o6 35 ~32 |6 s 33 -5 |28 o n
o 82 =9 |si6 3 34 |5 6 30 30 |st0 29 =22 |7 ok w3 -m |3z 27 -6
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in the comparison, the bonds of each of the 12 carbonyl
carbons to the cobalt atoms in both configurations are
tabulated in Table VIII. The atoms composing the
asymmetric unit listed in Table I for Co4CO);, are
labeled with unprimed symbols, whereas those related
by the twofold symmetry are marked with the corre-
sponding primed symbols. In the arrangement of
Figure 4b, a terminal carbonyl group C;~O; coordinated
to the apical Co, atom is related by the twofold sym-
metry to the bridging carbonyl group C;~Oys, which is
coordinated to two basal cobalt atoms, Co; and Cos.
Furthermore, comparison of Figures 4a and 4b reveals
that with the exception of Cy-Oq each of the six in-
dependent carbonyls is coordinated to different cobalt
atoms in the two alternative configurations. The re-
sulting consequence of this crystal disorder is that either
of the two possible orientations of the cobalt frame-
work, together with the 12 whole carbonyls (of which
only six are crystallographically independent in our
calculations), uniquely results in the identical molecular
configuration.

The effect of the averaging of the pairs of the sym-
metry-related carbonyl sites has been discussed in full
detail for another averaged disordered structure, Fe;-
(CO)12.? 1In that structure as well as in this one, each
determined atomic position for the carbon and oxygen
atom is the spatial average of two atomic sites, and
their actual separation affects the determined averaged
structure as well as individual temperature factors.
Hence, the atomic parameters obtained from the least-
squares refinement should be regarded as less certain
than normal, and the precision implied by the reason-
ably good final discrepancy factors mentioned previously
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only (o the averaged structure, uot to the in-
dividual molecular components. It is not nnexpected,
tlierefore, tiat while the six bridging Co C distatices
remain in a reasonable range (1.96-2.19 A), the nine
terminal Co—-C distances vary within an exceptionally
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of .64 2.26 A. Cousiderable deviations
of termningl Co-C-0O angles (143 -177°) from linearity
are also a consequence of the disorder, A similar non-
conformity of the determined molecular parameters
to normal values, for disordered structures, is also ob-

wide rauge
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Figure 4.—[001] projections of Cos(CO);; and Rhi(CO);2 molecules in their unit cells, The crystallographic twofold axis relating the
two statistical orientations of the ““basic’”’ configuration [shown in (b)] and the alternative configuration {shown in (a)] to each other is
shown to be coincident with the localized threefold axis of the tetrahedron of cobalt atoms (this axis passes through a basal cobalt atom,
Cos). The determined carbonyl positions represent the average of the nearly coincident positions of the corresponding half-weighted
carbonyl groups for these two possible orientations of (a) and (b). Shown in (c) is the projection of the rhodium complex closely re-
sembling that in (b) for the cobalt complex. Primed and nonprimed symbols are assigned to the atoms of the Rhs(CO)i; molecule in
corresponding positions as in the Co;(CO);; molecule.

