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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) _s;X, pro vii ding 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 was 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 subroutines 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) 5x 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, M2 (co) 10 , 

for rhenium and manganese carbonyls. The analysis of the 

rhenium carbonyl was unsuccessful 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 dterminations 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, M2(co) 8x2 , where Xis a halogen, 

e.g. Br. 



The most complicat ed 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 13c substitutions all 

at once. 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 onoe. To facilitate the reduced problem calculation, I 

,designed an internal routine that makes the necessary 

modification of the whole problem quite 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 that 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 



In this century, es~ecially since World War LI, the 

study of the organo~et;llic compounds of the transition 

~et8ls h~s beco~e of consideraTule interest to mgny che~ists. 

tn org8nometallic co~pound, as its n~me implie3, is a cornnound 

which contains bon~s ~etween the c~rbon atoms of organic 

grou~s such Gs CArbonyl or cyclopan t04ienyl sroups ond a 

.metfll ~tom such ,1s iroP or :'rnng8nese . The structures of 

these co~pour~s jo not ~ollow the o~tet rule of the covnle~t 

co"'1 :-:,01mds of the -P•irst ,.-.01,r el_e :--r.Bnts, yet t.he bo:r. :-1 s ir:volve::'l 

are covalent. The ~,st impor~ anfl structural dete~mining 

rule for these co~pounds mny be corsidcred to be an extension 

of the octet rule, howev er. St::irting with this nrule 11 this 

paper will then go on to consider bonding and some of the 

tr8nsition metals. 

In the 1920's even before wnve mechonics, N.V. Sidgwick 

devised the "effective ,,to!!1ic number!• rule. As mentioned 

above, this rule 111ay be cor;sidered cs an extension of the 

octet -rn7_ e. 

coorjinnte eno~gh ligands to echieve the configuration of 

the next noble gRs. The octet rule i s actuRlly contained 

in this rule as eight electrons in t~e outer shell of a 
. / 

first or sa~onj row elemePt ~chieve s ~be ele~tron structure 

of neor or argon, respe stive ly. 0xygen, for exo~~le, having 

six electro'0s in its outer shell, ns".rnlly coor-.:Hnntes 

to shara two ~ore electrons and thus ~chieve the electron 

.1 



configuration of neon. Simil~rlr, an iron etom will 

coordinAte with two c yc lopent~dienyl groups shoring one 

electron from each carbor to ochieve the electron confi s ur~tion 

of krypton. The compounds which follow this rule nre 

?rob8bly the most com~on orga nomet nlli~ co~ryounds 

are those invol v iPg carbonyls Rnd olefins. One of the few 

alkyl derivatives of a ~ransition metal is tetramethyl-

'. whose structure ves deter mined in 194' to be 

a tetra~er which uses methyl groups as bridges between the 

platinum atoms. The same structure is elso observed for 

trirnethylplr~tinu.'TI chloride ~md is illustr8'ced ir, Figure 1. 

')t1.' 
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,i•.~~ 

z Mt 

The pro~le ,11 i.s not the creG1tion of e.lkyl derivntives4 it is 

dns their sbabil~ty. At room tem,er~ture or in the presence 

of air or moisture, they tend to decompose into Hydrocarbon 

rrdic2l s and into the free met~l. 



Cnrbonyls are especially useful in transition metal 

compounds by virtue of the foct that they add two electrons 

to the valence shell of the ~et9l for ench coordin~tion. 

Carbonyl compounds can be mrde with essentially Bll of the 

transition metals. For elements requ:i.rin 6 an e1,en rnvnber 

of coordinated electrors to achieve e noble gos con[igurnti.or, 

carbonyl comnounds may be made with just n central metal 

atoM And cerboryl grou~s while most of the transition 

elements c@r form corn2ounds with met~1-met~l bonds as well 

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

h~xacirbonyl chromiun and the dimer of pentscarbonyl technetium. 

