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CHEMICAL RESEARCH--VIBRATIONAL SPECTROSCOPY AND ANALYSIS

The work done in the research group of Dr, J. Michael Smith
over the past year and a half has been concerned principally
with the vibrational spectroscopy and vibrational analysis of
a variety of organometallic compounds generally of the transition
metals and usually of their carbonyl derivatives, In order
to present a fairly clear picture of the work that I have done
in the group, this paper is divided into three sections, The
first of these will briefly describe some of the work itself,
especially some of the computer aspects, and the second and
third sections provide background information in general,
as appendices, The first of these appendices provides some
general background material for the types of compounds that
were used, the transition metal organometallics. The second
of these appendices provides the vibrational analysis of a
fairly simple system, M(CO)SX, providing a model for the type
of analysis that was done on all the systems employed,

When I joined the group in January of 1967, we had a
copy of a computer program originally developed by
Drs, Schachtschneider and Snyder of Shell Development and
since then modified by Dr, Wing of MIT and by Robert Bau of
UCLA, Since this program is the heart of the technique
being used for force constant calculations, the first task
that wgs undertaken on it was to retranslate the program for

use on the CIT 7094-7040 system. The program had last been

run at UCLA where certain computer options are available which



are not available on the CIT system. UCLA allows the use
of "string" FORMAT statements and has a compiler that will
handle considerably larger programs than the one here, These
principal changes necessitated rewriting most of the input-
output statements and dividing the program up so that it
could be compiled on the CIT system, When this was accomplished
it became necessary to "overlay" all the subroutimes to
conserve on storage space which with this program is at a premium,
Once the computer program was operational it became
possible to do the actual vibrational analyses of a number of
molecular systems, The first of these, as a kind of trial system,
was the M(CO)SX system which is discussed in detail in the
second appendix. Once the results of this system were
satisfactory we immediately went to the dimer system, Mz(co)lo,
for rhenium and manganese carbonyls, The analysis of the
rhenium carbonyl was unsuccessfitl at this time due to an
insufficiency of accurate values for the vibrational IR and
Raman frequencies, When the manganese carbonyl was attempted,
however, we were successful almost immediately, producing a
reasonable set of force constants with.good convergence of the
program, When accurate frequency derminations were made this
year for the rhenium carbonyl, it was found that the program
converged well for it too, and that the corresponding frequency
assignments were correct. Also solved at this time was the
analysis of the halide dimer, ME(CO)BXE’ where X is a halogen,

o0 Br,



The most complicated system attempted to date has been
a trimer of rhenium carbonyl (see Figure 6 of the first
appendix). An attempt was made to run the entire problem at
one time on this molecule but the results were not forth-
coming as it is quite difficult to make the correct frequency
assignments for the molecule and its 130 substitutions all
at onces The most convenient way to tackle such a problem
is to reduce its size by assuming some interactions are
negligible as a first approximation, and using the main
interactions to obtain an approximate view of the frequency
assignments, Ordinarily, this reduction of the problem is
very time consuming to compute since one must punch up the
reduced prolem as a separate operation and usually several
reduced problems are tried before the whole problem is run
at once, To facilitate the reduced problem calculation, I
.designed an internal routine that makes the necessary
modification of the whole problem gquite simply and enables
the person running the problem to simply punch it up once
and then insert a very simple modification set up instead
of redoing the entire problem., In other words, one need only
repunch one to three or four cards instead of about thirty,
and no calculations need be done to make up these few cards,
This modification was the most recent activity I have been
engaged in and I expect that results from its use will be
forthcoming very shortly.

As was mentioned above, this brief survey of the work
is simply a review of some of the research thet I have been
engaged in for the past year and a half as part of Ch 80.

The following appendices provide further background and detail.



APPENDICES

1) TRANSITION METAL ORGANOMETALLICS

2) VIBRATIONAL ANALYSIS OF M(CO)SX
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“o_ld War IL, the
study of bthe orgsnometallic compounds of the transition
metals has become of considerable interest to meny chemists,
in organomeballic compound, as 1its name implies, is a comnound
which contains bonds “etween the carton atoms of organic
grouns such ss cﬁfbnjjl or 0]c1obu ntedienyl grbu-

g and a
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metal atom such as iror or mangsnese, The structures of
‘these compourds do nos follow the ostet rule of the covalent
comnounds of the first row eslements, yet Lthe bonds irvolved
are Covélsnt. The mnst importsni struectursl determining

rule for these compounds may be considered to be an extension

v

srting with this "rule" this

U'

of the octet rule, however. S5
naper will then go on bto consider bonding and some oi the

actual structures of the orgsnometallic comnounds of the

[

o.a

transition metals.

