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ABSTRACT

The carbonyl stretching vibrations of metal carbonyl
derivatives of three structural types have been examined
by infrared spectroscopy. The technique of isotopic
enrichment has been employed to gain added information
about these vibrations and normai coordinate analyses
have been performed in several levels of approximation.

It has been shown that the methods of assignment'of
the carbonyl stretching spectra of cis-disubstituted metal
tetracarbonyl derivatives based on analysis of spectra
obtained without isotopic enrichment are generally inade-
quate. Assignments for two ruthenium compounds of this
type are proposed con the basis of isotopic enrichment
studies.

Two different energy-factored force fields for mono-
substituted manganese and rhenium pentacarbonyls have been
compared using isotopié-enrichment data. Thersimpler of
the two (due to Cotton) was found to be in some respects
superior.

Isotopic enrichment data was also obtained for some
monosubstituted tetracarbonylcobalt derivatives, and used
to determihe an energy-factored force field for the carbonyl
stretching vibrations of these molécules. This force field
has been compared with a more general force field for one
such molecule, trichlorosilyltetracérbonylcobalt. This

comparison suggests that the simplifications generally used
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when carbonyl stretching vibrations are studied alcne i.e,

the energy-factoring approximation, is justified.
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INTRODUCTTION

Chapter I

This chapter introduces the reader to the problem
at hand, the method used for its solution, and}to the
results of previous approaches to the problem.

The modern practising chemist is invariably familiar
with the wuse of infrared spectroscopy. By means of this
technique he is able to observe the vibrations of mole-
cules in which he is interested, and thus to gain informa-
tion about them. The use of infrared spectroscopy for
characterisation and identification of compounds, and for
qualitative investigations of the constitution and structure
of molecules is widely taught at both the undergraduate
and graduate levels., Many texts are available which deal
with this subject, and excellent expositidns of the practi-
cal details (1), and of the thgoretical considerations
which are necessary for the analysis of vibrational
spectra exist (2,3,4).

Vibrational spectra may be observed by Raman, as well
as infrared spectroscopy (3,4,5), and it was by this method
that the vibrational spectra of metal carbonyl species were
first observed almost forty years ago (6), when few such
compounds were known. Since that time, and particularly
within the last fifteen years, a multitudinous variety of
metal carbonyls and carbonyl derivatives has been syn-

thesized. This increase in the number of known metal



carbonyl compounds occurred at about the same time that
infrared spectroscopic equipment became readily commer-
cially available, so that the spectra of the new compounds
were routinely reported. Thus a vast literature on the
subject of metal carbonyl vibrations now exists, some of
which has been reviewed (7).

The performance of commercial infrafed spectrometers
has been further improved during the past decade by the
widespread adoption of diffraction gratings rather than
prisms as the dispersing element. This has led to an
increase in the resolution of reported spectra. The
advent of lasers as highly intense and monochromatic light
sources in the visible and ultraviolet regions has resulted
in a recent improvement in the performance of commercial
Raman instruments, so that there is a current increase in
the reporting of Raman spectra. This will probably become
routine in the next few years, leading to very complete
documentation of metal-carbonyl vibrational spectra, and
to improvements in assignment of the observed spectra to
the various molecular vibrations.

The vibration of free carbon monoxide corresponds to
an infrared frequency of about 2140 cm—l. This vibration
is readily observed, with rotational fine structure, in
gas phase infrared absorption spectra. A similar vibration
is observed in spectra of metal carbonyl species where its

1

frequency lies between 2200 cm — and 1650 cm—l depending

upon the particular compound. For CO terminally bound



(ie., to only one metal atom, as distinct from bridging.
carbonyls which are bound between 2 or more metal atoms),
‘the frequency range usually lies between 2140 and 1800 cm—l.
For molecules containing more than one CO group, the |
vibrations of the individual carbonyls interact, leading
to the appearance of several.modes of vibration, with
several absorptions observable in the infrared, giving a
pattern of absorption lines.

Each of these modes of vibration may be described as
some combination of individual carbonYl vibrations, and
may be classified according to the symmetry of the mole-
cule. To some extent the symmetry of the molecule allows
the precise formulation of the combinations of carbonyl
vibrations which constitute the "normal modes" of
vibration. The details of this use of symmetry, and the
procedures by which it may be applied are set forth at
length in the references (2,3,4,8), and will not be
reiterated here. They are of great importance in the
interpretation of carbonyl spectra however, and will be
extensively used throughout this thesis. The methods
given in reference 4, both for uses of molecular symmetry
and for the general procedures of spectral analysis, will
be followed unless otherwise stated.

In addition to vibrations based on simple stretches
of the C-O bond, several other types of vibration of the
carbonyl group exist. First, the CO group may oscillate

in a bending manner, so that the M-C-O angle deforms.



Vibrations of this type are observed at about 600 em™ L,

Second, the CO group as a whole may oscillate about its
equilibrium distance from the metal atom. Such M-C
stretches, as they are commonly referred to, are observed
at about 400 cm—l. Third, the angles between different
carbonyls can vary in a C-M~-C bending vibration, observ-
able below 400 cm—l. Similarly, various vibrations of
other groups contained in the molecule are possible.

All these various types of vibration may be in-
volved in the normal vibration, which is then described
as a mixture of the individual vibrations. The extent
of this mixing depends inversely on the difference in
energy between the individual vibrations; thus vibra-
tions of similar energy, such as the M-C-O bends and
M~-C stretches, will mix with each other to some extent,
but there will be little C-0 stretching contribution to
 these low-energy vibrations. Simil;rly the higher energy
vibrations of the C-0 stretching type will have only small
contributions from the M-C-0 bend and M-C stretching type
vibrations. Thus the carbonyl stretches are commonly
described as ‘"pure" stretches, and this leads to important
simplifications in the épectral analysis.

The energies of the normal vibrations are governed
by the interatomic forces and by the masses and geometry
of the constituent atoms. The in;eratomic forces are of

fundamental significance to the chemist, since they can

be related to the electronic structure of the molecule.



The determination of force constants from vibrational
spectra has therefore received considerable attention;
The inverse process, i.e. the prediction of vibrational
energies from a knowledge of the force constants and the
molecular geometry, is more amenable to mathematical cal-
culation, and an elegant procedure has been outlined for
this purpose (9). This procedure is expounded in great
detail in reference 11, and the results derived there
will be used here.

Briefly, the kinetic and'potential energies associated
with the nuclear motion are expressed in terms of some
coordinate system, and the classical laws of motion are
then applied to give a set of differential equations
describing the vibrations. Solution of these equations
then yields the secular equations, which give the energies
and forms of the vibrations themselves. This is conve-
niently cast in a matrix notation as is done in Appen-
dix VIII of reference 4. The coordinates commonly chosen
are displacement coordinates based on the set of bond
lengths and interbond angles of the molecule in its
equilibrium configuration. This coordinate set is
designated by the column vector 8. The secular equation

may be written in the form:

GFL=LA
where G, F, L and A have their usual meanings (4).

The G matrix is determined by the masses and geometry of

the atoms, and F is a matrix of the force constants. The



5 are the energies of the vibrations, and are determined
as the eigenvalues of the matrix product G F. The L are
the associated eigenvectors of GF and express the contri-
butions of the internal coordinates R to the normal co-

ordinates Q via the coordinate transform:

R=LgQ

Thus a knowledge of the molecular structure and éhe
force constants allows the calculation of the vibrational
energies (the A's) and the forms of the vibrations (from
the L matrix columns).

More commonly the elements of the F matrix must be
determined from the A's. G of course is predetermined.
Using the internal coordinates described above, the F
matrix elements are valence force constants, ie., bond
stretching and bond angle bending constants. The off-
diagonal terms in F are interaction force constants, ie.,,
they express the alteration in force necessary to deform
one bond when some other bond is stretched or bent.

A molecule will in general have more distinct
valence force constants than vibrational frequencies.

The determination of force constants thus requires sim-
plification of the F matrix to reduce the number of
independent force constants or in some cases the intro-
duction of additional data from other molecules which have
similar force fields. Most conveniently the frequencies
of an isotopically substituted molecule, or molecules,

are used since such molecules will have identical F



matrices. In advantageous cases the simplifications and
additional frequencies will increase the amount of data
above that needed to determine the force field. The
methods of non-linear least squares may then be employed
to calculate the set of fbrcé constants which best fit
the available data (10). Computer programs which accom-
plish this procedure have been published (11,12,13,14),
and are widely available.

Metal carbonyl molecules suffer from this lack of
determination of the force field, and complete wvibrational
analyses have only been carried out for a few molecules
(15,16) . The frequencies of the carbonyl stretching
vibrations are well separated from the other vibrational
frequencies however, so that extensive use has been made
of the high-frequency separation method (4). This is
commonly accomplished by ignoring all internal coordinates
other than those describing displacements of the carbon
oxygen bond length, which corresponds to assuming that
all force constants in the molecule other than the car-
bonyl stretching force constants, and interaction constants
between carbonyl groups, are zero. This of course intro-
duces errors into the force constant determination which
will be discussed later.

Other workers have used this energy-factored model to
separate the low-frequency vibrations, and have thus deter-
mined the lower energy force constants, such as the M-C
stretching and M-C-0 and C-M-C bending constants (17).

In addition this method has been used in the determination



of metal-metal bond stretching constants (17,18). Using
this procedure the carbonyl‘stretching force constants may
be either ignored, or given a fixed value which is a close
approximation to the true value.

The assignment of the carbonyl stretching bands to
the particular molecular vibrations involved has been
developed by various workers. The assignment of the three
carbonyl stretches exhibited by an octahedral hexacarbonyl
follows from the infrared and Raman activity of the bands,
and from the Raman polarisation measurements (16,19,20).

A recent complete vibrational analysis of the group VI hexa-
carbonyls has been carried out using this carbonyl stretch-
ing assignment (16). The unambiguous nature of this
assignment is mainly due to the existence of an inversion
centre in these molecules which allows invocation of the
Exclusion rule leading to the requirements that none of the
vibrations may be active in both infrared and Raman (4,8).
The inversion centre is retained on'EEEEEfdisubstitution,

so that the same principle may be employed to give a

similar unambiguous assignment for trans-disubstituted
tetracarbonyls. The vibrations of the trans species are
closely related to those of the hexacarbonyls, as are

the vibfations of the mono substituted pentacarbonyls.

Orgel has shown that by consideration of the shifts in

the carbonyl stretching frequenc1es on passing from the
assignable hexacarbonyls, to the substituted pentacarbonyls,
and thence to the trans tetracarbonyls, the spectra of the

pentacarbonyls may be assigned (21). The assignment thus
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derived was in accord with the relative infrared intensities
expected from simple pictures of the vibrations formulated
from the symmetry of the molecules (21,22).

The o-donor m-acceptor theory of bonding in metal
carbonyls and their derivatives was implicitly employed by
Orgel (21), and further considefation of this led to the
formulation of constraints which could be imposed on the
CO force fieid, allowing the calculation of approximate
force constants for the CO groups (23,24).

The most popular simplified force field has been
that due to Cotton and Kraihanzel (23). Several assumptions
are made in the formulation of this; anharmonicity of the
CO oscillations is ignored; the force field is "energy
factored", i.e. vibrations other than those due to
stretching of carbonyls are ignored; and relationships
between carbonyl stretching force constants are devised
and explicitly employed. These simplifications are based
on the separation of the metal d orbitals into o—- and
m-bonding sets extending throughout the octahedral frame-
work, and assuming that both are used extensively. There
are two T-type orbitals extending from any ligand to
the coordinating species trans to it, and only one extend-
ing to the species in the cis position. Thus if one
carbonyl is stretched, lowering the energy of its n*
orbitals, the increase in population of these orbitals will
have twice as much effect on the carbonyls trans to it as

on the carbonyls cis to it, i.e., the trans interaction
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should be twice the cis interactiqn; since the result of
stretching one carbonyl is to decfease the number of 7
electrons available to the antibonding ﬂ* levels of the
other carbonyls, the interaction constants should be
positive. Stretching one carbonyl should make it more
difficult to stretch the others. If carbonyls are sub-
stituted by other ligands which are worse T acceptors than
a carbonyl, more m electrons are available to go into the
ﬂ* jevels of the remaining carbonyls, lowering the force
constants. According to the argument given above, the
carbonyl trans to the new ligand should be more affected
by such a process, and its force constant should decrease
by a larger amount than one c¢is to the ligand.

By such reasoning Cotton (23,25) was able to define
criteria for the acceptability of calcqlated carbonyl
force constants. Application of these criteria could in
some cases establish a correct assignment of the observed
carbonyl stretching bands to the expected molecular
vibrations. Thus an assignment could be made for mono
substituted pentacarbonyl species, such as the pentacarbonyl
manganese halides, and for gigfdisubstituted species such
as the iron tetracarbonyl dihalides. Since the force con-
stants depend only on the band positions, comparison of
the observed relative intensities with those expected from
the forms of the normal vibrations may be used as a check
on the assignment. A prediction of the relative inten-
sities for any axially monosubstituted carbonyl derivative

has been given (26).
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The Cotton criteria for acceptance of carbonyl band
assignments by examination of force constant sets calcu-
lated with the simplified force field implies that the
vibrational interactions between the carbonyls occurs
solely by effects operating through 1the m electronic
framework. While such effects must certainly be expected
to occur during vibrations of metal carbonyls (28), other
mechanisms of interaction between carbonyl groups can be
envisaged. Haas and Sheline have discussed a mechanism
wherein carbonyls couple by means of a dipole-dipole type
interaction (27). Such a mechanism would couple pairs of
carbonyls cis to one another more strongly than trans pairs
of carbonyls, since they are physically closer. The recent
vibrational analyses of nickel tetracarbonyl, and éhe group
VI hexacarbonyls are more in accoxrd with this model than
with Cotton's (15,16). Thus Cotton's analysis of the cis
and trans interactions in octahedrél species becomes
questionable, and attempts to justify it must employ more
complex force fields, in which the distinct cis and trans
interactions are éxplicitly and independently determined.

Several. groups of workers have attacked this problem
using isotopic enrichment to gain added information on the
carbonyl vibrations (29-34). These studies have in general
found values of the primary carbonyl stretching constants
in quite good agreement with those calculated by the
Cotton-Kraihanzel method. The interaction constants

found by this method, hdwever, were not in good agreement
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with the Cotton-Kraihanzel values, and the assumptions about
the relative values of‘gig_and‘gzégg_interactions were not
supported.

There are some other difficulties inherent in the
use of the Cotton-Kraihanzel force field. ' Cis-disubsituted
octahedral tetracarbonyls have proved troublesome in that
solution of the secular equation directly for the force
constants has led to imaginary solutions in some cases (35).
Kaesz has demonstrated thatlthis result may be quite general,
and that its occurrence may be predicted from the observed
line positions (31). Further discussion of this topic will
be presented in Chapter II.

The use of additional data obtained from isotopically
enriched materials to evaluate the effects of the Cotton-
Kraihanzel simplifications on calculation of the force
field for some octahedral monosubstituted pentacarbonyls is
presented in Chapter III. Calculations using isotopic data
for some trigonal cobalt tetracarbonyl derivatives, for
which no simplification of the force field is possible are
presented in Chapter IV. Finally a justification of the
energy factoring method by comparison of calculations
based only on the carbonyl stretching vibrations with a
more complete analysis including other vibrations of the

molecule is presented in Chapter V.
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Assignments and Approximate Carbonyl Stretching Force

Constants for Some Cis Disubstituted Metal Tetracar-

bonyl Derivatives

Chapter II

Introduction

Cis disubstituted octahedral derivatives are of wide
occurrence in metal carbonyl chemistry. The carbonyl
stretching frequencies of such compounds are widely reported
in the literature, and several methods of assignment of
these frequencies to the various molecular vibrations have
been employed. A critical evaluation of these methods of
assignment is presented in this chapter, and it is demon- .
strated that methods based on simplified force fields are
generally inadequate. An assignment for some ruthenium
tetracarbonyl species based on spectra of isotopically
enriched compounds is given.

Eii disubstituted octahedral metal tetracarbonyls
are expected to exhibit four bands due to carbonyl stretches.
The carbonyl stretching vibrations of these molecules are
classified wunder the syﬁmetry of the point group C2V (to
which such molecules belong, if the substituents are the
same and are monatomic, or are treated as such) as 2Al +
Bl + B2. The carbonyls may be divided into two equivalent

sets, as shown in the illustration, and the vibrations are

found to arise from one, or the other set. They may be
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0 I
(1) o )

pictorially represented, by drawings of the symmetry co-

ordinates
2 A

NEENEF NS
N N T N //\x

v

A

A (2) (1)

1 )

By B,

The By and B, symmetry coordinates will be the actual
normal coordinates also, since there are no other vibra-
tions of the same symmetry within the CO block with which
they can mix. The two Al coordinates can mix however, so
that the normal coordinates will be combinations of the
two symmetry coordinates.

Since all the carbonyl interactions are expected to
be positive, it can be predicted that the A vibration con-
taining more of the first symmetry coordinate will have the
higher energy. This will be referred to as the Al(z)
vibration, since the carbonyls of set 2 are expected to
supply the largest contribution to the potential energy

during the course of the vibration. Similarily the other Ay
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(1)

vibration will be referred to as Ay . It is not possible
to deduce the order of the three femaining vibrationé from
similar arguments, so that permutation of them gives six
possible assignments in cases where bands due to all four
vibrations are observed.

Several methods are available which could indicate the
correct choice of assignment. The most powerful method woﬁld
involve measurement of Raman polarisations, indicating which
are the 2y bands, and leaving only the ordering of the Bl

and B, bands in doubt. Unfortunately the requisite measure-

ments have not yet been reported.

Assignment by Comparison of Cis and trans isomers.

The second method is due to Orgel, (21), who argues
that the By mode of vibration of a cis tetracarbonyl is
closely related to the components of the E, vibration of
the trans isomer, and should have about the same energy.
A A

NI N
Ny y

1 u

Identification of the B4y band gives a complete assignment,

l(l) and B2 bands which are left are both

associated with the carbonyls of set 1, and the expected

since the A

coupling between them will lead to the B2 band
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(1)

having lower energy than the Al . This argument seems
useful for some cases where both cis and trans isomers are
known, and was used by Orgel to complete the assignment

for gig_(Ph3P)2Mo(CO)4. Various other disubstituted tetra-

carbonyls are known for which both cis and trans isomers

have been isolated, particularly the tetracarbonyls of
the iron sub-group (36), band positions of which are
given in Table II-l.

