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INTRODUCTION

Metel carbonyls and their derivatives represent an al-
moet unique clage of compounds in the fleld of traneition
metsl complexes in that their composition in moet cases ap~
pears to be governed not by consideration of the stable co-
ordination numbere of the metale, but primarily by the
tendency of the metal to form closed electronic shells, Al-
though metal carbonyle may be regarded as coordination com-
plexes between zerovalent transitlon metals and electron
donor carbon monoxide molecules, they have the striking
physlical propertiee of being electrically neutral and dla-
magnetlic. Chemically metal carbonyls are a reactive class
and form a number of very interesting and unusual types of
compounds,

The physical and chemical propertlies of the metal car-
bonyls have been extensively determined largely through the
work of W. Hieber and his school. In Table 1 are summarized
gome of the physlcal properties of the known metal carbonyls.
However, nelther the properties nor the chemical resctions
of the metal carbonyls seem to give an ineight into their
structursl aspects.

The metal carbonyls can be subdivided into two classes:

{a) volatile mononuclear molecules which are very soluble in



Table 1. Xnown metal carbonyls and their properties
Metal(atomic number) Mononuclear Polynuclesr Carbonyls
' Carbonyls
Cr(2k) @?(Cﬁ)ﬁ
colorless,
sublimes
¥n(25) ¥na(C0)q g
golden @llag
L1 o J8 ls "155 G»
Fe(26) Fe(CO)g Fep(CO)g
yellow : golden yellow
m.p. -20°C., decomposes 100°C.
bep. 103°C,
[Fe(co)y)4
dark green
decomposes 140°C,
Co(27) Co,(CO)g
orange, m.D. 5160.
[cotco)s],
black, decompoees 60°C,
Ni(28) N1 (CO)y ‘
colorless
&Qp‘ ""2506‘|
b.p. 43°C.
cu(29) [cutco),] "
white, sublimes
¥o (42) Mo(CO)g
colorless,
sublimes
Tell3)

*Gnly qualitetive evidence,



Table 1. (Continued)

Metal(atomic number)

Hononugclear Polynuclear Carbonyls
Carbonyls
Ru( 44) Ru(C0) Ruy(Co)g
colorlesg, orange, sublimes
MePe *220€:¢ ®
[ﬁu(sa)Q]S
green
Rh(45) Rhp(C0)g
orenge, decomposes 76°C.
[Rh(ca)j:lx
deep red, sublines 15000.
Bhy(C0)qq
black, decomposes 200°C.
pPa(4e)
hg(47)
wizh) w(C0)g
colorless,
sublimes
R$(75) ﬂﬁz(cg)lg
colorless, m,p. 177°C.
0e(76) 0e(C0) ¢ 0s2(C0)g
colorless, bright yellow, m.p. 224°C,
m&p- -1800.
Ir{77) Irp(CO)g
v greenish yellow, sublimes
2¢(78)

ﬁu(79)




non-polar solvente and (b) relatively non-volatile poly-
nuclear molecules {i.e. contalning more than one metal atom
per molecule) which usually are sparingly soluble in non-
polar solvents.

The mononuclear carbonyls have been studied in great
detail by electron diffraction, X-ray diffrsction, and Raman
and infrared snalysis. Thelr structural features are glven
in Table 2, Each CO ligend can be regarded aseg contributing
two bonding electrone to the metal atom; thus an increase of
two in the atomic number of the metal decreases the number
of ligends by one. Some of the carbonyls of the first row
traneition metale and their derivetives found in Table 3 well
1llustrate that the coordinstion number of most of the mono-
nuclear carbonyls resulte from the sttainment of an effective
atomic number for the metal equal to that of the next inert
gas, in this case 36. For ell of the mononuclear carbonyls
the ¥-C-0 grouping ie linear. The bond hybridization and
structures of the mononuclear carbonyle have been readily
explained with Pauling's theory of directed valence (1).

The only polynuclear carbonyl whose molecular structure
hee been determined by diffraction methods is Fep(CO)g. 4n
Y-ray anslysis of Fep(CO)g by Powell and Ewens (2) in 1939
showed 1t to exist in the solld ee dlecrete (CO)3Fe(CO)4Fe-

(GG)B unite with an approximate molecular symmetry D3h.



Teble 2.

Structural festures of mononuclear carbonyls ss determined by
diffraction methods

‘Metsl  Molecular Method (ref.) ¥-C o C-0 o Calculated
Carbonyl Symmetry Distance (A) Distance (i) ¥-C ?1§§anea
8

cr(Co)g Octehedrsl Eln. D." (3) 1.92% 0.0 1.16 * 0,05 1.943
X-I‘ay a» (i}} ’Vlusﬁ Mldls

Fe(CO)s  Trigonal Eln. D. (35) 1.84 * 0,04 1,15 % 0,04 1.936

Bipyramidal

Ni{C0)y  Tetrahedrel “-ray D. {(8) 1.8+ % 0,03 1.15% 0.03 1.920
Eln., D. (7) 1.82 - 0.03 1.15Z 0.02

¥n{CO)g Octahedrsl  Eln. D. (3) 2,08t 0,04 1.15* 0,05 2,062
X-ray D. (&) ~2.13 ~1.15

W(C0)g  Octahedral Eln. D. (3) 2.06 * 0.04 1.13 % 0.05 2.070

X-rey D. (&)

~2.13

w*,
Eln. D, =

Electren Diffraction.



Table 3. Coordinatlion number and effective stomic number of
some first row transition metal carbonyls and
thelir derivatives

Trensltion Carbonyl Number of Effective

metel(atomie Electrons Atomie
number) Donated Number
to Metal
Cr(2k) Cr{CO)gq 12 36
ﬁr(GQ)BPyB 12 36
Mn(285) ﬁn(CO)Bcl 11 36
Fe(26) Fe(CO)g 10 36
Fe(C0)yI, , 10 36
Fe(CO)yH, 10 36
Fe(C0)4(NHy)p 10 36
Fe(C0)2(NO)p 10 36
Fe(C0)o{o-phen)I, 10 36
Co(27) Co( C0) ,H 9 36
CO(CQ)3HG 9 36
Co{C0)(NO) (o-phen) 9 36
Hi(28) N1(CO)y 8 36
N1(C0)5(o-phen) 8 36




The structure can be viewsed ae two octahedra jJjolned at a
face, such thst the iron stome are linked by three bridge
carbonyl groupe. The dats were baered on single crystal os-
clllation and zerg-layer line Welssenberg photogrephs around
the 8, and ¢y axes of thin, hexagonal, crystal plates, The
,8pace group was determined to be C 63/m with two molecules
per unit cell, and lattice constanta a, = 6.45 3, Cq =

15.98 2. The molecular exie lies along the ¢, exis. The

interatomic distances and angles found are:

Fe~Fe 2,46 %
Fe-C (4n -C 3 0) 1.9 &
Fe-C (in >c =o0) 1.8 %
Czo0 1.15 &
:‘c =0 1.3 A
terminal C-Fe-C angle o4°
bridge C-Fe-C angle 78°
bridge Fe-C-Fe angle 87°

This structure has two very lmportant features. First,
two typee of carbonyl bonde are formed: (a) terminal carbonyl
bonde, which, similar to those of the mononuclear carbonyls,
contribute two electrons each to the metal atom and (b)
bridge carbonyl bonds which contribute one bonding electron

to each metal atom. Second, in order to account for the



observed dlamagnetism of the molecule the short Fe-~Fe dis-
tance wes interpreted to mean a direct metal-metal bond.
Unfortunately, no absorption correction was made for the
irregular shape of the crystal (the experimental error re-
ported weeg + 0,08 %). This might account for the fact that
the terminal Fe~C bonde, which supposedly posseee double
bond charscter, were reported to be longer than the brldge
Fe-C bonds which were interpreted as single bonde,.

In 1950 a spectral study of Feg(ﬂ@)g by Sheline sand
ritzer (9) suggested that the etretching frequency of bridge
carbonyl groups lles in the same gpectral reglon of sbout
1800 em.'l as organic ketonle groups, whereas terminesl car-
bonyl groups abeorb around 2000 cm.”l. In fact thelr par-
tlal vibrational anslysis wae found, perhaps fortultously,
to be in agreement with the s0lid spectrum of Fey(C0)g.

The type of vibrational enalysls employed by £heline
and Pitzer (9) consists of determining by group theory the
number of infrered actlive and Reman active normal frequencles
involving maeinly the carbonyl stretching or the metal carbon
stretching for the different internuclear structures, and
comparing the resulte with the observed data, The assumption
1 that the masses and interections of the atome are such
that the observed frequenclee are characteristic of "atom-

peir* vibrations., Thie method neglecte forces hetween
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Table 4. Infrared-active carbonyl stretching freguencies of
vari@uﬁ metal csrbonyls

Me tal (state) Terminal Carbonyl Bridge Carbonyl  Ref,

Carbonyl Frequengies Frequenciles
(em,~1) (em.-1)

Cr(C0)g (gas) 2000 | 10,11
Fe(C0) g (zae) 2033, 2012 12
F&(QG)5 (gae) 2028, 1994 9
N1(Co)y (gas) 2050 13
N1(CO)y (gae) 2060 12
Ni{co)y (solution) 2047 12
ni(coly (golution) 2045 14
¥o(C0)g (gas) 2000 10
W(Co)g (s011d) 1997 15
Feo(C0)g  (so0lid) 2080, 2034 1828 9
Fep(CO)g (so011d) 2082, 2019 1829 16
Cop(COlg (gas) 2079, 2053, 2037 1876 12
Co,(C0)g (gas) 2077, 2054, 2034 1859 17
Mnp(C0) g (CgByp) 2050, 2010, 1988 18
Mnp(CO)y0  (C85) 2061, 2027, 1998 19
Mnp(C0) e  (s0lid) 20680, 2014, 1989 19
Mnp(C0)1g  (gas) 2068, 2039, 2006 19
Rep(C0)yp  (CC1,) 2078, 2015, 1973 18
Rep(C0)yo  (C8,) 2065, 2006, 1968 19
Reo(C0)19 (gee) 2070, 2019, 1985 19
[Fe(co)y], (eolution) 2052, 2029 1860, 1830 1,20
[colco)g]  (CpHyg) 2058, 2030 1873 12
[Colc0),]  (n-CgHyy) 2067, 2037 1866 1
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non-bonding atoms &nd interactlion effects between bonds and
therefore should be much more velld in the gsseous state
than in the eolid or in solutien., Charaeteristic carbonyl
frequencies for the metal carbonyls which have been studled
are listed in Table L.

Further application of this type of vibrational analysis
to Cop(CO)g has been made by Cable, Nyholm, and Sheline (17)
and Frledel, Wender, Shufler, and Sternberg (12). The former
postulated three structures which satlefy the espectrum. The
first model is obtained by the Junetion of two trigonal bi-
pyramids at an equatorial edge with the molecular symmetry
Don, resulting in two bridge carbonyl groupes (Figure la).
Another model satisfying the dats 1s & trans-square pyramid
structure of Cpp symmetry (Figure 1b) which was viewed as
legs likely from precedent., The third structure proposed,
which also possesses O, symmetry (Figure l¢) is a trans
configuration of two trigonal blpyramids Jolined at an edge
such that apicsl and equatorial carbonyls are shared es
brldge carbonyle. The third structure wae postulated by
Friedel et al, (12) as the most probable structure, since
they rejected the Dy, structure on the basis of intramolecular
distances., A cobalt-cobalt bond again wes assumed %o sccount
for the observed dlamagnetism. It was also pointed out (12)
that elthough it appesared reasonably certain that the band



Figure 1. Proposed structures of Cop(CO)g
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at 18?6 emg*l

ie & bridge ecarbonyl stretching frequency, a
gtructure such aes shown in Flgure 14, in which the dimeriza-
tion 1g obtalned directly by & cobalt-cobalt bond only,
gshould not be excluded solely on the basls of infrared data.
Both the steaggered (BBd symmetry) and the eclipsed form (ﬁBh
symmetry) of this model predict three bands in the carbonyl
reglon, and the one due to the aplecal carbonyle can be
assigned as the 1876 om,”} "bridge carbonyl® band.

Hone of the dinuclear carbonyls of the heavier transi-
tion metals have been studied structurally. Cable and
Sheline (1) felt that Rup(CO)g and 0s3(CO)g are isomorphous
with Fep(C0O)g though they were less certain about Rhy(CO)g
and Irp(CO)g being similar to Cop(CO)g.

Structural predictions for the more polymerized car-
bonyle are open to more doubt. Cobalt tricarbonyl was
reported from freezing point meassuremente (21) to be a
tetramer, However, Cable and Sheline (1) from an infrared
vibrationel analysis predicted a dimeric molecule, such as
that shown in Pigure 2, in which two cobalt molecules in a
square planar configuration are Joined at an edge. Support
for thies possibility is given by the isoelectronic ion
Ni(ﬁﬁ)ga which ie dimeric, with square planar nickel and
bridge cysno groupe (Figure 3). They found no tetrameric

gtructure to fit the infrared data.



Figure 2. Proposed structure of [@o(co)éjn

Figure 3, Structure of Hi(GN)B'z dimer
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In 1956 Cotton, Liehr, and Wilkinson (19) suggested that
a third type of carbonyl group, invelving a pseudo-ring of
carbon monoxide ligande lying between the metsl atomse, can
occur in polynuclear metal carbonyle with a charscterigtlo
infrered absorption band around 2000 om.~l, This postulate
wag applied to Mnp(CO)jy &nd Rep(C0)yo which show no absorp-
tion in the 1800 om,~t region characteristic of bridging
carbonyl groups. On the other hand Brimm et al. (18) and
Cable and Sheline (1) have interpreted the spectral data
of Mn(C0)1p and Rep(C0) 1y in terme of a structure involving
only direct metal-metal bonding.

Thus there exists a great need to bridge the gap be-
tween the conflieting postulates concerning the polynuclear
metal carbonyl structures and the nature of thelr bonding.
Only then can & clearer formulation be put forth to explaln
& number of thair unusual properties., Therefore, the struc-
tural determinations of [}b(ﬁﬁ}@]B, Re,(C0)10, and Mnp(CO0)qyg
were undertaken in en attempt to obtain & better under-

"standing of the polynuclear carbonyls.
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BTRUCTURE QF IRON TETRACARBONYL
Review of Literature

Iron tetracarbonyl is a dark green crystsllline compound
which decomposee at 140°C. (22; p. 144)., The crystals are
somewhat uneteble in air snd decompose slowly. Iron tetra-
carbonyl is hydrophoblc and slightly soluble in non-polar
solvents, Magnetic susceptiblility measurenments showed the
compound to be dlamagnetic (23, 24, 25), From freezing point
measurements in F&{GQ)5 Hieber and Becker (26) found the
molecular weight to correspond to a trimeric structure; hence
the formula is given as [?3(09)4]3.

Assuming the molecular configuration to be a comblnation
of octahedral and tetrshedral mymﬁetry, Hieber snd Becker
(28) pgs%ulatad three arrangemente as the probable structures
tor [Fe(CO)y|y

The firet (Figure 48) is structurally similar to
F@g(ﬂﬂ)g and ie formed by the Junction of two octahedra at
the opposite faces of an octahedron such that the central
iron atom 1g octahedrally coordinated by #ix bridge car-
bonyle (molecular symmetry DBd)' The other two configura-
tlone involve both tetrahedral and octahedral symmetry: one

(Figure 4b) hae each terminal iron surrounded by six €O



Figure 4, Proposed structures of [Fa(‘co)bJB
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groupe with the central iron tetrahedrally coordinated to
four bridge carbonyl groups (Dgg symmetry); the other
{Figure 4¢) has two terminal iron groups whloh are both
tetrahedrally linked to an ootahedrally coordinated central
iron by a2 CO group.

A preliminary X-ray investigatlon was made in 1931 by
Brill (27) who reported [Fe(C0)y|; to be a monoelinte, pris-
matic erystal belonging to the space group C 2/c (Ggh).