Figure? 

In the interest of clarity, it should be noted at this 

point that the 2dded electrons ~o not 1~Q into the orbitals 

of the metel per~se, but rather into molecular orbitnls of 
-

the compound Rs~ whole~ The unused v~lence orbitals of 

the metal are used to create these molecular orbitals,but 

not elec trone:;:e: t i.ve but usu a lJ~y e'J.ee tropo.s'i tiv:e .. • The 

valen,:;e bond approach to the s tr1.wture. of these .)rgano­

metfll.lic co:-:'!'.)OUri::!s is uns;;,tisf:ririg for t nmnber of rer,S'.)DS. 

The valence bond approPch is basic~lly not as stroight­

forward as the ~olecul~r orbital picture in explaining 

the structures ·or the· most charact~ristic of the orgeno-



Usine; :.~he foJ.lowirig sche :7e the t18gnetir; 

resort~ng to highly invo1vej reson~nce struc~ures involving 

hundre:J s of possi'Jle Pesoi:,lrnee electron confL:;ur:;.tions. 

4ctunlly, there are \woof these which Rre ~ot~ more easily 

consi1er the metal as being in its zero-velent state and 

---the ligR.nds as being neutr 8 l olef ins or radicals. 'I'o 

Mver.mir;e whGther the SidgvTick rule h2.s been satisfied in 

the com:1 ,11r:.:::1 it is then necessary to count the number of 

ligsnd electrons that may intercct with the metal orbitels. 

Since, in the MJ appro3ch, a double bond is composed of 

a sigm~ bo~d and a ?i bond, 2nd the pi bond is due to over­

lg~ of p orbitals ,erpendiculnr to the sigma bond, each 

c~rbon enc~ged in a jouble bond has one p electron which 

may als0 engRge ir overl2p with metal orbitals. Thus for 

olefins one electron per carbon engnged in~ double bona· 

m!?v connted in filling up the orbitals of tre met8l. For 
V l\ 

c2rbonyls two electrons per carb~nyl mAy be added~ unle8s, 

of cour~e, the carbonyl is acting as~ bridce between two 

met~l atoms, · in.which case each metal 8toM coordinates one 

of the two elecsrons_ Alkyl ?rOU?S mny be cour:ted 2s one 

electron dono~s~and:~03on0for the other possible ligands. 

Alternatively, some ligands mjy be corsider~d ·charged and 

the met3l atom having~ balancing ch6rge. In the case 

of cyclopentajienyl compoun3s,for example, the cyclopenta­

dienyl ~roups ~ay be considered anion~ with n charge of 

rninus one, bRlcnced by div~lent iron, for exBmple, in the 

c~se of ferrocene. Since the rules are only A forrnalis7, 



and Rre . equiv:-il,snt cn;;v-,riy in their final re:=rnlts, either 

Ppprc2ch is useR hle in the deter~inntion of the ~c~ievemert 

cif the noble €RS configuration by the me~~l. 

Once o general op~roe~h to the org3no~etnllics has 

been decide"! u'.1 :-m, i.n'.:Hvid1J~.l cornnoun-'!s rri.a.y be constdered 

to ~ e te1-')tnine the ri.p1-1lic 2 bi 1 it y of the e:er eral n pprc ab.h. 

It is interesting to note that when the noble gas electron 

-·-configurHtion is achieved, the compound is more stnble than 

when it is not satisf}ed. The fact that the lower energy 

levels ~re filled m8kes it difficult for the metal 2tom 

to be successfully attRcked chemically, lending stabil~y 

to the co mp0und. Having looked alreedy at the si~ple 

carbonyls, ~he bridgej cerbonyls may also be considered 

fro'Yl t:-i.e st@ndnoint of s ~ sisfyirg the noble gt:is car.figuration. 

The structure of di-iron enneacarbonyl, Fe2(C0)9. 