The agreement between the E | band of the trans iso-

mer, and any one band of the'gii isomer is not sufficiently
good to allow a clear distinction to be made, but it is
evident that the B; band is one of the intermediate

energy bands, so that the lowest energy band can be assigned
as the B, band with some confidence, and the assignment
choice is narrowed to two possibilities. For the com-
pounds listed in Table II-1 this argument indicates that
the third band in order of decreasing energy is the Bl band,
but there is no a priori reason to extend this assignment
to other similar molecules. Furthermore it is not possible
to state with confidence how closely tﬂe positions of the
Ezggg_molecule's Eu band, and the cis molecule's Bl band,
should agree; thus the small separation between the two
centre-band positions in Table II-1 may make this argument

somewhat misleading.



Band Positions for Cis and Trans Isomers of (OC)4MX

TABLE II-1

17.

2

Compound

Fe(CO)4I2
Fe(CO)4(GeCl3)2

Fe(CO)4(SnC13)2

Ru(CO)4I2
Ru(CO)4(GeCl3)2

Os(CO)4I2

" Cis Band Positions

2131.0
2135.,

2135.0

2159.
2163.,

2086

°7

2095.,

2096.

2106.
2116.
2099.

0
0

5

2084,
2089.
2085.

2095,
2105.
2084,

9
0

0

0
0

5

2062.
2082.

Trans Band
Position

Ref.

2081.0
2088.0

2084.0

2089,

2106.0

2073.0

36
37
37

36
47
36
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Assignment from Force Constant Computations

1. Direct Calculation of Force Constants

A third approach to the assignment of the cis tetra-
carbonyl CO stretches is the calculation of force.constants
based on all the possible assignments, and rejection of
those leading to force constant sets which do not comply
with some previously established criteria. This method is '
due to Cotton, who used it in conjunction with a simplified
force field, which will be referred to in this thesis as
the CKFF,

Examining the potential function for a cis disub-
stituted tetracarbonyl we find five force constants if
coupling between the carbonyl stretches and the other
vibrations of the molecule are ignored. These are two

primary stretching constants kl and k2 for the two sets of

o. . 0
kl lkz
¢ C Cr X

N\ |
JC/T -
c” & x

AN
k
0] cgé
carbonyls, an interaction constant kc for counrling between
the carbonyls of the two sets, and interaction constants
1

linking the carbonyls in each set, kc coupling the car-_

bonyls of set 1 which are cis to each other, and kt coupling
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those of set 2 which are trans to each other. The F matrix
simplified by transformation into symmetry coordinates may
then be written as in Table II-2. This was further simpli-
fied by Cotton, who, using the argument given in Chapter 1
replaced kc and k; by a single interaction constant ki,
and kt by 2ki'

The number of independent force constants is thus
reduced to three, and since there are four observable bands,
the force constants may be determined.

This determination has‘run into difficulties of a
purely computational nature, ﬁowever, caused by the form
of the simplifying approximations (31). The simplification
of the Al block causes attempts at solving it directly for
the force constants to fail, due to the appearance of
imaginary solutions to the resulting quadrétic equation.
This was first observed by Cotton and Kraihanzel (23) who
rejected assignments which led to this situation on the
grounds that force constants must have real values. Later,
Hales and Irving (35) noted that imaginary solutions occurred
in some cases where the assignment could be shown to be
correct by computation of real force constant values by a
graphical method also due to Cotton (25). Kaesz et al.

(31) finally demonstrated that the simplifying approxima-
tion kc = k; was the cause of the problem, since there is
a minimum value of the ratio kc/ké for which real solutions

can be found directly. This minimum value can be deter-



TABLE II-2

20.

F Matrix Elements for Cis-octahedral Tetracarbonyls

Energy Factored

11

22

12

33

44

11

33

22

12 ~

44 =

CKFF
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mined from the band positions and may be used to show in
many cases that the secular equations are not directly
soluble for the force constants, even though the assign-

ment used is correct.

2, Evaluation of Force Constants by the Graphical

Procedure of Cotton.

If a value is assumed for.ki then values of kl and
k2 may be computed from either the two Al band positions,
or from the B1 and B2 band positions. The two sets of
primary stretching constants should only be identical if
the value used for ki is correct. This is the basis
of a second method for determination of the force constants,
and is also due to Cotton (25). Values of k1 and k2
cqmputed from the four line positions are plotted against
the assumed value of ki, and the graph is examined to see
if both kl values, and both k2 values coincide at a
common point on the ki axis. Assignments for which
this does not occur are then rejected.

A set of plots produced in this fashion for the pos-
sible assignments of the spectrum of (OC)4FeBr2 is shown
in Figure II-l1. The plots are labelled a, b, c, d, e, and
f which refer to the following assignments in terms of band

ordering:

a: Ry>By>A,>B, d: A)>A >By>By
9: A1>B2>A1>Bl e: A1>B1>B2>Al
C: Ay>A,>B,>B, £: A{>B,>B;>Ay
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FIGURE I1-1

Plots produced from the carbonyl stretching spectrum

of cis tetracarbonyl iron dibromide. Heavy lines de-
note values of k2, light lines denote values of kl’

and dashed lines show mean values used for recalculation
of the spectrum as discussed in the text.
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This system of referring to the pdssible assignments will

be followed throughout the remainder of this chapter.
Case a is the assignment which has been previously

deduced by other workers for (OC)4FeBr2 (35,38). The k

1
and k, values calculated from either the A, or the B

1
and B2 band positions agree very well.at a common point
on the ki axis. This is not so for the other possible
assignments, so that case a must be accepted.

‘It is not always possible to obtain such an unam-
biguous result. Figure II-2 shows plots produced for
cis bistrichlorotin iron tetracarbonyl. Again case a
represents an acceptable approximation, although the kl
values no longer agree so well in the region of the graph
where the k2 values are nearly equal. Case c however is
also acceptable, so that only the other four possibilities
may be rejected. 1In an attempt to decide between cases
a and Cs line positions were recalculated from the mean
values of the sets of primary constants and the value of
the interaction constant at each point on the graph. The
observed line positions were reproduced with about equal
accuracy for the two cases. Summing the individual gevy-
iatioﬁs of each calculated spectral line froﬁ its observed
position revealed no advantage for either'case a or c,

although both were superior to the four assignments already

rejected. This procedure also revealed that neither a
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graphical procedure to cis bistrichlorotin

iron tetracarbonyl.



25.

nor case C would recalculate the spectrum particularly
accurately.

The equations used to produce these results assume
Cyy local symmetry about the central metal atom., If the
two ligands used are not identical the symmetry will be
reduced to Cg. The two carbonylé'gzggg_to-these ligands
will no longer be equivalent and will be expected to have
different stretching force constants. Furthermore the
assumptions used in simplifying the secular equations
will have even less justification than previously.

Tt might be expected that this departure from ideal
local symmetry would cause the rejection of all assign-
ments if an attempt to identify the spectrum of such a
molecule with the vibrational modes of a symmetric tetra-
carbonyl were made. Figure II-3 shows plots made for
such a molecule, tri—iodogermanium iron tetracarbonyl
jodide, and it can be seen that assignment a cannot be
rejected, but is in fact more acceptable than the similar
assignment for the bis trichlorotin compound. Evidently
the errors introduced by treating molecules of this
type as pseudo sz systems are no greater than the errors
introduced by the original simplification of the secular
equations.

The three lower-energy bands are much closer to-
gether in the cases of group IV subétituted iron tetra-

carbonyls than they are in the analogous dichloride and
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dibromide. Band positions for some compounds of this type
are given in Table II-3. Small errors in measuring the
positions of these bands will therefore lead to less in-
ternal consistency, and consequent inaccuracy in choosing
the value of the interaction constant at which the two sets
of values of the stretching constants most closely agree.
Recalculation of band positions from mean values does not
assist in this choice, and reveals that sets of constants -
can be found which will reproduce band positions for
assignments which would otherwise be ruled out from wvisual
inspection of the plots. For example, the plots in

Figure II-2 indicate that case g.is the correct assign-
ment, but recalculation of band positions from average
values of the primary constants (shown as dashed lines

in the Figures) shows that case a can be reproduced as
accurately as case c, and that the recalculated band
positions are relatively insensitive to the value of ki.
This is not immediately apparent from the plots themselves,
and indicates that a choice of assignment or force con-
stant value based on ccincidence cf kl and k2 values at

a common point on the ki axis is not reliable.

3. Evaluation of Force Ccnstants by a Spectrum Fitting

Procedure.

The calculation of three constants from four
observed frequencies is a mathematically overdetermined

problem. The methods of statistics may therefore be



TABLE II-3
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. Band Positions for Some Cis Disubstituted Tetracarbonyls

Compound

cis Fe(CO)4Cl2

a

Fe(CO4Br2

Fe(CO)4I2

Fe(CO)4(SiCl3)2

Fe(CO)4(GeCl3)2

Fe(CO)4(SnCl3)2

Fe(CO)4(SnBr3)2

Fe(CO)4GeI I

3

Fe(CO)4SnCl Ccl

3
Fe(CO)4SnBr3Br

Fe(CO)4SnI I

3

Band

positions

1

(cm™

2167
2149
2131

2125
2135
2127
2120

2125
2141
2133
2120

2126
2109
2087

2078
2095
2087
2082

2088
2108
2098

2085

2108
2099
2085

2071
2089
2080

2074

2078
2092
2084

2071

Spectrum measured during the course of this work.

2082
2074
2062

2061
2082
2071
2066

2064
2070
2066

2060

Ref.

39
34
36
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employed to find an optimum solution. Shimanouchi and.
coworkers have described a method for the treatment of
such problems which is ideally suited to the present
case (14). The method of non-linear least équares is
employed (10), so that a trial set of force constants is
iteratively improved by application of corrections to it
calculated from the difference'between the observed line
positions and those calculated from the trial set. A
computer program, written in the APL language (41,42),
which performs this calculation is listed in Appendix 1.
This program evaluates the set of force constants which
best fit the observed frequencies using Cotton and
Kraihanzel's force field. The program assumes that the

{2) vibration, and

highest observed frequency is the A
successively evaluates constants for all six remaining
possible assignments. |

The resultsof such a calculation for the three
compounds already discussed are given in Table II-4.
For tetracarboryl iron dibrcmide the graphical pro-
cedure indicated that case a was the only assignment
which cculd be accepted. The least squares method re-
veals, however, that the CKFF is able to predict
line positions close to those observed for four of the

six possible assignments. Invocation of the kl < k2

criterion eliminates two of these, leaving cases a and C
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both possible. Case a has only hélf the rms deviation of
case ¢ and it might on such grounds be found more accept-
able than casé c.

For cis bis trichlorotin iron tetracarbonyl the
graﬁhical method indicated that case c was the correct
,assignment; although by use of mean force constant values
it was indicatéd that case a should also be considered.
The best force constant solutions, in the sense of least
squares spectrum fitting, show that the Cotton Kraihanzel
force field can represent cases a and c very well, Case
d can also be reproduced very accurately by the Cotton
Kraihanzel equations, and may not rigorously be rejected
by application of the kl > k2 criterion. It would be
expected on chemical grounds that the two sets of car-
bonyls should be more distinct than the force constants
computed from assignment § indicate, so that the
approximate equality of the two force constants make this
assignment much more unlikely than either cases a or c.
Assignments reported in the literature, based on
identification of isotopic satellites are in agreement
that the B, vibration is the lowest energy band in the
carbonyl region (33,34). Case d is therefore rejected.
Both assignments remaining for cis bis trichlorotin iron
tetracarbonyl lead to force constant sets which can pre-
dict the observed line positions with good accuracy. Band

positions are reproduced much better in case a than in case
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c; all the line positions predicted are well within the
error in measurement. This would seem to indicate that
assignment a is more probably correct.

For +the unsymmetrical triiongermanium‘iron tetra-
carbonyl iddide, case g'is again fitted more ciosely than
case c. It is not however fitted quite so closely as was
the symmetrical trichlorotin compound. It might be
expected that if the kl value calculated in this fashion
were an average of the force constants of the now distinct
carbonvls of set 1, the error would be greater for the
A{l) and B2 bands, and least for the B,. There is not
sufficient difference between the errors for these bands
for this to be definitely stated, however. The success
of the CKFF in predicting the line positions for this

molecule, and for other molecules of this type (vide infra)

is surprising, and may be regarded to some extent as the
basis for a criticism of the Cotton Kraihanzel approach,
in particular the m-orbital argument which is the basis

of their force field.

Inductive effects in octahedral metal carbonyl com-
plexes are thought to operate in an isotropic manner, i.e.
if a ligand is affecting the carbonyls in a complex through
some inductive mechanism it will have an equal effect on

carbonyls occupying sites either cis or trans to itself

(43,44). 1If the triiodogermanium, " and the iodide ligands

in (OC)4Fe(GeI3)I affect the carbbnyls via some mechanism
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which is mainly an inductive effect, then the two car-
bonyls of set 1 would be equally affected, and would be .
expected to have equal force constants. Thus the success
of the Cotton Kraihanzel equations in predicting the
spectra of unsymmetrical tetracarbonyls may indicate
that in complexes of this type ﬁhe carbonyl force.con-
stants are influenced by the other ligands via an
interaction which has considerable inductive character,
The resuits of computations for some other molecules
of these types are presented in Table II-5. Assignments
. which could be rejected by application of the k2 > kl
criterion are not included. This leaves assignments a
and c for all the compounds, and case g in addition for
some. Case d may be rejected for the reasons given above.
Of the two remaining assignments case a fits the spectrum
much better than case c for all the compounds listed.

Spectra of the trans isomers of two of the compounds

in Table II-5 (bis trichlorogermanium iron tetracarbonyl and
its tin analogue) are available (37), and their band posi-
tions have lkeen given in Table II-1.

The trans isomers E, carbonyl stretching band lies

between the two lower bands of the cis isomer in both cases,
which indicates that assignment ¢ may be correct. As case
a is reproduced only slightly better than case c by the CKFF
this must be taken as evidence thaf the CK force constants

do not permit a definitive choice of assignments to be made
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FOOTNOTES TO TABLE II-5

All bands measured in cyclohexane solution. Assignment
designation is by bold face letter is explained in the
text; of the six possible assignments, those which can
be ruled out for obvious reasons are not given here.
Error is root mean square deviation of caiculated from

observed bands.

Unpublished results of Dr, R. Kummer, cyclohexane

solution.
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S

for molecules of this type, partiéularly when the three
lower energy bands are not widely separated.

Bridged binuclear octacarbonyls, such as the
manganese tetracarbonyl halide dimers, have been previously

studied using the symmetric tetracarbonyl model. The

o o}

O ? ¢ o)
c x c
M \n!1

o I TN
g c ©So
o)

eight carbonyl vibrations of these molecules are classified

. t
under the molecule's D2h symmetry as 2Ag + Blg + B +

2g

1u + B2u + 2B3u. The Ag, Blg and Bzg vibrations will be

active in the Raman only, and the remaining vibrations in

B

the infrared only (8,45,46). Use of the tetracarbonyl
model to study an "effective half-molecule" requires the
assumption that there is no potential coupling between the
two halves of the molecule. Attempts have been made to
distinguish such a coupling by substitution of a phosphine
-for one of the carbonyls. The resulting complex has seven
infrared active vibrations, and its spectrum was found to
contain four bands whose positions and relative intensities
were very similar to the spectrum of the original unsub-
stituted complex (46). This was taken as evidence that

the phosphine substitution affected only one half of the
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molecule, leaving the other half unaltered. This gives some
support to the assumption that the carbonyls on the two
halves of the parent molecule are uncoupled. Further
suppor£ for this assumption could be obtained from measure-
ments of the Raman spectrum, since the couplings in question
would show up as a difference in the line positions between
the Raman and infrared band positions. Such measurements
have not yet been reported.

The results of calculations on some bridged octa-
carbonyl complexes of this type are given in Table II-6.
Results obtained from published spectra of the tetracar-
bonyl manganese halide dimers are included. Assignments
c and d both fit the spectra of the iron compounds very
well, with but small differences in the force constants
calculated for the two assignments. This is expected
since the difference between these two assignments is only
the interchange of the two lower energy bands, which are
very close together in these compounds. The third lowest
band is not far removed either, and so the physical dis-
tinction between the possible assignments a, ¢ and 9 is
not large. The force constants derived from all three
assignments lie within a small range of values, as would
be expected from the closeness of the bands, and may thus
be accepted as a good approximation independent of the
assignment used.

The spectrum fitting procedure matches the line
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positions of case a much better than case ¢ for the man-
~ganese tetracarbonyl halide dimers, indiéating that case
a is more probably the correct assignment. This con-
clusion was also reached by Cotton (25), by use of his
,grabhical procedure. The error in the line positions
which Cotton calculated from the force constants given by
this procedure however is significantly greater than that
given by the constants in Table II-6. Cotton's claim
that the graphical procedure leads to force constants
which "...give frequencies with the least mean square
deviation from those observed..." is therefore not
justified. Furthermore the graphs which Cotton obtained
for this problem are in error in that the plotted values
of kl and k2 obtained from the Aq frequencies do not

have the correct ellipsoidal form.

Study by 13CO Enrichment

Tetracarbonyl iron dibromide, and diiodide have been
studied by two groups using isotopic enrichment (33,34).
Both groups observed the growth of bands due to isotopi-
cally substituted molecules during exchange experiments
with isotopically enriched carbon monoxide. Butler and

13CO, observed the intensity of

Spendjian working with
some weak bands present in the spectra of (OC)4FeBr2 and
(OC)4FeI2 to be enhanced during the exchange, demonstrating

that these bands were due to molecules containing 13C
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preséﬁt in natural abundance (34). Lewis et al. reached
the same conclusion from exchange with C180 after the
calculation of force constants using an energy-factored
force field, and subsequent prediction of the positions
of bands due toIlBCO containing molecules.

Both groups used the posiﬁioné of emergent bands
to confirm the assignment of/the bands of the all 12C
molecules, and computed force constants using an energy
factored force field. The simplifications which Cotton
and Kraihanzel introduced into the secular equations by
substitution of one generalised interaction constant were
no longer needed, since the additional data was sufficient
to determine the more general force field. The values
obtained for the primary stretching force constants were
in good agreement with those obtained by ﬁse of the Cotton
Kraihanzel equations, giving some support to the CKFF
(34). The values of the interaction constants were not
in such good agreement however.