The unit cell dimensions he reported are ag = 13.00 3;

bg = eg = 11.41 21 A B = 94% 24,91, with twelve Fe(CO)y
specles per unit cell. In =dditlion a morphological examina-
tion by Brill (27) of the face angles of the prismatic crys-
tals with an optical gonlometer indlicated C,) symmetry. The
cg and bg axes are located at right anglee to one another
across the face dlagonale of the base of the prism with the
ap axls inelined upon the base. From the gonlometric meas-
uremente the axial ratios agibieg = 1,136:1:1 with the mono-
clinic angle 3 B = 93° 29.9' were obtained. The axes here
have been relabeled to correspond to the X-ray work, Of the
three structural formulas suggeeted by Hieber and Becker |
(26), Brill, from the pseudo~-tetragonal symmetry of the
orystal, favored the one with Dy symmetry as the most

l1ikely molecular structure.
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The electronic structures for the arrangemente proposed
by Hieber snd Beoker (26) were further anslyzed by Klemm,
Jecobl, and Tilk (28). They found it aifficult to understand
the trimolecular character of [FE(GO)bJB since they expected
it to possess a square planar configuration simllar to the
lsoelectronic lon Ni(CN),® which is aleo diemagnetic. They
felt that the Djd gtructure proposed by Hleber and Becker
(26) 1s magnetochemically not very probable. Aleo they
ressoned that with such & moleculsr configurstion one would
expect hexagonsl symmetry for the erystal. They postulated
ag the moet probable etructure one in which each terminal
iron ie surrounded octahedrally by six CO groups with the
inner four CO groups forming & square around the central
iren (Figure 4d),

In 1951 & epectral study of the compound was inter-
preted by Sheline (20) to favor the D,y structure as the one
mogt comatible with the diamagnetic suseceptibility, X-ray
diffraction, and spectral data. The presence of a very weak
band at 1833 em.”! was attributed to bridge earbonyl groups
similer to those in the Fep(CO)g structure. This band was
later resolved into two bands at 1830 and 1860 om.™t by
Cable and &heline (1). Differences between the solubility
of [?e(ce)é]B and Fep(C0)g in non-polar eolvente, together
with a weak electronic transltion at 2835 3 supposedly
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charaeteristic of ketone carbonyls, were also given by
Sheline as support for this structure. In 1956 Cable and
Sheline (1) elaborated on the electronic configuration of
the proposed Dpg molecule in which the centrel iron atom
forme four tetrahedral bonde by utillizatlon of the a’s hy-
brid orbitals while the end iron atoms form trigonal prism
d%sp3 hybrid orbitals.

It should be noted that the centrel iron astom in thie
pogtulated structure would poesess only thirty electrons
instesad of thirty-six electrons predicted by the closed
electronic shell rule which is evidently followed by other
"known" metal carbonyls. Aleo, no vibrational analysie of
the Doy structure was given,

Previous to the X-ray work on Fep(C0)g 8idgwick and
Bailey (29) suggested that in the polynuclear csrbonyle both
the unghared palrs of electronsg in the CO group were utillized
to Join together the metal atoms férming 8 linear arrangement
(1.e. =M~-C=0-N-) such as that found in the structure proposed
by Hieber and Becker (26). For [ Fe(CO)y], they (29) sug-
gested a trigonsl structure involving euch a link (Figure
Lhe).

Another trigonal etructure viewed as one of the more

promising ones, but rejected by Sheline (20) because of the
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ebsence of bridge carbonyls, consiste of three Fe(CO)y
species linked by direct iron-iron bonding (Figure 4r).

A preliminary X-ray investigation by Florio and Rundle
(30) in 1951 indiceted that the space group assignment by
Brill is wrong. In addition, ?a(ﬂe)s which decompoges
readlly and which might complex with [?e(CQ)é]B is a seem-
ingly poor cholce se & solvent in the molecular welght
determination of [?e(cs)é]3, and hence the existence of
[?e(ﬁ@)%]B a8 & trimer ls not definitely established.

Experimental Procedure and Results:

Preparation and identification

Iron tetracarbonyl was first prepsred by thermal de-
composition of Fez(C0)g in CeHp~dried toluene using vacuum
techniques to prevent decomposition of the [?e(ﬂﬁ)%]s. (a
vacuum line wes generously mesde avallsble by Dr. B. Schaeffer
of Iowa State College.) The Fep(CO)g compound was prepared
from Fe(00)5 by & modification of the method of Speyer and
Wolf (31), in this caee utilizging an argon atmosphere and a
mercury arc.

In addition to the prisme of [?e(cn)é]3 reported by

Brill (27) and Sheline (20), some very small needles were
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obtained. X-ray plctures showed the two forms to have the
game internsl structure,

In order to obtaln better crystals, [Fa(co)gJa was
prepared directly from Fe(60)5 by oxidation with MnOj
(32). Crystallization from different solvente ylelded
both erystal forms., Krylon was sprayed on the crystals
to prevent decompoeition. The infrared spectrum of the
resulting m&terial checked with the spectrum reported by
Sheline (20)., An iron analysls ylelded an average of 33.74
per cent in comparison to a theoreticel value of 33.26 per

cent.

Diffrsction data

X~-ray diffrasction date from emsll needle crystals were
obtained with Cu irradlation normal to the needle axis. The
Laue symmetry 2/m was indicated which placed the compound in
the monoclinic class. The lattice constante and B p angle

obtained from precesslion and Welssenberg pictures are ae

~ follows:

O
ag = 12.93 A



22

11,338 By = 93° 45

.4
1]

0
11.44 4 (needle axis)

H

°s

Both Welsgenberg and precegsion diffrsction data showed
the unit cell to be B-centered instead of C-centered as re-
ported by Brill (27)., The reflectione observed by Brill (27)
were reindexed by an interchange of the k and L indicee, and
the results correlated very well with the author's observed
reflections. Since the unit cell was found to be B-centered,
a primitive monoclinic cell with half the B-centered cell
volume was chosen., The index transformation from the B-
centered cell to the primitive cell (Figure §) wae made with

the following relatlonehips:

Lp - by
2 p

hp =

The gubseript "B" refers to the B-centered cell; the sub-
seript "p" to the primitive cell.

Pletures of prismetic crystals were taken, and the re-
sulting lattice constants, besed on the primitive unit cell,

determined from precessgion date are:
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Cp
Bg=93°45'

Bp=97°95'

-
- GB

Figure 5. The unit cell of [ﬂ( %haa
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4]
&p - 8.88 A
v Q - on0®
bp = 11.33 4 '@p = 97 9.5!
- o

81x Fe(CO)y speciles per unit cell give a cslculated density

dgale, = 2.01 g./cc. compared with the experimental value

dexp, = 2.03 g./cc. which was determined by the flotatlon

method {Brill (27) reported an experimental density of 2,0

g./ce.).

The indexed datse showed the occurrence of the following

systematic extineticons:

1.
24

30

{hx!) data - none, signifying & primitive lattice.
(0x4) data -~ k = 2n + 1 absent for (0kO) reflec-

tions observed through the 12th order.

(hk0) date - k = 2n + 1 abeent for (0kO) reflec-
tione obegerved through the 8th order. This slg-
nified a 21 screw axis in the bp direction, or
the stome were located such that A y = 30/60.

(not) date -~ h + £ = 2n + 1 absent for (hOL).

Thie etrongly implied an "n" glide in the b direction
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with the much less likely prossibility that the
atoms were oriented such that A\ x = 30/60 snd
N 30/60.

Thege systematic absences pointed 1o the centrosyn-
metric space group lefn ag the moet probable one, although
other space grmupé consldered included P2/n, P2/m, P2;/m,
and Pn.

The unit cell containe six iron atome, twenty-four car-
bon atome, and twenty-four oxygen atome, From the symmetry
positions of the space group P2;/n which are shown in Flgure
6 two lron atoms were arbitrarily placed on centers of sym-
metry in the two-fold set (=) 0,0,0; %,4,%4. The poesibility
of tha four iron atome occupylng two of the other two-fold
gete was immediately ruled out by the data. The most prob-
able arrangement of the atoms was thus:

1. Two iron atoms in the special positione (a) with

no parameters,

2. One get of iron atome in the four-fold general set

{e) with three parameters.

3. £ix sets of oxygen atome in the four-fold general

get (e) with elghteen parameters.

L, BSix sete of carbon atoms in the four-fold general

set (e) with eighteen parame ters.



Figure 6. Symmetry poeitions in the epace group P2,/n

Point positions:

2: (2) 000; #33 (b) #00;
(e) 00; #0% (a) oog; #ho

b: (e) xy2; 4+ X, 3 ~ Y, & + 2

-

xyz; ¥ - x, 2+ ¥y, & - 2
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The poeltions of the six Fe(CO)y epecies in the unit cell
were hence determined by thirty-nine psrameters, whilch pre-
sented a formldable problem. The above model, with two iron
stoms on centers of symmetry and the other iron atoms related
in paire by the center of symmetry, strongly suggested that
the molecule existe as a llinear trimer,

The following Iintenslity date were taken with several

eryetale.

1. (hol) - Precession plctures - Mo irradiation

Timed exposures.

1

2. (hx0) - Ppecession pictures - Mo irredistion
Timed exposures.

3, (0Okl) - Precession plctures - Mo irradlation

Timed exposures.

i

4, (hel) - Precesglon pictures -~ Mo irradistion
Timed exposures.

5, (Hkh) - Precession pictures - Mo irradistion

Pimed exposures.

6. (hkh) - Welseenberg plctures - Cu irradlation -
Multiple film.

7. (0kl) - Welseenberg plctures - Co irradlation -
Multiple film.

8, (1x42), (2x4), (3xL), (4kL) - Weissenberg plctures

t

Co irredlation - Multiple film.
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Correct indexing and intensity scslling of the data for
the different gzonee were checked by comparing the intensitiles
of common reflections. £Since copper irraediation csuses iron
to fluoresce, a cobalt tube was used in obteining VWelssenberg
data., Unfortunately, the intensitles of the reflections from
the cobslt irradlation showed conslderable dlscrepancy on
comparison with the same reflections obtained with Mo irradil-
aetion. Consequently, three-dimencsional VWelseenberg data in-
volving eight layer lines around the b, axis were obtained
by the multiple film technique with Mo irrediation to mini-
mize absorption effecte as well as to provide mesns by which
three-dimenelonal Patterson sectlons could be run.

To determine whether the erystal haes a center of aym-
metry, as indiceted by the space group le/n, an analysis
of the distribution of intensities characteristic of centro-
eymmetry wae applied to the three principal zones (33).

Thie method works beet when the atomws are not in speelal
positions and when there are & sufficlient number of reflec-
tione for the method to be statistical. The resulting evi-
dence supported & centrosymmetric space group or else
indlecated that the ecrystel is very nearly centrosymmetric.

The intenelties of the reflections were visually estl-

mated and corrected for Lorentz and polarization factors
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{34) to give relative F(hkﬂ}z’&. A standard set of in-

teneities based on one reflection was used to Judge the

intensitiesn.

Two-dimensional Patterson projections (35; 36, p. 150)
involving the (h0l), (hko), (0xL), (hkh), and (hkh) data were
computed using IBM equipment. These are shown in Figures
7, 8, 9, 10, and 11. It wes hoped that these projections
would reveal the parameters of the iron atoms from which
their phases could be calculated. The inherent assumption
in this method (i.e., the *"heavy atom" method) ie that the
irons' phase angles for each reflectlion should give & Fourier
~ electron-denslty synthesis which is a clote approximation to

the complete structure.
Since the diffraction photographs indiecated s high
temperature factor for the cryetal, "sharpened" Patterson
| projections (36, p. 170; 37, p. 376) of the three principal
zones (hOL), (hkO), and (Ok{) based on the function:

N N 2 ,
Futnen)|? = | 5 2,/ 3}:1 o4 | Pty |2
=1 =

were also computed (Figuree 12, 13, and 14) in an attempt

to resolve the iron peaks as well as to bring out more detall.



Figure 7. Patterson projection onto she {(010) plane



: the (001) plane

Figure 8. Petterson projection onto
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Figure 10. Fntarbm ym,}easxan onto the (101) plane
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Here rad represente the atomic scattering factor, ZJ the
atomic number, and F(hkl) the observed structure factor.

Thie type of projection depends on the modifled coefflcients
IFﬁ(hkl)lz glving a dietribution with considerably sharper
maxima than thoese given by the regular Patteraon serles wlth
the coeffilciente IF(hkl)'z. although thie neceesarily intro-
duces termination error, resulting in more false detail.
Physically, such a method corresponds to reducing the thermal
motion of the atoms.

With the assumption that two iron atoms were in the two-
fold set (a) and the other four in the four-fold general set
{e) given in Figure 6, the Patterson iron-iron vectors for
the gpace group le/n were derived for the six iron atoms

and are glven as followse:

Vector Multiplicity Vector Multiplicity
0,0,0 6

4.4,% 2

X,¥,2 2 2x,2¥,22 1

X, 7,2 2 2x, 2y, 22 1
XY,z 2 2x, 2y, 2z 1
x5,z 2 x,%§,2%% 1
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Vector Multiplicity Vector Fultipliclity
(cont.) {cont.) (cont.) (cont.)
2+ x4~y 2+2 2 2 +x,3+y,2+ 2 2
%"xoi"'i‘hé‘v"z 2 2 -x,%~-y,4~2 2
£+ 2x,%,% + 22 2 *,4 + 2y,% 2
k- 2x,4,% - 22 2 .4 - 2y,% 2

An Anterpretation of the "unsharpened® and "gharpened®
Patterson prolections based on the sbove lron vector set wag
unsuccessful. There appeared %0 be 1little correlsation among
the parsmeters of the blg peake of the different projections.
For inestance the "sharpened" {(0OkA) projection indlicated a
gmall minimum at y £ §, z = # in constrast to the (hOL) pro-
jection which showed s large meximum at x = %, z = %. The
above vector set unequivocally placed two iron vectors at
x=% y=4%, 2=%., The general features of these projec-
tione therefore indicated a tremendous overlap of Patterson
peake, and the problem wse of such complexity that three-
dimensionael projections were needed to resolve the indlvidual

peske from which an interpretation could be made.

Three-dimensional Patterson

A complete three-dimenslonal Patterson of [33(60)4]3
involving the synthesie of thirty-one sections at intervals
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of 1/60 (corresponding to ~ 0,2 3) along the bp axis wes
prepered, The general three-dimensional Patterson function

ie given by:

i

P(x,y,z)

¢ ZZ[Z IF(hkf.)I 2 cos 2T ky] cos 2T (hx + Lz).
hel k

The relative IF(hkl)Iz‘a of approximately 400 independently
observed reflections were used, and the entire procedure was
cerried out on IBM uaing punched cards. The resulting pro-
Jectlons were plotted on paper from whleh tracings were made
with India ink on window glase, A wood frame wes constructed
to hold the thirty-one glass panes; a three-dimensional scale
of 1 3 = 3,6 cm, wae maintained. The resulting Patterson
ganaisted of columns of vectors arranged along the (101)
direction ae shown by & picture of the model in Figure 15.
The Patterson eection P{x,%,2z) is = Harker section for
le/n, and the projection of thie section upon the xz plane
will contaln the vectors connecting the atoms symmetrically
related by the operation of the two-fold screw axis. Hence,
one~half of the vector from the origin to such a maximum gives
directly the dlstance and direction of an atom from one of
the screw axes of the oryetal (i.e. in le/n there are two
independent ecrew axes located at x = %, z = 4, and x = 3/k,

z = % with the center of symmetry at the origin), Difficulties
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of three-dimensional Patterson

Model

Figure 135.
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arise since such & plot alego contalns an equal number of
peaks resulting from the inability of the funetion to dis-
tinguieh between the two independent screw axes in the unit
¢ell. Aleso, if two or more atome 1lie in or near the same
plane pervendicular to the two-fold screw axls, other maxima
(non-Harker peaks) of twice the welght of the Harker peaks
appear, The Patterson section P(x,0,2) confirmed the
presence of & number of crystellographically different atoms
lying in the same xz plene and showed that the non-Harker
peaks were swampling the Harker peake in the P(x,%,z) section.

4 P(%,y,3) Harker section corresponding to an "n" glide
in the by direction was also computed (Figure 16), The re-
sults, interpreted in terms of the Harker vectors of an "n"
glide, indicated a large electron-density at y ~ 0/60,
15/60, and 30/60.

Generalized "sharvened" Patterson projection

In order to determine the effect on the three-dlmensional
(n14) generslized "sharpened" Patterson projection (36, p.
175) wae prepsred, end the resulte shown in Figure 17, in

general substantiated the three-dimensional Patterson
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Figure 17. Generalized "sharpened” Patterson projection
P;{z2) onto the (010) plane
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function., Hexagonal symmetry was observed around the origin

and also near x = &, y= ¥, z = .

lonal “sherpened" Pstterson

In an attempt to bring out the iron positlions by sharp-
ening the peaks, the three-dimensionsl "sharpened® Patterson
sections P(x,0,z) and P(x,%,z) were produced. The method of
medifying the values of IFlg 18 an extension of that used in
obtaining the two~-dimensional "gharpened" Patterson projec-
tione, in which the intensitlies of the higher order reflec-
tlons are glven more welght than the lower order reflections,
Seattering factors for iron (38, p. 572), carbon (39), and
oxygen (39) were obtalned for the three-dilmensional data,
and the modified |Fy {hki)lz were calculated for each re-
flection by the formule glven previously on page 29.

The resulting sections, shown in Figures 18 and 19, re-
vealed substantial differences from the "unsharpened®
Patterson sections. Consequently, seven more "sharpened"
Patterson sectlons were produced on IBM near y = 0/60 and
¥ = 15/60 which included the following: P(x,2/60,z);
P(x,4/80,2); P(x,8/60,2); P(x,12/60,2); P(x,14/60,2);
P(x,16/60,2); snd P(x,18/60,2). Plots of these sections
(Figures 20-26) also showed considerable changes from the



Figure 18. ‘Bharpened” Pagterason seotion P(x,0,:z)



w

Figure 19. "Sharpened” Pagterson _acﬂian »?{x.irﬂ



Figure 20, ‘Sharpened® Patterson section P(x,2/60,s)
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Figure 21. ‘*Sharpened® Patterson section P(x,4/60,1)






 Figure 23. “Sharpened® Pasterson sectlon P(x,12/60,¢)
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1lon P(x,14/80

ned® Patterson seoct

&ﬁj

Figure 24, *Bharpe
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igharpened® Patterson section pix,16/60,8)



Figure 26. “Sharpened® Patterson seotion P(x,18/60,¢)
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corresponding "unsharpened" three-dimensional Patterson sec-
tione. Individual Patterson peske appeared to be hetter
resolved, and more detall was present. Eight more "sharpened®
Patterson gections were later obtained on X~-RaAC (40) at
Pennsylvenls State University. The sections near y = 30/60,
which are given in Figures 27-31, eshowed a concentration of
large peaks of hexagonal symmetry about the point §,%,%.

