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SUMMARY 

The ionisation potentials and the appearance potentials for ions arising from 
the loss of carbonyl groups as well as certain other low-energy fragmentation ions 
have been measured for a series of substituted arene chromium tricarbonyls. The 
values obtained are found to correlate very well, for the loss of one and two carbonyl 
groups, with both the C-O force constant k and the Hammett D,, function of the sub- 
stituent on the benzene ring. The appearance potentials of the ions arising by the 
loss of three carbonyl groups do not exhibit a high correlation. Arene+ ions are found 
to occur at energies intermediate between those for the loss of two and three carbonyl 
groups. 

The various effects observed are discussed in terms of a mode1 which involves 
definite contributions from both c- and rc- bonding of carbonyl groups in the gaseous 
cations. 

Although a considerable amount of work has been reported on the mass spec- 
tra of organometallic compoundsl, and several workers have studied ionisation 
potentials by this tecbnique2- lo, only a small amount has been reported on the 
appearance potentials”-” of daughter ions. 

In this paper we report on the ionisation potentials and some appearance 
potentials of compounds of the type ArCr(C0)3 where Ar represents substituted 
benzene. The object of the work is to investigate the energetics of the fragmentation 
processes and to study the possibility of correlating the potentials with each other 
and with quantities such as the Hammett t_r function of the substituents20*21 on the 
benzene ring and the force constants of the carbonyl groups. 

EXPERIMENTAL 

All compounds studied were prepared by the method ofNicholls and Whitingt2 
with the exception of benzene and toluene chromium tricarbonyls which were pur- 
chased commercially from Strem Chemicals Inc. 

The mass spectra were measured with anAE1 MS 12 instrument with an ionising 
potential of 50 eV, a trap current of 20 fi and an ion accelerating voltage of 8 kV. The 
samples were introduced into the mass spectrometer by means of a direct insertion 
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probe at an ion chamber temperature of 1200. Ionisation and appearance potentials 
were determined using a .semi-logarithmic method, employing helium, argon and 
krypton as standards and using a computer programme operating over the linear 
range of the ionisation efficiency curve .to calculate the potentials at the %level*. 

Infrared data were obtained using a Perkin-Elmer 225 instrument with di- 
chloromethane as .solvent. 

DISCUSSION 

All results are given in Table 1. 
The ionisation potentials of the compounds vary with C-O force constants in 

a manner similar to that found by Miiller2’, although our values are consistently 
lower. We believe this slight discrepancy reflects both the different instruments and 
calculation methods used. Variation with the Hammett Q, function is similar, con- 
firming that electron-withdrawing substituents tend to increase the ionisation po- 
tential. We agree with Miiller’s suggestion that the removed electron comes from an 
orbital derived largely from a metal 3d orbital involved in “back-bonding” to the 
carbonyl groups and to the arene ligand. 

(&+J+ SCHEME1 

The occurrence of metastable peaks (indicated by an asterisk in Scheme 1) 
confiis that the principal fragmentation pathway at high ele tron energies (50 eV) 

5 is as shown in this scheme, i.e. stepwise loss of the three carbony groups followed by 
loss of the arene to give Cr + _ However the Arene+ ions appear at energies below those 
of ArCrf and although we have not been able to observe metastable peaks for the 
process it is possible that Arene’ can dissociate from all or any of the ions ArCr(CO),,+ 
where n=O-3. As the appearance potentials of the arene ligands correlate well with 
the ionisation potentials of the free ligands it seems possible that Arene+ can dissociate 
from the parent ion as soon as its own ionisation potential is exceeded. Thermal 
decomposition is discounted in the aforegoing since recent work24 has established 

* An error of +O.l eV is considered reasonable in these values. 
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the comp6unds to be &&at temperatures up to %KJY We.have not studied the inter- 
nal fragmentation_of Arerief. :.. .- 

.. 

.- Figure 1 shows ‘the correlation bet&en- the-- ionisation :and appearance 
potentials for the-loss of CO g?oups with the Jjiammett cP functions of the substituents. 
cP valuesfor polysubstituted benzene ligauds were taken as the sum of crP values for 
individual substituents2’. The poor correltition of the appearance potential ofArCr+ 

-.suggests that the characteristics of the substituents which make up cP (the electron 
withdrawing characteristics) do not constitute the only factors influencing the loss of 
the last CO group. No specific factor has been found to account for this, but the most 
likely possibility seems to be “competitive shift” caused by the production.of Ar+ at 
lower energies. 