This technigue has now been applied to two ruthenium
complexes available in this laboratory,'gig_(OC)4RuIZ and

cis (OC)4Ru(GeCl Ruthenium tetracarbonyl diiodide

3)a-
has been reported previously, and the spectra of both cis

and trans isomers have been published (36). Bis trichlorxo-

germaniumtetracarbonylruthenium has not been previously
reported however, and is remarkable for the stability of

both cis and trans isomers (47).
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Ruthenium tetracarbonyl diiodide exhibits four bands
in the carbonyl stretching region as expected. Application
of the Cotton-Kraihanzel equations through the fitting pro-
cedure shows that assignmenté a and c are both reasonable,
leaving the assignment of the two centre bands to A; and By
unresolved, although assignment ¢ is fitted a little more
closely. Bigorgne's observation of the spectrum of the
trans isomer also favours assignment c (36). The 13CO
enrichment study now to be described permits an unambiguous
choice between these two possibilities.

13

Ruthenium tetracarbonyl diiodide exchanges with “7CO

in hexane solution at a readily observable rate.
13CO may substitute into either of the two sets of
carbonyls of the molecule to give the two possible sub-

stitution products shown in the illustration as molecules

(b) and (c);

o 130 o
0 0 C
l o | 7
( ) \\\ /// (b) \\\ (c) \\‘Ru//<
a
O 0
C
O o o
[parent, all 12¢0 [Subsituted in a [Substituted in a
molecule] position of set 2] position of set 1]
13

Both CO substituted molecules belong to the symmetry
point group CS, having retained one or the other of the

planes of symmetry which the parent molecule (a) possess.
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The carbonyl stretching vibrations of both substituted mole-
cules may be classified as 3A" + A" under C_, but they will
not be identical for the two molecules.

1300 in one of the

Molecule (c¢), substituted with
positions of set 1 as designated in the illustration on
page 14, retains the plane of symmetry which contains
the ruthenium and iodine atoms. The A" vibration of this
molecule is derived from the B,y vibration of the parent
all 1200 molecule, as is shown by an examination of the
correlation table relating the C,, and Cq point groups (4).
The energyof this vibration will be unaffected by the
substitution since only the carbonyls ©of set 2 are involved,
and symmetry precludes coupling of this vibration to the A'
vibrations. The A' vibrations are derived from the Ay and
B, vibrations of the parent molecule and will all be
shifted by the substitution. The uppermost A' vibration

(2)
1

is derived from the A vibration of the parent, and will

be shifted only slightly, since the substituted carbonyl,

being in set 1, made only a small contribution to the

(2)
1

original A vibration. The two remaining At vibrations

(1)
1

are derived from the A and B, vibrations. They may be

roughly described by the symmetry coordinates as vibrations

12CO in set 1, or the 13CO. The

of either the remaining
lowest A' vibration is expected to occur at lower energy
than the B, vibration of the parent from which it is

derived, and the intermediate A' to be somewhat lower than
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{1). It must be noted that the frequencies of

the original A
the three A' vibrations are related to the frequencies of

the vibrations of the parent molecule from which they are
derived by the isotopic product rule (4), so that if the
positions of bands due to two of the A' vibrations are
measured, the position of the third A' band may be predicted.
The total shift may not exceed about 48 cm * for these
vibrations.

The positions of infrared bands from molecule (b), with
13CO substituted into one of the positions of set 2, may be
predicted by similar reasoning. The A" vibration of this
molecule is derived from the B2 vibration of the parent
molecule, and will be degenerate with it. The A' vibra-
tions are derived from the Ay and B,y vibrations of the
parent molecule and will be shifted to some extent. The
highest A' vibration will be shifted more for this molecule
than the highest A' vibration of molecule (c), since the

carbonyls of set 2 (one of which is substituted with 13CO

in molecule (b) are the main contributors to the A{z)

vibration of the parent molecule. The other two A' vibra-

(1)
1

tions will be shifted from the A and Bl vibrations of the

parent molecule. The A' derived mainly from the A{l) will

{l) vibration of the parent

probably shift less, since the A
is derived mainly from motion of the carbonyls of set 1,

which are not substituted. The lower A' vibration will
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shift more since,. being derived from the B, vibration of

the parent molecule it will have a larger contribution

from the'l3CO. The product rule again allows prediction

of the third A' frequency of this molecule if the other
two are known.

Spectra recorded during an exchange experiment are

shown in Figure II-4. The four bands due to the all 12CO

molecule are seen labelled A, B, C, and D, at the start of

the exchange reaction, together with various small peaks

13

- which may be due to CO containing molecules present in

natural abundance. As the exchange progresses some of
these bands gain intensity.
Bands E, F, and G gain intensity most rapidly. Bands

«
E and G are readily assigned independently of the assign-

ment of the two central all 12CO bands. Band E is shifted

1

13 cm ~ from band A, and the magnitude of this shift

13C substituted

indicates it is due to molecules with a
into one of the positions of set 2 i.e. molecule (b) in
the illustration on page 44. The position of band G

13

indicates that it must be due to the other possible Cco

13CO in set 1. It cannot

substitution product, with a
arise from the molecule substituted in set 2, since the
lowest energy band of this molecule is derived from the
B, band of the parent molecule, with a band unshifted from

the position of the'B2 band. Thus the shift of G and E

from the positions of bands B or C, when added to the
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shift of band E from band A is greater than would be allowed
from the product rule for a monosubstituted molecule.

Band G must therefore be due to molecule (c¢). This
indicates that the molecule is exchanging in both types of
carbonyl positions and gives four bands, A, E, D, and G
whose assignment is unquestionably correct. Calculatiéns
with an energy-factored force field using bands A, B, C, D,
E, and G, and with both possible assignments of bands B
and C still show thét both assignments can be fitted quite
well, Consideration of the position of band F now provides
a definite assignment of bands B and C.

13

Band G is due.to molecules substituted with CO in

set 1. This molecule will have one band at the same position

as the Bl band of the all 12C molecule, one shifted wvery

slightly from the A{z) band and two shifted more appreciably

(1)
1

from the A and B2 positions (vide supra). The lowest

band has been identified as band G, shifted 35 cm ' from
the B2 band. The uppermost band (expected between bands A
and E) is not observed during the course of the exchange.
Even if the uppermost band is completely unshifted the pro-
duct rule requires that the third, intermediate A' band
cannot be shifted more than 13 cm_l from the A{l) band
position, and will probably be shifted less, depending on
the shift of the uppermost band. Band F is observed to

grow in a position 5 cm-l from band C, and 16 cm"l from
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band B. Thus band C must be the lower Al band of the all
12C moiecule.

The possibility that band F belongs to the same mole-
cule as band E may be eliminéted, since in this case the
product rule would lead to the prediction of the appear-
ance of a third band at about 2077, for the assignment
given above, or at about 2080 if the assignment of bands
B and C is reversed. No bands are observed to grow in this
region during the first stages of the reaction, while bands
E, F, and G, are appearing, so that band F can only be
assigned to the molecule shown as (c).

The positions of the seven bands now clearly assigned
may be used to compute a set of force'constants, with which
the remaining band positions aue to both mono and bis 13CO
substituted molecules may be predicted. By this means most
of the bands observed during the course of the exchange were
identified. The observed positions of these bands were
included in the final force constant calculations. Observed
and calculated band positions, and the force constants cal-
culated from them are given in Table II-7. The calculated
positions of unobserved bands indicate that these bands would
have been obscured by bands due to other molecules present
in higher concentration. 1In particular many of the bands

13CO substituted molecules would be buried

beneath bands due to all 12CO or mono 13CO molecules. Some

expected for bis

bands were observed after long periods of exchange which
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could be assigned to such molecules.

The analogous compound cis(Cl
13

3Ge)2Ru(CO)4 also ex~-

changes with ’ CO in solution although much more slowly
than the diiodide. Spectra produced during an exchange
experiment with the trichlorogermanium compound are shown
in Figure II-5.

Only three bands are observed in the spectrum of the
all 12CO molecule, but the high intensity of the lowest
band shows that either the Al or Bl band is accidentally
degenerate with the B, band. The position of the single
line observed in the spectrum of the trans isomer indicates
that the Bl band is more likely to be the one degenerate
with the B2 band, and calculations made with the Cotton
Kraihanzel equations applied with the spectrum fitting
procedure discussed previously show ‘that the assignment
can be fitted more accurately than the other possibility
as shown in Table II-S5.

During the course of an exchange reaction with 13CO
various lines are observed to grow in the spectrum -of
(Cl3Ge)2Ru(CO)4. No line is observed comparable to band
E in the spectrum of the diiodide, although a band does
grow after long periods of exchange quite close to the
highest band of the all 12C molecule. This indicates that
only the carbonyls of set 1 are exchanging, and the lines

13

produced during the CO exchange can all be identified on
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this basis.
Bands D, E, and F (which appears some time after D

13CO substituted

and E) are assigned to molecules with one
into a position of set 1;bwhile bands which appear later
still; G, H and the unresolved shoulder I, are assigned t6
the disubstituted molecule with both carbonyls of set 1
replaced by 13CO. Computations based on this assigpment
lead to a set of force constants which duplicafe the
observed frequencies very well, with the exception of the
B, and B, bands of the all 12co molecule. Since only one
measurement is involved in determining both frequencies the
statistical weights assigned to these two frequencies were
set at an arbitrary value of 0.5 times the reciprocal of
the frequency parameter, relative to the weights of the
other line positions which were taken as the reciprocal
frequency parameter itself (10,14), as was done for all
other calculations reported herein.

This computation also yielded the estimated positions
of lines which would be exhibitéa by molecules substituted

with 13

CO in a position of set 2. The uppermost line due
to such molecules is predicted to be in a position where it
would not be obscured by lines due to other spéciesvand
should be readily observable. No band was observed in this
position even after long periods of exchange, indicating

that the carbonyls of set 2 were not exchanging either with

free CO moleculespresent in the solution, or with the car-



56.

bonyls of set 1. Direct spectroscopic evidence for stereo-
specific exchange has not been obtained in previous exchange
experiments reported in the literature (29-34). Evidence

has been obtained, however, that rhenium carbonyl labelled
with 13CO in a radial position by a stereospecific dis-
pPlacement of rhenium pentacarbonyl hydride from the species
HRe3(CO)l4 does not scramble carbonyls in the axial and
radial positions in solution (49).

The exchange of the carbonyls of set 1 in cis
(Cl3Ge)2Ru(CO)4 provides an example of the trans activating
effect of halogeno main group IV ligands. Such effects are
well éstablished in square planar complexes e.g. of Pt(1ll)
(50-52) , but have not been so widely recognised in octa-
hedral complexes.

The carbonyl force constants, symmetry coordinates
and observed and calculated band positions for the two
ruthenium complexes are given in Table II-7. The force
constants for the trichlorogermanium compound are quite
close to those obtained from Cotton and Kraihanzel's equa-
tions. For the diiodide there is an increase in the
separation of the primary stretching constants, with a
reduction in the coupling between the two sets of car-
bonyls almost to zero. This reduction in keq,ax is sur-
prising but an examination of the estimated errors in
the force constants, which are derived from the statistical
approach to the force constant determination (10-14),

reveals that this value has a large uncertainty. An



57.

examination of the Jacobian matrix which relates the force
constants and band positions as the partial derivatives of
the vibrational energies with respect to the force constants
shows that none of the bandé used in the determination
carries very much information about the value of keq,ax'
This is the reason for the uncertainty in this value, as
expressed in the estimated error (i.e., 0.03 + 0.20 md/i).
The low value of keq,ax implies very little mixing
of the two A, symmetry coordinates in the normal vibrations.
The A{z) vibration, which is composed almost entirely of
motions of the two carbonyls trans to each other, cannot
gain much intensity from motion of the other set of car-
bonyls if this value is accepted. Cancellation of dipole
moments precludes appreciable intensity arising from set 2.
The observable intensity of this band indicates that either

a higher value of k must be proposed in order to allow

eq,ax
motion of the carbonyls of set 1 to make a contribution to
the intensity of this vibration, or some other effect such
as departure of the carbonyls of set 2 from colinearity,
or migration of charge in the equatorial plane of the
molecule during stretching of the trans carbonyls is
operative. It would be intuitively satisfying to assume
that keq,ax is larger than the value obtained here, as is

found for the other compounds for which it has been

determined (34).
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A summary of carbonyl stretchipg force constants for those
tetracarbonyl molecules which have been examined by iso-
topic enrichment; and the corresponding constants which
have been determined from the Cotton Kraihanzel equations
is presented in Table II-8. Values of the primary stretch-
ing constants determined by the two méthods are very
similar, implying that values obtained for other molecules
using the simplified equations alone, and without the extra
data obtained by isotopic enrichment are as good approxim-
ations to the real values as can be obtained without a
complete normal coordinate analysis. Isotopic enrichment
can, however, indicate the assignment of bands observed

12

for the all CO molecule in those frequent cases where

the Cotton criteria do not yield a definite choice.
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TABLE II-8

Carbonyl Stretching Force Constants for Some Cis Disub-

stituted Octahedral Metal Tetracarbonyls

Compound kl k2 keq,ax keq,eq, kax,ax EL Source
Fe(C0)4Br2 17.62 18.26 ' .15 a
17.65 18.21 .17 .30 .26 34
17.62 18.29 .10 .22 .34 33
Fe(CO)4I2 17.42 17.83 » 16 a
17.40 17.81 .17 .27 .28 34
17.45 17.86 .16 .28 .30 33
Ru(CO) I, ~ 17.55 18.31 .20 a
17.49 18.37 .03 .25 .47 b
Ru(CO)4(GeCl3)2 18.10 18.24 . | .18 a
18.10 18.26 .18 .21 .39 b

a, This work using least squares fit of Cotton Kraihanzel
equations;

b, This work, using 13CO enrichment.
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Experimental

The iron and ruthenium compounds discussed in this
chapter were all available in this laboratory from previous

work (37,47).

Measurement of Infrared Spectra.

Infrared spoctra were recorded on a Perkin-Elmexr 337
grating spectrometer with ordinate scale expansion onto an
external recorder. The spectrometer was equipped with a

slow-speed drive motor, which gave a scan speed of 39 cm'-1

min-l, and was employed with a recorder drive speed of 3

in.min-l, so that 1 cm of chart paper represented a 5 cm-1
region. Each spectrum was calibrated by reference to the

2147 em ¥

line of the gaseous carbon monoxide spectrum.
The linearity of the wavenumber scale over the region of
interest was established by measurement of the rotation-
vibration spectra of carbon monoxide, deuterium chloride
and deuterium bromide. Once this linearity had been
established a calibration strip lying upon an illuminated
table could be used for the measurement of line positions
from the position of the 2147 cm—l band of gaseous CO,
which was superimposed on each spectrum; The accuracy of
such measurements was checked from time to time by measur-

ing the CO, DCl, and DBr spectra, and was found not to

vary significantly.
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'lBCO‘Enrichment‘ReaCtiohs. Carbon monoxide enriched to

13

about 50 mol % C was obtained from Merxrck, Sharpe and
Dohme of Canada Ltd:;_and was manipulated in a glass
vacuum system of conventional design by means of a Toepler
pump. Exchange reactions were performed in bulbs con-.
nected to the vacuum system by ball joints, which were
sealed together by melting a film of polyethylene between -
the ground surfaces and allowing the joint to cool. 1In
this manner contamination of samples with grease could be

avoided. Samples were introduced by injection through a

serum cap covering a small side arm on the bulb.

13CO Exchange of cis (OC)4RuI2 . Bigorgne has shown that

cis tetracarbonyl ruthenium diiodide is converted into
the trans isomer by the action of light (36). Exchange
reactions with ruthenium tetracarbonyl compounds were
therefore performed in the dark, with minimal héndling of
solutions in the presence of light.

A sample of (OC)4RuI2 (5.0 mg, 0.01 mmol) was dis-
solved in cyclohexane (5 ml) and the solution filtered and
injected into a reactor of approximately 45 ml total volume.
The reactor had been previously painted black to exclude
light from the exchanging solution. The solution was

13C enriched carbon monoxide added

thoroughly degassed, and
until the pressure reached a value of 81.5 cm Hg. The car-

bon monoxide was present in vast excess (ca. 1.54 mmol,
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partial pressure ca 72 cm). Spectroscopic samples were
withdrawn from time to time as the exchange progressed.
Cis bistrichlorogermyl ruthenium tetracarbonyl was

13... . . .
CO in a similar manner.

exchanged with
Computations were performed on the IBM 360/67

machine in the University of Alberta Computing Centre.

Computations using the CKFF, and preliminary computations

on the spectra of 13

CO enriched compounds, were performed
with programs written by this author in the APL language,
running under the various on-line terminal systems
employed by the Computing Centre (APL/DOS, APL/CP/CMS,

and APL/0OS). These programs are listed in Appendix 2 at
the end of this thesis. Final computations on the spectra
of 13CO enriched compounds were performed with a local

version of Schachtschneider's program FPERT (11,12).
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Octahedral Mono-substituted Metal Pentacarbonyl Compounds

Chapter IIIX

Introduction

Singly substituted metal pentacarbonyls have been
extensively studied over the past decade. Electrically
neutral compounds of this type éenerally contain a transi-
tion metal of groups VI or VII bonded to a ligand contain-
ing a donor atom of main groups IV, V or VI (23,25,40,53).
The carbonyl stretching frequencies of compounds of this
type have been reported by many workers, and have been
interpreted in terms of a o-donor mw-acceptor theory of
both the metal-ligand and metal carbonyl bonds (7,21,23,26,
27,29,44,53). These interpretations have usually been
derived from approximate force constants evaluated with
the CKFF.

The effects of the ligand's ability to donate
electrons to the transition metal atom in a o-donor inter-
action, and to withdraw charge from the metal atom by
accepting electrons through a m-type orbital, extend through
the molecule to the carbonyl groups themselves. The ¢
effects are expected to operate equally on all five carbonyl
groups (44). The 7 effects are transmitted through the
metal d orbitals and are expected to operate unequally on
the two types of carbonyls. Carbonyl groups are thought
to be capable of accepting 7 charge from the metal into

their antibonding 7 orbitals. Semiempirical molecular
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orbital calculations have shown that an appreciable delocal-
isation of the metal atom's charge into these orbitals océurs
in metal carbonyls and related species (54-57){ lessening
the buildup of charge on the metal from the ¢ donation.