The P(x,%,z) eection wae included for comparison with the
P(x,%,2z) section computed on IBM equipmentg.

In order to determine whether the hexagon of peaks
around the origin of the three-dimensional "sharpened®
Patterson was partly due to diffraction ripples from the
origin peak, the P(x,0,2) section was recomputed with the
origin subtracted, and the resulting map shown in Figure 32
indicated strongly that the hexagon of peaks was indeed real.

Two-dimene fonal Fourler projections

Several Fourier electron-density proJjectione (36, p. 199),
based on different interpretations of the iron positions from
the two-dimeneional Patterson projectione, failed to yleld
eny interpretable informstion concerning the iron, carbon,

and oxygen parameters,



Figure 27. ‘"Sharpened" Patterson section P(x,22/60,z)
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Figure 28, “"Sharpened® Patterson section P(x,24/80,z2)
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Figure 29, ‘"Sharpened" Patterson section P{x,26/80,z)
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Figure 32. ‘"Sharpened’ Patterson section P(x,0,z)
with the origin subtracted
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Models of the BBﬁ and Dzd gtructures shown in Figures
Ls and 4b, both invelving collinear iron atoms, were con-
gstructed to aéale, but no succees in fitting the modele to
the "gharpened" three-dimensional Patterson wae obtalned,

A criterion Tor followlng the progress of the structure

determination ie glven by the rellability index

2

R(mxg) = bkt

|F

'Fobaj - cale,

hke ' Fabs;

The R(hkL) walue was utilized to compare the observed struc-

ture factors with those calculated for the different models.
Although sbeent on the P(x,%,z) "unsharpened" Patterson

gection a pesk appeared on the P(x,%,z) "sharpened" Patterson

section at x =~ 0, z ~ 0 which was interpreted anslyticsally

as an iron-iron vector due to the four-fold set of iron

parameters given in Set I (Table 5).

Teble 5. Trial structures involving four-fold iron
paremeters for P2;/n

Set Parameters
x y z
I 0.245 0.000 0.230

II 0.053 0.250 0.942
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Two-dimensional Fourier projections for the (hOL),
(nk0), (0kQ), (nkh), and (Bkh) zones based on the phases of
the caleulated iron structure factors obtained from the
parameters in fet I (Table $) falled agsin to reveal any-
thing interpretable in terms of a moleculer structure., The
relterated method of assligning the other pesk poeitione
arbitrarily as carbon and oxygen poeltions and recalculsting
structure factore to obtain new phaser from which Fourier
projections were agaln computed wae followed,

Another interpretation of the Pattercon sections in
which the iron atome were aprroximetely located along the
by axis as given by Set II (Teble 5) wae made. The complete
hexagon of Pattereon peskes around the origin and about the
point #,%4,% must then be explained ae coincidences of mainly
iron-carbon and iron-oxygen vectors. F@urier projections of
the (n0L), (nx0), (0k&), (hkh), and (hkh) zones were computed.
Structure factor graphes (38, p. 138) which were made for the
most intense reflectlons, together with known bond distances,
were used to ald in shifting parameters. No interpretation
of the data in terme of the above model could be made.

In order to sccount for the outer hexagonal array of
peaks in the Peiterson, a trigonel molecular structure of
iron atoms in the non-centrosymmetric space group Pn was pro-

posed (Figure 33 gives the sywmetry positions for Pn) with



Flgure 33, Symmetry positione for the space
group Pn

Point positions:

2: xyz; #+ X, 7.4 + ¢
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the carbonyl positions dstermined from spaclial consideratione.
If the projection of molecules on the bp axls 1s symmetrical
sbout a point half-way between the glide planes, (0kQ) re-
flections will appear only if kX ie even; this very type of
peeudo-symmetry was observed in the structure of azulene

(41, 42), in which a two-fold screw axle was at first assumed
to explain the extinetions, Etructure factore lnvolving 59
parameters were calculated for the (hOL) reflectione, but

on comparison with the observed struoture factors little
correlation could be made.

Since there were two poselble cholcee of three~fold iron
poslitione, a centrosymmetric dlsorder of the iron atoms cor-
responding to the four-fold positions of the space group
P21/n was then assumed; in each unit cell the trigonal ring
was randomly placed in one of two orientatlons differing from
each other by a rotation of approximately 60° about the three-
fold eaxle. Iron parameters based on the above model obtalned
from an analysie of the three-dlmensional Patterson are given
in Teble 6.

An iron-iron vector anslyeis of the three-dimenslonal
"gharpened” Patterson was made based on the dlsordered
trigonal model, The experimental heights of the peaks
(given by the number of contours) of the different seotions

were found to be in fairly good agreement with the model,
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Teble 6, Iron poeitions for disordered trigonsl structure

Atom ; Parameters

x y g
Fe(1) 0.087 0,020 0.171
Fe(2) 0.185 0.980 0.058
Fe(3) 0.108 0.950 0.879

Within & given row in the (101) direction the multiplicities
of the 1ron-iron vectors agreed very well. Of course, cer-
tein pesks of the experimental Patterson will be greatly
enhanced by colncldencee of other interatomic vectors, es-
peclally iron-cerbon and iron-oxygen vectorg. The complete
hexsgon of pesks earound the pﬁiats 0,0,0 and %,%,% was thue
explained.

Structure factore were cazlculated from the parameters
in Table 6 and two-dimensiongl Fourler projectione for the
(hot), (hko), and (OkL) zones were computed., Structure
factor caleulations were then made with the carbon and oxygen
positions independently teken from each Fourier projection,
The calculated structure factors for different zones involving

common reflectlons were guite different from one another,
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indicating thet more accurate parameters were needed, Ac-
cordingly, it was declded to compute & three-dimensionsl
Fourier electron-density map on X~RAC at Pennsylvenia State

University.

Three-dimensionsl Fo

The electron-density Fourler serles for P2,/n is given

by
| hekrl=2n
@(x,y,z) =z 4/Vg Z%—'[{)Meea an(hx + £2) + Cp cos 2m(hx +£z)]
h+k+0=2n+1
-+ Z Z[ﬁm sin 2M{hx + L2) + 51';1 gin 2m(hx + ,Q,ai'

2
k k

where Cp, = Z F(hke) coe 2Nky and Sy = «-ZF( hkl) ein 2nky.
o O

Structure factor calculatione were made from only the
iron positlons for over 400 reflectione, Figure 34 sghowe the
cri&ntatieﬁ of uné iron atoms in the unit cell.

The method of A, J. ¥Wileon (43) was used in an attempt
to place the observed Flg on sn absolute scale, The observed
F(hkl)z velueg of the three-dimencional dats were arranged

in several ranges of s8in?G/ X2, and & plet of
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Figure %. The arvsagement of the iron stoms in the
unit oell for the disordered trigons)l model) |
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<F(hkl.))2/§_ﬁ ?nz versue ein® O/ 2% resulted in a B value
of 5.73 with the scale factor k in the equation kF,, =
Fosle. exp(-Bain2<5/'k2) having & velue of 14,0, Unfor-
tunately, the epread of points indlcated thet there wae conw
gilderable error. The abnormally high temperature factor B
(over half the reflections considered were accidentally ex-
tinct) might be an indication of the disordered structure
proposed,

The coefficlents,Cp,, Cp,, 8p,, and 8f,, from which the
electron~-density distribution for the whole unit cell could
be obtalned, were computed and normalized for ten sections
involving the following values of y: 0/60, 1/60, 2/60, 3/60,
4/80, 6/60, 8/80, 10/60, 12/60, 14/60 (& 1/60 increment cor-
reeponded as before to 0,2 3); These ten Fourier‘sections
then were run at Pennsylvenia Btate Unlverslty on the X-RAC,

The ehifte in the iron positions were found to be emall.
The x and z parameters were located by graphicsal messuremente,
and the y parameters were determined by interpolation of the
pesk helghte of the different sections using Booth's method
(L),

An interpretation of meny of the other pesks of the
Fourler gectlione as csrbon and oxygen poeitions was made,
Intramolecular Fe-C and C-0 dletances found for Fa(60)5 and

Fez(cﬂ)g were utilized in procuring the parameters., Table 7
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Teble 7. Four-feld sets of parameters obtalined from the
three-dimensional Fourier sectlons

Atom Parameters
x y | z

Fe(1) 070 .178 .015
Fe(2) .177 .053 . 986
Fe(3) .109 .833 <97
¢ (1) 750 7k ~ 1/60
0 (1) .685 .615 ~ 1/60
¢ (2) 715 750 ~ -1/60
0 (2) . 588 700 ~ =1/60
¢ (3) .690 .095 ~ 3/60
o (3) <595 . 200 ~ 3/60
C (&) .690 .105 ~ 3/60
o (&) . 570 .105 ~ 3/60
¢ (5) .125 .120 . 200
0 (5) .120 | .120 .233
c (6) .880 .905 , 200
0 (&) . 880 .875 «233




liste the pasrameters obtained. Einece the x and z parameters
determined are probably known much more accurately than the
y parametere, temperature corrected structure factors for
the (hOL) date were calculated from the parameters in Table
7 for comparison with the observed data. £ (Fopg,/Feale.)
vereus 31n204’A? plot yielded s B = 3.66 and & k = 0,725.

A relisbility fector of R = 44% was obtained for the ob-
gerved (hO4) dats (Table 8). A comparison of the new phases
with the 0ld ones used in computing the three-dimensional
Fourier sectlons ehowed geveral sign changes plus quite &
few changes to the doubtful category. Another (hOL) Fouriler
projection was produced (Figure 35) based on the new pheses.
However, 1t appeared that additional three-dimenslonal work
would be needed to confirm the structure propoeed.

The observed structure factorse for the three-dlmenslional
data are listed in Table 9 along wlth the calculated structure
factors (no temperature correction wae mede) for the Fe po-
gitions in the disordered trigonal model. There appears to
be some correlation of the large e¢alculated structure fac~
tors with the obeerved data, especially with higher order

reflectlions.
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Table 8, Comparison of observed and calculated structure
factors for (hOL) data
Indices F T F Indioces F T ¥
cale. obe. calc., obs.
hOoL
{ooL) (50L)
2 “'1302 80@ l “’260“ 1*’-&.2
I‘" "'61.6 l&{j.ﬁ 3 5502 “9.?
( hoo) {602)
2 - 9.4 10.7 4 5.0 13.2
4 -73.6 Lo,.8
6 ~21.4 12.6 (704)
8 "‘12.2 9.6 1 - 24*.8 ?nl
) 3 - 5&8 9-6
(102) 5 ~15.6 14,2
1 30.2 b7 .8 7 - 2.6 2.6
3 ”ﬂaO 21»8
? “1006 2003 2 - 5;(} 8«01
h’ -*1“.2 1&5.2
(20L)
2 ~-104.,0 140.1 (90L)
}4 - 806 2‘“"09 5 bl 8-0 6-1
6 - 1.8 16.2
8 - 5.6 12.2 (10:0+2)
10 10,4 11.7 11.8 13.2
(300) (11+0-2)
1 -63.4 57.9 1 9.8 10.7
5 33.4 20.8
? “‘1509 1l0?
(40 2)
2 - 1.0 18.8
L 76.8 83,7
6 - 2.6 14,7
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o

Indlees  Fioie. Fove. Indices  Fogyq, Foba,
hoL
(102) (50L)
1 128&24’ 92»1‘3‘ 1 e 6;0 5.1
3 *u Qt‘}' 1.5'2 3 903 1553
5 14,2 9.6 5 - 1.0 9.1
7 19.4 22.8 _
- (604)
(202) 2 52.8 35.5
2 57.2 14,2 b 13.8 17.3
2"’ "'2()02 1617 6 "12o0 19.3
6 43,4 23.3 -
8 - 0.b 13.2 (704)
- 1 11.8 16.
(304) 3 25.8 25.9
1 "‘50:3 950“ 5 ""'11;0 906
3 -13.2 21.3 ,
7 22, 30,5 (BoL)
9 - 7.6 ?01 L}' 6-“} 12;2
6 e 8;6 9‘6
(Tok) -
2 -13,2 19.3 (904)
L" ""1206 5;1 5 "‘"12“"91’}‘ 9t6
18 ~10¢8 7-1 .
(10-0-4)
2 -10.4 13.2
L" bl 696 601
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Table 9. Observed structure factors for (hki) dats together
with calculated structure factors for iron posi-
tione baesed on disordered trigonal model

Indices F F Indices F

calce. obe, calc, obs,
hot
(ooL) (hot)
L ~il .8 56.0 4 82.6 115.5
6 7.3 6.3 6 7.6 20.3
3 “3»509 8 "'2809
. 10 13.
{(noo) 27
2 8.7 14,7 (502}
b "38‘7 56'0 1 "’2?05 19.6
8 «32.6 13.3 5 7.8 he,2
? had Onl
(10L)
1 52.7 65.8 (60.2)
3 ”58"5 BQOD- 2 -19.8
5 -33.6 61.6 L 20.7 18,2
? "2503 28Q0 6 "2200
(201) (7042)
2 "'39!7 192*2 1 ~h9-9 9‘8
L -16.2 3 2 3 -18,9 13.3
6 -17.8 22. 5 ~16.2 19.6
8 ““1101 1608 ? Qo? 13-3
(80L)
(30L) 2 -19.5 11.2
1 ~45,0 79.8 I «17.1 19.6
3 20.4 6 3.8
5 36.7 28.7
7 -19.7 16.1 {(90.L)
9 18.9 12.8
3 10.7

5 ""13&2 8.4



Table 9. (Continued)

76

Indices

Indices Fogye, Fobs. Fealec, Fobe,
(10+0-4) (BoL)
2 51.3 18.2 1 21.0 7.0
4 «10,7 3 38.2 21.0
5 bl 8:1 12¢6
(11'0‘,@) 7 “26.3 .
1 50,1 14.7 -
{6oL)
— 2 77.8 49,0
hot L 32.2 23.8
6 -32.5 26.6
(102) (Fo4)
1 78.0 127.4 1 13.4 22.4
3 "360” 2.«1.0 3 62‘9 3507
5 2""09 13*3 5 - 9¢6 13'3
7 7.3 31.5 7 - 3.7
(2oL) (BoL)
2 ~-30.4 19.6 2 11.7
6 75.7 32.2 6 -25.5 13.3
8 31.6 18.2 -
10 ~-31,2 (904)
— 1 “‘19-8
(30L) 3 ~15,0
1 «-38,3 127.4 5 -34,3 13.3
3 "52»9 29.1# —
5 7.2 (10.0.4
9 - 8‘7 9.8 u' ""13.7 8bu
(To.L) (T1-0.0)
2 - 9.6 26,6 1 - 5,7
4 -30,7 7.0
6 - ’4‘.8
8 ha 3&?
16 ““2603 9':8
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{Continued)

Table 9.

F@alﬁ. Febs.

Indices

Foale. Fnbz.

Indices
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Table 9. (Continued)

Indices  Foplc,  Fobs. Indices  Fggle,  Fobs.
(812) (410)
1 -30.8 1 ~17.8 25.1
2 10.5
(10+1+2) 3 -20,0 13.
1 47.8 14,7 L 3.0 22.5
5 -2 b 24.86
- 6 - 5.6
h1il 4 5.4
- (514)
(112) 1 14,8
1 -21.8 22,7 2 48.1 27.0
2 8.1 - 33.5 3 5.7
3 - b4, 93.9 L 0.b
L -20,1 5 - 3.8
5 15.5 19.7 6 -33.9
6 51.2 34,9 _
7 3.0 (614)
_ 1 4,0 18.8
(212) 2 7.1 18.8
1 b1 9.0 3 72.9 50.3
2 -13.4 L - 7.1
3 "2"553 59«6 5 -13.9
i 8.0 10.8 8 - 0.2
5 33.7 21.3 7 -21.8 16.5
6 5.1 22.5% -
7 70.7 by, 1 (71L)
— 1 5.6
(3142) 2 sk, 7 29.4
1 - 3.3 99.1 3 - 8.6
2 i, o 41.6 L 29.8 14,0
3 2.9 36.3 5 - 7.8
4 ~35.0 34.3
5 3.3 (810)
6 4i 0 31.9 1 ~14 .4 9.0
(10+1.4)
l - 9:5 9»9
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Table 9.

Fcale‘ F::a’t:m.

Indices

Faalc. Fcbﬁ.

Indlces
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Table 9. {Continued)

Indices  Fogie, Foba. Indlces Fagie. Fobe.