TABLE V served for Fe3(CO)yp (disordered by a center of sym-
Bonp DisTances (A) with STANDARD DEVIATIONS®? Ir;etr};)ig and Cog(CO)1CyS; (disordered by a mirror
plane).
Bond ConlCOp KON Structural Relationship between Co,(CO)y, and Rh,-
xl‘xz ;ég‘; 82; gggg ®) (CO)1;. (a) Crystallographic Aspects.—The cell param-
1—M3 . . (7) : :
MM, 2,480 (14) 2.701 (8) eters of Co4(CO)y, and Rhy(CO);, differ only in that
M-M, 9.441 (14) 2 734 (7) the length of each of the three axes for the cobalt com-
MM, 2.527 (10) 2,716 (6) plex is approximately 39, shorter than the correspond-
MM, 2.486 (13) 2.796 (8) ing value for the rhodium complex. In spite of the
xl:gl ;g‘é EZ; ;gg Eg? similarity of the unit cell constants and of the molecular
Mi—Cj 2. 05 ) 197 8 structures, the cobalt complex crystallizes in a
M,—Cs 2.26 (6) 2.05(7) disordered structure for which coherent diffraction
M—Cs' 1.73 (4) 2.09 (7) occurs, whereas the rhodium complex forms crystals
M—Cs’ 1.93 (5) 1.75(6) for which the assumption of an incoherent twinning
33:84' 12; Ei; izg Eg; model was found to be successful in the unraveling of
Mj—Cz’ o 88 (@] 197 @) the nature of the crystal twinning.
M,-C,’ 2.19 (6) 1.98 (11) It is provocative to consider the space group of a
Ms-Cy/ 2.18 (5} 1.93 (11) possible ordered Co4(CO)yp crystal (z.e, one with a
M-Cs’ 1.96 (4) 2.18(6) structure containing only one of the two sets of cobalt
M~-Cy 2.01(4; 2.01(6) atom positions). Since the symmetry operations of the
ﬁ‘::gz [;8(1) Eg] igg Egi orthorhombic space group Pcen can be formally con-
C-O; 1.11 (6) 1.29 (8) sidered to be obtained by the combination of either a
Ce-0; 1.20 4) 1.28(7) twofold axis or an # glide plane operation in the ¢ direc-
Ci-0s 1.02(3) 1.14 (5) tion with those of the monoclinic space group P2;/c
84“84 1(1’; Eig (1]2‘; g; with 8 = 90° (e.g., P2:/c is a proper subgroup of Pcen),
C:,— O: 0: 85 (5) 0 96 7 one way to look at the disordered structure of Cos(CO)1,
C/—0,' [1.11 (6)] 1.32 (12) is that the apparent orthorhombic unit cell is the com-
G0y’ [1.20 (4)] 1.08 (10) posite of the two monoclinic unit cells of the same di-
Ca’-0y’ [1.02 3)] 1.15(7) mensions with symmetry P2;/c, in a way that gives rise
C4:‘O4: (1.01(5)] 1.09 (7) to superposed atomic positions for the two statistically
g‘:,:g:, Eég Egi} igz ggi oriented molecules around the twofold axis in the ¢

direction. Indeterminancy of these twofold-related
¢ Standard deviations of the last significant figure(s) are given molecular configurations formed during the course of

in parentheses. ® For Cos(CO)y; there is a pair of symmetry- . . .
. , ; stal h
equivalent values for each bond length owing to the presence of a crysta grOWth’ which takes place on a microscopic

crystallographic twofold axis. Values with brackets have been
duplicated to aid in comparison with the corresponding values for
Rh4(CO)12. (48) C.H. Weiand P. A. Agron, to be submitted for publication.
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TaABLE VI

SELECTED BOND ANGLES (DEG) WITH STANDARD DEVIATIONS™

Angle Cos(CON2 Rha{CO)12
M-M-M
M,-M,—M, 60.0 (4) 61.7(2)
Mz-M~M, 58.3 (4) 59.5(2)
M—Mo-M; 61.7 (3) 58.8 (2)
M,—-M;~M; 58.4 (5) 60.3 (2)
M;-Ms—M, 60.5 (4) 59.2 (2)
My M—M; 61.1(5) 60.5 (2)
M-M;~M, 60.9 (3) 59.9(2)
M;-M—M, 60.1 (4) 60.8 (2)
M—Mg—M, 59.0 (4) 59.3 (2)
Mi~M;—M, 80.0 (3) 62.3 (2)
M;-M—M, 59.7 (5) 58.8 (2)
My-M~M; 60.3 (4) 58.9 (2)
M-M-CO