Figure 3 

As a bridged carbonyl Fe (BO) is perhaps unusual 
2 9 

in th~b it also h~s a metal-rnet;l bond. This bond must 

be in the molecule as it is diamagnetic and therefore 

should s;tisfy the Se:lgwick effective atomic number (EA1'!) 

rule. Counting one electron for eact .bridged carbanjl, for 

each iron, and two electrons for ench of the other carbonyls, 

ther~ ere nine electrons for e2ch iron, plus one e2ch for 

the iron-iron bond giving a total of ten electrons. Th~ 



number satisfies the EA~ rule giving ~he iro~ 3toms the 

noble f.'.5\S confue;ur~tion of krypton. 

The olefinic c~rbonyls form P large cl~ss of the 

orG2no~et8llic compounds as ~orbonyls ore 8 very useful 

sb:1rti:rg m~teri::il i:r the syntheses of these com1)01mds . 
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In nll of the comnounds shown in Figure 4, the EAN rule 

is sPtisfied indicating these compounjs nre jiarn~gnetic nnd 

have achieved 8 noble gas corfigur~tion for the metal 

ato~s. As mentioned above, one p electron for ench double-

bonded carbor! is 0lso ~oordin;~ed ·with the metal ator1s 

orbi_ tals 5.n these olefin s true tiJ.res. :'fore of these st rue ture s 

are shown in Figure$ below. 

Figure 5 
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In Figure 6 we see two structures far H3Re 3 (co) 12 o 

--:Soth of these structures s;;ti~fy the EM-: rule, so determina­

·tion of t;h-e correct structure .may be d.if:=icult. As it 

hanpens, in the vibr8tion~l spectra of this molecule, no 

metal-hydrogen b8nds ap?ear indicating e~ther resonance 

of·structure (R) with the hydrogens resorating bitween being 

bonded to one or the other of two rheniun ntoms, or that 

s trnc ture (b) is the c orI'ec t vieH. Stru~ ture (b) has the 

hydrogens involved in three center bon1~ each three center 

bond h~ving two electrons. Mole~ular orbit~l calculations 

for three center bon~s irvolving two electrons irdic0te 

th3t they are rl'Jore s ta.'ble • thfln the loc:?.liz-3 .:, electron 

three center bond that a resonating bond re0resen~s. From 

this □ aint of view, structure (b} is prob~bly the most 

likely. 

It is 4ifficult in the space of a short paper to 

give all of the d~tails of the structural characteristics 

of the organometallic compounds of the tr~nsition elements, 

but 2 general view has been presented with the pur~ose of 

giuing the reader a clearer picture of the more important 

structural characteristics of these compounds. The most 

irri0or~nnt rule to remeYrJber in conside,,..,inr; the structures of 

't 



these compounds ~s the effec cive nt ordc n,.1mber rule first 

' 1rule" le:;ds to st:~ble di::,m:::;netic struc ':-u.re while structures 

·, 
at the mo~ent in the field of organometallic compounds, 

---this 8.re .r, v~e structure of the mo·lecule3 is ::1. critical 

consideration for the assign~ent of absc~ption b0nds to 

vibrations in the molecule. The ideas jresented here give 

s general pi~ture of the way in which structures may be 

dete~mined, at least as far as bonding is concerned. Figure 7 

depicts a few more interesting structures which the re?der 

mny try to puzzle through 3 ~11 h~ving the noble gas electron 

configur~tion for the met2l stohs. The field is wide open 

for devel0pments ~ t this time and the fu::.ure of organo­

met8llics should be quite inte~esting to follow. 
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VI13.RATI0NAL ANALYSIS OF N(C0)5X 