The two metal atom d orbitals (dXz and dyz if the metal-
ligand axis is taken as the z direction) which interact with
the carbonyl trans to the ligand in this fashion are

both capable of interacting in the same way with the
ligand. Only one of the d orbitals which interacts with

a carbonyl cis to the ligand can interact with the ligand
itself, since the other is in the equatorial plane of the
molecule.

Using this argument, and the assumption that the
ligand is a poorer acceptor of m-electrons than a carbonyl
group, Cotton proposed that there would be a greater
delocalisation of m-electron density into the w antibonding
orbitals of the carbonyl trans to the ligand than into those
of the gig carbonyls (23). This would result in the.EEEEE;
carbonyl having a lower stretching force constant than the
cis carbonylé, and Cotton proposed that this oxdering of
the force constants be used as a criterion for the
acceptance of force constant sets produced from different
possible assignments of the carbonyl stretching spectra.

It follows from the argument outlined above that the
force constants of a related series of compounds may be
used to make a comparison of the m and o effects exerted

by different ligands (23,25,53). Thus a qualitative
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comparison of the force constants of a series of manganese
and rhenium pentacarbonyl derivatiﬁes, with ligands con-
taining a group IV atom was taken to indicate that tri-
halogeno-group IV ligands act as very good m acceptors (53),
although not approaching the carbonyl groups themselves in
this respect. This approach has since then been extended
into a more quantitative method of assessing the relative
o-donor, and m-acceptor capabilities of a series of related
ligands.

The force constants used for these comparisons were
evaluated with the CKFF. Since the simplifying approxim-
ations used by Cotton and Kraihanzel in deriving their
equations have been subject to some criticism (24), it was
desirable to investigate the effects these approximations
have on the numerical values of the primary stretching
force constants.

One such investigation was thét of Kaesz and his
coworkers, who determined the force constants in the
carbonyl block of the vibrational secular equations of the
manganese and rhenium pentacarbonyl halides, using addition-
al data from 13CO substitution (29,30). This approach

still contains the energy factoring approximation since the

coupling of the carbonyl stretching vibrations to the lower
energy vibrations of the molecule is neglected. This approx-
imation will be discussed in more detail in a later chapter.
The primary carbonyl force constants derived by Kaesz dif-

fered from those reported by Cotton by about one percent.
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This result was confirmed by'Lewis'and his coworkers,
who. used 180 enriched carbon monoxide to exchange with
manganese pentacarbonyl bromide (32) . Both groups neglected
the effects of anharmonicity, using uncorrected frequencies
for their calculations. The force constants thus obtained
may be referred to as "effective force constants", and
Lewis has stated that such constants may be preferable to

mechanical constants in that "...anharmonic perturbations

are electronic in origin and....they should be included in

the treatment, and not necessarilx"corrected‘out'“ (59).

Ideally this would be done by determination of both mechani-
cal potential constants and anharmonic corrections. The
main reason for study of the carbonyl stretching region,
however, is to gain a quick insight into electronic effects
obtaining in a series of related complexes; which the
Cotton-Kraihanzel equations, or the energy factored force
field allow.

An application of the energy factored method, using
13CO enrichment data, to compounds previously synthesized
in this laboratory and analysed with the Cotton Kraihanzel
equations is now presented. A preliminary report of some
of this work has appeared (62). The results reported
therein for two compounds (triphenyl tin manganese pentacar-
bonyl and its germanium analogue) have since been shown to

be in error (63). Corrected results are given here.
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Results and Discussion

The carbonyl stretching vibrations of octahedral
metal pentacarbonyl molecules may be classified as belong-
ing to 23, + By + E representations in the C, point
grbup. Three of these vibrations (2Al + E) are infrared
active, so that three absorptiohs are expected in the
infrared spectrum and are usually observed. The E
vibration causes an intense absorption, while the two Al
vibrations give rise to less intense absorptions. The
intensity of the A vibrations arises mainly from the
motion of the axial carbonyl, since as can be seen from
the illustration, contributions from the radial carbonyls
will largely cancel out, unless the radial carbonyl groups
are shifted significantly from coplanarity. The forms
of the vibrations and the symmetry coordinates are illust-

rated below.

X X X X
N N N N
£ ZIN <IN N

A (2) A D) ‘ 5

Intensity of the highest energy carbonyl band, which

(2)
1

is associated mainly with the A symmetry coordinate, thus

{l) coordinate, and

arises in part from coupling with the A
to some extent from a contribution by the radial carbonyls
if these are shifted from the plane of the metal atom. It

should be noted that these effects can cancel if the radial
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carbonyls are bent towards the ligand X since their contri-
bution to the dipole oscillation will then be in opposition
to the contributioﬁ from the axial carbonyl. Such an effect
would also tend to enhance the intensity of absorption due
to the lower energy A, vibration, in which the axial and
radial carbonyls are vibrating with opposite sense.

The spectrum of a typical molecule of this type,
(C6H5)3AsM'o(CO)5 is shown in Figure III-1l. The assignment
of the carbonyl stretching vibrations of molecules of this
type has been extensively discussed in the literature (7,21,
23,25,26,27,29,32,53). The E band is the strong band at
1951 cm ' and the A, bands are the medium band at 2073 cm L,
and the peak on the low energy side of the E band at 1944 cm-l.
In addition the B, band shows some infrared absorption
at 1986 cm L. The infrared activity of this vibration
has been ascribed to both hot-band mechanisms (60), and to
mechanical or electric anharmonicity (61).

13Carbon may be substituted into either the axial
or equatorial positions in the molecule, with equatorial
substitution being four times more probable than axial
substitution. The symmetry of a molecule with a single 13CO
occupying the axial position will be unaffected by the
substitution, so that only the vibrational modes which in-
volve the axial carbonyl will be affected, i.e., only the
A, vibrations will shift upon axial 13CO substitution.

Since the lower energy Al vibration contains a larger con-

tribution from the axial carbonyl, it will shift to a
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FIGURE III-1

Infrared spectrum of triphenylarsine molybdenum

pentacarbonyl in the carbonyl stretching region.
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greater extent than the upper Aqy and will gain intensity
due to decreased coupling with thé upper Al’ which cor-
respondingly loses intensity and shifts to a lesser extent.

Substitution of 13

CO into a radial position lowers
the molecular symmetry from C4V to Cg. The vibrations of
éhis substituted molecule may be classified in Cs as
belonging to 4A' + A" representations. These vibrations
may be correlated with the vibrations of the parent mole-
cule. Thus, the A" vibration is derived from one member

of the E vibration of the parent molecule, and is unshifted.
The 4A' vibrations are derived from the 2Al, Bl’ and the
other component of the E vibration. The A' vibrations will
all be shifted to some extent from the positions of the

vibrations of the parent molecule, since they can all couple

with each other. The uppermost A' vibration will be

(2)
1

molecule than was the A, vibration of the axially sub-

shifted further from the A vibration of the‘parent
stituted molecule, since the radial carbonyls (one of which
has been substituted) make the greater contribution to thi;
vibration. The lowest energy A' vibration will now be
associated mainly with the radial l3CO, while the two
intermediate vibrations will be shifted to some indeter-
minate extent from the positions of the origihal By and
A{l) vibrations.

The spectrum of triphenylarsine molybdenum penta-

13

carbonyl enriched with CO is shown in Figure III-2.

Various new bands are visible, some of which may be obser-
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yed as small peaks in the spectrum of the unenriched
material, (Figure III-1) which demonstrates that these
small bands are due to 130 containing molecules present
in natural abundance. The assignment of these new bands
is straightforward. Two bands are expected at low

13CO substituted

frequency, one from each of the possible
molecules, and are expected to have an approgimately 4:1
intensity. ratio, due to the greater probability of radial
substitution. The less intense band centred at 1906 cm"l
is therefore assigned as the lower Ay vibration of the
axially substituted molecule, and the more intense band at

1922 cm L

as the lowest A' vibration of the radially sub-
stituted molecule. The band at 1980 cm-'1 must be the A'
vibration of the radially substituted molecule derived
from the By vibration of the parent. This leaves the two
uppermost new vibrations to be assigned. The isotopic
éroduct rule (4) predicts that the upper A, vibration of
the axially substituted molecule should occur at about
‘2067 cm—l. Since the uppermost A' vibration of the
radially substituted molecule is expected to be at least
four times as intense as the upper Ay of the axially sub-
stituted molecule, and there is only one vibration in the
region of 2067 cm™ 1, this vibration (at 2065 em 1) is
assigned to the radially substituted molecule, with the
band due to the axially substituted molecule buried
beneath it. The small band at 2056 must be due to a

multiply substituted molecule. The complete assignment

is *hen as shown in Table III-1l.
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TABLE III-1

Assignment of Carbonyl Stretching Vibrations for

Triphenylarsine Molybdenum Pentacarbonyl

13 13

12 Axially “°C Substituted Radially ~~“C Substi-
All C molecule Molecule tuted Molecule
Ay 2073. ¢ A; not obs. Al 2065.,
Ay 1944., Ay 1906., A’ 1980.
By 1986. B, {1986} A' not obs.
E 1951., E {1951} Al 1922.0

A" {1951}
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The spectra of other 13CO enriched molybdenum, manganese,
and rhenium pentacarbonyl species are quite similar and
the assignment follows from analogous reasoning. Band
positions for the compounds studied are listéd in Table
III-2,

In the earlier stages of fhis work an erroneous
assignment was derived for the triphenyltin and triphenyl-
germanium derivatives of manganese pentacarbonyl. Force
constant calculations based on this assignment converged
to a set of constants which reproduced the observed data
very well, although their values were, not surprisingly,
anomalous. A preliminary report of these results has
appeared, in which the erroneous force constant values
led to the conclusion that triphenyl-group IV ligands were
stronger m-acceptors than the corresponding trihalogeno
derivatives (62). The error in the assignment was poinfed
out by Professor D. J. Darensbourg (63), who proposed an
alternative assignment which was in agreement with
results already obtained in this work for the molybdenum,
and some other manganese compounds. The corrected assign-
ment gives force constant values quite similar to those

calculated for analogous compounds (vide infra).

The band positions may be analysed in various ways
to give approximate carbonyl stretching force constants.
The first method is a simple appliﬁation of the Cotton
Kraihanzel procedure to evaluate'three force constants

(two primary stretching constants and a generalised
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"interaction" constant), from the Al and E band positions

of the all 12

CO molecule (23). A collection of force con-
stants evaluated in this way is presented in Table III-3.
Most of these constants have béen published previously
(53), although the particular values listed were redeter-
mined for this work from the line positions given in

Table III-2.

The additional information from the spectra of 13CO
containing molecules may be used to refine the carbonyl
constants by an application of the non-linear least squares
method (10-14). The constraints upon the interaction con-
stants imposed by the Cotton Kraihanzel equations may be
retained, giving a best fit of the frequencies with the
CKFF, or they may be relaxed to allow the various car-
bonyl force constants to be simultaneously adjusted in
the manner of the energy-factored force field. Values of
carbonyl constants derived from these calculations are
presented in Tables III-4 and III-5, and the observed
band positions used for input, together with the predicted
band positions from the two sets of calculations are
listed in Table III-6.

Comparison of Tables III-3, III-4 and III-5 shows that
adjustment of the Cotton Kraihanzel values to fit the
additional data does not alter the values by any signifi-
cant amount. The addition of extra interaction force

constants in the energy factored calculation alters the

primary stretching constants a little more, but examination
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TABLE III-3

- Cotton-Kraihanzel Carbonyl Stretching Force Constants for

Some Metal Pentacarbonyls

(Evaluated from A1 and E Band Positions of All 12Co Molecules
Only) .
Compound kl kg ky
Cl3SiMn(CO)5 16.87 17.17 .22
(C6H5)3san(C0)5 16.36 16.67 .24
Br3GeMn(CO)5 16.82 17.33 .20
(C6H5)3GeMn(CO)5 16.33 16.70 .23
C13SnMn(CO)5 16.91 17.31 .20
Br3SnMn(CO)5 16.88 17.26 .20
(C6H5)3SnMn(CO)5 16.34 16.64 .23
(CH3)3SnMn(CO)5 16.29 16.49 .24
(C6H5)3Pan(CO)5 16.35 16.64 .22
Cl3SiRe(CO)5 16.79 17.29 .26
(C6H5)351Re(CO)5 16.32 16.86 .27
(C6H5)3PM0(CO)5 15.48 15.95 .30
(C6H5)3A5M0(C0)5 15.45 15.97 .30

(CGHS)BSbMo(CO)5 15.61 16.00 .29
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TABLE III-4

Refined Cotton Kraihanzel Carbonyl Stretching Force Constants

for some Metal Pentacarbonylé. (Evaluated from Band Positions

12 13

for All CO, and Mono CO Molecules.)

Compound ';El | k2 ki

C13SiMn(CO) 4 16.85, 17.164 .21,
(CgHg) 35iMn (CO) ¢ 16.40, 16.69, .23,
Br3GeMn(CO)§ . 16.845 17.36l .204
(CgHg) 3GeMn (CO) ¢ 16.34, 16.72, .22,
C1,SnMn(CO) ¢ 16.93, 17.31, .20,
BY ;SnMn (CO) ¢ 16. 88, 17.27 .20,
(CgHg) 3SnMn (CO) 5 16.35, 16.65., .22
(CH,) 3SnMn (CO) ¢ 16.33, 16.43 .24,
(CgHg) 4PbMn (CO) ¢ 16.34,4 16.64, .21,
C1;SiRe (CO) g 16.79, 17.29 .25
(CHg) 4SiRe (CO) ¢ 16.33 16.86, .27,
(C¢Hg) 3PMO (CO) o 15.49, 15.95, .30,
(CeHg) 4AsMO (CO) ¢ 15.48, 15.97, .30,
(CgHg) 5SbMo (CO) ¢ 15.59, 15.98, .29,
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" TABLE III-5

Carbonyl Force Constants? for some Metal Carbonyl Species

Evaluated Using the Energy Factoring Model and all Observed

Band Positions of All 12CO and Mono l3CO Molecules

Compound klb k2 kc kc' kt
Cl3SiMn(CO)5 IET§99 l;ji83 ?IAG .227 -453
(CGHS)BSiMn(CO)5 16.38; 16.70, .218 -23¢ .47,
Br3GeMn(CO)5 16.91, 17.33¢ .257 .17, .40,
(C6H5)3GeMn(CO)5 16.40, 16.70; 27, .21, -43,
C13SnMn(CO)5 16.968 17.34, 234 .138 .45,
Br3SnMn(CO)5 16.964 17.258 .248 .17, -39,
(C6H5)3SnMn(CO)5 16.343 16.66, .21, .24, .428
(CH3)3SnMn(CO)5 16.37, 16.43; .27, -27, 41,
(C6H5)Pan(CO)5 16.28, 16.664 154 .27, -404
C13SiRe(CO)5 16.77, 17.294 <244 -254 .52
(C6H5)3SiRe(CO)5 16.37, 16.85, .30, - 254 .52,
(C6H5)3PM0(CO)5 15.474 15.95, .28, .307 -584
(C6H5)3AsMo(CO)5 15.54, 15.95, - 344 -28y -564
(CGH5)3SbMo(CO)5 15.464 16.026 .146 .338 .613

[+]
@ values in mdynes/Angstrom

Force constant designation as in reference 23.
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of the errors in Table III-6 shows that the fit to the
observed frequencies is not in general significantly im-
proved. Apparent improvements in the fit are accomplished
with corresponding loss of statistical degrees of freedom,
as shown by the standard errors in Table III-6. For some
molecules thése are even larger when the energy factored
force field is employed than those obtained from the

CKFF.

Statistical érguments of this nature are rather weak
in this context, since there is only a small excess of
data over the number of force constants to be determined
(cf. reference 10, page 85). It is sufficient to note
that both the refined CKFF, and the energy-factored force
field yield force constant values close to those obtained
by the simpler direct application of Cotton and Kraihanzel's
equations, and that both are capable of reproducing the
observed data with adequate accuracy. |

The close agreement between the force constant sets
determined by the simplé method of direct solution of the
Cotton Kraihanzel equations, and by refinement 6f these
constants (either in the CKFF or energy factored force
field models) using additional isotopic data, is a
validation of the force constant values already reported
in the literature (23,25,53). Furthermore, the ligand
ordering in terms of ¢ and w effects which Graham has
proposed (44), and which would be directly affected by

any significant alteration in the force constant values,
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is unaltered.

The method used for the present study has also led
to the computation of vibrational eigenvectors. These
give the relative amplitudes of motion of the various
carbonyls during the course of any particular normal
vibration of the molecule. The two A, symmetry coordin-
ates are allowed to couple in the A, norﬁal vibrations.
The appropriate eigenvector elements indicate the extent
to which this occurs, and are presented in Table I1I-7.
Due to the simple nature of the G matrix (which for
energy-factored analyses of carbonyl stretching vibrations
is merely a diagonal matrix of the reduced masses of the

carbonyl groups), and since there are only two vibrations

of Al symmetry, the eigenvector elements are simply
related by:
L1 = B2
Lip = "Iy
: 2 2 _
and Lijn * L2 = Heo

where Lij represents the relative amplitude of
coordinate i in vibration j, and Yeo is the reduced mass
of the CO oscillator.

The axial carbonyl can be seen to be moving with
about one third of the amplitude of the equatorial car-
bonyl symmetry coordinate or about two thirds the ampli-
tude of each individual equatorial carbonyl during the

course of the higher energy A, vibration. Correspondingly,
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" TABLE TIII-7

Eigenvector Elements Expressing the Relative Amplitudes
of the Al Symmetry Coordinates in the Al Normal Vibrations,
and Intensity Ratios (p) of A, Vibrations Predicted from Them.