M~M,-Cs 81.6(11) 88.9 (16)
M;-My—Cy’ 96.8 (16) 101.5(18)
M—-M~C, 100.0 (12) 94.7 (21)
M;—~M,—Cy’ 166.6 (20) 168.2 (22)
M;~M—Cy' 155.8 (16) 160.5 (15)
M;-M,-Cy/ 164.8 (12) 166.2 (25)
M;—M,p-C,’ 86.9 (12) 81.5(31)
M;-M»—C; 80.7 (11) 79.2 (14)
M-Me-—Cy’ 86.8 (15) 81.6 (33)
M;-M;3-Cs/ 80.3 (13) 76.4 (15)
M;-M,~C;’ 80.1 (13) 80.0 (17)
M;-M~C; 80.8 (12) 78.9(15)
M-Ms-Cy’ 56.3 (16) 445 (34)
M—Mo—Cy’ 55.7 (14) 44.8(33)
M;-M,~C;’ 49 6 (12) 32.4 (17)
M4—M;-C;’ 51.8(12) 47 .0 (15)
M,-Mo—C; 51.8(13) 43.9 (14)
M,-M,~C; 31.5(12) 43.2(13)
My-M3-Cs’ 138.7 (18) 143.2 (21)
M=M,—Cs 132.6 (11) 134.5 (16)
Mo-Ms—Cy/ 99.0 (14) 102.6 (15)
M—M,-Cy’ 107.7 (21) 108.0 (21)
M;-M,—C, 142.8 (11) 136.4 (20)
M—M;—Cy’ 140.0 (15) 138.9 (20)
M;-M,—~Cy’ 106.3 (13) 109 .3 (27)
M,~M;-C,’ 100.6 (14) 107.3 (19)
M;—M—Cs 124.1 (12) 134.2 (18)
MM ~Cy 142.3 (13) 140.1 (22)
M~M-Cy’ 109.4 (14) 119.0 (24)
Mo-M~Cy’ 107.7 (11) 108.2 (25)
Mp-My—Cs' 111.2 (12) 108.1 (15)
M,-M~Cs’ 107.7 (12) 111.2 (18)
M;—M,-C; 109.5 (13) 102.6 (15)
M;-M,-C; 113.3 (13) 102.7 (14)
M~M,—C,’ 117.3 (14) 103.6 (33)
M;~Mg—C;’ 116.3 (16) 108.2 (33)

o Standard deviations of the last significant figure(s) are given in parentheses,
related values for each bond angle owing to the presence of a crystallographic twofold axis.

Angle Cos(CO)12 Rhe(CO)12
M-M-CO (Continued)
Mp-M;-C 94 .3 (15) 98.2 (15)
M—M;—C; 150.7 (18) 156.8 (15)
Me-M;~Cy 97.9 (11) 98.2 (20)
M-M;-Cy 96.9 (20) 94.7 (15)
M—-M,;—Cs 94.3 (19) 98.8 (15)
M;3;—-M;-Cy 151.5(12) 153.8 (22)
M,—M,;-C, 151.8 (17) 152.9 (15)
M~M;~C3 99.0(13) 99.6 (15)
M~M-C, 94.6 (12) 98.0 (25)
M-C-0O
M;-C~O 166.8 (43) 158.6 (50)
M;-C5-O3 156.7 (65) 172.7 (48)
M;—-C4-04 158.3 (37) 170.4 (80)
My-Ce~Os 143 .4 (51) 177.4 (68)
M—C3'~0y’ 162.8 (66) 156.5 (78)
M—Co'~Os’ 168.6 (60) 169.1 (52)
M-C,/-0,/ 160.3 (40) 164.8 (70)
M;—~Co—-Os 177.3 (34) 157.0 (52)
M—Cy'-0y’ [177.3 (34)] 160.6 (78)
MGy '-0y 145.4 (49) 131.1 (88)
M-C,'-0y’ 146.5 (49) 137.6 (87)
M;-C;'~0;’ 144.2 (35) 129.5 (46)
M~Cy'-0;' 134.6 (35) 148.3 (53)
M~Ci—O;5 [134.6 (35)] 133.5 (40)
M,-Cs—0; 134.9 (30) 131.3 (38)
C-M-C
C-M;-C; 99.9 (20) 93.2(21)
C;—M,;—-C; 104.3 (20) 98.7 (27)
Ci—M;-C, 100.8 (23) 103.6 (30)
Ce~M,~Cs’ 111.8 (22) 98.9 (27)
Ce~M;-C.’ 107.5 (21\ 97.7(25)
Co-M4~Cy’ 95.1 (24) 99.0 (33)
Ce—Mo—~Cy/ 97.1 (21) 102.2 (36)
Ce-Mo—~C5 85.7 ( 8) 103.3 (22)
Cy'-M,-C,’/ 92.3 (20) 88.1(38)
C'-M,—C; 98.7 (18) 107.3 (28)
Ce'-M;-C;’ 96.5 (19) 95.5(26)
Ce'-Ms—C,’ 91.1(20) 103.6 (41)
Co/-M;-Cs' 97.3 (17) 105.5 (26)
Cy'-MC,’ 91.9 (18) 90.4 (36)
Co-M,~-C; 96.3 (17) 107.3 (27)
Co-M~Cy’ 99.0 (16) 90.3 (26)
Co/~MCs [99.0 (16)] 94.9 (28)
Cy/-M,~Cs’ [96.3 (17)] 101.8 (33)
M-CO-M