• 
· Sym::netry., beirg ~ unifying ch:ir~cteris-::-ic of mol ecules 

and roolecular systems.,·h~s been a,pliad to ~any Rreas of 

interest ir. the s tuiy of I".!olecules. Amor.g ~::.ese' ~ren.s the 

fields of moleculor orbitfl theory, ligsn1 field theory, gnd 

vibrQtional nnelysis ere only 2 few of the ~sry to which the 

--features of mole0ulnr syrn~etry h~ve been 2~~lie~ . The stu1y 

of rn~lecules from the st;ndJoint of sym~etry and vibration~l 

spectros~o,y is a f8irly recent one, esJecially os regards the 

organometallic compounds of the tr~nsition ~e~als. In this 

p~per o oarticulmr representative of this class of co~pounds 

will be treated from start to fin is-h in ter::>::s of its syrnme try 

~nd vibrationgl spectrum. The compound considere1 will be 

M(CO)~X where M mmy be mang~nesa or nheniuM and X m~y be 8 
':) 

halogen or hydrogen or nenrly nny small anj ne~rly 

sym··.'.!e tric group th<1 t will not des troy the over 217. symmetry 

of the molecule. 

What is the symr>1etry of this r1olecule? It h~s a c4 2xis 

of rotation, no c2 axes perpendicular to the c4 axis., no 

horizont'31 plaY}e of s:,rmmetry, but does ht'!ve four vertical 

pla-nes of s:rm 01etry. T:'.us the group is C4v• ?:nowing the 

symmetry :;)Oint group, :i. chsracter t9ble including the ch;:;r­

acters of the irreducible represent3tions of the potnt group 

r.-iy be c<11lcul~ ted or lool~ed up in rm ~lre r dy calcuLited set 

of ch~r28ter tables such ~s ~sy be found in the appendix to 



Cotton, .Chemic,ol Applic:;tions of Gro'il) '11heory. for the 

pur)oses of this r~per it is-n ot neces s ary to be able to 

derive the ~et of ch3rPcte~s of the irrGducible r epresentations, 

but only to use them once derived or obtained from tnbl es. 

The following rules, t 3k en from Cotton, describ e the c ho ice 

of l;;;i'bels for the re-presentPtions of the gronps. One-'.Jin:ension2l 

represent a tions ~ra labeled A if t hey ore symmetric v ith 

threo-4imension1l repre s ent a tiors Gr c 3ene r J lly l ~bele ~ E 

G" aYis psrp8 nd icu~"r jo tbe prinni,~l ~xis or to G vefti~ ~l 
c:_ 

pl~ne of syn~e ~ry whe~ no such c2 ~xis is present. SimilGrly, 

pri rr.ies snd ::louble rrimes ,~re use'.3 to jenotC' symmetry or ri nti-

syrnrnetry with respect to a borizontal plr.ne of symmetry, if 

one i_s present. '::?h.ese ::.re the on1y not ~tions encounte:eea in 

co1:sidering our s~,mple molecule, !-:(co)5X. 

:faving looked ~t the ch:sirt.icter ta1,le 2nd deter'.lined the 

chPr3cters of the irreducible representRtions, we are left 

with the tnsk of assignirg the actunl vi~rations to the proper 

irreducible representation. Looking at the molecule, the 

syrvr etri.c vibr~tion m.odes first must be found. For the 

srrnple :1;olecule t;hese are showD in the to>J line af Figure l.l 

!;nd cire c~lled symmetry cocirdinates for the molecule. If all 

~~e cRrbor ever encountered wore 12c this ~ould be the en1 



of the @ssignm0nt. Eowcver, about one percent of ~11 the 

c~rbon is 13c. substitution of o hos tbe effect of 

~nd third lines of Figure l. Uo double substltutions h ~ve 

-
__ Double sur)s+:.::_tutions woul-:l ',,:::: of tr·c or::1'-c:r of one 00rcont cf 

enrichment i8 dore, 

in sy:.0,netry is not ~ltb.ou r.;h 

the frequency shift due to the ch~rge ir reduced ~rss of the 

I L ,..., -1) CO system :d.11 be appf; rent \~ 1-::;,cm • In the c~se of tte 

more likoly r3diRl substitution th0re is a definite ch~nge 

in syrn.'."netry from c4 to C . 
V • S 

~·he ri'l:H~l substitution eliminotes 

the four fold symr-1etry ·rn::l l0 cves only a plrrne of sym::etry 

o.s the only ~Jmmetry element of the ,nolecule. 