o

In the 19270's even before wave mechanics, N.V, Sidgwick
3

svised the ective stomic number" rule. As mentioned

above, this rule may be considered o£s an extension of the
octet rule., Sirmly steted, an element . will attempt to

coordinste enou#h ligands to achieve the corfiguration of

or

he nert noble gas, The octet rule is actuellv contained

n this rule as eight electrons in the outer shell of

[
D

.

first or serond row element achieves

[y

he elestron structure
of neor or argon, respsatively, 7Jxyzen, for examnle, hsaving
six electrors 1in its outer shell, usuelly c oorﬂlnqu 8

to sharzs btwo more slectrons ard thus eschleve the electron



configuration of neon, Similarly, an iron stom will
coordinate with two cyclopentadienyl groups sharing one
electron from each carbor to achisve the electron configuratioﬁ
of krypton, The compounds which follow this rule are
generally diamagnetic in character,

Probably the most common organometsllia comnounds
are those involvirg carbonyls and olefins, One of the few
alkyl derivatives of a transition metal is tetramethvl-
olatinum , wabose structure wa2s determined in 19L% to be
a tetramer which uses methyl groups as bridges between the

platinum atoms, The same structure is elso observed for

ck

trimethylplatinum chloride and is illustrated in Figure 1.
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Figure 1
The nroblem 1s not the creation of alkyl derivativesiit is
inc their stability. At room temmerature or in the presence

of air or moisture, they tend to decompose into Hydrocarbon

redicels and Into the free metal,
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Carbonyls are especially useful in trasnsition metal
ompounds by virbtue of the fact that they sdd two electrons
o the valence shell of the metal for each coordination,

arbonyl compounds can be msde with essentially all of the

an ewen number

<

ansition metals, Tor elements requiring

of coordinated electrors to achieve 2 noble gss configuration,

c

arbonyl comovounds may be made with just a central metal

atom and carboryl grouns while most of the transition

e

lements car form compdounds with metal-meftal bonds as well

as metal-carbonyl bonds, Two examples are shown in Figure 2,

hexacarbonyl chromium and the dimer of penbacarbornyl technetium.
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In the interest of clarity, it should be noted at this
oint that the added elechrons do notigo into the orbitals
of the mebtal pérﬂsé, but rather into molecular orbitals of
the com oound as 2 whole, The unused valence orbitals of
he metal are used to create these molecular orbitals,but

-

the orbitals of the 11,unﬂ as the metal is

<t
O.
o’

n sddition

not electronesstive but usually electropositive. The

valence bond approach to the structure of these organo-

metallic comnounds is unsa

T

sfying for & number of reasons,

(o I’
}_x.

he valence bond approsch is basicazlly not as straight-

forward as the molecular orbital picture in explaining

the structures of the most characteristic of the orgsno-



metallic commounds., Using the following scheme ths magnetic
characteristics, for examnle, may be dtcrmined without

. 3 .

resorting to highly involved resorsnce structSures involving
hundreds of posgsivle Pégonance electron confi
Aetually, there are 5wo of these which are both more easily
applied than the valence bond =nnroach, The first iz to
congider the metal as being in its zero-valeni state and

“the lizands a2s bsing neutral ole
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debermine whether the Sidgwick rule has been gatblisflisd in

the comprind it is then nscessary to count the number of
ligand electrons that may interccet with the metal or bit&;s.

Since, in bthe ¥J approach, 2 double bond is composed of
a slgmo bond and a »i bond, 2nd the pi bond is due to over-
lan of p orbitals nerpendicular to the sigmas bond, each

carbon engnged in 2 double bond has one p slectron which

may also engage ir overlap with metal orbitals, Thus for
olefins one elsctron per carbon engaged in =2 double bond

mey counted in filling up the orbitals of the metal, For
i\ K

cervbonyls Bwo electirons per carbonyl may he added, unless,

of courss, the carbonyl 1s acting as a bridge hebtween two

S L4 : » 1

metal atoms, in which case each metzl atom coordinates one
of the two electrons, Alkyl grouns nay be counted =28 ore
electron donorsrandréosoﬁofor the other possible ligands,
Alternatively, some ligands may be corsidered charged and

.l.

the metal stom having 2 bslancing charge., In the case
of cyclopentadienyl compounds, for examnle, the cyclovnenta-
dienyl zroups may be considered anions with a charge of

minus one, balanced by divalen®t iron, for exsmple, In-.the

nce the rules are only & formalisn,

[92]
e

cnse of ferrocens,



and are. eqguivalent enyway in btheir final results, esither
apnrcech is useahle in the determinstion of the schievement
of the noble gas configuration by the mehal,