(822) (G2p)
2 -16.0 13.3 1 19.4
2“ - 606 23&8
{10+ 2:0) 3 13.3
2 7.4 13.3 4 -33.2 59.8
5 - 2.3
-y 6 et 6.9
hk“e’ ? ""1607
- (321)
(122) 1 22.8 19.3
1 69.2 54,86 2 24,5 2h.6
2 -34 1 16.1 3 32.8
3 "27*8 5?‘5 ["’ had 1«6
4 18.9 48.73 5 -29.5 24,6
5 2h.6 30.7 8 - 6.0
6 21.9 27.6 _
7 hy.2 28. (624)
- 1 21.6 31.5
(2240) ; 2 70.8 85.8
1 -33.2 49.1 3 - 2.8
2 “"3108 39.1 l" 27.8
3 - L}'i 17.2« 5 "‘11»0 26:2
4 -18.0 22.5 -
5 19.7 32.9 (724)
6 67.9 59, 1 9.8 26.9
? - 6;8 2 - 1.()
- 3 57.2 50.3
(320) b ~23.0
1 -30.4 60.9
2 - 1.8 by, 2 (B22)
4 9.5
5 2.8 {(10+2+20)
6 - 5.4 2 -19.1 14.0
7 L8, 2 34.3
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Table 9 *

Fe&le,

Indlces
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Table 9. (Continued)
- Indlces  Figuy,, Fovs. Indicee  Figqg, Fove.
T3t
(134) (834)
2 13.8 30.1 2 18.4 25.5
p boi7 264 (732)
p 9 - i I 3
8 bs,8 43.8 1 14.3
2 41,9 35.1
(Z34)
1 9.7 26.6 (B32)
2 "35*0 5807 3 16&2 10.8
3 -30.7 29.0 -
b 19.3 (934)
6 12.7
7 57.7 43,1 (16-3-2)
- 3 - 9.4 10.8
(330)
1 -~ ?0? 12¢6
3 .1
k ~34 .6 40.9
5 8,1 (ol L)
, 2 7.0 9.0
(F3n) 3 - 8.6 34,9
l - 5.9, 18.2 ‘“‘ -»17 ,5
2 26.2 S 20,7 5 41.0 34,3
2 "20’ 4 18;2 5 8:3
7.1 7 14,5 9.8
5 "361& Bldb* 8 "’26&0 16-(}
(530) (hko)
1 8.9 19.3 1 32.8 60.9
2 41.5 35.4 2 1.8 12.6
3 14,5 14,7 3 7.9 11.8
A" ot ?09 213'% )4’ "13u8 13.3
5 ”25‘6 174\2
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?abs. Indlces

(Continued)

Fa&le.
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{Continued)

Table 9.

Faale‘ Febﬁ.

Indices
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Indlces
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Table 9. (Continued)
Indices Fovs, Indices Fogq,, Foba,
(650) (B54)
1 l 50.6 34,0
2 27.3 2 30,7 z23.4
3 2 17.1 29.7
i ~19.7 18.8
5 -
(652)
(852) 1 22.8
5 13.3 2 23,0 20.7
R 34,9
(154) hel
1 L2.7 ‘
2
3 19.3 (06.0)
1“*7 l *"32»3 9«6
5 31.6 2 79
6 23. 3 - 1.7 1h.0
- L 2.Z 16.0
(254) 5 Lo, 32,2
1 6 8.6
2 30,0 7? 12.0 11.8
3 25.1 8 -32.6 13.3
5 23.8 {n60)
- 1 31.1 34.9
(350) 2 - 2.5 20.3
1 13.3 B - 1.0
2 h.h
3 5 -30.7 31.9
? 17.2 8 3.8 9.0
(Bsp) W%lﬁf) 7.2 10.9
51 . 2 ‘1.3'
2 21.3 3 -31.5 31.8
3 L 10.0
4 5 6.1
5 14,0 6 3.0
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Table 9.

Fobs.

Fﬁ&lﬂ.

Indices

?calm. F@ba.

Indices
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Table 9, (Continued)

Indices F Indicese F F

Fe&l&. obe. calc, obs.
(66L) (372)

1 35‘8 l - SCO

2 29. 2 -39.2 34,0

3 - 5*9 3 bl 5.5

X 7.8
5 ~40 .4 23.4
h7e 6 24,7
. 7 “1103 10~8
(o74) (470)

l 1“5’4’ 1 ad 4‘9 18-2

2 -27.8 16.0 2 18.7

2 1.2

6 31.2 12.6 2 12.6

? "‘1&.8 9.3 3 }';3.2
{h70) -

1l 11.5 21.7 h7L

2 23.1 20.3

3 - 11 ltiuf) —

4 ~32.7 17.2 (172)

5 21.1 9.0 1 -53.0 28.7
2 24,2 14.0

1 - 3.«9 1609 17-7

2 “32’? 1808 5 51;9 2609

' - O 9. 15.-

;T w

. (27.0)

7 ~ 8.4 1 20.2 115.7
— 2 -50.0 30.7
(274) 3 7.5

1 ~37.5 13.3 b 11.2

2 - 5'1 5 L;QS 20:3

3 ~36.8 19.7

‘&; ““l“‘vﬁ

5 18.73
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Table 9., (Continued)

Indices Foale. Fove, Indices Fcalc. Fove.
(374) (182)
3?{‘ - &’-1 1 “"20-8 1808
3 -13.3 3 -20.8
L" *29«3 l’l’ 21-6
5 5.4 5 18.0
6 - 2014’
(281)
(B70) 1 - 2.6 14.7
2 2“’.5 1605 3‘ - Qc?
- i“' - 3.9
(B70) | 5 2k Iy 21.7
1 49,7 31.6
2 19.2 (382) |
3 1305 23‘8 1 "‘26«9 2300
2 - 5,@
n8L _
h8L
(084) -
1 -2k, 0 (18L)
2 1.8 1 19.6 29.4
3 10.0 21.7 2 ~-b5,9 17.7
4 16.6 3 22.4
5 Ly, 8 18.8 & 29.0 16.6
6 718 900 5 l?t? 3»8&8
7 =
(28L)

{ h80 ) 1l -40.9 31.6
1l 22.7 29.7 2 24,6 1h.0
2 - 5.1 3 -29.0
3 -15.2 L 2.2
4 16.6 5 23.1
5 "310‘3 21;7 -

(384)
1 20,2
2 "'19’3 15&14‘
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Table 9. {(Continued)
Indices Fe&lc. Fobs. Indices Fealc. Fcbe.
(38L) (0+10-4) (cont.)
1 26.73 17.7 5 37.1 11.8
6 5.7 6.3
hol (h-10+0)
1 12.1
2 - 5.4
(o9 3 -29.5
2 nlzal 9;0 5 ""2&01 18.8
1- 1 QB . 3
5 21.0 19.3 he11+0
6 19.8 10.9
(0.11-0)
(?90) b b4 43,0 10.9
2 7.5 17.7 (h-11+0)
3 3.9 1 -12.0
"L“ ""‘l’i’lcl 1803 g - ?*6
I3 47 .4 19.3
ho L he12e0
(ToL) (0+12:0)
1 "39.‘8 19:? 3 3(}03 1108
h*10-L ox L
(ng) 129.1 125.2
(0+10-2) > . .
L B82.1 99,0
L el 7.7 6 3.2 by
e . 8 7.5 23.8
3 22,0 9.0 10 - 9.6 .5
L 20.9 12 -15.2 6.3
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Infrered spectrsl anslysis

The infrared absorption spectrum of [?e(CG)é]s was
examined in golution and in the golid state, The latter in-
veetigation included the KBr pellet method and single orys-
tal infrered work with a polarizing microscope.

Sheline (20) had previously examined the infrared
spectrum of [?@(60)4]3 from 830 em.”} to 5000 em.~l, both
a8 a saturated solution in toluene and as & fine powder.
Throughout thie entire reglon the only absorption detected,
aslde from some weak peake, was in the CO stretching reglon.
Here, £heline found two strong carbon monoxide type carbonyl
bands at 2020 cm.”l and 2043 em.~1 and a very weak band at
1833 cm.-1 which he attributed to & bridge carbonyl. Cable
and Sheline (1) later reported that the 1833 em.~! bend was
a doublet with bridge carbonyl frequencies at 1830 em.“; end
1860 cm."l; No explanation was given for the very weak in-
tensities of the 1800 em.~1 bands in [FE(GQ)%]B compared with
the strong inteneitles of the bridge carbonyl bande reported
for Fey(C0)g, Cop(CO)g, and [99(60)3]:1’

Therefore spectrsl studies of [?e(CQ)éla were undertaken
in order to determine whether the so-celled bridge carbonyl
bande were resl. The studies in solution were conducted with

both & Balrd Assoclates Model B double beam infrared
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spectrophotometer and & Perkin-Elmer Model 13 double beam
infrared recording spectrophotometer. Baturated solutions
of [?3(09)4]3 in CC1y, GHC13, and (8, gave essentially the
same spectrum. Since intermolecular forces between solute
moleculee are destroyed In dilute solutione, the effect of
dllution wae also examined, The spectrum of a saturated
solution of [?b(@@)4]3 in CCly,, together with the spectra
of solutions prepared by successive two-fold dilutione of
the saturated gsolution, and the so0lid KBr pellet epectrum
are shown in Flgures 136 and 37, The observed bande are

l1isted in Tadble 10.

Teble 10. Infrered frequencies (cm.”l) of [?e(eo)é]q

Solution B8011id (KBr rellet) Intensity

2038 2018 - 2038 gtrong
2015 strong
1875 1860 wesk
1853 ) 2 1830 weak

1835 - . veak




Figure 3@.' Infrared carbonyl stretching frequencies
of [Fe(C0)y]3 1n GOl

Curve a.
Curve b,

Curve o.

Curve d.

Eaturated solution
Two-Told dilution of the
saturated solution
Four-fold dilution of the
satursted solution
Background
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Figure 37. Infrared carbonyl etretching frequencles
of [Pe(CO)yl - as =011d in preesed KBr
%3.3.\“' Contentration - 1 mg, sample/g.
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The two terminal carbonyl frequencles were well resolved
in the solutlon spectra, but water vapor bands in the 1800~

1900 om,”t

region glven by the background curve in Figure 36
made 1t difficult to determine the number and pesk ‘posltions
of the weak bande. On dilution the intengities of the so-
called bridge carbonyl bands decreseed much faster than the
intensities of the terminal carbonyl bands., The KBr pellet
epectrum, however, clearly resolved two bands in the brildge
carbonyl reglon and showed an inerease in the intensity ratlo
of the weak bridge carbonyl bands compared to the strong
terminal carbonyl bands. In an attempt to ascertain the
total number of CO bandse, & CaF, prism was subetituted for
the NaCl prism to lncresse the resolution of the speetrum,
However, no further eplitting of the bands was observed.
Other infrared gpectral analyses of [3@(60)&]3 (45, b6) have
rlso given two terminsl and two weak 1800 em.‘l absorption
bands. E£ince the above evidence did not show conclusively
whether or noty[?e(ca)é]B contalne bridge carbonyle, & study
of the single ¢rystal polarized spectrum of [?@(00)4]3 waS
undertaken.

In genersl a crystal resolves reguler light into two
components vibrating at right angles to each other. A non-
cubic crystal glves two different refractive indices slipul-

taneously, except when the incldent light 1e polarized along
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only one of the crystal's vibratlon directione. The re-
fractive index of a orystal, therefore, depends on the
vibretlion direction; the ellipeoidal three-dimeneional granh
of refractive indices 1s called the "indicatrix"., For the
monoelinic system the indleatrix ie &n ellipsold with three
unegual prineclpal axes of refractive indices at right angles
to each other. One axie of the indlecatrix must colneclde
with the bp exls of the unit cell; the other two axes are
located somewhere in the apcy plane normal to by

When polarized infrared irradiation lg passed through
the crystal, the amount of absorptlion of a molecular vibra-
tion depends on the megnitude of the parallel projlection of
the transition moment vector on the electric vector of the
incident polarized irradiation. Maximum absorption will
occur when the electric vector 1s parallel to the transition
moment vector, while minimum absorption will result when
the vector directione are perpvendlcular.

For thls reason polarlizstion studles of single crystals
can be useful in determining the bond orlentation of par-
ticular groups.

The method of couree depends on the crystal exhibliting
pleochroiem, thet is, one of the polarized components of the
incident irradiation 1s absorbed more strongly by & molecular

vibration than the other.
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Polarized infrared spectral studlee of single crystals
of [Fe(ca)zg3 were made with s Perkin-Elmer Model 112 eingle
besm, double pass spectrograph equipped with & reflecting
type mieroscope attachment and a Ag(Cl polarizer. The optlcal
path within the instrument waes flushed with dry nitrogen.

It was hoved that pleochrolsm of the carbonyl bande
might occur which would give information on the orientation
of the CO bonds in the erystel, Thin specimene were needed
to obtalin good infrared sbsorptlon speetra. X-ray plctures
of each crystal were taken %o determine the orientation of
the crystal axes.

Both F@z(ﬂa)g and [?e(ﬁodéjs were examined; the terminal
carbonyl and 1800 om, "1 abgorptlon bands were clearly re-
eolved by the mlcroscope. Flgure 38 gives the infrared
polarized spectrum of an Fep(C0)g single crystal with the
electric vector normal to the six-fold axie. Since the
Fep(CO)g crystale are hexagonal as described previously in
the Introduction no infrered pleochroism was observed on
rotation of the electric vector normal to the hexagonal axis,

A number of [Ee(ﬁ@)é]a crystals were examined, although
difficulty wee encountered in obtaining thin single crystals
gsultable for the work., With three erystale the carbonyl
band at 1860 cm.~l was observed to be somewhat preferentially

abeorbed with the electric vector along the b, axis and



Figure 138, Infrared single crystal spectrum of
the csrbonyl stretching frequencles
of Fep(CO)g with the electric vector
normal to the six-fold axie
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gomewhat less abeorbed with this vector slong the ¢y axle
(Figure 39). Whether this difference is significant is aif-
fileult to decide, but in any event it was concluded that
there i no polarization parallel or perpendlecular to by for
the terminal carbonyl bands. The intensity ratio of the
band at 1875 em.”1 %o the band at 2040 em.”} also incressed
greatly over the intensity ratlos found in solution and with
the KBr pellet method., This sharp difference in intensity
of the compound measured in the solld as compared to solu-
tion is difficult to understand.

One explanastion which can be glven for the solution and
EBr pellet spectra 1s that the molecule contalns no bridge
carbonyl bande, and the freguencles in the s0lid and solution
are overtones or combinatlon bande of iron-cerbon stretching
and iron-carbonyl bending frequenciee, (Thie concluelion was
also reached Independently by Schufler, Sternberg, and Friledel
(45) and ¥ilkinson and Cotton (46))., The increase of in-
tenelty in the solld espectrum may be attributed to an in-
crease in perturbation of the molecule. Another explanation
is that [?3(00)4]3 might dissoclate in solution to non-
bridging monomers, which might be pareamagnetlic. A magnetic
susceptiblility measurement of [?e(CQ)é]B in CCly was at-
tempted, but wes unsuccessful due %o the slow decomposition

of the compound and the limited solubllity in the solvent.



Figure 39, Polarized infrared single cryetal spectrum
of ?ne carbonyl stretching frequencies of

S0114d line--the electric vector is
parallel to bp

Potted line--the eleetric wveotor is
parallel to eg
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The solution data, hence, indicate that if [?@(GQ)&]B con-~
tains bridge carbonyl bonds, the number is relatively few.
The eingle orystel spectrum, however, strongly 1ﬁﬁieatea
asgoelation of the CO's with more than one metasl in the crye-
telline state, although not necegcarily the formation of a
symmetrical brildge bond. The intensity of the 1800 em,~1
band in the cryetal sppears much too strong to be attributed
eimply to overtons or combination bands., However, the fact
that only two terminal ecarbonyl frequenciesg are observed
means that the molecular symmetry must be quite high.

A partisl vibrational infrared analysis revealed that
‘the Dpg structure (Figure 4b) favored by Brill (27) and
Sheline (20) as the probable structure for [_F‘e(m)ga:a would
require three infrared-asctive terminal CO stretching fre-
quencies, 1 B; and 2 E;, and two bridge carbonyl stretching
frequencies, 1 B, and 1 El' The apparent dlsagreement be-
tween the predicted number of terminal frequencies and the
number in the observed spectrum is no doubt the rezeon that
& vibratlonal analyeis of the Qza gtructure was not given
by Sheline (20) in hie infrered analysls of the compound.

The Day structure (Figure 4a) would give two terminal
CO stretehlng frequencies, 1 A, and 1 Eys» end two bridge
CO stretching frequencies, 1 A,, and 1 Ey in apparent egree-

ment with the observed spectrum. However, both structures
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were eliminated by the three-dimenslonal Patterson and
Fourier maps. Vibrational analysis of different CO arrange-
ments for the trigonal model were inconclusive, It appears
that the partial vibrational type snalyele in this case is
of limited value in the determinstion of the confliguration
of the CO ligends,

In an attempt to determine the phases of the structure
factors directly, the method of inequslities was applled.