As :;ire ~ore erre::l, 
12 

the ~11 C c=se snd the axially substituted 13c case emch 

These ~rs assigned by co~Daring the si[ns of the vibration 

( , f' . • • ..,. ) ,:Jr' • . • L.h , .,., t oui::; _rom cen"Ger is posiuive an~i _.r..e signs in ,J e cn~.r"'~c er 

t1bles, and by consider8tion of the 1esign~tions of subscripts 



and primes listed aboveo For exrunple, the fmrst mode in 

Figure 1 is all positive (away from center) and so may be 

assigned to A1 on the basis of the characte r table (Table 1) for 

c
4

v as A1 is the only all positive representation 0 Similarly, 

the second mode belongs to a positive-only representation, 

hence also A1 • The third mode presents us with our first 

problem. There ar e two negative representations corresponding 

to a B vibration of c4v, but is the vibrational mode shown B
1 

or B2? This problem is resolved by the rule governing sub­

scripts above . Since the vibration is symmetrical with r espect 

to any vertical plane of symmetry, the mode must be B
10 

The 

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 13c leads to a change in the 

symmetry itself from c4v to Cs• C symmetry has only two 
s 

irreducible representations, A1 and A'', according to 

whether the vibration is symmetrical or antisymmetrical with 

respect to the one plane of symmetry, 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 is antisymmetric with respect to the plane 

of symmetry and hence is A''• All the other four are A'. 

When the actual work of spectr~l analysis is done, it 

is found that mixing is apparent runong the symmetry 

coordinates. After this mixing is considered ana added to the 

picture with the symmetry coordinates, a new set of coordinates 

may be written for the c4v case and for the C
8 

case. These 



Pre shm-m in Figure 4 for I·In(
12

co)r.:'3r 1.rritb. the CL s:,m:"!etry 
;;, '-J- V 

~nd for I-1n(l2co)
4

( 13co)?>r, 13co r&di:,_l, with the Cs symmetry. 

The symmetry coordin~tes for these ~olecules ~ra ~xnctly as 

pic;tiJ.red in Fi;;ure 1 for the general C8se M:(C0)5X. These 

new cool'.'clinRtes ~re C:"\lled 11 norrrwl 11 coordint<tes 2n-:3 r8p"'esent 

the ~ixinz of only the CO ~odes with6ut the inclusion of the 

force c o:r s tfrnt s to the obser•·ed frequencies by mixing tbe 

symmetry C'.)Or:3in;ites. 

Moving on fro~ symmetry considers~ions, the rel~tionship 

between bonding ~nd the force constants moy be conside~ed. 

The force const~nts of interest are define~ by Figure 2; Rnd 

the first of these treated wi]l be K1 and K2 , the force constRnts 

for the CO vibr~tion of the axiRl nnd r8di~l carbonyl ~roups, 

respectively. The me t@l itself engqges in two distinct kinds 

of bondin~ for the axisl and rsdial cases (see Figure 5). 

In the mxial case the metal engages in no~ bonding with the 

X group, 8nd her:ce is able . to farm a strong If( bond with the 

axial c ~rbon. The strong q( bond with c~rbon m:,ikes the C 0 

bond essenti~lly a double bond. In the r~diBl case the met~l 

must ::lo <1T barding o:ri both si:les so the bon:ls formed l.re much 

weaker than those of .the 1xi?l crse. Further, this wegk met~l­

c~rbon rtf' bond permits :;,, welalr CO tri,le bond. Thus the 

radial CJ is ~ore tightly brn1nd togeth·~r th~n the ~xi;l CO, 

~s the ~xi2l CO hns essentially no tri,le bond chsrr.~ter. 