€ 1
py CKFF— \,_.Energy Fagij':gigd Force—
L1 L2 P i1 a2 P

C1,SiMn(CO) o .363 .119 .10, .373 .08l  .047
(CeHc) 5SiMn(CO),  .362 .120 .11, -365 .113 .096
Br,GeMn (CO) ¢ .367 .104 .08, -357 .134 .14,
(CcH) ;GeMn(CO) ¢ .364 .116 .10, .355 .141 .17,
C1,SnMn(CO) ¢ ;365 112 .09, .358 .132 .13,
Br,SnMn (CO) ¢ - .365 112 .09, .355 .141 .15,
(CgHg) 5SnMN (CO) 5 . 362 .120 11, .364 .,114  .098
(CH;) 4SnMn (CO) ¢ .356 .137 144 350 .154 .19,
(CgHg) 3PbMN(CO) ,  .362 .120 11, .372 .085  .052
C1l;SiRe(CO) .365 .112 .09, .369 .099  .072
(C¢Hg) ;SiRe(CO),  .365 .112 .09, .360 .126 .12,
(CgHg) 3PMO (CO) ¢ .363 .117 .10, .365 .112 .09,
(CgHg) ,ASMo (CO) o 364 116 .10, .356  .137 .14
(CgHg) 3SbMo(CO) 5 .362 120 11, .377 .058 .02,
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the axial carbonyl is vibrating with about three times
the amplitude of the equatorial carbonyl symmetry co-
ordinate, or about six times the amplitude of the indiv-
idual equatorial carbonyls during the lower energy A,
vibration.

The ratio of the A, mode intensities (designated p)
may be predicted from the eigenvector values, with the
assumptions that the dipole moment derivative of the
two types of carbbnyls with respect to the carbonyl bond
lengths are equal, and that the equatorial carbonyls are
essentially coplanar with the metal atom. This ratio is

-

given by the expression

I,(2) 2
A M P
Tl L1

Values of this expression are included in Table
III-7, evaluated from eigenvector elements obtained with
both the refined CKFF and the energy factored force field.
Integrated intensity measurements have as yet been per-
formed on only a few of the compounds examined in this
work. The intensities of the molybdenum compounds have
been measured (64), insofar as the accidental near-
degeneracy of the lower Aq and E band exhibited by these
compounds will permit. The intensities for these com-
pounds were found to be very similar. This is more in
keeping with the results in Table III-7 from the CKFF

than with the predictions based on the energy factored
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force field. The predicted values for this ratio are
very sensitive to slight alterations in the wvalues of
the eigenvector elements, which in turn are affected

by the interaction constants used.

The validity of interaction constants calculated
by use of any energy-factored model has been severely
criticised by Jones (48). As is shown in Tables III-

3 and III-4, and in Table II-7, interaction constants
evaluated with different approximations in the force
field are not generally in good agreement. Clearly,
arquments which are based directly or indirectly on
these values must be approached with great caution.
Expressions have been developed by Kaesz (64),
and by Brown (58), by which the deviation of the
equatorial carbonyls from coplanarity can be estimated
from the experimentally observed intensity ratios and
the appropriate eigenvector elements. Kaesz used
eigenvectors obtained by use of the energy-factored
force field. Brown employed the CKFF, and made a trial
calculation on one compound to estimate the contribution
from the M-C stretching coordinate using a more complete
force field derived earlier by Jones (65) for molybdenum
hexacarbonyl; he found the carbonyl stretching eigen-
vector elements were only slightly affected (about two
percent) by inclusion of the lower-energy vibrations.
As can be seen from Table III-7 the predicted intensity

ratios are very sensitive to slight variation in the
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eigenvecfors, so that the choice of force field will
exert some influence on the predicted value of the
interoscillator éngle.

It would be desirable to apply these expressions
for the interoscillator angle to the compounds studied
here. The requisite intensity measurements have not
yet been performed however, and would in some cases be

complicated by overlap of the lower Al and E bands.



96.

Experimental

Previous workers have enriched manganese, rhenium,
and iron carbonyl halides in 13CO by direct exchange
with 13CO enriched carﬁon monoxide (29,34). Similar
exchange reactions with some of the compounds listed in
Table III-2 were attempted, but thé exchange was found
to progress too slowly fér this method to be a practical
source of enriched materials. The compounds studied
were therefore prepared from materials which could be

13 13C0

readily enriched in CO by exchange, or by some
displacement reaction.

Manganese carbonyl derivatives of germanium, tin,
and lead were thus prepared from manganese pentacarbonyl

chloride which had been previously enriched with 13C by

exchange with 13CO. Manganese carbonyl derivatives of
silicon were prepared from enriched manganese carbonyl
obtained from pyrolysis of 13CO enriched manganese penta-
carbonyl hydride, while trichlorosilyl rhenium penta-
carbonyl was prepared from rhenium carbonyl obtained by
displacement of rhenium pentacarbonyl hydride from

13CO enriched carbon monoxide (66). Moly-

HRe3(CO)14 by
bdenum pentacarbonyl derivatives were prepafed from

molybdenum carbonyl obtained by displacement of norborn-
adiene from norbornadienyl molybdenum tetracarbonyl with
13CO enriched carbon monoxide (67). Specific examples

of these preparations are given below.
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Synthesis of 13CO enriched triphenyltin manganese penta-

carbonyl.

A solution of Mn(CO)5C1'(500 mg, 2.17 mmol) in tetra-

13CO enriched carbon

hydrofuran (35 ml) was stirred under
monoxide (700 mm Hg pressure, ~70cc) at room temperature
for 8 days. After recovery of the depleted carbon mon-
oxide the solution was stirred with sodium amalgam (1%,
200 g) for 5 hours. The decanted solution was then
added dropwise to a solution of (CGH5)3SnC1 (850 mg, 2.2
mmol). This mixture was stirred for four hours, and the
product obtained by evaporation to dryness, followed by
extraction with, and crystallisation from, a mixture of

dichloromethane and n-hexane (50/50), to give white

crystals of (C6H5)3SnMn(CO)5.

~ Synthesis of 13

CO enriched trichlorotinmanganese penta-
carbonyl.

Triphenyltin manganese pentacarbonyl (540 mg, 1
mmol) enriched in 13co by preparation as described above,
was dissolved in n-hexane (45 ml) and dry hydrogen
chloride gas wés passed slowly into the solution with
stirring. A white precipitate formed after about 45
minutes. Addition of hydrogen chloride was continued
for four hours, after which the precipitate was filtered
off, and recrystallised from dichloromethane-n-hexane
mixture to give white crystals of trichlorotin manganese

pentacarbonyl.
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Trimethyltin, triphenyllead, triphenylgermanium,
tribromogermanium and tribromotin derivatives of man-

ganese carbonyl were prepared by similar methods.

13

Synthesis of CO enriched trichlorosilylmanganese

pentacarbonyl.

A solution of manganese pentacarbonyl hydride (533

13CO

mg, 2.7 mmol) in n-hexane (40 -ml) was stirred under
enriched carbon monoxide (750 mm Hg) for six days. The
solution yellowed appreciably during this exchange indi-
'catiné some converéion to manganese carbonyl. The
solution remaining after recovery of the carbon monoxide
was heated to 150° in a sealed tube, in order to complete
the conversion to manganese carbonyl, which was sub-
sequently recovered by evaporation to dryness and sublim-
ation.
13CO enriched manganese carbonyl (150 mg) prepared
as above was dissolved in trichlorosilane (10 ml) and
the solution was heated at 155°C in a sealed tube for
two hours, when the yellow colouration was discharged.
White crystals appeared when the solution was cooled to
-80°C. The product was isolated by evaporation of the
trichlorosilane, followed by extraction with and crystal-
lisation from dichloromethane-n-hexane mixture.

Triphenylsilyl ménganese pentacarbonyl was prepared

by a similar method.
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- synthesis of l3CO enriched rhenium carbonyl

A sample of HRe3(CO)l4 (340 mg, 0.36 mmol) was
dissolved in n-hexane (40Aml) and stirred under l3CO
enriched carbon monoxide for three days. Rhenium
carbonyl was isolated from the reaction products by
evaporation of the n-hexane, which carried rhenium
pentacarbonyl hydride with it, followed by sublimation
of the residue at 40°C.

Trichlorosilylrhenium pentacarbonyl was prepared
from the enriched rhenium carbonyl by treatment with
trichlorosilane in a manner similar to that described

above for the manganese analogue.

"Preparation of 13CO enriched molybdenum hekacarbonyl.

Norbornadienyl molybdenum tetracarbonyl (500 mg)
was dissolved in n-hexane (25 ml) and the solution

13

stirred under CO enriched carbon monoxide. After one

day the solution exhibited strong carbonyl bands

13CO sub-

attributable to molybdenum hexacarbonyl and
stituted molybdenum carbonyl. The excess carbon mon-

oxide was recovered, and the enriched molybdenum hexa-
carbonyl isolated by crystallisation from the filtered

reaction mixture. Further purification was effected by

sublimation under vacuum at room temperature.

Synthesis of 13CO enriched triphenylphosphine molybdenum

pentacarbonyl

13CO enriched molybdenum hexacarbonyl (250 mg),
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prepared as described above, was heated with tfiphenyl—
p hosphine (250 mg) in an evacuéted sealed tube at 160°
for 20 hours. The pale yellow crystals which formed in
the tube on cooling were extracted with dichloromethane,
and the product isolated by evaporation of the dichloro-
methane solution and crystallisation of the residue from

a dichloromethane-~hexane mixture.
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Tetracarbonyl Cobalt Derivatives

Chapter IV

Introduction

Derivatives of cobalt carbonyl containing a metal-
metal bond between cobalt and an element of main group IV
havefbeen known for some years (68,69). Vafious techniques
have been employed in investigations of such compounds,
including structural determinations (70,71), nuclear
quadrupole resonance (72,73), and vibrational spectroscopy
(17,74,75,76) .

The structural studies have shown that the structure
of the cobalt tetracarbonyl part of these molecules has a
trigonal pyramidal structure (70;71). The simply substituted
derivatives of the type (OC)éCoMX3 belong therefore to the
point group C3v' It is not possible to separate the metal
atom orbitals into sets which are used exclusively for
either 0 or 7 molecular orbitals under this point group.

' Consequently, simplifications such as Cotton was able to
propose for the carbonyl stretching force field elements

of octahedral metal carbonyl derivatives cannot be formulated
for these compounds.

Cobalt tetracarbonyl derivatives of the type (OC)4C0MX3
exhibit three carbonyl stretching bands (2Al + E) in their
infrared spectrum (17,68,74,76). Since there are four
distinct carbonyl stretching force -constants for these mole-

cules (primary stretching constants for the axial and
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equatorial carbonyls, and interaction terms between the
axial and equatorial carbonyls and linking the equatorial
carbonyls themselves), determination of the force constants
from the spectra of isotopically unenriched compounds
presents the usual problem of indeterminacy. The force
constants for compounds of this type have only been deter-
mined as relationships based on geometric expressions of
the secular equations (74), or with arbitrary simplifications
based on intuitive and somewhat obscure considerations of
bonding theory (75); The lower energy region of the spectra
- of some of these compounds has been published (17), and
vibrational analyses of the lower energy vibrations of
these molecules have been performed in order to study the
force constants of the metal-metal bond itself (17,77). 1In
these analyses the carbonyl stretching fofce constants
were taken as constant throughout a series of related
compounds, and as having little effect on the lower energy
vibrations. The converse of this argument forms the basis
of a justification for thé energy-factoring procedure which
will be presented later.

The present chapter presents the results of an investi-
gation of the carbonyl stretching region of the spectrum
for some simple cobalt carbonyl derivatives using the
isotopic enrichment technique and a simple energy-factored

force field.



103.

Results and Discussion

The spectra of X—Co(CO)4 type molecules have three
bands (2Al + E) in the carbonyl stretching region, assuming
that the group X has either threefold, or cylindrical
symmetry. The spectrum of a typical molecule of this type,
trimethyltin tetracarbonyl cobalt is shown in Figure IV-1l.
A pictorial representation of the symmetry coordinates for

the three vibrations is shown in the illustration below:

| | T

o

~N

K C\ e \r\
(/io-_—a O/C/CO C-0 7/\cl.:o——>

J, | l

(2 (1)

Al ) Al E

The two Al symmetry coordinates are expected to couple in
the normal vibration. It has been shown that the sum of the
intensities of the two Al vibrations should be approximately
one third of the intensity of the E band, if the equatorial
carbonyls do not depart significantly from coplanarity with
the central metal atom (26). The Al bands can then be
readily assigned as the two weaker bands in the spectrum.
This assignment has been confirmed by Raman polarisation
studies (17).

It has been demonstrated by means of radioactive tracer

studies that free carbon monoxide exchanges readily in
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Infrared spectrum of trimethyltin cobalt tetra-

carbonyl in the carbonyl stretching region.
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solution with trimethyltin tetracarbonylcobalt and with its
triphenyl analogue, and it was suggested that all four car-
bonyls exchange at the same rate (78). Observation of the
carbonyl stretching spectra of_these, and similar spectra

13CO should thus reveal new

during an exchange reaction with
carbonyl stretching bands due‘to isotopically substituted
molecules.

Either axial or equatorial positions around the cobalt

may be substitnted with 13

CO, equatorial substitution being
three times more probable. Accordingly, isotopic satellites
of the carbonyl bands should grow about three times more
quickly for equatorially substituted molecules than for
axially substituted molecules during the course of an exchange

experiment with 13

CO. The ratio of intensities of different
isotopic satellites will not be exactly three to one,
however, due to the‘different forms qf the normal coordinates
for related vibrations of the two types of substituted
molecule.

The spectrum of a molecule isotopically substituted in
the axial position will be similar to the spectrum of the
all 12CO molecule since the symmetry of the molecule is not
changed by the substitution. The E band will not be affected,
since the axial carbonyl is not involved in this vibration,
and the isotopic shift will be distributed over the two Al

bands. The lower energy Al band has been assigned to a

vibration mainly of the axial carbonyl (17,68,74,75,76), and
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consequently will exhibit most of the isotopic shift. The
higher Ay will also éhift, but by é smaller amount. Due
to their increased separation, the coupling between the
two A, bands will decrease, leading to a gain in relative
intensity by the lower of the two bands at the expense of
the higher band.

Substitution in the equatorial position does alter
the 5ymmetry of the molecule, however, from C3v to CS. The
molecule should now exhibit four bands in the carbonyl
stretching region (3A' + A"). The A" mode can be identified

with one of the E vibrations of the parent all 12

CO molecule,
and its position will be unaffected. The isotopic shift will
be spread over the remaining three A' vibrations.

One of the A' vibrations is derived from the Al vibration
associated with the axial carbonyl of the parent molecule,
and is not expected to shift by a large amount since it
remains unsubstituted. The other two A' vibrations are
derived from the other Al of the parent and from one com-.
ponent of the E vibration. Both should be appreciably
shifted. Since it appears that the axial and equatorial
carbonyls are extensively mixed in the Ay vibrations of the

parent all 12

CO molecule (17,68,74,75,76), it is difficult
to predict whether the higher Ay vibration of the axially
substituted molecule, or the highest A' vibration of the

equatorially substituted molecule will be shifted more

from the upper Al vibration of the parent.
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During an exchange experiment bands due to both
equatorially and axially substitutéd molecules were observed,
as shown in Figure IV-2, At the start of the exchange,
bands 9, P, 9, and P are seen. Bands A and ? are the two

A, bands, and C the E band of the all 12

CO molecule. As
the exchange progresses band D rapidly gains infensity
while bands § and g become discernible. Finally bands g,
H, and I appear.

These new‘bands can be readily idehtified with the

13CO substituted molecules.

expected modes of vibration of
Bands D and F are the lowest bands of the two possible mono-
substituted products. Band D is assigned to the equatori-
ally substituted molecule; since it is much more intense

than F, which is assigned as the lower A, band of the

1
axially substituted molecule. Band D éannot be due to
the axially substituted molecule, since the shift from
the lower Ay band of the axially substituted molecule (band
B) would be greater than the product rule would allow (4),
even if the upper Al band of the axially substituted mole-
cule were completely unshifted.

Similarly bands E and G may be assigned as the high-
ehergy vibrations of the monosubstitution products. Using
the positions of bands A, B, and F it is possible to predict

13

the position of the higher Ay band of the axially Cco

substituted molecule from the isotopic shift of band F and

the product rule. This prediction, indicates that band G

is due to the axially substituted molecule. Band E must then
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be due to the equatorially substituted molecule. The greater
intensity of band E.relative to band G is in accordance with
the expected statisﬁical distribution of equatorially and
axially substituted molecules.

The third A' vibration Sf the equatorially substituted
molecule is derived from the lower Ay vibration of the par-
ent molecule, band B, and is not expected to be greatly
shifted. This band was not clearly identified for any com-
pound, but is probably the cause of a shoulder observea on
the low energy side of band B after long periods of exchange
(cf. Figure IV-2d).

This assignment allows the calculation of a trial set
of force constants for the molecule, from which the band
positions of all possible multiply substituted molecules may
be predicted. This calculation indicates that bands H and
I are due to vibrations of the disubstituted molecule

13CO's equatorial. These bands were both included

13

with both
in the final force constant evaluation. If CO substitution
into the molecule is non-stereospecific (78), the distri-
bution of disubstituted molecules should be equally equatorial-
equatorial and equatorial-axial. The predicted positions
indicate that the only band other than bands E and E which
might be observed is the highest energy A' band of the

13co molecule, while all other bands

13

axial-equatorial bis
will be buried beneath bands due to mono CO substituted

molecules, which would be present in much higher concentration.
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13CO molecule

The highest band of the axial-equatorial bis
was not definitely 6bserved in thié study, although the
shoulder visible on band G may indicate its presence. The
observed and calculated positions of all the bands seen are
listed in Table IV-1l.

Vibrational overtone and combination spectra were
recorded for some representative compounds of this type.
The spectrum of a typical compound ((C6H5)3GeCo(CO)4) is
shown in Figure IV-3., Overtone and combination band
positions are given in Table IV-2. No gross departure of
the observed line positions and those predicted from the
observed positions of the fundamentals is revealed, so that
the anharmonic corrections will be small. A similar conclusion
was reached by Kaesz in his study of the manganese and rhenium
pentacarbonyl halides (29), and may be inferred from the vi-
brétional overtone and combination spectral data reported by
Stiddard (84) for other manganese pentacarbonyl derivatives.