Mo—Cy/'~-M; 68.0(17) 88.8(48)
M;—Cy'-M, 79.1(15) 80.6 (21)
M—Cs—M; 76.7 (16) 92.9 (21)

b For Coy(CO)y; there is a pair of symmetry-
Values with brackets have been

duplicated to aid in comparison with the corresponding values for Rhy(CO).

scale, leads to the disordered structure obtained for
CO4<CO)12.

The presence of a (100) twinning mirror plane, as-
sumed in the twin model for Rh.(CO),, implies that
the unit cells of two types of domains in the crystal are
arranged in such a way that they are parallel in the
a direction and are related by a mirror plane across
boundaries of the regions where unit cells for both twin
components are formed alternatively with a repeated
period on such a fine scale that a pseudomicroscopic

polysynthetic twinning on (100) results. Since the
twinning operation at a boundary does not involve a
gliding, the presence of characteristic symmetry opera-
tions involving the screw axis in the & direction for the
individual twin components is retained, and the twin
composite has the common symmetry of the individual
twin components, augmented by the operation of the
twin law.

On the basis of study of growth habits for 118 species
of monoclinic crystals reported in the literature, Wolten
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TaBLE VII
EguaTtioNs oF BEST MOLECULAR PLANES AND
DISTANCES (A) OF ATOMS FROM THESE PLANES?

(a) Pseudomirror Plane through M;, Mz, and Midpoint of My—M,
—5.426x + 0.384y — 13.765z 4+ 5.980 = 0 for Cos(CO):2
—5.352x% 4 0.657y — 14.430z + 5900 = 0 for Rhy(CO):2

Coa(CO) 12 Rha(CO)12 Coe(CO)12 Rhi{CO)1e
Cs —0.22 0.10 Cf 2.19 1.91
O; 0.21 0.23 Cs —1.97 —1.83
Cs —0.23 0.02 O 3.13 3.01
Og —-0.19 0.01 Os —2.94 —3.12
(oY 0.01 0.32 Ce’ 2.78 2.72
Oy’ —0.05 0.03 Ce —-2.57 —2.63
Gy’ 0.07 —0.08 O’ 3.50 3.82
Os’ 0.01 0.10 O, —3.50 —-3.81
G 1.22 1.55 Cd 1.56 1.89
Cy —1.63 —1.51 Gy —1.7 —-2.05
O 1.96 2.30 (074 1.82 1.93
O, —2.38 —2.24 O,’ —2.06 —-2.34

(b) Pseudomirror Plane through M;, Ms, and Midpoint of My~M,
2.173x — 6.417y — 13.831z + 2.017 = 0 for Cos(CO)y,
2.176x — 6.479y — 14.346z + 2.168 = 0 for Rhy(CO)y,

Co(CO) 12 Rhs(CO)1z Cos(CO)1z Rhy(CO)i2
Cy —0.03 -0.02 (073 —1.92 —-2.11
O —0.29 —0.17 C/ 2.17 1.88
Ce’ 0.03 -0.08 Os’ —2.99 —3.08
Oy’ 0.04 0.06 0O,’ 3.12 3.01
Cy/ 0.10 0.15 Cy —2.52 —2.81
0,/ —0.21 0.00 Cs 2.58 2.82
Cs 0.07 0.01 ()3 —3.41 —3.61
Os 0.11 0.04 Og 3.35 3.51
Cs —1.51 —1.50 Gy —1.7 —2.02
C 1.30 1.40 Gy’ 1.79 2.41
O; —2.10 —2.34 (07% —2.12 —2.61
O 2.04 2.52 (o7Y 2.32 2.79