The ~ore ti~htly bound a system is, the higher the force con-

stant so the force const~nt for ~he mxial CO, K
1

, is less thRn 



the force const~nt for the rajial CO, K2 • Using the same 

bonding inforrn~tiori • -'- ~ • d ti-, l ' • h. JUSv ment,lone __ , "e re_ .~-cions, 1.ps between 

the two cis ~nd one trans interaction force constmnts mey 

be considered. Since the axial metal-c~rbon bond has~ 

gre~te~ ( ch~r?ctar th8n ary one rPdiPl ~et~l-~a~bon bond, 

it is clenr that the cis internction force constant for &xigl-

radial inter~ction will be greater th8n th~t for radial-radial 

internction. ?or the axial-rqdigl interactior a stror~ met~l-

c~rbon bard and a we~k ~etsl-cPrbon bord must be bent. This 

bending will t~ke ~ore energy then the bending of two weak 

metal-~Br~on honds in the radial-rRdial interactl6n c~se. ~be 

force constant for the trAns interoction, K-'-, will probably 
L, 

be roughly twice the cis r8dinl-rajial interaction force const~nt. 

Cotton has used this approxi~~tion i~ some of his work, but 

it is not 3n exact relationship by any means (see Teble J). 

Calculr-tions of force constants may be done usir,g G 

method expoun::Jed in·Yoleculnr Vibr2tio1:~, by Filson, Decius, 

and Cross (see Bibliograihy). The he~rtof this method lies 

in setting up ei~envalue relations for the vibrntionRl fre­

quencies in terms of the force constants. The eigervalues 

~re equal to sorr:e constants multiplied by the squ.8re of the 

frequency. A t,,oicnl secul~r '.'.:!eterrninant is shown below for .., -

- 0 



There hAs been~ computer progr9m develo~ed ~y 

Drs. Sch~chtschneider ~na Snyder ~t Shell Develo~~ant Labora­

tories (see Bibliography for reference with description) that 

uses observed frequencies und estirnsted force const8nts to­

gether with perburb8tion of the force constonts to calcul8te 

values for the Rctu8l for~e constants. For th;s ~rocrsm to 

give 1pable v~ilues for the force cons~ :~nts, the e:':)sa rve:3 

···rreqnercc.es rr!ust be well assigne::3 to the symrnetry coor3iniites . 

Now thct we can go from the observed frequencies to force 

constants, we must determine ho~ to assi[n the frequencies 

to the symmetry coordin~tes of the molecule. This nssignment 

is perhaps the most difficult p8rt of the whole o,erPtion 

of ~rriving at~ complete picture of the vibrAtio~s, including 

the cul~ul~tior of force const~nts. Figure J is a sample 

inf'ra-red spectrum of PD H(C0).5X system. The labels refer 

to Figure 1 ~n~ 8re use-:-J to sort out the three :nolecules , 

all 12c, rGdi~lly substituted 13c, ~xi~lly substituted 13c. 