In 1948 Harker and Kssper (47) derived a number of in-
equalities for a centrosymmetric crystal which impose limita-
tione on the magnitudes and phases of the structure factors.
In some casee the restrictions are sufflicient to determine
the signs (phases) of all the important structure factore;
in other cases a series of probable slgn relationships is
obtained. These inequallities depend on the fact that the
electron-density is always posltive and, moreover, ls approxi-
mately a superposition of spherically-symmetric atoms. By a
method similar to that used for the determination of “sharp-

ened" Pattersone, unlitary structure factors are deflned as:

; . F(hx{)
e
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where |U(hkf)| < 1,00 and U(000) = 1.00, Here, U(hkL) 1e
the unitary structure factor, F(hkl) the structure factor,
F(000) the total number of electrons in the unit cell (1i.e,
;%:zj), and f the unitary scattering fector. The division
of F(hkLi)/F(0O00) by 7 corresponds to correcting the observed
structure r&atarﬁ to those of a ecrystsl in which the electron-
density of each atom is reduced to & point charge at its
nacleus, If 1t 1= sssumed that the atomic scatterling factor
fJ of the Jth ntom in s crystal 1s related to the unitary
atomlc ﬁeateerlng factor by the expression fJ ZJ r, where
23 ie¢ the stomlic number of the Jth atom, the unitary struc-

ture factor equation reduces $o the following:

F(hkt)

f
PR

U( hkl) =

Unitery structure factors were calculated from the above
equation for sach observed reflection, but the Harker-XKasper
inequalities, ae expreseed in more appllicable form by Grison
(48), falled to glve even probable sign relationships. Since
this lack of success wae attributed to the high temperature
factor of the crystel, the unitary structure factors were
made more powerful by the application of an inverse tempera-

ture factor U(hkl) exp (B ainz(ﬁ/ 22), thet ie, each atom
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was made to correspond to & "ecold" polnt charge. An arbi-
trary velue of B = 4,2 was chosen, as it was felt that the
value B = 5.8 obtalned from applying Wilson's method (43)

to the three~dimenslonsl data wee too high, Unfortunately,

the scale factor obtained from the equation

M=
]
w

Cm.
H

bt
Tone

T(bhke)2 =

o~
s

Lo
L
Lo

3!

wag found %o be unreliable, The faillure of the statistlecal
method of secaling in this aaﬁe-waa agaln attributed to the
large number of accidentelly sbsent reflections. The (404)
reflection, therefore, was arbitrarlly given & unitary struc-
ture value of 0,80, Sayre's equallty (49; 50) and Harker-
Kasper's inequalities (51) lead to the equation

S(hkl) = S(h'k'2') 8(h + h', kX + k', L + L')

where S(hkl) refers to the sign of the (hk{) reflection

(1.e. + or =), S(h'k'L') the sign of the (h'k'2L') reflection,
end 8(h + h', ¥ + k', 2 + L') the sign of the (h + h', k + k',
A+ L') reflection., For a centrosymmetric crystal the above

equation gives the nrobable sign relation if the corresponding
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three structure factore are large. The Harker-Kaeper in-
equslities together with the expresslion given esbove were
used in the derivaetion of the following sign relationshipe:

1. S{40k) is +

2. &{(808) 1s +

3, B8(B22) = 5(7226)

L, s(424) = 8(020)

5. s(518) = 5(237)8(723)

6. 8(202) = s(505)8(707)

7. £(503) 8(723)8(%26)

8. 8(237) = 8(822)8(415)

9. s(732) = s8(Z26)8(514)

i

10, 2(743) = 8(Z37)8(51k)
11. 8(723) = s(327)
12. 8(Z26) = 9(b424)s(2010)
13. 8(1002) = 2{2010)
4., s(s14) = s(T70)
15. 8(k15) = 8(011)
16. s(820) = s(%2b)

17. 8(820) = 5(622)8(202)
18. 8(028) = s(lz2s)
19, 8{(028) = 8(Z26)8(202)
Indireect support of the trigonal structure wae glven

by theee sign relationships eince all of them were conesistent
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with the slgns calculated for the disordered trigonsl struc-

ture.
Discussion

An inference as to the moleculsr structure of [Fe(CQ)Q]g
can be made from the crystsl structures of the dimethylphos-
phinoborine and the dimethylphosphinodichloroborine trimers.
The former compound, [}GK3)3PBE§JE, wes found by Hamilton
(52) to posmess the orthorhombic space group, Pnma, with
four molecules per unit cell. The molecule has a cyclo-
hexene-like ring of aslternating phosphorus and boron atoms
arranged in a chalr form, with two methyl groups attached
to each phosphorus and two hydrogens to each boron, Schaef-
fer (53) determined the epace group and lattlice constants
af_[}eﬁ3)2?361é]3 and found 1t to be eesentislly isomorphous
with [(CH3)sPBHp|5. Crystels of [(CH3)PBO1z|3, which were
obtained from Dr, Schaeffer, are colorless blpyramide similar
in habit to [Fe(ﬁﬁ)é]3. The B-centered lattlce of [?e(CO)é]B
also contalns four trimere per unit cell. On lnterchange of
the by (= bg) and ay exes of the B-centered lattice of

fj[?e(CO)é]B, the orientstion of the axes of the two compounds
"‘Qas found to be the same, (The a, and ¢, axes are diagonal

acroes the top of the bipyramid with the by axis normal to
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the aysc, plene.) Their lattice constants together wlth those
ofA[}Gﬁj)zPEEé]3 are ae follows: '

[Fetcoly], [(cH3)ppBC1p]s  [(CH3)2PBHR]4
80 = b = 11.33 4 8o = 11.59 & 8, = 11.16 4
bo = &g = 12,93 4 by = 13.75 4 b, = 13.16 &
o = o = 11.44 A G = 11.86 & oo T 10.53 A

There appesrs to be 2 correlation among thé lattice con-
stante of the three compounds, which euggeste that the
[ge(CO)é]B molecule might have a slmilar shape and therefore
migm; pack in the same way as the two phospvhorus-boron com-
pounds .,

If the three iron atoms are arranged at the corners of
an equilateral triangle and placed in the unit cell in a
manner corresponding to the moleculsar packing of [ﬁCﬁB)gPBH;Ly
1t 18 found that in order to conform to the systematlc ex-
tinctions observed for [?e(GG)é]B, there must be @ disordeﬁ
in which the equilatersl triangle 1= randomly placed in one
of two orientations differing from one another by a rotation
of 60° about the three-fold axis, This same conclueion hed
previously been made from a etudy of the Patterson map, This
gives an apparent center of symmetry to the molecule, and,
moreover, provides the only ressonable explanation for the

elx intenee vectors of hexsgonal symmetry and of length
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1.5 to 1.6 2 around the origin of the three-dimensional
"sharpened" Patterson., Actuslly the hexagon of pesks ig the
result of iron-iron vectors from an equilateral triangle in
one unit cell to an equillateral triangle in the slternate
paaiticn in another unit cell.

This model scecounts very well for other large peake 1n
the "sharpened" three-~dimenslonal Patterson. The complete
hexsgon of peske around the origin ie explained in terme of
1ntrémo1eeu1&r and intermoleculer iron-iron vectore; the
complete hexagon of peake about %,%,% 1s the result of inter-
molecular iron-iron vectors.

On the other hand, no linear arrangement of iron atoms
ean explain the hexagon of peaks around the origin and %,%,%
in terme of ilron-iron vectore; the pesks must be internreted
ag coincldences of mainly iron-carbon and iron-oxygen vec-
tors. This explanation wes attempted for such structures
as the Dag and Dygq models (Pigures 4s and 4b) with no suc-
cess, Packing conslderations alone definitely eliminated
the Dpg structure from lying along the Cy or bp axee, A
deconvolution of the "sharpened’ thrae»dimensional Patterson
showed that no linear structure could reasonadbly explain the
peak heights experimentally found, If the structure were
linear, it seems very reasonable that the "sharpened" three-

dimensional Patterson would have immediately given the iron-

iron vectors.
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The representation of the electron-density functlon and
the Patterson functlon by & sultable Fourler serles assumes
that the electron-density 1s perlodic in the erystal for the
unit cell chogen. £ince the observed intensitles on the film
correepond to the average electron-density of all the unit
cells, the result of the disorder would be equivalent to
placing twelve half-iron atome, forty-elight half-carbon
atome, and forty-eight half-oxygen stome in the unit cell.
For the space group P2,/n with four-fold general positions,
this would glve the discouraging number of 81 parameters to
be deternmined.

Sterlc considersations of the CC ligands restrict the
disorder to be of & one-dimensional type along the b, axise,
with the trlgonal arrangement in & parsicular s,¢, plane
ordered in one of the two positions, There is no evidence
of diffuee scatterling, which means that the nature of the
éilsorder 1s that of & true statistical distrlbution. 4 long
exposure of the (hOL) zone shows eix darker diffuse areas of
hexagonal symmetry (probably the result of thermsl motion of
the molecule), which might be an indicatlon of such a'
dlsorder. |

An alt&rn&fiVe choice of iron positions satisfylng the
*sharpened" three-dimeneional Patterson exists, in which the

two iron triangles are related by a two-fold axie 1n‘th6“bp



109

direction rather then by a center of gymmetry., Thie possi-
bility seemed lege 1llkely since the probable space group
P27/n indicetes s centrosymmetric molecule.

If a molecule crystallizes in the monoeclinic space
group P2;/n with two molecules in the unit cell, 1t ordi-
narily followe that the center of the molecule has to lie
in the two-fold poeltion which reguires a center of gymmetry.
There are other known structures, however, that apparently
are disordered in such & manner that the average symmetry
corresponds to that of & center of symmetry. Three such
examples are recorded in which the space group le/n or its
"equivalent” (i.e. P2, /a or P2;/c) le involved. Lund (54)
found the compound le, 2e,dichloro-4e, 5e,dibromocyclohexane
and the corresponding tetrachloro- and tetrabromo- compounds
to be isomorphous and yet to crystallize in the space group
P2¢/n with two molecules per unit cell. Two-dimensional
Fourier projections appesred to support the hypothesis of
a gtetistical dlsorder., This same type of disorder was
spparently found by Hendrike (55) for p-chloro-bromobenzene
and slso by Hasge)l and Vihovde (56) for trans 1,4-chloro-
bromocoyclohexans, although in the latter case there was come
question as to whether the distributlien was truly statistical.
Phe erystal structure of [?6(69)4]3 reprecents the firet known

case of a random dlesorder for a transition metal complex.
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Another indlcastion of the iron positions is obtsined
directly from the intensitiles of the reflections on the film,
An (010) Laue pleture of E@(Ca)élj indicatee nearly ortho-
rhomblic symmetry along the B-centered sxes with lgB ~ 90°
(1.e, ﬂB = 93° 45'), The extinctions of the B-centered

lattice are:

(h‘Bk‘QB) hB + I’B = 2n 4+ 1 abeent
(hpoly) hy = 2n + 1 sbeent
(0kg0) kg = 2n+ 1 absent

which on interchange of the by and cpg axes become:

{ hkx{) h 4+ k=2n+ 1 absent C-centered lattice
(hk0)  h = 2n + 1 sbeent 2, glide plane
(o0d) L = 2n+ 1 absent 2), screw axis

If 1t 1s sssumed that the iron atoms are related by
orthorhombic symmetry, the only orthorhombic space groups
compatible with the above systematlc absencee are Cmca (full
synmetry C 2/m 2/¢ 23/8) and C2ca. Further support of this
assumption ie glven b} the presence of strong (hk0) intensi-
ties only for k¥ = 2n, which by the interchange of the bﬁ and
cp axes lndlcatee an approximate ¢, glide plane in agreement
with both orthorhombic space groups. The symmetry positions

of the space group C2ca are given in Figure 40, The



Figure 40, Symmetry poesitions in the space group (2ea |

Point positions: (000; &3%) +
b: (a) x00; xid
8: (b) xyz; x,% +57,% - 2

Xyz; X,3 -y, 5+ 2
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orientation of the primitive unit cell relative to the
B-centered cell 1s included in the projected unit cell
disgranm,

Since there are twelve Fe atoms in the B-centered cell,
if no disorder is sesumed, the Fe atoms must be placed on
three gets of speclal positions (m) or on one set of specilal
positions (&) and on one set of general positione (Db) given
in Figure 40, It ie easily seen that if the trigonal iron
arrengement 1s not disordered, the iron atoms are related by
the two-fold axis in the 8, direction with one iron lying on
the two~fold axie, For any linear structure, the three iron
atome are restricted to lle along the a, direetion or ap-
proximately normsl to it.

The space group Cmca, the eymmetry positlone of whieh
are given in Figure 41, further restricts the three iron
atome of a linear structure to be on a two-fold axis 1in the
a, or b, direction with the central iron located on a center
- of symmetry. It ie felt that a&ll poeslbilitliee corresponding
to theee 1imits have been investigated by Fourier projections
and have been ghown to be incompatible with the deta.

An interpretation of the dlsordered trigonal structure
can be made (corresponding to twenty-four half-iron atoms)
with the space group Cmca. The eight-fold set (0,0,0;4,%,0)
4+ (4) and the sixteen-fold set (0,0,0;%,%,0) + (g) of



Figure 41, Symmetry positione in the space group
Cmoa
Point poeitione: (000; 4%0) +
by (a) 000; Ok% (b) #00; ¥+
8: (ec) $30; % 3/6 0; 34k; ¢ 3/4 %
(a) meﬁ X00; xhd; Xid
(e) dyd; 3/8F 3/4; 3/% y i 7 3/4
(£) oyz; 0¥2; #,7,% - 25 3.7, 4 + =
16: (g) xyz; x5%; x, b +y, 2 - z; x4 -y, &4 +2

o v -

XYz Xyz; b - yi b+ 5 Kb+ y, b -8



113b




114

Cmea (Figure 41) approximetely agree with the positions
chosen previously.

The conflguretlon of the CO ligands still needs to be
determined., Unfortunately, as indicated by the large number
of parameters, the complete solutlon of the gtructure demands
the services of & blg computor with which different trisl
gstructures can be qulckly tested. Trigonsl structures with
either (a) four terminal CO ligands on eech of the three
iron atoms (i.e. no bridge CO's), (b) nine terminal CO
ligande (three on esch iron) and three bridge carbonyls,
and {c¢) six terminel CO ligends and eix bridge CO's are all
compatible with the closed electronic shell rule, if iron-
iron bonde from each iron atom to the other two iron atoms
are assumed, It may be that the iron atoms in [?b(ﬂﬂ)é]a
sre not all equivalent. For example, bridge bonds may be
formed between only two Fe atome with metal-metal bonds
linking the third iron astom to the other two. E£ince & num-
ber of CO arrangements are possible, no poetulation of the
probable CO configuration of the molecule 1s made., The
gpectral date strongly indicate some assoclation in the
solid state, although the solution spectrum definitely sug-
geste no brldge carbonyls.

In additlon to the iron-iron vectors, the three-

dimensional Pattersone (both *"uneharpened" and “sharpened")
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and the three-dimensilonal electron-density Fourler strongly
suggeet that at least one terminal group per iron i1s approxi-
mately perpendicular to the plane made by the equilateral
triangle of iron etoms., There ie also definite indication
that at least one terminal (O ligand per iron extends out-
ward in approximstely the same plane ss the iron atoms. The
iron-iron distance is aporoximately 2.75 to 2.85 3, which on
comparison with the Fe-Fe distance of 2.46 2 for Fe,(C0)g,
suggeets that there are no brldge carbonyls or that the
number of bridge carbonyl bonds ie¢ not greater than three,
There ls also the possibllity that the bridge carbonyl bonds

are not symmetric.
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ETRUCTURES OF RHENIUM PENTACARBONYL AND
MANGANESE PENTACARBONYL

Review of Literature

Two polynuclear carbonyls of the Group VIIa transition
metals, rhenium pentacarbonyl and menganese pentacarbonyl,
have recently been ieolated and chsracterized. Rhenium
pentacarbonyl was first prepared by Hieber and Fuche (57)
from Eagﬁy,‘xﬂsﬂg, or Ragﬁ7 at CO pressures of at least 200
atmospheres and temperatures of approximately 250°C., Unlike
most other polynuclear carbonyls 1t cannot be synthesized
from the hslocarbonyl (in this case the halopentacarbonyl)
by the action of halogen-binding metale or directly from
thﬁ}matél at elevated CO pressures and high temperatures,
The molecular weight, determined (57) by eryoscopic measure-
mente in camphene, showed rhenium pentacerbonyl to be dimeric
(1.e. Rez(C0)y9). HRhenium pentacarbonyl forms colorless and
odorless crystale which are stable in alr and resistant %o
dilute acids and bases and to concentrated HCl., It melte
at 177°C. in a closed tube, but can be sublimed at 140° G,
The erystals are not wet by water but are gomewhat soluble

in inert solvente such ag diloxane and hexane where they
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dissolve in concentrations up to 10~1 moles/l. at room
temperature (58).