Anharmonicity corrections to the carbonyl stretching
band positions of the group VI hexacarbonyls, nickel tetra-
carbonyl, and of pentacarbonyl manganese bromide have been
made by Jones (48,79). It was concluded that the corrections
for the three hexacarbonyls as a group are very similar, and
are quite comparable to the corrections for manganese
pentacarbonyl bromide. It thus seems reasonable to assume
that anharmonicity corrections for the closely related
compounds in Table IV-~1l would be essentially constant. The

determination of mechanical frequencies would in principle
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" TABLE IV-1

Symmetry Coordinates and Observed? and Calculated Band

Positions f_or..l3

CO Substituted .(OC.)4C0MX3 Molecules

Symmetry Coordinate Observed Calculated

... .Definition
CF,Co (CO) ,
12
All Co Molecule
Ex33 A, l//?(Ar2+Ar3+Ar4) 2129.. 2126.3
s
2— Co A Arq 2066. 2062.8
N |
1 4 E 1//5(2xAr2—Ar3—Ar4) 2053. . 2053.8
One 13CO Axial
Tx37 1 1//§(Ar6+Ar7+Ar8) 2113., 2113.9
6—Cd~ A Ar 2026. 2028.7
N 1 5 5
1Ng
One 13CO Equatorial
1 ]
?X3 A 1/V2(br g+Ax 4 4) 2122. 2120.3
12, cg 1t A" arg —_— 2061.5
|\10
9 A’ ATy, 2016. 2015.0
13 . .
Two  ~Co Rxial-Equatorial
. _
Tx3l4 A 1/VZ(Axy AT, c) 2101. . 2105.7
160—C3S Al AT 2030, 2032.6
115 13 0
i3 A' Ar 2013 2012.0

16 °5



Two

20 —

Cl

13

13

TABLE IV-1l (continued)

13CO both Equatorial

MX3
18
Ld/‘ Al Arl7
| ~19
17 Al l//f(Ar18+Ar

L]
A Ar20

A" 1//§(Ar18-Ar

SiCo(CO)4

CO Axial

CO Equatorial

Al
Al
A!

13

Two™ “CO Axial-Equatorial

Two

(Ce

Hg) 3

Al
Al
At
CO koth Equatorial
Al
Al
Al
A"

13

SiCo(CO) ,
A
A
E

1
1

19!
19)

112,

2113.7 -
2059.3
2023.5

2008.0

2117.3
2062.6
2037.2

2104.9
2028.6

2111.4
2059.6
2000.2

2096.2
2029.3
1999.3

2105.5
2054.7
2011.0
1991.8

2091.8
2030.0
2002.9



" TABLE IV-1

(continued)
(06H5)3SiCo(CO)4
13 .
CO axial
Al 2079.0
N
l3CO equatorial
1)
A 2085.0
A' e
1
A 1967.0
Two 13CO axial-equatorial
a' e
A'' e
aA' ' e
13 .
Two CO both equatorial
. Al ______
A' mmeeee
]
A 1978.
n
A 1958.0
Cl3GeCo(CO)4 |
Ay 2121-4
A 2067.5
E 2050.0
13CO axial Al 2108.7
Ay 2032.5
l3CO equatorial
)
A 2115.5
L it
A’ 2012.
13 0
Two CO axial-eguatorial
A' —_——
A’ _——
A' _——

2079.1
1996.9

2085.7
2027.0
1966.9

2070.3
1997. 4
1996.0

2079.0
2021.7

.1978.0

1958.2

2121.7
2067.4
2050.2

2108.7
2032.5

2115.8
2065. 2
2012.1

2101.3

2034.6
2010.6

113.



Cl

Two

Br

13

13

Tw

Tw

I3

13

GeCo(CO)4

3793

3GeCo(CO)4

CO axial

CO equatorial

13

o) CO axial-equatorial

13
o

GeCO(CO)4

CO axial

TABLE IV-1 (continued)

CO both equatorial

Al
Al
Al
All

Ay

Al
Al
Al

A!
Al
Al

CO both equatorial

Al
Al
Al

2109.8
2061.2
2021.8
2004.8

2117.1
2064.6
2046.7

2105.1
2030.0

2111.4
2062.3
2008.7

2096.9
2031.7
2007.4

2105.4
2058.2
2018.4
2001.1

2111.6
2059.6
2041.0

2099.3
2025.4

114.



" TABLE IV-1 (continued)
I3GeCo(CO)4
13 .
CO equatorial A 2105.7
A'  mmeee
Al 2002.
13 >
Two CO axial-equatorial
4 At
A mmee-
Al _____
13 .
Two CO both equatorial
: a
Al _____
A' 2013.0
"
A 1995.0
(C6H5)3GeCo(CO)4
Al 2090.0
Al 2028.5
E 2003.5
13c0 axial A 2078.
1 5
Al ———
13 .
CO equatorial X 2084.0
L
]
A 1967.0
13 . .
Two CO axial-equatorial
Al _____
Al ______
A' meee-
13 .
Two CO both equatorial
Al _____
A e
Al 1979.O
A" 1959.

2106.0
2057.1
2003.1

2091.1

2027.0

2001.8

2100.3
2052.9
2012.8
1995.5

2090.2
2028.5
20035

2078.5

1994.5

2083.8
2025.9
1967.5

2069.6
1995.3
1966.5

2077.1
2021.1
1978.5
1958.9

115.



Cl3

13

13

Two

Two

Br3

13

13

SnC

CO axial A

13

13

SnC

CO axial A

" TABLE IV-1 (continued)

o(CO)4 A

CO equatorial A'

Al
Al

CO axial-equatorial

AI
Al
AI

CO both equatorial
Al
a
Al
IC

0(CO), A

CO equatorial A'

Two

13

I
Al

CO axial-equatorial
Al
Al
Al

2119.0
2067.
2047.0

2106.0

2031.0

2118.5
2066.5
2046.7

2106.8
2031.7

2112.7
2064.0
2008.9

2098.4
2033.1
2007.7

2106.8
2059.6
2018.9
2001.1

2114.9
2061.9
2042.5

2102.3
2028.5

2109.4
2059.4
2004.7

2094.0
2029.5
2003.4

lle.



TABLE IV-l1l (continued)

Br3SnCo(CO)4

13

Two CO both equatorial

I3

13

13

A'

SnCo(CO)4 A

A
E
CO axial A
A

CO equatorial A'

13

Two CO axial-equatorial

Tw

(C

13

Al

Al

Al

13 .

(o} both equatorial

Al

Al

Al

6H5)3SnCo(CO)4

CO axial

2103.7
2054.9
2014.4
1997.0

2107.8
2055.2
2034.4

2094.9
2021.8

2102.4
2052.5

- 1996.8

2086.6
2023.0
1995.7

2096.8
2047.8
2006.7
1989.1

2086.9
2026.8
1997.1

2074.6
1993.5

117.



(continued)

" TABLE IV-1

(C6H5)3SnCo(CO)4

13CO equatorial A'

AI
Al
. 13 . .
Two CO axial-equatorial
Al
Al
Al

Two 13CO both equatorial

Al
Al
Al
All

(CH3)3SnCo(CO)4 A

13CO axial A

13CO equatorial A'

AI
Al
13 . .
Two CO axial-equatorial
AI
Al
AI
13 .
Two CO both equatorial
Al
Al
Al
A"

2080.7

2023.7
1961.4

2065.7
1993.7
1960.7

2074.4
2018.2

'1972.8

1952.6

2083.1
2019.2
1987.2

2068.0
1988.6

2077.6
2015.5
1951.7

2059.5
1988.5
1951.1

2072.0
2009.3
1963.0
1942.9

118.
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TABLE IV-1 (continued)

(C6H5)3PbCo(CO)4

A, 2081. 2081.5
Ay 2022., 2022.0
, E 1997. 1996.5
13co axial A 2069, 2068.9
Ay ———— 1988.9
1300 equatorial A" | 2075. 2075.5
A' meee 2019.1
Al 1960., 1960. .
Two 13CO axial-equatorial
A' e 2060.3
Al e 1989.6
A' mmeee 1959 6
13 .
Two CO both equatorial
A' e 2069.4
A' mmeee ©2014.0
Al ————— 1971.3
A" meeee 1952.1
a

The E mode of the axial monosubstituted molecule, and the
A" modes of the equatorially monosubstituted and radial-
axial disubstituted molecules are identical with the E mode
of the unsubstituted molecule, and are omitted from this
table.
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TABLE IV-2

served and Predicteda Overtone and Combination Band

Gl

(C

Cl

(C

(C

Positions for some Cobalt Tetracarbonyl Species

22l 2a{1) ap Al aall) aPup alllis

1 1 1 1 1
4244 4129° 4089 4182° 4167 4188
3GeCo (CO) ,
- 4245 4135 4100 4190 4173 4118
q 4178 4048 3998 4108 4088 4030
6H5)3GeCo(CO)4 : )
4179 4057 4007 4118 4092 4032
4239 4128° 4084 4178°€ 4163 4115
3SnCo(CO)4
4238 4118 4080 4178 4158 4098
o 4169 4043 3986% 4099 4078 4016
¢Hg) 35nC0(CO) 4 |
4172 4048 3992 4110 4082 4020
4153 4044 3974 4085°% 4061 4012
gHz) 3PbCo(CO)
4161 4038 3986 4019 4073 4012

Predicted band positions are given in italic script, and

are based on observations of the fundamental band positions
in carbon tetrachloride solution. These differ slightly from
the band positions in hexane solution given in Table IV-1
and are as follows: (C6H5)3GeCo(CO)4 2090, 2028, 2003;

Cl

SnCo(CO)4 2119, 2060, 2040; (C6H SnCo(CO)4 2086, 2024,

5!
PbCo(CO)4 2080, 2019, 1993.

3
1996; (C6H5)3

Broad, not well resolved. Position uncertain.

Shoulder.
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Footnotes to TABLE IV-2 (continued)

9 pytra bands at 4132 and 4073 em™l were observed for this

compound.

e 1

This compound exhibited a shoulder at 4065 cm .

£ This peak is very broad and asymmetric, possibly with

another band at 3973 cm 1.
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FIGURE IV-3

Carbonyl stretching overtone and combination spectrum
of triphenylgermanium cobalt tetracarbonyl. Bands
marked with an asterisk are not assigned, and may be
due to an impurity. Similar bands were not observed
in other spectra.
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be desirable for these molecules, but is beyond the scope
of the present study. The necessity of measuring overtone.
and combination spectra for the isotopically substituted -
molecules could present difficulties of a purely technical
nature in the course of such a determination due ﬁo the
small sample sizes commonly employed in enrichment experi-
ments.

The use of an energy-factored force field leads to
very good agreement between the observed and calculated
frequencies. The accuracy of force constants calculated by
this method has been challenged recently and will be dis-~
cussed later. The numerical values of the interaction con-
stants are particularly open to question, and no clear
implications may be drawn from them ét present.. It should
be noted nonetheless that a non-zero positive coupling
between the CO oscillators must be present in the "true"
molecular potential function (21,23), and constants
calculated with energy-factored fields are in accordance
with this requirement. The values of the primary stretching
constants might be altered by use of more complete force
fields; this will be further discussed in the next chapter.
They do serve as a useful approximation and allow meaningful
comparisons to be made between related molecules.

The carbonyl stretching force constants for the cobalt
complexes studied, which are listed in Table IV-3, reflect

the close similarity between the spectra of these compounds.

The force constants vary with the electronegativity of the



TABLE IV-3

Carbonyl Stretching Force Constants® for Some

CF3CO(CO)4

Cl SiCo(CO)4

3
(C6H5)3SiCO(CO)4
GeCo (CO) 4

Cl3

Br GeCo(CO)4

3

I GeCo(CO)4

3
(C6H5)3GeCO(CO)4

Cl SnCO(CO)4

3

Br SnCo(CO)4

3

I3SnCo(CO)4
(C6H5)3SnCO(CO)4

(CH,) ,SnCo (CO) ,

33
(CH ) 3PBCO(CO) 4

(OC)4CoMX3 Molecules
Egg_ kéq. eq,ax eq,eq
17.62 17.30 0.30 .0.26
17.58 17.08 0.26 0.31
17.08 16.55 0.29 0.35
17.65 17.26 0.26 0.27
17.59 17.19 0.25 0.27
17.52 17.10 0.25 0.27
17.02 16.56 0.29 0.34
17.62 17.20 0.25 0.28
17.57 17.13 0.25 0.28
17.46 17.00 0.25 0.27
17.01 16.47 0.28 0.36
16.98 16.31 0.30 0.36
16.93 16.43 0.28 0.33

a

o
Values in millidynes per Angstrom.

124.
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substituents on the group IV atom, as is expected from the
earlier observation of the dependence of»the carbonyl
stretching band positions on the sum of the substituent
electronegativities (68). The axial force constant is
greater than the equatoriallfofce constant for all of thé
tetracarbonyl cobalt derivatives investigated. Both force
constants are decreased by increasing electropositive
character of substituents on the group IV atom.

This trend is similar to the trend observed in the
analogous series of manganese complexes, éé may be seen
by comparison of Tables IV-3 and III-4, High values of
kax are observed for the halogegated group IV ligands,
suggesting that these ligands are acting as strong m-
acceptors in both series of compounds. A similar con-
clusion has been reached by Brown et al. from analysis
of nuclear quadrupole resonance (n.q.r.) spectra for these
complexes (72,73). The n.qg.r. spectra were taken to
indicate that both the ¢~ and m-contributions to the metal-
ligand bond were varying in the series of ligands with
the variation in electronegativity of the groups bonded
to the group IV atom. This seems eminently reasonable in
view of the complementary characters of the ¢ and =
effects proposed for metal-ligand bonding (44). Structural
and mass spectrometric evidence has also been presented
for the existence of m-bonding in silicon-transition metal

bonds (70,80,81,82).
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The intensity distribution between the A1 modes of
these carbonyl derivatives has previously been explained
in terms of coupling between the axial and equatorial
carbonyls. This description is now borne out by calcu-
lation of the vibrational eigenvectors. The eigenvector
elements for these compounds expressing the normal vib-
rations in terms of the symmetry coordinates are listed
in Table IV-4. There is little variation in the values
among the compounds studied.

The eigenvector elements show that the motions of -
the equatorial and axial carbonyls are extensively mixed
in the Al normal vibrations, as was previously speculated
(68). This coupling is perhaps better expressed in
terms of thé contributions to the potential energy due to
each symmetry coordinate, which are also given in Table
IV-4, It can thus be seen that the axial carbonyl is
contributing about 40% of the potential energy of the
upper Al vibration, while the radial carbonyls similarly
contribute about 40% of the potential energy of the
lower vibration. |

The symmetry coordinate eigenvectors may be transformed
into relative amplitudes of the individual carbonyl stretches,
as are given below for average values of the eigenvector

elements in Table 1IV-4

‘ - Axial Amplitude Radial Amplitude

Upper Al vibration 0.24 0.16

7

Lower A1 vibration . -0.28 0.14

4
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TABLE IV-4

Eigenvector Elements® and Potential Energy Distribution

for (OC)4CoMX3 Molecules

Upper Al Lower A

' r-Vibration-‘rVibratiin_\
Lz b2 S5y S, 5, 5
CF,Co (CO) , 0.24 0.30 1,07 1.60 1.50 1.01
C1,SicCo(CO) , 0.25 0.29 1.13 1.51 1.44 1.07
(CgHg) 5SiCo(CO) , 0.25 0.29 1.09 1,50 1.41 1.02
C1,GeCo (CO) , 0.25 0.29 1.10 1.54 1.46 1.04
Br,GeCo (CO) , 0.25 0.29 1,10 1.52 1.45 1.05
I,GeCo(CO), 0.25 0.29 1.13 1.49 1.42 1.08
(CgHg) ;GeCo(CO) 0.24 0.30 1.00 1.57 1.48 0.94
C1,SnCo (CO) , | 0.25 0.29 1.09 1.54 1.47 1.04
Br;SnCo (CO) , 0.25 0,29 1.16 1.48 1.40 1.10
I,SnCo(CO), 0.26 0.28 1.18 1.44 1.37 1.12
(CgHg) 3SnCo (CO) , 0.24 0.29 1.06 1.51 1.41 1.00
(CH;) 3SnCo (CO) , 0.26 0.28 1,23 1.33 1.25 1.15
(C¢Hg) 3PbCo (CO) , 0.25 0.29 1.08 1.48 1.39 1.02

a
L matrix and potential energy distribution elements given

here represent the contribution of the symmetry coordinates

to the normal vibrations.
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The axial carbonyl is found to be vibrating with com-
parable ampiitude in both vibrations. This accounts for
the approximately equal intensities of the two.Al modeé
for most of these complexes (cf. Figures IV—i and IV-2a).
Accurate intensity meaéurements on the spectra of these
complexes (83), and on a closely‘related series of tri-
alkyl-group IV cobalt tetracarbonyl derivatives (76)
have shown that the ratio of the Al intensities does vary
with variations in the ligand. If, as seems likely on the
baéis of the resﬁlts reported in this Chapter, thé éxial—
equatorial couplings are similar throughout this series
of compounds, the intensity variations must arise from a
contribution to the oscillating dipole moment by the
equatorial carbonyls. This could arise from a departure of
the Cax—Co—Ceq angles from 90°, as has been shown to occur
in various complexes of this type (70,81). It has been
found that the equatorial carbonyls are typically slightly
bent toward the group IV ligand atom, so that the motion
of the equatorial carbonyls will tend to decrease the
intensity of the upper Al vibration, with a concomitant

increase in the intensity of the lower Ay vibration.
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Experimental

The cobalt complexes (OC)4¢0MX3 (M = Ge, Sn, Pb;
X = Cl, Br, I, CHg, C6H5) were available in this laboratory
from previous studies (68). Other compounds used in this
investigation {(OC)4C0CF3,»(OC)4CoSiCl3, (OC)4CoSi(C6H5)3]
were prepared following published methods: (85,86). The
silicon derivatives were prepared from dicobalt octacarbonyl
13

which had been previously enriched by exchange with co

enriched carbon monoxide in benzene solution (87).

l3CO Enrichment

Isotopic enrichment experiments were performed as
described in Chapter iI for the ruthenium compounds. In a
typical exchange experiment, trichlorogermanium cobalt
tetracarbonyl (30 mg) was dissolved in cyclohekane (1;2 ml)
and the solution 1njected into a reactor of about 25 ml
total volume. After thorough degas51ng of the solutlon,
l3CO enriched carbon monoxide was admitted to a pressure
of about 1.5 atmospheres, and the reactor was warmed to
50°C. Spectroscopic samples (each 20 ul) were withdrawn
from time to time and diluted with additional cyclohexane
before their spectra were recorded. No attempt was made
to exclude light during the exchange runs.