Once a general ap5voach Lo th
been decided unon, individual comnounis may be considered
to determine the applicability of ¢

It is interssting to note that when the noble gas eslectron

(818}

“configuration is achieved, the compound 1s more stable than
when it is notbt satisfied, The fact That the lower energy
levels are filled makes it difficult for the metal atom

to be successfully atbtacked chemically, lending stabilpy
to the compound. Hsving looked alresdy at the siwple
carbonyls, She bridgej carbonyls may also be considered

from the standnoint of sa5isfying the noble gas corf

uration.

e
o

The structure of di-iron enneacarbonyl, Fe,(CO),. .

1

L
oy

igure 3

As a bridged carbonyl Fe (60)9 is perhaps unusual

£
in thabt it also has a metal-metal bond. This bond nust

be in the molecule as it is diamagnetic and therefore
should satisfy the Sedagwick effectivé.atomic nﬁmber (EAN)
rule, Counting one electron for each bridged carbonyl, for
each iron, and two electrons for each of the other carbonyls,

there are nine electrons for each iron, plus onse ezch for

the iron-iron bord giving a total of ten electrons., This
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number satisfies the EAN rule giving the iron atoms the
noble gz2s confuguration of krypton.

vls form a large class of the

The olefinic earbon
orzganometallic comnmounds as carbonyls are a very useful

r the syntheses of these compounds,

e

startirg material
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In all of the comvounds shown in Figure L, the EAN rule
1% sétisfied indicabting these compounds are diamagnetic and
have achieved a noble gas configuration for the metal
atoms, As mentioned above, one p elsctron for easch double-
bonded carbor is zlso coordinated with the metal ators.
orbitalsg in these olefin sbtrucbures, More of these structures

are shown in Figure % below.
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In Figure & we see two structures for HBReB(CO)120

‘Both of these structures sstisfy the EAY rule, so determina-

tion of the correct structure may be difficult., As it
hanpens, in the vibrationesl spectra of thié molecule, no
metal-hydrogen bands appear indicating either resonsance

of structure (s) with the hydrogens resorating between being
bonded to one or the other of two rheniur atoms, or that
structure (b) is the correct view, Structﬁre(b)hés the
hydrogens involved in three center bénﬁé,each three eenter
bond having two 6180ur0ps. Mole~ular orbital caTCulﬁ.1 ons

for three center bon?s irvolving two electrons indicate

that they are more sbdble'than the local
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three center bond that a2 resonating bond renresenbts, From

i
%

e

fte

this noinbt of view, sbtructure (bj is probably e most
likely. -

It is difficult in the space of a short pa@er to
give 211 of the détails of the structural characteristics

1. .

of the organometallic compounds of the transition elements,
but = general view has been presented with the purvnose of
giwing the rsader a clearer picture of the more important

structural characteristics of these compounds., The most

immortant rule to remember in considering the structures of



these compounds is the effective atomic number rule first

deviged by Sedzwick, The satisfaction o thisg sbructural

]

"rule"” lezds to stable diamegnetic struciure while shructures

that do not satisfy it leazd Lo persmaznesic commounds of

greater reactivity, Tor examnle, Much work is being done
at the momert in the field of organomeballic comnounds,
especially in the field of vibrational s»ectroscopy. In

i

—~this ares the structure of the molecules is a critical
conzideration for the sssignment of abscrption bsnds to

vibrations in the molecule. The idezs presented here give

0

a2 general picture of the way in which structures may be
determined, at least as far as bondirg is concerned., Figurs 7
depicts a few more interesting structures which the reader
may try So puzzle through, all having the noble gas eslectron
configuration for the met2l atoms, The Tield is wide opnen

7

for developments at this time and the future of organo-

i

metallics should be cuite irtevresting bto follow
: £ o

o R;lzuz
0. ¢ .0
c i ¢
0 oS 0 o I\ _©°
C/C c N, —2 é_co
i i 0c—c8— 0
0c=0s & 0s=CO ¢~ \\ / e
oc’l i Yo o 0
C ¢ ()
-0 o c/l\c_
o0 €0
o

F
oc
Oc Fe c0
oeSpeE e\ =L co
C/. \\Fe/ Co
oc”\Co
%



BIBLIOGRIPHY

1. D.K. Buggins, et al, "A Polynuclear Tetracesrbonyl
Ny

BEydride of Rhenium,., Prenaration arnd Properties,"” Journal

of the American Chemicsl Society, 96, LSL1 (196L),

2. Herbert D, Kaesz, "Organometallic Derivatives of %he

Transition Elements”, Journal of Chemiral Education, Vol.lj0
Pase 159, March, 1963,

3., Linus Pauling, The YNsature of the Chemical Bond

= 'S ] 3

Cornell University ?Press, 1960.