In 1954 Brimm, Lynch, and Sesny (18) synthesized man-
ganese pentsacarbonyl 1in small quantitles by reducing MnI,
with Mg in dliethylether et room temperature under a CO pres-
gure of 68-204 atmospheres, The molecular welight, determlined
by eryoscopic messurements in cyclohexane (18), revealed that
manganese pentecarbonyl is also dimerle (i.e. Mny(CO)yq).
Mangenese pentacarbonyl forms golden-yellow, transparent
erystals which melt at 154-155° C. in a sealed tube. In
the absence of carbon monoxide Kng(C$)10 begine to decompose
at 110° C. Although stable for prolonged periode under an
etmosphere of CO, it slowly turns brown in alr at room
temperature, It 1s not wet by water and 1s soluble in
common organic solvents.

Morphologically similar to [?9(06)4]3, Rep(C0)yq orys-
tallizes as pseudotetragonal, monoclinie, prismatic crystals.
The axial ratios determined by Sternberg (57) are ayibyic,
= 1,045:1:2.045 with B = 103° 32'.

X-ray elngle cryetal lLaue and rotation pletures of
Mny(C0)y09 by Brimm et al, (18) showed the unit cell to be
monocliniec with axlel ratlos ayibyicy, = 1.036:1:0.5054 with
(3 = 105°, and lattice constants a, - 14,68 3. by = 14.16 3,

o
- O
and ¢y = 7.16 A.
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Figure 42, ?ra%osed structures of Rep(CO)qq and
Mn, 6{?)10
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FIG.42b

FIG.42 a

FIG.42d

FIG.42¢
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metal atome, Two possible models were suggested as being
coneistent with the observed spectra--one has esch of the
terminal groupe of CO ligande poseesecing CBV local symmetry
with a planar four-membered ring (Dy), symmetry) between the
metal atoms (Figure 42¢); the other has a planer six-membered
ring between the metal atoms (Pigure 42d4), The diamsgnetism
of Mn,(C0);, end Re3(C0)yo was explained for the pseudo-ring
structures by the assumption that an odd number of electrons

from the ring contribute to the orbitals of each metal atom.

Experimental Procedure and Results

The Re(C0)yq and ﬁnz(ﬁa)lﬂ compounds were prepared by
Dr, E. O, Brimm of Linde Alr Products Company and were made
avalleble through the generosity of Professor G. Wilkins@n;.

The characteristlc shapes and colors of the compounds
were observed to be identleal with thelr deeeriptlione as

contained in the section "Review of Literature".

lppesent address: Chemistry Department, Imperial
College of SBecilence and Technology, London, 8. W, 7, England.
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Diffrsction data

Bingle-cryetal X-ray investigations showed Raz(ca)ig and
Mny(C0)yg to possess monoclinic symmetry. The lattice con-
stants which were obtalned from precesslon photographe, to-
gether with the intensity data, estsblished the two compounds

to be lsomorphous. The lattlice constants sre as follows:

0 2
8o = 14.70 &, bo = 7.15 4, oo = 14,91 A, £ = 106°
Mnp(CO)yg
o] O
8, = 14.16 A, by = 7.11 &, ¢, = 14.67 4, 3 = 105°

The number of dimere per unit cell 1z four (1.e. the
unlt cell contalins elight metal atoms, forty carbon atoms,
and forty oxygen atoms), since elght Xn(6®)5 species per unit
cell give dgaig, = 1.82 g./ce. compared with the experimental
value dggg?‘ = 1,75 g./¢c. reported by Brimm et al. (18).
The experimental value may be somewhat in error as 1t repre-

sents the average density ase determined by the displacement

of water rether than by the flotation method,
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The intensity data for Rep(C0)yg were teken first. The
indexed date revealed the followlng systematic abesences!

2n 4+ 1

il

1. (noL) sbsent for h= 2n + 1, L
2, {hllL) absent for h + L = 2n

3. (h2l) absent for h + L
4, (hk0) absent for h + k= 2n + 1

#

2n + 1

Therefore the probsble space group is I2/a or Ia. The
Internationale Tabellen zur Bestimmung von Krietellstructuren
(38, pp. 102 and 96) lists the "equivslent' space groups
C2/¢ end Ce which are based on an alternative unit cell. The
alternative C-centered cell, defined by the cholce of & di-
agonal axie as the new a, lattice constant, has the same
volume as the I-centered cell but is leas convenlent becsuse
1te monoclinic angle is greater.

For the (hll) zone the intensitles of the reflections
h=2n + 1, L = 2n were very much stronger then the other
reflections, For (h24), only the reflections h = 2n, L = 2n
sppeared with but one exception. Since the Re atom 1s eo
much heavier then the rest of the atoms (atomic number of Re
= 75), 1te intensity contribution to each reflection in
general overwhelmed the intenslity contributione from the

other atoms, For the space grbup I2/a the additlonal
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intensity information given above indiceted s y parameter

~ % for the elght-fold set of Re positions. This conclusion
was aleo resched by the observation of a normal decline of
intensities along the b, axis for the (hk0) data, 4An x
parameter for Re of 0.154 was estimated directly from the
(hk0) photographs by calculation of the approximate intensi-
ties of a number of reflections for a range of perameters.
From the (h0L) and (hll) photographe, two z parameters were
found to be equivalent; they are: (a) the value 2y = 0,180,
correeponding to a dimeric molecule with a center of symmetry
at 3,¢,¢, (b) the value zp = 23 - $ = 0.930 corresponding to
5 dimer symmetric about the two-fold axis at %,0,0.

Inteneity date of the (h0OL) and (hkO) zones were ob-
tained for Rey(C0)y, using the precession camera with Mo
irradistion. The number of independently observed reflectione
wae 126 for the (hOL) zone; 68 for the (hk0) zone,

Structure faeotore based on the Re perameters x = 0,154,
¥y = 0.250, snd z = 0,930 were calculated for the (h0ol) and
(hk0) zonee, from which phases were obtained for the observed
structure factors, The celoulated structure factors were
given a temperature correction (for the (hoi)_zane, B = 3.73;
for the (hk0) zone, B = 3.68), and the observed structure
factors were placed on an absolute scale. The rellabllity

index, R{hkl), with the unobserved reflectlions omitted wase
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found to be 22.0% for the (hOL) zone; 14.8% for the (hk0)
zone, A comparison of the observed and temperature-corrected

calculated structure factors for the {(hof) and (hk0) zones le

given in Table 11.

| Fourler electron-density projections onto the (010) and
(001) planes were made (Flguree 43 and 44), The Re pesk po-
gltione determined for both zones by the application of
Booth's method (44) indicated no ehift in the x, y, and 2
perameters {determined to the nesrer 0.001). The projec-
tione, aleo, suggeeted octahedral bonding for the €0 ligeands,
since the electron-density for the (010) projection wee con-
centrated about & line drawn through each Re position snd
spproximetely normasl to the line connecting the Re atoms.
Both the (010) snd (001) projections showed evidence of an
end CO bond slmoet collinear with the Re-Fe bond.

In order to ascertein the molecular symmetry of Rep(C0)io,
¥np(CO)y o wae next investigsted. The (hk0), (0kf), and (hoL)

intens ity data were taken by the precession camera with Mo
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Table 11. Comperison of observed and tempersture~corrected
calculated structure factors for Re,(C0);,

Indices  Faaje,  Fobs, ‘Indices Feale. Fobs.,
8 8 8 8
hoL

{hoo) ( nok)

5 &6 3001 L" el *9 30.2
8 “‘5 ?c? ﬁ “214'@? 2602
10 -29,9 28.7 8 30.1 37.4
14 9.1 9.6 14 8.9 6.6
16 «11.3 12.9 18 3.5 6.4
{(n02) (hok)

0 bs,1 bl 7 p4 -22.&5 g?.o
2 32.0 35.5 L i‘? 0.0
l" *‘52"'»6 81»9 'E l ul, 13¢0
8 30.3 32,3 10 13.9 9.7
12 - g.& 7.0 pL -16.6 17.5
186 5.6 3.4

18 - 4.7 6.0 { hos) _

- 0 45,0 36.9
(ho2) 2 35.5 25.1
‘n 2-3 6#5 6 "'3301 “211
B b7.5 3.6 8 9.9 12.5
B -28.7 23.7 1C 14.3 17.1
10 14,0 18.2 12 -12.9 17.2
12 24 .3 23.1 14 - 0.9 2.7
16 -~ 9.9 11.5 16 6.8 9.9
18 7.4 7.2
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 Figure b3. Fourier projection of Rey(C0)y, onto the (010) plane
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Figure 4i, Fourier projection of Re,{C0).,. onto the
i {(001) plane 2 10
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Arreadlation, The intensities of the three zones were placed
on the same scale by correlation of the axial reflections.
The number of independently observed reflections for the
(hOL) zone was 115; for the (hkO) zone, 50; and for the
(0xl) zone, 66. fome three-dimensional data were obtained
ineluding the (h1l), (h24), and (1xL) zones. Unfortunately,
the crystals elther decomposed after a few days in the X-ray
beam or disintegrated by cleavage along plsnes perpendicular
to the b, axis.

Although an inteneity distribution study (33) of the
(hOL) zone for ﬁagtaﬂ)le favored 12/s, & gimilar study of
the (0kf) and (hk0) zones indlcated to some extent a nen-
centrosymmetric distribution.

For the centrosymmetric space group I2/a, for which the
symmetry positione are shown in Figure 45, the probable
arrangement of the carbon and oxygen atoms in %the general
eight-fold set gave 33 parameters to be determined. This
number wag increased to 66 parameters for the space group
Ia. Henee, for & firet approximation the epsce group I2/a
wae assumed, Fortunately, the heavy atom technique and the
isomorphism of the Mn and Re compounds greatly simplified

the phage determinatlon for each reflection,



Figure 45,

?ymmeﬁry pogitions in the spsce group

{b) 030; &30
(a) & 3/8 &; 3/ %%

2/8a
Point positions: (000; &%%) +
L: (a) 000; 00
(c) 4%%; 3/4 3/b %
(e) 4y0; 3/4 5O

8: (f) xyz; & + x,¥.2;

-y

xyz; ® -~ Xx,¥,2;
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The Re snd ¥n positions were asesumed %o baylacased in

the eight-fold general set (f) given in Figure 45 for I2/e;

the Patterson metal-metal vectors which were obtalned are

ge follows:

Yector Multipllelty

0,0,0

+.4.%
2x,2y,2z
2‘;(‘, 2?‘, 2z
2x, 2y, 2z
2x,2y,%z
#,2y,0
+,25,0
2x,%,% + 22
2%x,%,% - 22

2 OF OF OF 0 D N N O W

Vector

#+ 25,8+ 29,4+ 22
3~ 2x,% - 2y,% - 22
$ + 2x,% - 2y,% + 22
¥ - 2x,% 2y,% - 22
0,% + 27.,%

0,% - 2,4

4 + 2x,0,22

¥ - 2x,0,7%

Bultivlicity

£ oEOF OF M N NN

For y = 4 these vector positions reduced to & set sum-

marized a8 follows:
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Vecotor Multiplicity Vector Hultiplicisy

0,0,0 8

k.24 8

2x,%,22 L $+ 2x,0,% + 22 4
2%,%, 71 4 % - 2x,0,% - 22 4
#,4,0 8 0,0,% 8
2x,%,% + 22 b $ + 2x,0,2z b
Kok, h - 22 b % - 2x,0,7% I

Both f"uneharpened” and "sharpened" Patterson projections
of Mnz(C0)y were produced using IBM equipment. These are
shown in Filgures 46, 47, 48, 49, aﬁﬂ 50, An analyele of the
Patterson projections wag made using the vector set given
above, The only ¥n parameters compatible with the analysis
were the same ag those already found for the Re compound.

The Mn-Mn vectors, therefore, unllke the iron-iron vectors
in [?e(ca)@]3 were easily resolved from the Patterson pro-~

Jectione, especlally from the "sharpened" Patterson projec-

tione.

The inteneity data for Mnp(C0)yp were placed on an
absolute scale by the application of Wilson's method (43).
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Pigure 46, Patterson projection of Mn,(CO)ye onte the
‘gure 10. 1010) plane e
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Figure 47, Pagterson projection of Mn,(C0)yqo onto she
" (001) plane AL
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Figure 48, Pagsterson projection of Mnp(C0)yp onts the
| - (100) plane
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'rzgura by,

*Sharpened® Patterson projection of Mnp(CO0)yq

onto the (001) plane
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Figure 50,
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The difference between the observed and temperature-corrected
calouleted etructure factors (l.e. AF = F, - Fg) for each
reflection of the Re compound wae aspumed to be the result
of the carbon-oxygen contribution, The Mn positione were
aseumed to be ldentical with the Re posltions, and structure
factors were calculated for the (hOR) and (hk0) reflectione
of ¥ny(C0)yp. The AF obtained for the Re compound was then
added to the result. The A F ideally should be about the
same for both compounde since the compounds are isomorphous.
In this way the phases of many more (hOL) and (hk0O) reflec-
tions were unambiguouely determined for the Mn compound.

The electron-density Fourier projectiones of ﬂng(ea)lo onto
the (010) and (001) planes (the final Fourier projections
are shown in Figures 51 and 52) definitely indicated direct
metal-metal bonding with two oetahedra Jolned together at a
common apex, The end-C0 bond was clearly shown to be col-
linear with the Mn-Mn bond. Noreover, the spacisl arrange-
mente of the CO's verified that the correct 2z parameter for
the metal was approximately 0.,930. Considerations of the
packing due to the CO arrangement as shown by the (hot)
Fourier eliminated the Dy, etructure (an eclipsed configura-
tion of CO bonds), which was suggested by Cable and Sheline
(1), and instead etrongly supported a molecular structure

of approximstely D,, symmetry (a steggered arrangement of
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1
a4
7 5/6() a, " 22’5/50

Figure 51. Pourier projestion of Mn, Waﬁ: - onto the
sure R {o010) p&im” 2 | 10



?1@3‘;& 82, Fgarm& projection of Mnz(C0)yo onto the (001)
plane
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CO's). Thie same conclusion wag also reached from the sym-
metry of the space group Ila.

The reliability index, R(hki), for temperature-corrected
structure factore of menganese only wae 43,.5% for the (hol)
zone; 24.4% for the (hk0) zone (observed reflections only).
The much lower R value for the (hk0) zone was attributed to
the overlapping of the Mn positione or Re positione for
Re,(C0);, on the (001) projection, Temperature-corrected
calculated structure factors for all the atome gave a much
lower R value of 26.4% for the (hOL) zone and a elightly
lower R value of 23,0% for the (hk0) zone,

In order to sharpen the carbon and oxygen peaks, stru¢~
ture factors, F!

o
oxygen contributions were obtained by subtraction of the

bs., * corresponding to the sum of the carbon-

temperature~corrected structure factors, an, for the Mn
atoms from the observed structure factors (i.e. Flpe, =
Fobs - F? ). Partial difference Fourler syntheses onto

* ¥n
the (010) and (001) plenes were computed from the Floe.
only Flyg, reflections to which signs could be assigned were

used, The coefficlients F! were included for a number of

obs.
accldentally ebsent reflections (i.e. for which Fop, = 0).
The partial difference Fourier projectlons, shown in Figures
53 and 54, gave much better carbon-oxygen pesks. Temperature-

corrected gtructure factors were calculated from the new
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Figure 54k, Pertisl difference Fourier projection
of Mny(C0)yg onto the (001) plane

(The tempersture-corrected manganese
gtructure factore have been subtracted
from the observed structure factors.)
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parsmeters, and the resulting R(hkl) value dropped consider-
ably, to 21.5% for the (hOL) zone and to 21.8% for the (hk0)
zone. Several (hOL) end (hk0) difference Fourier syntheses
(1;e.z5 F = (Fopg, = Fgale.»*were computed in an effort to
refine the positions, especially the positions of the unre-
golved atoms, There wee evidence on the (010) Fourler dif-
ference eynthesee of anisotropic thermal motion (36, p. 306;
59) of the apical CO. Refinement of the parameters by aif-
ference synthesee reduced the R(hk{) value to 20.8% for the
(hot) zone; 20.9% for the (hk0) zone,

The (0kL) date for the Mn compound were analyzed next.
During the refinement of the parsmetere obtained from the
{(hoL) and (hk0) data, several (0k{) structure factor sets
were calculated, but the correlation of the (0kl) data with
the observed dets wse etill poor. The observed (0kL) date
included 29 reflections with the indleese k = 2n + 1, L =
2n + 1, for which a Mn parsmeter of y = 0,250 gave no strue-
ture factor contribution (i.e. the odd k indices are depén&ent
only on the carbon-oxygen parameters for yy, = 2). For these
reflections the R(0kL) value wae 53.5% compared to an R{0k[)
value of 24,8% for the indices k¥ = 2n, £ = 2n. The total R
value for the (Okl) zone was 33.4% at this point. This in-
dicated that the Mn positions were probably not located
exaoctly at y = 0.250, and an arbitrary value y = 0,237 for
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¥n{1), ¢(1), and 0(1) decreased the total R(0kL) value to
25.2% (for the even k indices R = 21.9%; for the odd k

indices R = 32,9%). The phases of most of the calculated
structure factors were then assigned to the observed struc-
ture factors, and the resulting (100) Fourier electron-
density projection (Figure 55) revesled a shift of the y
paremeter for Mn{l), C(1), and 0(1) to y = 0.232. Temperature-
corrected structure factor calculationes for the three zones
based on an analysis of the Fourier projlections and difference
syntheses together with the known intramolecular dlstances
gave & final R(hkl) value of 20.5% for the (hol) zone; 20,0%
for the (hkO) zone; and 22.2% for the (0kl) zone. Table 12
lists the final paremeters obtalned for Mny(C0)y,. 4 com-

parison of the obeerved and temperature-corrected calculated

structure factors for the three principal zones of Mny(C0)qg4
is given in Table 13.