Overtone and combination spectra in the 4000 emt

region were recorded on a Cary 14 spectrometer for selected

compounds. A representative example of these spectra is
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shown in Figure V£-3.' Carbon tetrachloride was employed
as solvent for these spectra since it is transparent in
the 4000 cm_l region, and the. compounds are sufficiently
soluble in it (about 40 mg/ml solutions were used) that
their spectra may be recorded in l-cm pathlength cells.
The samples were observed to decompose during their ex-
posure to the spectrometer beam, forming cloudy precipi-
tates. None of the bandé reported here was observed to
gain intensity during successive scans of the same sample; .
so it appears that the decomposition products do not
interfere with observation of the spectra.

Calculation of force constants and normal modes of
vibration were performed on the IBM 360/67 machine in
the University of Alberta Computing Centre using a local

version of Schachtschneider's program FPERT.



131.

A Justification of the Energy Factoring Procedure for

Trichlorosilyltetracarbonylcobalt
Chapter V

There have been two major criticisms levelled against
the methods of calculation of carbonyl force constants
described in the preceding Chapters (48,65,88). These
criticisms are of the neglect of anharmonicity, and the
neglect of the other vibrations of the mo;ecule.

Correction for anharmonicity is generally performed
by the determination of mechanical frequencies from the
frequencies of the fundamentals and various overtone and
combination frequencies. The corrected frequencies are
 then equated with the frequencies which the molecular
vibrations would have in the absence of aﬁharmonic effects
in the force field. A force constant'calculation may then
be performed on the corrected frequencies to give the -anhar-
monic force constants (4). This has been dore by Jones for
the hexacarbonyls of the group VI metals, nickel tetracar-
bonyl and manganese pentacarbonyl bromide (15,16,48,79).
The anharmonic corrections derived by Jones are quite
similar among the molecules which he has studied (gbout

20 cm-l

), although somewhat larger than might be expected.
As was previously noted the application of such corrections
to line positions obtained from isotopically enriched

materials presents problems in cases where the symmetry of
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the molecule is altered by the isotopic substitution. Jones

was able to circumvent this problem by synthesis of nickel
tetracarbonyl, and the group VI hexacarbonyls from isotopi-

cally pure 13

CO (15,16). When line positions have been
obtained during the course of exchange reactions however,
anharmonicity effects have usually been neglected, and the
force constants evaluated from this data have been regarded
as "effective force constants" (29,32,33,34,67).

The second criticism, neglect cf coupling between thé
carbonyl stretching vibrations and the lower energy fre-
quencies of the molecule may be answered more directly.
This criticism, again made by Jcnes (48), is based prin-
cipally on the coupling between the carbonyl stretches,
and the metal-carbon stretches, which he found to be non-
zero in the nickel and group VI carbonyls (15,16). Risen
has proposed a force field for the halogeno-group IV
derivatives of cobalt tetracarbonyl which were the subject
of Chapter IV (17,77). The carbonyl stretching force
constants are fixed throughout the series of compounds, the
force constants governing the lower energy vibrations of
the spectrum being adjusted to fit the appropriate spectral
lines.

A test of the effects of the energy factoring approxim-
ation may be performed by a calculation in which the force
constants given in Chapter IV are inserted into Risen's
force field. This will show whether the inclusion of the

lower energy vibrations has any appreciable effect on the
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calculated positibns of the carbonyl stretching vibrations.
The details of this calculation are now reported.

The molecule selected for this test was trichlorosilyl-.
tetracarbonylcobalt. The silicon-chlorine vibrations are
at higher energy in this species than other haloéenated-
group IV derivative of cobalt carbonyl, with the possible
exception of the fluorinated compounds, fof which no data
have yet been reported.

The vibrations of C13SiCo(CO)4 may be classified under
the molecular C,  symmetry as 93, + 2A, + 11E. The AZ
vibrations are inactive in both infrared and Raman, and have
not been observed. One of them, the torsional vibration of
the trichiorosilyl g?bup relative to the rest of the mole-
cule, was neglected in the vibrational analysis. The other,
which is a symmetric bending of the Co-C-0O angles in the
.equatorial plane of the molecule arising from coordinates
which also give rise to a vibration of E type, was included.

A set of 37 internal coordinates, listed in Table V-1
was chosen to express the atomic displacements. Symmetry
coordinates based on them are given in Table V-2. The num-
bering scheme for the atoms is shown in the illustration.
The geometry was taken from the X-ray crystal structure
(70), averaged Co-Ceq distances, SiCl distances and angles
around the Co and Si atoms being used. The G matrix

was set up by standard procedures (4), using a local version
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TABLE V-1
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Internal Coordinates for Cl3SiCo(CO)4

O 00 ~N Y U b W N

(-
o

11

12
13
14

15
le
17
18
19
20
21
22
23
24
25
26

Atoms

Involved

2,3
5,6
7,8
9,10
1,2
1,5
1,7
1,9
1,2,3
1,2,3

Description

axial carbonyl stretch
equatorial carbonyl stretch

cobalt-axial carbon stretch
cobalt-equatorial carbon stretch

cobalt-axial carbonyl bend
n " n " at
90° to Iy

cobalt-equatorijal carbonyl bend,
out of the equatorial plane

cobalt—equatorial carbonyl bend,
in the equatorial plane

[ 1]

n
silicon-chlorine stretch

n

silicon-cobalt stretch

chlorine-silicon-chlorine bend

1"

1 1]
cobalt-silicon-chlorine bend

1]
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TABLE V-1 {(continued)

Internal - Atoms
Coordinate Involved Description

(xr) ) ‘

27 4,1,5 silicon-cobalt-equatorial
carbon bend

28 4,1,7 "

29 4,1,9 "

30 2,1,5 axial carbon-cobalt-equat-
orial carbon bend

31 2,1,7 "

32 2,1,9 "

33 7,1,9 equatorial carbon-cobalt-
equatorial carbon bend

34 9,1,5 "

35 5,1,7 "

36 2,1,4 silicon-cobalt-axial carbon
bend

37 2,1,4 " at 90° to r

36
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" TABLE V-2

Symmetry Coordinates for Cl3SiCo(CO)4

Coordinate Definition Description
A
1 Ty P r3trx, equatorial carbonyl stretch
rl axial carbonyl stretch
riq + Ty, + rys equatorial Co-C-0 bend, out
of plane _
4 ry7 + ryg + rig silicon~chlorine stretch
5 50 cobalt-silicon stretch
6 Iys cobalt-axial carbon stretch
7 re t r, + rg cobalt-equatorial carbon
stretch
8 r + r + r chlorine-silicon-chlorine
21 22 23 bend
9 Toy + Toe + o6 cobalt-silicon-chlorine bend
10 Loy + T,g + Tog silicon-cobalt-equatorial
carbon bend
11 r30 + r31 + r32 axial carbon-cobalt-carbon
bend
12 ra; + T3, + r3g eq-atorial carbon-cobalt-
equatorial carbon bend
B,
13 T, + rys + 6 inactive equatorial cobalt-
carbon-oxygen in plane bend
Ea
14 2xr2 - r3-r, equatorial carbonyl stretch
15 Iy axial cobalt-carbon-oxygen
bend
16 ri57r 6 equatorial cobalt-carbon-
oxygen bend in plane
17 2xrll - ry, - Iry3 out of plane
18 2xr17 - rl8 - r19 silicon-chlorine stretch
19 2xr21 - rz.2 - I,y chlorine-silicon-chlorine

bend -
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" TABLE V-2 (continued)

Coordinate Definition Description
E
a
20 2xr24 - Yoy ~ Ige cobalt-silicon-chlorine
o bend
21 .2xr33 =Yg, ~ I3g in plane carbon-cobalt-

carbon bend

22 2xr6 - rg - rg | cobalt-equatorial-carbon
in plane bend

23 2xr -r -r silicon-cobalt-equatorial
217 28 29 carbon bend

24 2Xy -r -r axial carbon-cobalt-
30 31 32 equatorial carbon bend

25 r36 silicon-cobalt-axial
carbon bend

By
26 Xy - r, equatorial carbonyl stretch
27 xr axial cobalt-carbon-oxygen
10

bend

28 2xr -r - r eguatorial cobalt-carbon-

14 15 16 ;

oxygen bend in plane

29 iy, = Xy, " out of plane

30 rig - Ty9 silicon-chlorine stretch

31 Yoy = Tog chlorine-silicon-chlorine
bend

32 Ta5 7 T26 cobalt-silicon-chlorine
bend

33 iy ~ Tag in plane carbon-cobalt-
carbon bend

34 r, - rg cobalt-equatorial-carbon
in plane bend

35 Yog = Yog silicon-cobalt-equatorial
carbon bend

36 ry) ~ X3, | axial-carbon-cobalt-
equatorial carbon bend

37 r34 silicon-cobalt-axial

. carbon bend
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Y
~
‘I)s
12(:1&3 1?5 2 3
4 Si Co C O—m==> 12
11 \
cl C7 C{\
0]
8 049
of Schachtschneider's program GMAT (1ll1). Since there were

32 normal vibrations (excluding the torsion), five of the
coordinates chosen were redundant, giving rise to three
zero frequency A, vibrations and one zero frequency E
vibration. These were retained in the calculation.

The potential function used was that given by Risen
(17) except as noted. The force constants used are listed.
in Table V-3, the first four entries in thch correspond
to the force constaﬁts for the carbonyl stretching block
of the secular equation. Angle bending force constants
are given in millidyne/angstrom units in Table V-3, and
were corrected to the appropriate units by multiplication
by the product of the lengths of the two bonds involved at
the time the F matrix was set up.

Using the F and G matrices as described above, the
vibrational equations were solved with Schachtschneider's
program VSEC (11). The frequencies thus obtained are
listed in Table V-4,

There ié excellent agreement between the observed

values cf the carbonyl stretching frequencies and those
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TABLE V-4

Observed® and Calculated Frequencies for All Vibrations

of Cl;5iCo(CO), (em™ )
Observed Calculated Calculated
(Reference 17) (this work)
B | ,

2118 2121 2123.3

2063P 2069 2061.7
641 - 634 595.0
549 546 557.2
471 469 449.7
411 410 : 412.5
309 310 295.0
179 177 175.9
100 99 97.6

A,
. inactive ? 521
E '

2037 2044 2037.9
571 568 611.6
506 503 590.2
483 483 535.0
437 438 474.3

372 373 446.5
200 199 225.8
138 139 139.1
-— 118 121.2
- 80 94.2

65 61 61.4

a Reference 37

b This work
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predicted by this calculation. Inclusion of the lower
frequency vibrations does not shift the predicted values of
the carbonyl stretching frequencies by any appreciable amount
as shown in Table V-5. This shows that the energy factoring
procedure does not introduce any substantial error.

The agreement for the lbwef energy frequencies is
acceptable only for some vibrations. Communications with
Professor Risen have not revealed any discrepancy between
the force field used in this work and that used by him,
although his published values have in some cases been rounded
off. The force constants in Table V-3 were kindly supplied by
P;ofessor Risen and differ slightly from the literature values
(17,89). The reasons for discrepancies in Table V-4 are not
clear at the present time, but may be due to differences in
the carbonyl bending interaction constants;

The reason for the good agreement between the fre-
guencies predicted by the energy-factored and the more
complete force fields in the carbonyl stretching region
may be found from an analysis of the potential energy

expression. This expression may be written as;

P.E. = 1/2;2' kijrirj
i,)

where kij is the force constant relating coordinates i and j
(with kii the primary force constant for coordinate i), and

r, and rj representing the displacements of coordinates i and

j. The eigenvector elements, which give the relative values
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TABLE V-5

" Comparison of Observed Carbonyl Stretching Frequencies'
‘of'ClBSiCo(CO)ﬁ‘and those Calculated with the Energy
Factored and Complete Valence Force Fields

Observed Calculated with Calculated with

Energy Factored Valence Force
Force Field Field
a11 +2co molecule
2118.0 2117.3 2123.3
2063.0 2062.6 2061.7
2037.0 2037.2 2037.9
13CO axial molecule
2104.0 2104.9 2111.5
2028.0 2028.6 2025.8
13 .
.©7C0O equatorial molecule
2111.5 2111.4 2116 7
------ 2059.6 2059.0

2000.5 2000.2° 1999.5
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of ry and rj, obtained in the course of the computation are
given in Table V-6 and show that extension of the carbon-oxy-
gen bond length during the carbonyl vibration is accompanied
by H’éompression of the cobalt-carbon bond. No other coordin-
ates are appreciably involved in the carbonyl vibrations.

The potential energy expreésion given above may 5e
rewritten as a sum of terms each of which involves some

independent force constant:

P.E. =] C/ k.
k

where the index k runs over all the independent force
constants in the potential energy expression. This poten—
tial energy distribution in terms of the valence force
constants was also obtained from the calculation. The
significant contributions to the potential.energy during
the carbonyl vibrations are given in Téble v-7.

The contribution to the potential energy due to
motion in the cobalt-carbon coordinates is given by the
last three elements in each row of Table V-7. The potential
energy expression given above may be broken down into three

terms,

P.E. = E(terms in carbonyl stretching coordinates)

+: ) (terms in cobalt-carbon stretching
coordinates)

+ ) (interaction terms between carbonyl
and cobalt-carbon stretches)
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TABLE V-6

" Eigenvector Elements® for the Carbonyl Stretching
Vibrations of Cl3SiCo(CO)4

,— CO ‘Stretch—— ,— L0-C Stretch— .
Vibration Frequency
cm—-1 Axial Equatorial Axial Equatorial

aAll 12 Co Molecule

2118 0.240 0.172 -0.140 =0.100
2063 0.297  -0.138 -0.174  0.081
2037 - 0.270°  ==—-- ~0.159

13CO axial
2104 0.140 0.204 =0.079 ~-0.119
2028 0.346  -0.083 -0.196  0.048

13CO radial
2111.5 0.264 0.179 -0.155 =-0.105
3y 0.108C ~0.061
{2059} 0.274  -0.184 =-0.160  0.108
3c) ~0.055° 0.030
2000.5 ~0.038  -0.083  0.022  0.050
13 0.353€ -0.201

A phtries in this table give relative amplitudes of
individual internal coordinates

b Positive value for Eb vibration

¢ Equatorial l3CO
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The first term in this expression is given by the
first four columns in Table V-7, fhe second term by the
next two columns, and the last term by the last column.
Thus for the upper A, carbonyl stretching vibration of

C13SiCo(CO)4 this expression is

P.E. = 0.993 + 0.049 - 0.047.

The last two terms of the expression cancel almost
exactly. Inspection of Table v-7 shows that this result
is true for all the carbonyl stretching vibrations of the
molecule. The potential energy during the earbonyl
stfetching vibrations is thus determined wholly by the
carbonyl stretching force constants. This is a consequence
of the opposite senses of the carbonyl and cobalt-carbon
strétching motions during the vibration, and the values
of the cobalt-carbon stretching constants and the cobalt-
carbon-carbonyl interaction constants determined for this
molecule by Risen (17). As Risen demonstrated, these
force constants are transferable to all the chlorine group
IV substituted cobalt tetracarbonyls. This implies that
the conclusion drawn for trichlorosilyltetracarbonylcobalt
may be extended to the other cobalt tetracarbonyl
derivatives discussed in Chapter IV, viz., the energy-
factoring approximation as applied to separation of the
carbonyl stretching vibrations from the remaining vibra-
tions of the molecule is justified. Any errors which

may be introduced by this procedure are well within the
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TABLE V-7

" Potential Energy Distribution Among Valence Force Constants

for the Carbonyl Stretching Vibrations of Cl3SiCo(CO)4

Force Constant a

Vibration /

e 1 2 3 & s 6 18
2118 Al 0.380 ~0.569. 0.024 0.020 0.0;9 0;030 -0.047
2063 Al 0.621 0.391 -0.027 0.014 0.030 0.020 -0.,050
2037 E —— 1.02 ——— =0,02 ————- 0.054 -0.052
2104 Al 0.131 0.815 0.017 0.030 0.006 0.043 -0.,047
2028 Al 0.871 0.145 -0.018 0.005 0.040 0.008 -0.,048

2112 A' 0.463 0.490 0;024 0.017 0.023 0.025 ~-0.047
{2059} A' 0.527 0.485 0.024 0.014 0.026 0.025 -0.050

2000 A' 0.011 1.005 -0,002 -0.014 0.001 0.050 -0.050

2 see Table V-3 for force constant numbering.
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TABLE V-8

£ -
Force Constant Values for Some Metal Carbonyl Compounds

CO stretch Co,COo MC MC,CO Source
Interaction Stretch Interaction

€1,5iCo(C0) , 17.58% 0.26 2.51 0.735 Table V-3
17.08° 0.31 2.62
Ni(CO), 17.85 0.12 2.08  0.52 15
Cr(co)y 17.04  0.175, 0.08% 2.10  0.69 16
Mo (CO) 17.15  0.17%, 0.01% 2.00 0.74 16
o] a
W(CO) ¢ 17.02  0.19%, 0.11¢ 2.32  0.84 16
cO(cb)3No 16.81 0.28 2.31 === 90
Fe (CO) ;NO~ 13.80 0.55 3.54 - 91
' e
C(H Cr (CO) 13.55 0.46 2.97  ———- 92
a

axial carbonyl
equatorial carbonyl
cis interaction

trans interaction

O & U

not getermined.
ind/A
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limits of the harmonic oscillator approximation implied by
the neglect of anharmonicity. | -
The result found above depends on the numerical value
of the metal-carbon and carbonyl stretching force constants,
and the interaction constant between the metal-carbon and
carbonyl coordinates. The values for these constants
determined for several metal carbonyl species are given in
Table V-8. The MC, CO interaction constant was omitted
from the force field used for the last three compounds for
which a "diagonal symmetry force field" was used (90,91,92).
The reported values of this constant are quite similar,
and vary in the same way that the metal-carbon stretchirg
force constants vary. For this reason the energy-factoring
method justified in this Chapter for trichlorosilyltetra-
carbonylcobalt may well be of general applicability in
tﬁe determination of metal carbonyl stretching force con-

stants.
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APPENDTIX I

Two sets of computer programmes were used during
the course of the work presented in this thesis. The
first and more extensive package was the set of Fortran
programmes developed by J. H. Schachtschneider (ll);
These programmes have been widely distribufed, and
copies of local versions are available in this department.
These programmes have advantages when dealing with large
problems, in that they are very fast in terms of comput-
ing time, and can perform a wide variety of computations.
The calculations reported in Chapters IV and V of this
thesis were performed with these programmes.