Illustretions

Frontispiece and Figurs 3 from Pauling

Tigure A4 from Huggins

ji8]

¢

—

Figures 1,2,Lh,5,7 from Xaesyz



VIBRATTONAL ANALYSIS OF M(CO)SX
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teristic of molecules

a

Symmetry, being unifying chars
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and molecular systems, has been anplise
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s of molecular orbitasl theory,
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vibrztioral anslysis arse only few

--features of moleculsr symmetry have

of mnlecules from the standnoint of symmetry and v

ch

roscony is a fairly recent one, es»neciall
rganometallic compounds of the transition ms

a

peper partieulsr vepressntative of

will be treated from start to finish in

and vibrational spectrum, The compound considered will be
M(CO)SX where M may be manganese or nrhenium and X may be a

halogen or hydrogen or nearly any-
s*ﬁﬂetrio group that will not destroy the overail sjmmetry
of the molecule,

What is the symmetry of this molecule? It has Cu axis
of rotation, no Co axes perpendicular to the Cu axis, no
horizontzl plane of symmetry, but does have four vertical
nlanes of symnetry. Thus the groun 1is Cuv. Xnowing the

symmetry »oint group, & character table including the char-

acters of the irreducible representations of

"3

the noint group

ulated =

4]
93]
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rmay be celculsted or looked up in an alresdy cile

;

[

of chareater tables such as may be found in the appendix
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Cotton, Chemical Anplicationg of Gro heory. For the

13

purnoses of Ethis psper it is-not necessary to be able to
derive the ~et of charecters of the irrsducible repressntations,
but only to use them once derived or obtained from tables.

The following rules, tsken from Cobton, describe the choicse

@
n

o

of labels for the representetions of the groups. One-~dimensional

representabions sre labeled A if they gsre syvmmebric with

“respsct to rotation by 2T/n about the principsl Cp ax

e

s and
isymmetric to this robation, Two-diriensiorzl and

three-dimensional representstiors are cenerally lsbzled E

and T, Pesvéctively, Sussgervipbs o> nged with A4 and 2. to
2% Trpnn e e \ ~ 2 s v s Bose 3 il B oo 5
denobe srmmsiry (1) or cnclsymustry (2) with respIct o A

plzne of symmebtry when no such C, axis is present, Similarly,

one is present. These are the only notations encountered in
considering our sample wolecule, M(CO)SX.
Having looked at the cheracter tsble 2nd determined the
characters of the irreducible representsﬁions, we are left
with the task of assignirg the actusl vibrations to the proper
irreducible representation, Looking at the molecule, the
symretric vibration modes first must be found. For the
sample molecule %these are shown in the ton line of Figure!il

and ore called symmetry coordinabtes for the molecule, If all

12 . -
“re carbor ever encountered were C this would be the =nd
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and primes listed above. For example, the forst mode in

Figure 1 is all positive (away from center) and so may be
assigned to A1 on the basis of the character table (Table 1) for
Cuv as Al is the only all positive representation. Similarly,
the second mode belongs to a positive-only representation,

hence also Al° The third mode presents us with our first
problem, There are two negative representations corresponding
to a B vibration of Chv’ but is the vibrational mode shown By
or BZ? This problem is resolved by the rule governing sub-
scripts above, Since the vibration is symmetrical with respect

to any vertical plane of symmetry, the mode must be B The

1e
E modes consist of two sets of vibrations of identical symmetry
and energy for a magnitude of two, as it were, in the table.
The radial substitution of 130 leads to a change in the
symmetry itself from CLLv to Cs’ CS symmetry has only two
irreducible representations, A'! and A'', according to
whether the vibration is symmetrical or antisymmetrical with
respect to the one pléné of symmetry, he The set of symmetry
coordinates for the radially substituted molecule is shown
also in Figure 1 with the appropriate labels, Of the five
vibrations only one 1s antisymmetric with respect to the plane
of symmetry and hencevis Att, All the other four are A',
When the actual work of spectral analysis is done, it
is found that mixing is apparent among the symmetry
coordinates, After this mixing is considered and added to the
picture with the symmetry coordinates, a new set of coordinates