The isomorphoue compounds, Rez(C0)y4 and ﬁnz(GO)lo,
have been found to possess & molscular siructure of approxi-
mately Dhg symmetry. Each metal atom is octahedrally co-
ordinated by five €O lizands and the other metal atom in
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Table 12, Elght-fold sets of parameters for Mny(C0),,
Atom Perameters
X y z

¥n 0.1538 0,2322 0,9322
c(1) 0.0352 0.2322 0.8388
o(1) 0,9635 0,2322 0.7905
c(2) 0.1075 0.3363 0.0300
o{2) 0,0787 0.,4017 0.0858
¢(3) 0.2158 0.11867 0.8523
0(3) 0,2517 0.,0450 0.8030
c{4) 0.1352 0.0083 0.9733
o(4) 0.1224 0.8607 0,0000
c(5) 0.1870 0.4683 0,9017
o 5) 0.2130 0.6188 0,8783
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Table 13. Comparison of the obgerved and temperature-
correécted calculated structure fectore for the
three principsl zones of Mnp(C0)jg

Indlices Faalc. Fébs. Indices ?eale. Fobﬂ.
hot
(ooL) (kog) |

2 177.6 156.8 0 ~-94 .6 87.4

k -33.0 3,2 2 -412.9 346.0

6 -49,9 57.9 4 -169.6  1136.3

8 ~69 2 59.8 6 26,1 25.5

12 14,1 13.8 8 65,2 71.8

14 36,2 29.8 10 29.1 24,2

16 9.8 11,2 16 ~16.3 13.4
(204) (Tow)

L 174 .6 166.8 6 96.8 66.9

6 3&“6 3“;6 8 "’3’4’¢9 13.0

12 ""2763 32-9 1l" "2""*2 17»5

14 ~-12.9 15.2 20 10.2 9.0
_ (80L)

{204) 0 b1k he.3

2 ~192.6 157.4 2 79.4 50.6

L 48,3 ky.9 b -39.,7 L34

6 8.3 11.9 6 ~114.2 113.1

8 - 3'5 :21014’ 8 - ?tg 18.3

10 kg, 2 hi.1 12 18.6 23.3

12 50 .4 heg,2 14 17.3 20,2
16 ~22.4 16.6 -
18 -11.9 12.3 (eoL)

ZQ et 7-9 ?¢ 2 1"'509 36'0

L 32.4 15.5

8 ~-88.9 ?0.0

10 -6k, 5 62.6

14 16.1 13.4

16 26.4 20.7

18 15.6 14,2
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Teble 13. (Continued)
Indices Fosle. Fobs. Indlces Feale. Fobe,
{80L) (12.0+4)

0 31.2 14,6 2 36.8 41.7

2 69.5 65.6 b 27.7 26.6
10 ~-33.6 39b% 10 -10.86 15.0
16 6.7 7.0 14 - 2.1 8.8

16 16.8 14,5
(BoL) 18 5.2 9,0

2 -2h.7 ho,2

4 ~-51.8 43,7 (14.0.2)

6 - 9.3 20,0 0 9.8 11.4
10 73.2 47.9 2 27.1 23.6
12 22.4 18.4 L 1.9 15.5
18 ~12.8 lg.g 10 ~11.5 15.1
20 - 5,7 .

‘ (IG.0.L) |
(10+0.2) - 4 ~35.4 31.5
0 : "5&43 l"ﬂ'is 6 “'3?01 31;0
2 a’ol l?-& 8 haed lts 10:2
6 k.o 12.2 10 2.8 8.9
8 49.1 he,1 12 26,1 25.2
l jnd 6é' 1007
(16+0+10)
(16.0.0) 0  -18.2 21.4
b ~11.9 13,0 — ,
6 65.8 59.8 (16+0+4)
10 5.1 10.7 8 11.9 12.6
12 -10.6 11.3 14 - 8.5 9.8
14 -36,1 28.5 16 - 5.9 L.4
16 ~14,8 14.9
(12+0-2) (18:0-2)
2 - é.g 1%08 2 had 61& ?.O
8 *2211 21:3
8 "’2 -1 16#1
12 10,2 14.7
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Table 13, (Continued)
Indices Fasle. Fove. Indices Foale. Fope.
(18-0-2) ( h30)
2 15.1 14.6 1 £3.1 61l.4
4 10.9 14,0 3 1?.3 34,8
10 ~17.2 14.7 5 -129, 104.6
12 ~11.:5 8.7 7 34,1 43,8
9 38,3 hi.2
11 ""20'1 35»8
hko 15 17.3 22.8
17 “'1110 ~ 13—06
(hoo) ( hio)
2 -115.7 93,3 0 62.4 0.8
a’ “95!0 37. Li’ "2501 1»6
6 bhi.7 Le.3 6 82,2 79.0
8 31.7 14,86 10 -81.4 53.5
10 ~-B0,2 Li .8 12 16.3 17.8
12 - 141 llag 16 - 9-2 13-
14 10.2 11.4
16 ~19.4 21.4 (hso)
1 “‘80.2 66.8
{(n10) 5 4e,1 Ly 7
1 ~166.4 144,58 7 - 9.2 23,2
3 46,9 Lo,2 9 -26 .4 22,5
5 104.7 95,4 11 23.7 25.6
7 -~2h,0 33.4 15 - 8.1 16.0
9 ”28&“’ 38-5
11 80.8 63.0 ( h60)
15 ~23.4 26,2 0 ~ub 7 35.0
6 *29«6 2947
(h2o) 8 10,1 10.1
0 -127.0 108.4 10 22.0 25,2
2 -79.5 80.86 12 - 9.0 15.5
b 76.6 78.7
6 -104.7 91,0 {n70)
1(} 5306 63&14‘ 5 "‘18«'6 31.-’4»
12 - 2.6 21,1 g .g %3'%
16 7.1 29,7 ' . ‘e
2 9.7 11 ~-12.0 15.0
{n8o)
0 29,1 26.4
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Table 13, (Continusd)
Indlces  Fpgre.  Fous, Indices  Fogle,  Fobs.
4 (08£)
ox 28,2 23.5
4 &o» 02
(00l) § i 7.5
z l7§'§ 1%2 g 6 - 4.3 5.8
8 «ﬁ@.z 1.4 {(o18)
12 1b,1 13.0 1 12.1 12.2
14 36.2 26.6 3 16.4 18.7
18 7 %g‘g %g.g
9 - - 'Y
{024) 11 - 2.7 7.1
0 ~126.8 118.2 13 5.4 6.5
2 ~49.8 sh,6 15 13.1 10.2
g 5#‘2 62;8 (032)
g ?{)I 69o
10 Lho.o 40,9 1 -20,7 20.8
12 “‘15»5 1841 .3 - 6&6 10/'9
14 ~36.1 31.h4 5 15.3 17.4
16 -14.9 4.6 7 9,2 10.6
9 7.3 20.8
(o)) 13 -26.9 14,
i ET A ‘{ (050)
6 ~50. 4 51.3 1 51.9 41.9
8 ""??&9 58&6 3 - 2&9 10-9
10 -1k,2 10.2 5 -20.8 17.8
12 3.0 12,2 7 -36.9 22.8
14 12.8 15,0 9 -10,0 13.3
16 b1 8.6 15 8.9 10,9
17 1.6 5.1
(061)
0 ~hl 4 30.3 (o7L)
& 23‘9 2901 1 "’}-606 13.6
6 32.7 28.3 5 11.1 13.0
8 31.6 2h .8 7 23.5 17.4
10 7.2 7.1 9 12.0 8.9
12 - 9.2 10.6
14 VAT BT tos k) 13.5 10.9
16 - 5.2 5.4 3 i.6 &.8
7 o 5&6 6&2
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such a way that the CO groups are arranged in a eteggered
configuration.

If strict Dkﬁ'aymmatry is assumed, the orientation of
the molecule in the unit cell 1s limited by the molecular
packing. The Mn-CO angle of $1l%t from an a,¢, plane which
contaling two dimeric Mn atome should be approximately 22.5o
for two of the four CO ligands on each Mn atom (l.e, one
ligand should be tipped upward 22.5° and the other one
tilted downward 22.5%). The other CO's would then be at
an angle of approximstely 03'7'..5‘3 with respect to the sgame
£,0, plane, Unfortunately, the four CO's in the plane ap-
proximately normael to the Mn-Mn bond apneered to be con-
siderably distorted. The ¥n-C0(2) end ¥n-C0(3) bonds, whieh
seemed to be elearly resolved on the (010) Fourier projec-
tion, are apperently bent lnwerd towerd the other half of
the molecule, The angle of tilt from the &a,c, plane con-
teining the ¥n atoms was found to be approximately 23° for
the ¥n-C0(2) bond; about 29° for the Mn-CO(3) bond.

Theee values are not completely relliable as the calcu-~
lations are based up on the velldity of the centrosymmetric
space group, I2/a, which limits the dimeric Mn atome to the
game 2,0 plane. If the non-centrosysmetric space group Ia
1e assumed, a y-ti1lt of the Mn-Mn bend is posslble. Hvi-
dence for a slight y-tilt 1s shown in Filgure 56 which
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Pigure 56 ?hm<arrungﬁaans’af the ¥n,(C0)yp molesules
e o in the unis cell 2 19
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11lustrates the projection of the dimeric molecules of
antea)le onto the (010) plane. The (001) difference
Fourler projections for Mn,y(CO);q, which were used in a
partlial refinement of the parameters, also suggested a
s8light y-tilt of the molecule, The positione given in
Table 12 would then approximetely renresent the average of
the non-centrosymmetric peslitione., The approximation of
centrosymmetry would account for at lesst psrt of the ap-~
parent dlstortion of the dimeric molecule. Verification
of the orientation of the metal-mefal bonds can be obtained
eaeily from (0kL) date for Rep(C0),,; unfortunately X-ray
pietures of thils zone were not taken.

The large overlap of the ateme on the three principal
projections mede it 4ifficult to refine the two-dimensional
date. With the posesible exception of the aplical carbonyl
group the CO parameters arve stlill not known with sufficient
acecuracy for the intramolecular H~-C end M-0 distances and
angles to be meaningful, The Hs~Fe and Mn-Mn distances and
the intramolecular dlstances involving the aplical carbonyl
group are given in Tabie 14, slong with the nearest inter-
molecular oxygen~oxygen distances., The latter dlgtances
involve the four CO ligands around each Mn atom which are
epproximately normel to ﬁheyﬁn~ﬁn bond, Because of the

large overlesp of atoms, these dlgtances are subject to
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Table 14. Intramoleculer and intermolecular bond distances
for Rey(C0)yq and Mnp(CO)yg

Atoms Distance %
Re-Re 3.02
Mn-Mn 2,93
Mn-C(1) 1.88
Mn-0(1) 2,95
c(1)-0(1) 1.08
o(4)-0(5)" 3.00
o(z2)-0(1)? 3.3
0(3)-0(3)" 3.30

considerable error. Agsain, 1t should be pointed out that
the calculatlone are based upon the assumption of the va-~
lidity of the space group I2/a. The experimental ocarbon-
oxygen distance of 1.08 i, determined for the aplecal car-
bonyl of Mnp{C0)yp, compared to a carbon-oxygen distance

of 1.15 % 0.04 2 (Table 2) for the other known mononuclear
metal carbonyls certainly indlcates that the y-tllt of the
moleculee, if sny, 1s emall, The purpoee of this investiga-~
tion has been %o sscertain the molecular structure of the

compounds, and the R values indleate that the structure is
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correct except for refinement. It is hoped that three di-
mensional data for Mnz(CO)1p can be obtained from which a

least squares refinement can be made on & computer of suf-

ficlent cepacity.

The infrared spectra of the rhenlum and mengsnese
carbonyls in solution and in the gaseous and solid (KI pel-
let) states, have been found to be substantismlly identlcal.
Three strong absorption bands observed in the 2000 em. "1
reglon were assigned as carbonyl stretching frequencles
(18; 19), and two abeorption bande around 600 om,”} were
designated as metal-carbon stretching frequencles (19).
Cotton, Liehr, and Wilkinson (19) eliminated the D), and
Dyg configuratlone as probable structures, since the number
of metal-carbon frequencles should equal the number of CO
frequencies, and thls was apparently inconeistent with the
observed spectrsa., They predicted only two infrared-active
terminal carbonyl bends for the Dyp and Dy, models, whereas |
three such bande were observed., However, & vibratlional analy-
sis by this asuthor revealed that the Dy, structure requires
three terminel CO stretching frequencles, 2 Ay, and 1 K, B
and the Dyg structure gives 2 B, and 1 E;. If 1t 1e
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aggumed that the method of locesl eymmetry (19) is valid in
this cece (i.e. the CO groupe on each metal are non-
interacting vibrational groups), the Cy, symmetry around
each Re (or Mn) atom, also, leads to the prediction of three
infrared-active CO stretching frequencles, 2 4y and 1 Ey.
Thus, the infrared data are conelstent with the Dy,
structure except for the two MC stretching freguencies,

1 peglon are small, 1t may

Since separations in the 600 em.”
be that they are not resolved, If the method of local sym-
metry is not valid, any lower molecular symmetry would be
expected to produce more than the three CO stretching bands
obeserved. For example, & vibrational sanslysis of a struc-
ture of molecular symmetry D,,, formed by staggering the
four CO's about one Mn atom at an angle other then 45° or
90° with respect to the four (O's eround the other Mn atom,
predicts four infrared-active CO stretching frequencles
(2By4, 1 By, &nd 1 Byy). The infrared spectrum of
Mnp(C0)y0 in the solid state, therefore, suggests that the

molecular structure hae aepproximately Dys symmetry.
Discusesion

The structuree of Rey(C0) o and Mny(CO) g represent the

firet real evidence for s direct metal-metal bond between
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twvo trensltion metele in which the metal-metal bond alone
permits the existence of the dimer. The X-ray structure
determination of nickel dimethylglyoxime by Godycke and
Rundle (60) led them to postulate that weak Ni-Ni bonds (a
nickel~-nickel distance of 3.25 3 was found) were responsible
for the extreme ingolubllity of the nlckel compound as eom-
pared to that of the copper derivative. The partisl X-ray
gtructural analysis of nickel big-mcetylacetone by Bullen
(61) indicated & trimeric molecule composed of nearly col-
1inear Ni-N1 bonde apprroximately 2.8 3 apart. The proxim-
1ty of the nickel atoms implied an interasction between
neighboring nickele or the less llkely poesibllity of a
bridging of neighboring nlckels by other atoms.

A dimer structure held together by only & metal-metal
link was postulated for the isomorphous compounds,
(CoHg) 2(C0)g and (635}!5}%0)2({}63)3. Wilson and Shoemsker (62)
found the shortest metal-metal distance from Patterson
projectione to be 3,24 g in the tungeten compound end 3,28 2
in the molybdenum compound, The prediction of & metal-
metel bond wae in accord with the obeerved dlamagnetism ol
thege compounde and with the molecular weights in solution.
Fourier projections onto the (010) plane were reported to
indicate a modsel in which each half of the molecule pos-

sesses three carbonyl groups and one cyclopentadlenyl group
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dispésed saround the metal atom in very roughly tetrshedral
directione with only s metal-metal bond linking the two halvese.

The rhenium and manganese carbonyl structures also sub-
etantiate the assumption of dlrect metal-metal bonding pro-
poged to account for the observed dlamagnetism of sz(co)g
and Cop(C0)g. Jensen and Asmussen (63) made the alternative
suggestion that the diamagnetism of Fe,(C0)g could be accounted
for by resonance between bridge structures without the as-
sumption of a metal-metal bond. Ewens (64), however, indi-
cated that such resonance states are equivalent to & metal-
metal bond with lonle charscter,

In the Mny(C0)yqy crystal there definitely 1e restricted
rotation about the metal-metal bond as evidenced by the close
intermolecular oxygen-oxygen distances between the neighboring
dimers., Carbonyl-carbonyl repulsions probably explain the
fact that the molecular symmetry in the crystal 1ls D, 4 rather
than Dy (l.e. & staggered arrangement of CO's rather than an
eclipsed arrangement).

It ie difficult to understand the large distortion that
aprears to exlst in the dimer, The dlstortion, however,
seems to be the reeult of the influence of the CO's of neigh-
boring molecules, since the M-CO's are bent such that the
intermolecular oxygen-oxygen dlstances have been increased.

Hence, the packing seeme to distort the molecule instead of
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the undistorted molecules determining the packing. Of
couree, as previously mentioned in the "Description of the
structurees”, the celculations and Fourler projections are
based on the valldlty of the centrosymmetric space group
I2/e. There 1s some indication of & slight y-tilt of the
dimeric molecule. This might well sccount for at least pert
of the epperent distortion.