(¢) Pseudomirror Plane through M;, My, and Midpoint of Mp—M3
7.381x — 6.677y — 0.289z — 3.797 = 0 for Cos(CO)
7.512x — 6.991y + 0.506z — 3.820 0 for Rhy(CO)»

i

Cos(CO)12 Rh(CO)12 Cou(COY1z Rhy(CO)e
G 0.10 -—0.20 Cs 1.98 1.85
O 0.11 0.15 Gy’ —1.96 —1.98
Ce 0.00 -0.09 Os 2.94 3.18
O, 0.03 0.30 0O’ —2.95 —3.11
Gy’ —0.04 0.09 Cs 2.76 2.74
0.’ —-0.09 —-0.19 Ce’ —2.66 —2.81
Cy’ 0.02 —0.09 Os 3.47 3.42
O’ 0.05 —0.08 Os’ -3.35 -3.78
Cy 1.55 1.50 Gy 1.75 2.03
Cs —1.69 —1.56 C’ —1.49 —-1.75
Oy 2.01 2.09 (o7% 2.33 2.69
O; —2.27 —2.51 (o) —1.97 —~1.94

(d) Plane through M;, M3, and My
4.680x + 8893y — 6.722z — 4.137 = 0 for Cos(CO)e
4.884x + 9.248y — 6.362z — 4.376 0 for Rhy(CO);

i

Cou(CO)1z Rhs(CO)12 Cos(CO)12  Rhi(CO):2
G’ 0.11 0.04 Ce 1.54 1.23
(Y 0.14 0.29 Ce’ 0.93 0.74
Cs 0.17 -0.01 Ce 0.70 0.93
O 0.21 0.34 Og 1.66 1.76
(073 0.05 0.33 Os’ 1.19 1.13
Os —0.24 —-0.34 O, 1.25 1.36
C 2.79 3.11 Cs’ —1.61 -1.82
Cs 2.95 3.28 Cy/ —1.74 —1.86
Cy 2.94 3.11 Gy’ —1.58 —1.83
O, 3.50 3.69 (o7% —2.41 —2.78
Os 3.72 3.77 Oy’ —2.63 —2.92
Oy 3.59 3.60 (07% —2.73 —2.73

¢ x, vy, and z represent atomic fractional coordinates in terms
of the respective crystal axial systems.
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TasLE VIII
CoorpINATION OF CARBONYL CARBONS TO COBALT ATOMS

Metal atom(s)
coordinated
in basic confign

Metal atom(s)
coordinated in
alternative confign

Type* (Figure 4b) Type (Figure 4a)

C T Coy B Coy’ and Coy’
G T Coq T Coq

C3 T CO1 T CO-;I

C4 T C01 T COs’

Cs B Coy and Coy B Cos’ and Cos
Ce T C02 T COal

(O B Cog and Cos T Cot’

Czl T C04 T C04

Cal T COz T CO] !

C4' T COa T C01 !

Cs' B Cozand Cos B Coy” and Cos
Ce’ T COg T C02'

e T and B stand for terminal and bridging carbonyl! carbons,
respectively.

and Chase® have proposed a RL (right-handed or left-
handed) twinning mechanism for a group of compounds.
For the twin composite involving a twinning mirror
plane operating on the (100) or (001) plane, the in-
herent indeterminancy of “B8-handedness’’ was suggested
by them to be responsible for twin formation in these
classes of compounds. Formation of the Rhy(CO)i,
may be attributable to this RL twinning mechanism.
That no study was made to identify the twinned Rhs-
(CO)1s crystals as type A [twinned on (100)1% or type
B [twinned on (001)]% is immaterial in the treatments
of the twin composite of Rhy(CO)1a.