may be written for the CLI_V case and for the CS case, These



B & e 1z
sre shown in Figure i for In( O)q r with the CL srmaetry
LV v ¢

i 13 .
and for Mn(lgCO)u(l3CO)Br, 00 radial, with the Cg4 symmetry,

L

The symmetry coordinates for these molecules are exactly as

pictured in Figure 1 for the general case M(CO)SX. These
new coordinates sre called "normal" coordinates and represent

the mixing of only the CO rodes without the inclusion of the

my 1n

M-C modes, These "normsl" coordinstes arise.fro= fitving

force constants to the observed frequencies by mixing the

¢ YQ

symmehry coordinstes,

¥oving on from symmetry consideraSions, the relztionship

L.

the force consbtants msy be considered,

(o N

between bonding an

"
w1

s}

ol i

The force cons

®

ta of irterest are defined by Figurs 2; and

the first of these treated will ove Ky and ¥,, the force constents

Tor the CO vibrstion of the axial and radial carbonyl groups,
respechbively, The metal ibself engages in two distinet kinds

g bonding for the axisl and radial cases (see Figure §5),

In the axial case the metal engages in no & bonding with the
X group, and herce is able to form a strong v bond with the
axial carbon., The strong # bond with csrbon makes the CO
bond essentlially a double bond, 1In the radial case the meial
must do 47 bénding or both sides so the bonds formed are much
weaker than those of the axisl case, Further; this weak metsl-
carbon a7 bond permits a weak CO trinle bond. Thus the

radial CO 1is more tightly bound together than the =xis1 CO,
ag the axial CO has essentially no trinle bond ch=aranter,

The more ti?htiy bound a2 system is, the higher the force éon—

stant so the force constant for she a2xial CO, Kl, is less than



the force congstant for the radial CO, Ko, Using the same
bornding information just mentioned, the relationships between

the two cis and one trans intersction force constsnts may

be considered, Since the axial metal-~cerbon bond has =a
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on will be greater than that for radial-radial
interaction, Tor the axial-radial interactior a sbrorg metal-
carbon bord and a wezk metal-carbonrn bord must be bvent., This

bendiné will take =~ore energzy than the
metal-carbon bonds in the radial-rzdial interactién case, The

force constant for the trans Intersction, K., will probably

interzction force congten
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‘—l.
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be roughly twice the cis rsa

Cotton has used this spproxim=tion in some of his work, but-

it is not an exact relationship by any means (ses Teble 3),
Calculstions of force constants may be done using a

method expounded in Yolecular Vibrations, by Wilson, Decius,

and Cross (see Bibliosgraphy). The hearbtof this meth
“in setting up eirenvalue relations for the vibrational fre-
quencies in terms of the forée constants, The eigenvaluss

are equal to some éonstants miltiplied by the square of the

frequsncy. A tyoical secular Jdeterminart is shown below for

Aq.
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There has been a computer program dsveloned by

Drs, Schachtschneider =nd Snyder abt Shell Develog<ent Labore-

;Ja

crintion) that

0

tories (see Bibliograsnhy for reference with de
uses obser&ed frequencies and estimated force constants to-
gether with perturbabtion of the force constants to calculate
values for the actusl force constants.l For this prorram to
give u~able values for the force constants, the observed
“frequercies must be well assigned Lo the symmetry coordinates,
Now thet we can go from the observed frequencies to force
constanbts, we must determine how Lo assign the frsquencies
to the symmebry coordinates of the molecule, This assignment

is perhaps the most difficult part of the whole ornerstion

s

of arriving at & complete picture of the vibrations, including

e

the calaulstior of force constanbs, TFigure

o -

S 2 sampls.
infra-red spectrum of =n M(CO)SX svstem, The labels refer
to Figure 1 sn? are used to sort out the three molecuies,
81l ~°C, radiall;} substituted L, amistly substitetes L35,
For the radially substitubed molecule the mixing is fzirly
stréight~forwgré in glving a set of vibrations that anprogimzte
the CMV set (see Figure 1), In making the assigrrent it ﬁuét
be kent ir mind thet the intensity of a band is directly re-
lated to dlinole moment ;hange, that higher ensrgv implies
higher wave number, and thet the tobtal shift in wsave numbers
csused by the substitutiorn of C is roughly 15 cm '1. The

hest wavenumber peak is sssigned to the first A mode as

o)
e

[N
ct
[

g quibe obhviously the hi; hast in energy. . Undernesth this

should be the very similar A, oveak

P



stituted molecule,
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In goinz through the steps for this molsculs, a psthern
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trangition metal carboryl compounds,
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