During the course of this work the APL language
became available on this campus. This language has the
advantage, for applications involving smaller amounts of
computation, of very fast turnaround time obtained from
the interactive mode of operation. Furthermore the
language is able to handle matrices with great facility.
Programmes suitable for the type of computations involved
in analysis of metal carbonyl spectra with energy-factored
force fields were written in APL by the author. They are
not particularly suitable, however, for larger scale
problems, since the time-sharing feature of the APL system

slows down the operation of the machine insofar as the

individual user is concerned, and since input-output
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through a terminal would be exgquisitely tedious for
large problems.

The APL programmes may be divided into two classes;
two written to perform specific calculations, and others
which are capable of performing normal coordinate calcu-
latibn for anv molecule.

The two specific programmes VALUE and CISBIS are
listed in this appendix, together with examples of their
use. The others afe listed in Appendix II with examples
of their use in Appendix III.

VALUE calculates force constants from the two Al and
E band positions of an octahedral pentacarbonyl. The
algorithm used was formulated by Professor F. W. Birss of
this department. CISBIS calculates force constants from
the two Al, Bl' and B2 band positions of an octahedral
tétracarbonyl by the non-linear least squares method given
by Shimanouchi (14). Both programmes request their own
input, after their execution is requested by typing their
name, and try all the possible assignments of the given
band positions. Subroutines which are also used by the
programmes in Appendix II (SOLVER, ULINE and DATE) are

listed there.



V VALUE ;2 :M3XZ2 34 3B3C3 XY 159.

[1] !
coMpoUND ID 7

(2] ULIRE I
1

FREQUENCIES 2!

[4] +(3=p2«,[1)/3

£s51] M<0

(61 X22«4,038E76

{71 >(( 4 )=Melf+1)/ 12 8 10 O

[8] +7%x12[2]1=2[3]

fal +12x12=pZ[2 3]«273 2]

[10] -—+7x12[11=2[3]

{113 2[1 3]«z[3 1]

[12] A<x722x72[1]%2

[13] B«X272xZ2[2]%2

[14] C«XZ2Zx2[3]%2

[15] X<«0.075%xA+B-2xC

[16] +19x10<Y<(9%x(A%2)4B%2)+(uxCx(A+B3-C))-22%xAxR

(1471 (M3'. '3;2;' IMAGINARY ROOTS !'')

[18] =7

[19] XY<«3p0=Y<«0.025xY%0,5

[20] XY[2]«C+2xXY[3]+X+Y

[21] XxY[1l<«A+B-C+6x¥XY[3]

[22] M3', Y31 RND Z;' /CM. . . '33 RND XY;' MDYNES/A. .

veprry ODE AT o '3;4 RND(XY[21x2u7630)«%

0.53' /Ci.")

[23] =7

V R<N RND X
[11] R«(10*-F)*xL0.5+Xx10%N
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veIsBISLOLV

CISBIS;LM;F;XK;W;WZ;ASS&R;ITNO;I;PN;DP;A;B
. .

COMPOUND -IDENTIFICATION? |
'

ULINE,[

]

ENTER OBSERVED FREQUENCIES;'
+((uzpLM)v(1700>L /L)v(2200<[ /LI+,[3))/33%p ,F«I
26

|

STARTING FORCE CONSTARTS;'

*>33x1 P« (126 )x3z2pXK+,[]

HelsLMxLH

'"WEIGHTS ?

t

+12x1'Yr=2(,M)[1]
+33X1F« (126 )x4zpl/Z«,[}

Wel/x}]2

(4 u)p(,(18)e,=14)\F

ASS5+«0

+((ASS«ASS+1)= 1 7)/ 18 3u

LMUI)<LM[PI«(2]145S5)+ 2 3]

Wi I )<l ;1)

LI 3]« @I;]

R« (4 3)pITNO«I<«1

+1U4x10=pPN«RES XK

+31%1A/0,2>|PV-LM

+14x10=pDP<PES XK-0.,01xI=13

RU:I]« 100xPN-DP

+21x132J«I+1

A< (QF)+.x¥

BeA+.x(4 1)pLM-PN

+31%x10,0002>[/|DP«, (A+.xP) S50LVER B
X¥<X¥-DP

+19x1T«202ITNO<ITHO+1

(ASS:;' NOT CONVERGED II 20 ITERATIONS?')

+1y

(ASS3'. '31 RND LM3' GIVES '3 RND XK;' MDYIES/A.
PREDICTS ‘31 RND RES XX)

+1y4

+>FxppTlet )Y TRY AGAIN.!

10

ULINED<! ' DATE



(1]
(2]
[3)
fu]
[51]
[6]
(7]
(8]
9]
f10]
[11]

[12]

[13]
f1u4]
f15]
[16]
[17]
(18]
[191]

l6l.

PL<RES XX ;XZ ;XPLUS ;XPROD ;A
PL<uUpo0

XZ<3p0

X2013«xx[21+2xXK[3]
Xz[2]+«xx[1]+Xx(3]
X2038]«2xx¥[ 3]
PL[3]«XK[2]-2xXK[3]
PLIu]«XK[11-X¥[3]

X2<XZ2x1u4583

PL«PL%x14583

XPLUS<+XZ[11+Xx2( 2]
XPROD<«ux(XZ[11xX7023)-(XZ2[31*2)
+( XPROD=2XPLUS*2)/1¢
A«((XPLUS*2)-XPROD)*0.,5
PL{1]«0.5xXPLUS+A
PL{2]«0.5xXPLUS-4A

PL<4 RND(PL%0.058892)%0,5

+0

"\RESYN PRODUCES IMAGIFARIES !!
PL+<10
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"APPENDTIX II

APL programmes which perform a complete normal
coordinatelanalysis are listed in this appendix.

Data ihput is initialised by the function ENTER which
calls the GET functions for entry and preprocessing
of various parts of the data.

Two programmes SOLVE and ITERATE perférm the
major calculations. SOLVE calculates the vibrational
frequencies and eigenvectors from the input data.
ITERATE adjusts the force constant set so that the
frequencies are fitted by the least mean squares method
{10-14) . Provision is made for constraining the force
field by fixing the values of some force constants.
Both SOLVE and ITERATE call DISPLAY to perform the
output.

The functions ADD, SWAP, and NEWPROB allow
editing of an input data set. ADD allows input of
additional frequencies, SWAP allows alteration of the
assignment of the frequencies previously input, and
NEWPROB requests the identification and frequencies for
a new problem, retaining the other data from the previous
problem.

The function $70RE makes a permanent record of the
input in a compact form. Stored input data sets may be
displayed by the function INDEX and reassembled by the
function ASSEMBLE. The function DELETE erases data sets

stored by STORE.
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Some functions have been taken from the APL library

maintained by the computing centre. These functions are

" Function name  Function use
SETIME Clock starter
GETIME Clock reader
SOLVER Solve simultaneous
equations
JACOBI Eigenvalues and eigen-

vectors of a real sym-
metric matrix

DFT Output formatting

DATE Date writing

Examples of the use of this package are given in
Appendix III. Arrangements have been made with Mrs.
Linda Rines for the package to be stored in Public

Library Number 165.
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V ENTER
[1] '‘ENTER PPOBLEM IDENTIFICATION.

(2] (~, (ID«,T)e’ o, Q)N
|}
. ENTER PROBLEH SIZE.'
(4] %Q+D

o MANY ISOTOPECULES ?'

[6)  ZuOL<O
[7] GETZ

(8] '

o] GETU
[10] | |

[11] GETW
(22] ' !

(131 GETOFREQ
[1u] LI |

(151 GETPHI
(16] ULIREC<?
EXD OF DATA IEPUT. 'LDATE

V GETZ
L1] 2«(2,8Q,IC)p0
[2] YENTER FROIT PLAFNE OF 7 ''SYMAPIN FASII

FANM I Fulf 374 Q¥ Fa s s ,'-’" [APII ".'1"
[3] Z0133)1«SYATIN IIQ ’ SHL0!
[u] YENTER SECOKD PLANE SIMILARPLY,!
(5] 20233 )eSY:ATIE EC

V GEPUJLINE ;I 3K
[1] U<(HEOL 2, 28)p <0
[2] ('SY4.CO00RPDS FOR MOLECULE '3;I<«I+1;' 2?2').
[3] (' YN="'=(LIirE«<,M)L1])/ 9 u4 &
(4] ULI s3]« @g)e =102

[5] +13

[6] UlT33]«U0('123456789 "1 LINEC2])3;]
(7] +13

[8] a NEW COORDIFATES FOR I TH MOLECULE
[9] ¥<0

[10] +(JQ=pLIKE<,[?)/14

[11] ULI X<«X+1;)«LINE+(+/LINE*2)*%0.5

[12] ~(x=ZC)/10

[13] =»2xPMQL=T

(141 'WROIG PUMNBER OF ENTRIES II ILINE. TRY AGAIR!
[15] =10 :



[1]
[2]

(3]

(4]
(5]
(6]

(7]

(1]
[2]
(3]
[u]
[s]
[e]
(7]

(1]
r21
(3]
(u]

(5]
(6]
7]

(1]
[2]
£3l
(sl
[5)
(6]

168.

GETR 3G I

Fe(UHOL ,BEQ, N2)pG«(NQ,KE)pI+0

YENTER G MAZRIX, ONE MOLLCULE AT A TIME!
("MOLFCULE '3I«I+1)

G«SYMATIN [@

G<1L & JACOBI(UYLI;;1)+.xG+.xQUI[TI;;]
%Eg;;]+G[2;;J+-x(G[1;;JX(IHQ)o.=1HQ)*
+3x1T=2JMOL

GETOFREQ
'ZyTER OBSERVED FREQUENCIES.'!
ND«pQFREQL+,[

VINDEX THE!M,!

+6x1IL#p FREQDEX<,{]

+6x (NEQL*xFQ) < /L3EQDEX ID
'"BLUNDER, TRY AGAIN.'

+3

GETPHI
\ENTER FORCE CONSTANTS.!
UE<p LI«

»ex =0 /,201551
t

yRICH OF THE SHOULD BE VARIED 7!
+6x(pPHL)<EE<pPLIDEX+,!]

‘\BLUEDERY LET''S START OVER .

+1

«SYVATIN NyILINE
2«(,N)pI«0
>((N-I)2pLINE<«,[1)/5
Z[I+1N;I+1]+Z[I+1;I+1N]*LIHE
>oxlal<«l+1

vy gpron, TRY AGAIN .

+2



[1]
[2]
(3]

(1]
(2]
{3]
[4]
[s]
(6]
(7]
(8]

(1]
[2]
[3]
(4]

‘169 3

V SOLVE
SETIME !
SECULAR
DISPLAY 0#pQFREQ

Vv ITERATE
SUMe1\DIV<SETINE 0O
SECULAR ,
SUM<SUM D«+/ (LAKBRALERECDEX] -5, 88852E " 7xQEREQ*
2)*2
+((1E576>SUM4 [ pSUM]) ,1=p8U)/ 17 7
+15x 14 <DIV<DIV+SUM[ pSUM]28UNL " 1+pSUM]
+17%x10,0001>[/ | DREL
+13x 1V ITMAK<p SUM
DESYMEETRISE
JZ«PARTIALS
+15%1SCALE DPHI<FORILS
PUILPHIDEXI«PHILPIIDEX]+DRIL
+2
'Y 0T COKVERGERT AFTER 'ITHAX:' CYCLES.'
+2x1 02l TVAX<D
DO YOU WAPT THE RESULTS ANYWAY ?!
+0x1'Y'=2(,M)[1]
DISPLAY 1

V. SECULAR;H;INCL

L<(pH)pO

LAMBDA<\~IHOL<1
H+u[IﬂOL:;]+.X(Z[2;;JXBE£EZ[1;;]])+.XQQ[IH0L;;J
H+(Qg[IHOL;;])+.XH+.xg[IM0L;;]

He1ll~"12 JACCBI H

LAKBDA«LANBDA, 1 1 ®F[1::]
L[IHOL;;]+E[IﬂOL;;]+.XH[2;;]
+3xPMOL2THOL<IHOL+1

V DESYMMEETRISE ;106

IMOL<1

LUIHOL 33 1«(QUIIMOL ;3 1)+.xL0THOL ;5]
>2XVUMOL2IMHOL«T}OL+1

L« (UQ BexZLQL)p, 2 1 3 8L



. 170,
V JZ<«PARTIALS ;I ;LK ;d L
[1] JZ+ (D ,pPHIDEX)pI«0
[2] +0x \ID<I«I+1
[3] K<«OxI«EREQDEX[T]
[u] 22X \NQ<LK+K+1
[5] J<«Z[1;X;L]
(6] +8x\~JePIIDEX '
£73 J2[I3J)«dZ[ I 3J1+202 3K 3 LIx(14K=L YLLK ;L IxLUL3L]
(8] +5x1JQ2L«L+1

fa1] 4

V STOP<«SCALE A3;AE0J;QUQ

[1] *>3IX\~SHOVSRITCIH

[2] A

[£al STOP«S5<qUQ<«l /|4

[u] +10x\STOP

{51 +0x1GU0<0.25,

[6] AKQJ«0.125%x+/CU0> 0.25 0.5

£71] AcAxAKQJI QUG

8] +>0x1\~SHONSKWITCL:

[9] +>0xpli+ed

{101 Q" TERIINATED JHILE SCALEING;
4! EITRY ';(1AN[/]A

V DPUI<FOPHNS A ;B
[1])  A<(QLZ)+.x(ND,ED)p(,(VHR)o. =1 HD)\12CEREQ*2
[2] BeAd+.x (D ,1)p(5.88852E TxQFREC*2)-LANBDALEREQDEYX]
[3] A<d+.,xJIZ
[u] DPHI<«,A SOLVER B

[5] JZ<10

V R<SETIME X
L1] ReX
[21 ESTRT«x20
[3] SIRII+x121

V R«GETINE X
[13] ('COMPUTE TIME: 'y 12 60 60 60 T1(x21)-STRTIY)
[23] ("ELAPSED TIME: '3 12 60 60 60 T(I20)-ESITRI)
(3] R+X ‘



(1]
(2]
[3]
(4]
(51
(6]

[71
(el

[9]
101l
[111
121
[13]
[14]
[15]
T16]
[17]
[18]
[19]
[20]
[22]
[22]
[23]
[24]
[25]
[26]

[27]
[28]
[29]
[30]

(1]
2]
[3]
(4]

[am Eam
N
[ .

171.

V R«C JACOBI A;N;Q;IT;TM;CCM;T;K;L;CM;SM;U;V;B;EP;f

R<4

el /pA

G<(\N)o., =N

I«,q

CCM<«,(1N)o, <1l

IT<«0

TL<«CCM [ R
>(C>T<«[/|TH)/E
TMe(T=CCM\| T 1

<[ T+
L«(N|T:M)+Nx0=N |74 .
T«-R[E;L]
U«(RLZ3K]-RIL;L])%2
V<«((T*2)+U*2)%0.5
Cle((V+|U)$2%xV)*0.5
SHY«(T+2xVxCMIX(U20)=-U<0
]<I
BL(K,L)Y+Ex(K-1),0-1]<«C:!
RLTM K+I'xL-11<(-8),84
Re((H,0)pR)+.xF

RILPA JK+NxL =115, -SM
R«(N,E)oR

R<P+ . %3

Qe+ %
S(HAXIT>IT«IT+1)/7

(' JACOBI NOT CONVERGELI'T AFTER

)
+(0=LAXIT<0)/E
IT<0
-7

E:R*—(?,DA)D( ;R)s’Q
v

V SWVAP;1

+0x12#+/(\pEREQLEX ) e [«FREQDEX
QFRECLI1<QFREQLGI]
+1

v

V NEFPROB
ULIKRL ID<,M
GETOFRED

v

ViMAXIT; ' ITERATIONS,

12p01



[1]
[21]
[3]
(4]
[51]
[6]
(7]
£8]
(9]
[10]
[11]
[121]
[13]
[14]
[15]
[16]
[17]
[181]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

(1]

[2]
[3]

[u]
(5]
(6]
(7]

o]

[10]
[111]
[12]
[13]
[14]
[15]

[16]
[17]

172,

V X«A SOLVER B;I;J;K3MsNiMAX3TEMP

DET<«1
+( (Ml (pA)L21])=(pA)L2])/SLVO

SERR:' MATRIX IS SINGULAR....NOQ SOLUTIORN !
*>DET<0

SLVO:+(0=pB)/SLV1
A<«(N Melitd«(pB)[2] )44
AL sH+1J ]<B

SLV1:I+0 '
SLV2:d<«I+J 1\ MAX«T /T« AL (I+\N-1);I+1]
+(MAXSCRITERION)/SERR

SLV3:+(J=I«I+1)/5LVu
TEMP<A[LTI 5]

ALI;]<Ald;]

ATJ 3 J«TEMP

DET«-DET

SLVU:DET«DETXA[I 3TI]

AT 3 K1«A[J K] -Al(IJ«T+1N-I);T)o XA T K«I+1MM-T1+A[T;I]
>(I<N-1)/5LV2
+>((|ACRN3F])SCRITERION)/SERR
DET<«DETxALF ;1]
>(>P)Y/BACHSUD
X<DET
+0

BAC¥YSUB: X< (N ,M1-N)p0
XEW J«AIR s X<l -3 2AT 030 ])

SLYS: X[ T 3« (AT T ;X]1-Al T ;J]+ . xX[Je«I+ \N-T;]1)3A[T ;1]
+>(0<I«I-1)/5LV5

v

V ADD ;I ¥ ;N3 NEVFRED
YADD APY NE!I? FREQUENCIES?
N<pNEWFREC< T
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APPENDTIZX III

Examples of force cons£ant evaluation and normal
coordinate calculations performed with the programmes
listed in Appendix II.

The first example shows evaluation of foxrce con-
stants for (C6H5)3AsMo(CO)5 using the "Refined CKFF".

The other two examples show the use of the energy
factored force field in calculation of force constants
and normal coordinates for Cl3SiRe(CO)5 and Br3SnMn(CO)5.
The examples shown are taken from the calculations
performed in the course of the work presented in

Chapter III of this thesis.
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