Thus, the structural differences between Coi(CO)1e
and Rhy(CO)y; can be attributed to the different modes
of growth of single crystals of P2;/c symmetry. We
can offer no explanation at this time for the formation
of a disordered structure in one case and a twinned
structure in the other from these two chemically anal-
ogous compounds.5!

(b) Interatomic Distances and Molecular Sym-
metry.-—The metal-metal bonding distances vary from
2.44 to 2.53 A (individual esd, 0.02 &) for Cos(CO)z,
and from 2.70 to 2.80 A (individual esd, 0.01 A) for
Rhy(CO);2, with no apparent differences in length
between the carbonyl-bridged basal-basal M-M bonds
and the apical-basal M-M bonds. The weighted
average Co—Co value of 2.49 A agrees with the value
of 2.50 A reported by Corradini,”™ and it falls within
the mormal range of 2.4-2.7 A obtained from a large
number of organocobalt carbonyl complexes including
COQ(CO>8,52 SCOa(CO)9,53 CO:;,(CO)QCCI‘I;;,54 CO@,-
{ (SC.H5)5(CO) }(CO)5,5  Cos(COY10S,* Coy(CO)4(SCy-

(50) G. M. Wolten and A. B. Chase, J. Chem. Phys., 41, 2966 (1964).

(51) The two models are experimentally distinguishable, however. A
distinct difference is the presence of Patterson peaks attributable to inter-
atomic vectors that correspond to the disordered cobalt positions for Cos-
(CO)12; no such peaks were found for Rhs(CO)1a.

(52) G. G. Summer, H. P, Klug, and L. E. Alexander, Acte Cryst., 1T, 732
(1964).

(53) C.H. Weiand L. F, Dahl, I'norg. Chem., 6, 1229 (1967).

(54) P. W. Sutton and L. F. Dahl, J. Am. Chem. Soc., 89, 261 (1967).

(55) C. H. Weiand L, F. Dahl, ¢bid., 90, 3060 (1968).

(86) C. H. Wei and L. F, Dahl, presented in part (Paper 15) at the Na-
tional Meeting of the American Crystallographic Association, Georgia
Institute of Technology, Atlanta, Ga., Jan 25~28, 1967,
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Figure 5—[100] projections of the unit cells of (a) Cos(CO)1z and (b) Rhy(CO)1.
shown,

Ha)s,se COs(CO)10(SC2H5)5,57 SCOG(CO)11(SC2H5)4,58
[SC03(CO)7125:,%° and Cos(CO)16C:S:.4° The weighted
average Rh-Rh value of 2.73 A—which is 0.24 A longer
than the averaged Co-Co distance, in rough accordance
with the smaller metallic radius of 1.162 A for the cobalt
atom as compared to that of 1.252 A for the rhodium
atom®-—is not much different from values found for
other organorhodium carbonyl complexes cited else-
where. "

The M-C distances (including both terminal and
bridging) range from 1.64 to 2.26 A for Coy(CO)y, (the
maximum difference being equivalent to 10-15 individ-
ual esd’s) and from 1.75 to 2.18 A for Rhy(CO)se (maxi-
mum difference equivalent to 4-8 individual esd’s).
C~0O bond distances, including both terminal and bridg-
ing carbonyls, range from 0.85 to 1.20 A for Coy(CO)ss
(difference of 6-12 esd’'s) and from 0.93 to 1.32 A for
Rhy(CO)1p (difference of 3-7 esd’s), excluding C;—0O;
(1.52 A), which is exceptionally long. Although the
apparent wide variations in M—C and C-O distances for
Co4(CO)y2 can be attributed to the crystal disorder,
those obtained for Rhy(CO);» cannot be readily ex-
plained, except as the result of errors involved in data

(37) C.H. Weiand L. F. Dahl, J_ dm Chem. Soc., 90, 3960 (1068).

(58) C. H. Wei and L. F. Dahl, tbii., 90, 5977 (1968).

(69) D. L. Stevenson, V. K. Magnusou, and L. ¥. Dall, ibid., 89, 3727
(1967).

(60) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960, p 256 or 403.

Inorganic Chemistry

In (a) only one orientation of the cobalt atoms is

collection and in treatment of the data. It is our belief,
however, that these anomalies in molecular parameters
are not likely to conform to the physical reality of the
actual molecular geometry in either case.