The Re-~Re and ¥n-Mn distances computed from thelr co-
valent radil (8) are 2.34 2 and 2,46 A respectively ae com-
pared to the experimentally determined metal-metal distances
of 2.93 3 end 3.02 X. The large difference can be attributed
mainly to the negatlve charge localized on the metal atom
through coordination with the CO ligands., If 1t is assumed
that each of the five terminal CO ligends contrlibutes two
bonding electrone to the metal, a symmetrical sharing of
electrone would result in a formal charge of -5 on each metal
atom, Certainly, the actual charge dlstributlion 1s not
nesrly 6o extreme as such a gimple schematlic plcture indi-
cates, Some partial double bond charscter 1s obtained by
utilization of the d-orbital electrones of the metal in T~
bonding. On the basle of & carbonyl bond order of about
2.5 Cable and Sheline (1) predicted a metal-carbon bond order
of about 1.5 for the metal ocarbonyls. However, XKing and
Lippincott (65) from a calculation of the Fe-C and Ni-C bond
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energles estimated a M-C bond order only slightly larger than
one, gince the Fe~C and Ni-C bond energles were found to be
of the same order of magnitude es the bond energies calou-
lated for En-C and Pb-C,

A bridge ecarbonyl group which le assumed to contribute
only one bonding electron to each metal atom removes a grester
negative charge from the metal atom than & terminal carbonyl
group., The formel charge contridbution to the central metsl
le zero for & brldge carbonyl bond and -1 for a terminal car-
bonyl bond. Thie probably accounts for an iron-iron distance
of 2.486 2 in the Fe,(C0)g etructure (2) which is only slightly
greater than the calculated covalent Fe-Fe distance of 2.33 g
(8). For Fep(CO)g the formal charge on each iron is -3.

Ho doubt a much better representation of the electronie
charge distribution ie given by the molecular orbital de-
scription, in that such a treatment permite the delocaliza-
tion of the so-called "bonding electrons® contributed to the
metal by the ligande. FHowever, the qualitetive plecture as
glven by the Yclosed electronic shell rule' appears to be in
agreement with the experimental results, and furthermore for
the rhenlum and manganese compounde there still must be some
negative charge locallzed on the metal in order to increase
the M-M distance by approximately helf an Angetrom over the
distance predicted from the covalent radil.
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It 1s somewhat surprising that Rep(C0)jp and Mny(C0)yg
do not poseese bridge carbonyl bondse, expecially since other
dimers of Re have been suggested to possese bridge-type
bonds, Hieber and Schuster (66) have prepared the compound
potasslum-u -dloxohydrogen-octacarbonyl dirhenate by the
reaction of ae(cm)5 or Re(ﬁﬁ)gel with KOH, A bridge struc-

ture {(given below) which can be viewed ae the Junctlon of

0
(0C) Re‘/z-z Re(c:@):lxi
[: L \\\\ //;a 13

0

two octahedra at an edge (D symmetry) was formulated for

Zh
the compound. The proton wss postulated to form a H-bridge
between the two oxygens.

4 corresponding thlophenol complex was prepared with a
simllaer configuration predicted, ae given below:

g

I
8

(0C)y, Eﬁ“/// \\\\Re(ﬁe)g
\\\\?///”

ehs

In both casee an inert gae etructure wes assumed to account
for the observed dlamagnetism, From precedent the formula-

tion of bridge bonde for the sbove two compounds 1s much
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more reasonsble then a structure similar to that of Rep(C0)y,.
An infrared spectral analysls of both compounde should guieckly
subetantlate the correct structure,

An explanstion for the occurrence of such an unusual
type of structure for Rey(C0)yo and Mnp(CO)yp 18, of course,
difficult without some type of guantitative caleulsatione. A
reasonable but admlittedly crude attempt toward the prediction
of the molecular structures of other polynuclear carbonyls
has been made by Cable and Sheline (1). 4 molecular orbital
type calculation as employed by Richardson (67) might be very
1lluminating in the determination of the electron dietribu-
tion between the metal and ligand in Mnp(CO)y4. The Dy co-
ordination should be of sufficlent molecular symmetry to make
the calculation tractable, One feature of the Rlchsrdson
procedure is & requirement of self-consistency with reepect
to charge distribution. Hence, a more "educated guess® of
the actual charge dlstribution can be made and compared with
the "formal charge estimation" as given by the "closed
electronic shell rule®., An appraisal of the amount of T -
bond interaction would also help clarify the conflicting

egtimnates of the M~-C bond character.
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SUMMARY

A structural investigation of the polynuclear metal
a&rbanyls~~[?e(ﬁ@)é]3. Re2(C0)y, and Mny(CO),,~-was under-
taken by means of X-ray diffraction techniques.

Iron tetracarbonyl wae found to poegese monoclinic sym-

metry; the lattice conetante besed on a primitive unlt cell

are:
&y = 8.88 A
b, = 1338 A= 970 9.5
ey = 8.35 3 |

There are six Fe(C0), epecles per unit cell, Systematic ab-
gsences indicated the centrosymmetric space group P2,/n, which
would ordlnarily redquire a trimeri&/mol&eule to possess a
center of symmetry, and would thereby make the iron atoms
collinear, The iron atoms should then be located eas;ly by
Patterson projJections, but this dld not turn out to be the
oase,

The struetural anslysis proceeded through a complete
three-dimensional Patterson and three-dimensional "sharpened®
Patterson., The only model at all compatible with thls analy-
gis and other evidence, involves & disordered structure in
which éhs iron stome are arranged at the corners of an equi-

lateral trisngle and are randomly placed in each unit cell
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in one of two orlentations approximately differing from one
another by & rotation of 600 about the three-fbld,axis. An
iron-iron dlstance of epproximately 2.75 to 2.85 3 wag found.
The configuration of the CO ligends still neede to be deter-
mined, since it was very difficult to find the carbonyl
positions due to the disorder in the structure. An infrared
spectral study strongly indiceted some assoclation of the
carbonyls in the solld state, although the solutlon spectrum
definitely suggested that there are no bridge carbonyls.
Three-dimensional Fourier sectione computed on X-RAC at
Pennsylvanie State Unlversity appeared to verify the trigonal
model, although additional three-dimensional work will be
needed to confirm the proposed structure.

On the other hand, no linear asrrangement of iron atoms,
including the widely sccepted Eza gtructure, can explain the
three-dlmenslonal Pattersons. In fact, none of the struc-
tures postulated on $he basis of the theory of directed va-
lence or on an analysie of the vibrationasl spectrum appear
to be correct.

The rhenium and manganese carbonyle were found to be
monoclinic and isomorphous, The lattlice conetants are as
follows:

Re2(CON o

Q 4]
8, = 14.70 3, by = 7.15 &, ¢ = 14.91 4, £ = 106°
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Mn,(C0)y

0 ; 0
8, = 14.16 &, b, = 7.11 &, o_ = 14.67 4, (3 = 105°

The space group wae determined to be I2/a or Ia; there
are four dimers per unit cell. A two-dlmensional Fourler
analysis of Mnp(C0);, revesled that each manganese atom 1s
ootahedrally coordinated by five CO ligends and a dilrect
metal-metal bond with another manganeee atom, in such a way
that the dimeric molecule possesges approximately n&a
symmetry (staggered CO's).

These compounds are the first polynuclear cerbonyls
known to be held together by metal-metal bonde, and, more-
over, repregent the firet real evidence of a metal-metal bond
in treneltion metal complexee stabllized by only metal-metal
bonds .

An explanation was given for the long metal-metal dls-
tances found (i.e. 2.93 & for Mny(C0)yp and 3.02 3 for
Rep(C0)y0) for the compounds ae compared to the relatively
ghort lron-iron distance of 2.46 4 for Fe,(C0)g.

An infrered vibrational anelysis was found to be in
agreement with the Dy structure. The molecular structures
indicate the validity of the assumption that the 1800 om.~ L

infrared absorption band ig due to bridge carbonyl abeorption,



169

since, aeg the infrared analysis predicted, no absorption
bande were observed in this region.

However, there are limitetions in the utilization of
the partlial vibrational infrared analysis in predlcting the
correct internuclear structures for the metal carbonyls.
Although other investigators used such a method to postulate
different rhenium and manganese structures, no one predicted
the correoct structure. The failure of thie spectral method
in predicting internuclear structures for iron tetracarbonyl

ie another example of ite limitetions.



170

LITERATURE CITED

1., Cable, J. ¥, and Sheline, R. K., Chem, Revs,, 56, 1

(1956).
2. Paweljé, H. ¥, and Ewens, R, V, G., J. Chem, Soeg,, 1939,
286,

- 3., Brockway, L. 0., Ewene, R, V., G., and Lister, M, V.,
Irans. Farsday Boc., 34, 1350 (1938).

L, Ruﬁm{:r, %;) end Hofmann, V., Z, physik, Chem,, B 28, 351
1935).

5. Ewens, R. V. G, and Lister, M, ¥Y,, Trans, Farsdsy fSoc.,
35, 681 (1939).

8. Ladell, J., Poet, B., and Fankuchen, I., Actas Cryet., 5,
795 (1952),

7. Brockway, L. E. and Crose, P. C., J, Chem, Phys., 3,
828 (193%). i,

8. Pauling, L., J. Am, Chem, Soc,, 89, 542 (1947).

9. Sheline, R, K. and Pitzer, K, 8., J, Am, Chem. S 22
1107 (1950). ’ Lo e, 20800 Lo

10, Hswkine, N. J., Mattrew, H, O., Babol, ¥W. ¥,, and
Carpenter, D. R,, J, Chem, Phys., 23, 2422 (1955).

11. Shufler, 8, L., Sternberg, H. ¥., and Frledel, R. A.,
J. Am. Chem, Soc., 78, 2687 {1956).

Sternberg, H. W., J. Am, Chem, Soc,, 27, 3951 (1955).

13. Graw%’agé.é)ﬂ. L, and Croes, P. C., d, Chem, Phye,, 8, 525
l 3 »-

14, Margoshee, M., Fillwslk, F., Fassel, V. A,, and Rundle,
R. E., J, Chem, Phys., 22, 381 (1954).

15. BSheline, R. K., J. Am. Chem, Boe., 72, 5761 (1950).



16.
17.
18.
19.

20,
21.

22.

23,
2k,

25.

26.
27.
28.

30,

31,

171

Gotton, F. A., Liehr, A. D., and Vilkinson, G., J.
Inorg. MNuecl, Chem,, 1, 175 (1955). |

Cable, J. W., Nyholm, R, 8., and Sheline, R. K., J,
Am, Chem, Bogc., 76, 3373 (1954).

Brinm, E. O., Lynech, M, A,, and Sesny, W. J., J. Am,
Chem, Boec,, 26, 3831 (1954).

Cotton, F. A,, Liehr, A, D., and Wilkinson, G., J.

S8heline, R, K., J. Am, Chem, Sos,, 73, 1615 (1951).

Hieber, ¥,, Muhlbeuer, F,, end Ehmenn, E, A,, Ber,, 65,
1090 (1932).

Klemm, ¥W., "Inorganic Chemlstry®, Part 2, Offlce of
Millitary Government for Germany, Fleld Informatlon
Agenclies, Technieal, British, French, United Btates,
1948. |

Freudliech, H. end Cuy, E. J., Ber., B 56, 2264 (1923).

Berkz(aig, S}. and Zocher, 3,‘, Zs phyeik, Chem,, 124, 318
. 1926).,

Cutforth, H. G, and Selwood, P. W., J, Am, Chem. Bog,
65, 24h (1943), ’ T T s

Hieber, W. and Becker, E., Ber,, 3B, 1405 (1930).
Brill, R, Z., Z, Xrist,, 77, 36 (1931),

Klemm, W,, Jacobi, K., and Tilk, ¥W., Z, snorg. u. ellgem.
Chem., 201, 1 {1931). S =

Bidgwlek, N. ¥, and Balley, R, ¥., Proec, Roy. Boc
(London), 14ha, 521 (1934). ‘ _—

Florie, J, and Rundle, R, E., Private communication,
Department of Chemistry, Iowe Btate College (1951).

Speyer, E. and Wolf, K., Ber., 60, 1424 (1927).
Hieber, W,, Z, anorg., Chemie, 204, 165 (1932).




33.
34,

35.

36,

37.

38.

39.

4o,

4.

L2,

43,
4,

HSa

ke,

172

Howelle, E. R., Phillips, D. C., and Rogers, D., Acta
Cryst., 3, 210 (1950).

Lu, C., Rev. Sei, Instr., 14, 331 (1943).
Patterson, A, L., Phys, Rev,, 48, 372 (1934).

Lipeon, H, and Cochran, ¥W., "The Determination of Crys-
tal SBtructures®, Vol. 3, G. Bell and Sons Ltd.,
London, 1953.

Jamee, R. W., "The Optical Principles of the Diffraction
ogﬁgaﬂays“, Vol. 2, G, Bell and Sons Ltd., London,
1954,

*Internationale Tabellen zdr Bestimmung von Erlstall-
strukturen”, Rev, Ed,, Band 1, Cebrider Borntraeger,
Berlin, 1935.

Berghuia, J., Heanappel, M., Potters, M., Loopstra,
B. 0., MacGillavry, €. H., and Veenendasl, A. L.,
Acte Cryst., 8, 478 (1953},

Pepinsky, R., "Computing Methods and the Phase Problem
in X-Ray Crystel Analysis", X-Ray Crystal Analysis
Laboratory, The Pennsylvenia State College, State
College, Pennsylvanis, 1952.

Takeuchl, Y, and Pepineky, R,, Unpublished research,
Depsrtment of Physies, Penneylvania State University

(1958).
Rabe?tgggs J. M, and Shearer, H, M., Nature, 177, 885
1956) .

Booth, A, D., "Fourier Technigue in X-Ray Organic Strue-
ture Analysis®, Universlity Preses, Cambridge, 1948,

Shufler, &, L., Sternberg, H. W,, and Friedel, R. A,,
Unpublished research, Bureau of Mines, Synthetilce
Fuels Research Branch, Bruceton, Pennsylvania (1956).

Wilkineon, G, and Cotton, F. A., Unpublished research,
Chemistry Department, Messachusettes Institute of
Technology (1956).



7.
Lg,
k9.
50,
51.
52,
53.

sk,
55.
560

57.

58.
59.

60.

61.
62,

63-

6l
65.

173

Harker, D. and Kaeper, J. 8., Acta Cryst., 1, 70 (1948).
Grison, E., Acta Cryet., &, 489 (1951).

Sayre, D. M., Acta Cryst., 5, 60 (1952),

Cochran, W., Acta Cryst., 5, 65 (1952).

Zachariasen, W. H., Acta Cryst., 5, 68 (1952).
Hamilton, C. W., Acta Cryst., 8, 199 (1955).

Schaeffer, R., Private communication, Department of
Chemistry, Iowa State College (1956).

Lund, E. W,, Acta Chem. Scand., 8, 1378 (1954).
Hendrike, S. B,, Z, Krist., 84, 85 (1933).

Hassel, O, and Vihovde, E. H., Acta Chem, Scand,, 27,
1164 (1953).

Hieber, W. and Fuchs, H., Z. anorg. u. allge Chem, ,
248, 256 (1941).

Schuh, R., Z. snorg. u. allgem, Chem., 248, 276 (1941).

Jeffrey, G. A. and Crulckshank, D. W. J., Quart. Revs.
(LJ_Q_Q_@_Q_Q) rls 335 (1953).

Gody?ke, I)... E. and Rundle, R. E., Acts Cryst., 6, 487
1953). C

Bullen, G. J., Nature, 177, 537 (1956).

~¥Wilson, F. C. and Bhoemaker, D, P., Naturwisgenschaften,

43, 57 (19%6).

Jeneen, K. A, and Aemussen, R. W., 2. anorg. Chem., 252,
233 (1944). _

Ewens, R. V. G., Nature, 161, 530 (1948).

King, F. T. and L1§>plnco'ct, E. R., J. Am, Chem, Bocgc,,
8, 4192 (19586).



174

66, Hlieber, W, and Schuster, L., Z, anorg. u. allgem, Chem,,
285, 205 (1956). —_—

67. Richardson, J. ¥,

Ph.D, Theeis, lowe State College
Librery (19565.



175

ACENOWLEDGEMERTS

The authorts indebtednegs to Dr. R, E. Rundle for his
interest, suggestions, and encouragement cannot be adequately
expreseed, The asuthor 1ls deeply grateful for heving hed the
privilege of belng guided by one whoee research outlook is
thet of a true sclentist,

The author wishes to thank Dr, R. Pepingky and his staff
at Pennsylvania Biate University for the use of their com-
puting facilities and also for their helpful suggestions
concerning iron tetracerbonyl.

The valuable assligtance of Mr. Etsuro Ishishi in the work
involving rhenlum and manganese carbonyle is gratefully appre-
clated. Thanks are due %o Mr, F. H., Hollenbeck for his ald
in the c¢alculatione and the drawing of the many prolections.
Lagt, but not least, the author wishes to acknowledge the work

of hie wife, June, in helping assemble this thesis.



	1957
	Structures of some polynuclear metal carbonyls
	Lawrence Frederick Dahl
	Recommended Citation


	 