For the ra1ially substituted molecule the mixing is feirly 

straight-forwar~ in giving a set of vibrations th~t approxi~~te 

the c
1 

set (9ee "):;'igure 1). In making the ;issigrr-·ent it r1:ust 
-~v 

be kept in mlnd thet the intensity of a b~nd is directly re-

lated to di~ole mo~ert change, that hi[her energ~ implies 

higher wteve num\)er, and thst ~he tot.fll shift in wr.ve nu:-r1bers 

n•used by the substitutior lJC • 1--, of is ro1_1gL1ly 1.i.5 -1 
Cri • The 

highest wavenu~ber peok is _issigned to the first A1 mode es 

it is quite ohviousl y the hi::hest in energy . . Unc.e:::,ne~th this 

pe:ik shoul1 be the very simil.:i.r A1 9eak for the ~xially sub-



stituted molecule, but it is not 0 1--_,served. The "r;·o':'lifiean 

A' of the rodir1lly substituted :-::olecule i..s observe:::! slightly 

h ~fted r~om ~he A .s .. ' l , •• ,... ·"'l The next penk easily assigned is 

the S pe2~ with the highest chrnse in dinole m~~ent Rnd hence 

corresnon~irg po~k ~or the radia 7 ly substitu~ca ~8se. It is 

the only pePk close enough to the E ~ea~ t~ be ~his penk. The 

n~xt l~r~e peak jown will by the A
1 

axial mode with large 

dipol.e ~oment change ~na fnirly low energy (only one CO 

vibretingper molecule). Shifted down from this peak will be 

the corre~pording peak for the axially substituted molecule 

with nearly the full shift of 45cm-l ·since the substituted 
13 

C 0 n lone is vibrH t; inz "'t th is frequency". 

Now we have two smDll pe~ks remaining to Rssign. These 

are the B1 ne•ks. The higher energy one will be the all 12c 

molecule, in spite of the fnct th~t it hRs the lowe~ intensity 

of the two peaks. The 31 vibrPtion h8ving the lowest dipole 

moment change is expecte1 to pro1uce the lo~est intensity 

peak ~or t~e ~olecule. The other observe::! peRk is best 

assigred to the r~4ially substituted ~olecule in 3 

n:-110::lifie::! 11 sy.mmctry c:oot::3innte viiJrntion simil:;ir t.o thBt of 

the all 12c molecule but having a high~r di,ole moment ch8nge 

and hence hieher intensity. The s1 peak for the axiQlly 

substituted ri:olecule is rot expected to be ~~parent being 

so low in intensity ~nd so close to the ~11 12
~ B1 peak. 

Thus we h~ve come to an Dcceptable assign~ent for the spectrum 

of our M(CO)~X molecule. From this the force constants could 
:::, 



be :3ete:;:.:nir.e..:i and 1--.e:rice the molecule C'.)rnpletely an:?-lyzed. 

In goir1~: t;hrough the steps for this nol3c1,1 l ~, c. p :: t !:;ern 

h~s been found wbich is ~pplicrble to essentiPlly all mole­

cules. -Fir~t the s:,m:nstry must be determi.r.e::'l r.tnd the symi'!letry 

coordinates for vibration must be found. The physical qtructure 

must of c0urse be determine:-3 for the syr!]metry to 1:)e found, 

~.nd tl.:is deter:riinntion will probli'lblytedonew.i.tl-, X-r-2y cryst[al-

0 ..J ,_ • 1 .3c • t 1 :)ecor: ,.J, un.e subsi:;1 ute c H s e s mu s t be 

their symmetries Gnd sym~etry coor3inGtes found. Third, the 

force cons t, r., rts should be cons idere1 in the 1 ight of bonding 

mnd bond int~ractions. Fourth, the spectru~ must be tcken 

and the pesks Pssigned; Fifth, the force const~nts ;re 

estim~ted ;nd theh calculated using the method mentioned 

above. Sixth, s te !)S ·four ~na five r,re repe !'.l. te~ until an 

ac~eptftble set of assignments nnd force con~tRnts is obtained. 

Included in this step is the manuf~cture of 13c enriched 

compounds to ~ssist in correcting assignments anj to provide 

assignments for 13c substituted ~odes producing peeks not 

e:;; s ily seer. without enrichment (i.e. :.it the nn tur~l ~bund~nce 

level of 13c}. The soectra t~ken will be in the carbonyl 

region of the infra-red ~na ramsn spectra~ for molecules of 

the type considered here. The system employed here is general 

enough tor the methods used to be fairly generAlly applicable, 

especi3lly in the tre~t~eLt of vibrational spectr~ of the 

tr~nsition ~etal carboryl compounds. 
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