The distortion of the carbonyl icosahedron, which
surrounds the metal atom framework, from regularity
for each of the complexes is shown by the variation in
Co4(CO)12 of 16 independent carbon-carbon edge dis-
tances ranging from 2.48 to 3.57 A, and by the variation
in Rhs(CO);z of 30 independent carbon-carbon edge
distances ranging from 2.80 to 4.43 A. Nevertheless,
the carbonyl icosahedron for either Cos(CO)s or Rh,-
(CO)1» is much closer to regularity than that of Fe;-
(CO)1p,® in which the molecule involves the carbonyl
icosahedron surrounding an isosceles array of iron
atoms. (For a detailed stereochemical relationship
between M4(CO)1z and Fes(CO)y, seeref 3.)

Despite the vexing complexities involved in the struc-
tures of disordered Cos(CO);; and twinned Rhy(CO)iq
and despite the large variation of bond distances and
angles, the two molecules as a whole are strikingly
similar and remarkably close to an idealized C;. sym-
metry. The pseudo-Cy, symmetry of the molecule in
both complexes is shown by calculations involving three
pseadomirror planes [Tables VIla, VIIh, and VIlc],
each passing through the apical metal atom (M,), one
basal metal atom, and the midpoint of the remaining
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two metal atoms. In each case the pairs of correspond-
ing atoms related by each of these molecular pseudo-
mirror planes are approximately equidistant from the
molecular planes. The bond distances (Table V),
bond angles (Table VI), and the calculations of a plane
passing through the three basal metal atoms [Table
VIId] also corroborate the over-all C;, pseudosym-
metry of each of the molecules.

The close resemblance of the arrangement of the
individual carbonyl groups as well as of the metal
atoms in the two structures is clearly illustrated in the
[001] projections of the “‘basic’” molecules in the unit
cells represented in Figures 4b and 4c for the cobalt and
rhodium complexes, respectively. For convenient com-
parison, the nonprimed and primed symbols are as-
signed to atoms in corresponding positions for the two
complexes (also see Figure 3). The observed similarity
in molecular configurations for both complexes is cer-
tainly more than a coincidence and supports the correct-
ness of the determined structures obtained from different
approaches. To illustrate this structural similarity
further, the [100] projections of the unit cells are shown
in Figures 5a and 5b for the cobalt and the rhodium
complexes, respectively. To aid in comparison, only
one of the two cobalt frameworks is shown in Figure
5a, as for the equivalent space group P2;/c. The inclu-
sion of the other orientation of the cobalt atom frame-
work would result in the disordered structure with the
observed space group Pccen. The minimum inter-
molecular separation is 2.86 A for Co4(CO)yz and 2.79
A for Rhy(CO)yg, both for O- - - O contacts.

Further Application of the Proposed Treatment for a
Twin Composite and Its Crystallographic Implication.—
In principle, the simple twinning mechanism and the
derived structure factor relations for a twin composite
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(explained in detail in the section Determination of the
Structures) can be applied to other similar twin compos-
ites in which the apparent reciprocal lattices are exact
superposition of two component reciprocal lattices.
The treatment should be valid provided that a proper
indexing of individual reflections can be made.

Successful applications have already been made in
the structural determinations of an organometallic
chalcogen complex S;Ni3(CsH;)s%! and a metal derivative
of an a-amino acid Ni(C¢H;N.O) 2H,0.82 Twinning
mechanisms similar to that of Rhy(CO)y; were assumed
to operate on the centrosymmetric reciprocal lattices of
a single-crystal component of hexagonal symmetry
P6;/m for S;Niz(CsHs); and of monoclinic symmetry
P2;/c (with 8* = 90°) for Ni(CsH;N,0).- 2H,0 to give
rise to an apparent space group of P6,;22 for the former
and to a pseudoorthorhombic symmetry for the latter.
Although the detailed treatment of the diffraction data
varies from case to case, the fundamental principle of
the treatment remains valid and is of general appli-
cability. It will be interesting to see how well this treat-
ment succeeds in further examples.
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