If the assumption is made that the ions ArM(CO)f, ArM(CO)f and ArM’ 
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are produced by simple fission of the metal-carbon bonds, without rearrangement 
occurring, then it is possible to suppose that the back reactions have negligible activa- 
tion energies particularly since they involve only the formation of coordinate bonds. 
Under these circumstances, the differences between successive appearance potentials 
are equal to the stepwise dissociation energies of the carbonyl groups. 

We define the energy Di to be the energy required to dissociate a carbonyl 
group from the ion ArM(C0):. Figure 2 shows that D, (Da =AP, - IP) increases 
with cP and the C-d force constant, k, whereas D, and D, decrease. It is also found 
that for all compounds D, >D, >D,. 

In the chemistry of metal carbonyl derivatives it is usually found that electron- 
withdrawing ligands tend to weaken the bonding of carbonyl groups to the metal 
atom and this is generally interpreted as being due to the weakening of the ability of 
the metal to back-donate electrons into the rc* orbitals of the carbonyl groups. The 
decrease of D, and D, (insofar as the latter is significant) and the increase of the ionisa- 
tion potential of the parent molecule with (T,, and k are consistent with this picture, but 
the increase of D, with cP requires further discussion. 

The ability of an electron-withdrawing ligand (positive cP) to cause a secondary 
ligand to be more tightly bound to themetalatommust be associated with an increasing 
tendency of the metal atom to draw charge from the secondary ligand. The most likely 
source of such charge in a carbonyl group is the lone pair on the carbon atom. It 
should be noted that in a mass spectrometer isolated cations are under examination ; 
there is no mechanism, as there would be in solution, for the positive charge to be 
dispersed over a fairly large volume by solvation. It might therefore be expected that 
the effects of oxidation on a carbonyl derivative would be much more noticeable than 
they are in solution. For these reasons we believe that the o-bonding, or forward 
donaticn of electrons, and its variations are of much greater importance in the chemis- 
try of gas-phase cations than they are in condensed phases. Any interpretation of the 
dissociation energies must then include a consideration of C-M u-bonding as well 
as n-bonding considerations. 

There are three facts obtainable from the data which appear to be signEcant : 
(a), the dissociation energy of the carbonyl from the ions ArCr(C0): falls 

with increasing i ; 
(b), the pattern of this fall-off seems to depend on the substituent of the arene; 
(c), the slopes of D, and Dz against up are positive and negative respectively. 
The value of the ~10~: of D, us. op is uncertain but the most probable value is 

small and negative. 
There are two general effects which might influence the behaviour of Di as a 

function of i. The metal atom presumably has a limited capacity to bond carbonyl 
groups and, in the absence of coccerted mutual bonding effects, it would be expected 
that the larger the number of carbonyl groups the smaller the share of bonding ca- 
pacity of the metal would be otained by each carbonyl group. It might also be ex- 
pected that carbonyl groups would repel each other and hence the larger the number 
the lower the dissociation energy. 

The bonding of a particular carbonyl group to a metal atom may he divided 
into c and x components, and repulsion from other carbonyls treated as a third 
component. As stated previously, G-bonding would be expected to increase with cP, 
and n-bonding to decrease ; the existence of a positive slope of D, U.S. bP is sufficient to 
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inditite the importance df Q’ bonding. : 
The. experimental data are not accurate enough (particularly D, values) to’ 

afford a quantitative interpretation, but the following scheme affords some qualitative 
idea& If we restrict discussion at this point to the behaviour of D, a.116 D, only, it can 
be concluded that, since D, > D, in alI cases, the two mechanisms of bond-sharing 
and inter-carbonyl repulsion are operative although the relative amounts of each 
cannot be estimated. 

The opposite slopes of D3 and D2 ES. CT~ suggest strongly that G- and n-bonding 
are involved significantly but to different extents in dicarbonyls and tricarbonyls. 
As Dg is relatively small_neith= type of bonding can be large in an absolute sense, but 
the positive slope for D, suggests that c-bonding may be the more important coq- 
tribution. Both c- and z-bonding may contribute more to the larger values of D,, 
but the negative s! ope in this case indicates that the z-component has become relatively 
much larger than in the case of D,. One plausi_bk argument in favour of such a 
phenomenon is that in a dicarbonyl of C,, symmetry all possible linear combinations 
of &bony1 n* orbitals belong to representations which also contain metal d-orbitals, 
whereas in a tricarbonyl of C,, sym metry the A, combination of n* orbitals cannot 
overlap with any metal d-orbitals. Thus the z-bonding situation is more eflcient for 
the dicarbonyl, exactly how much more efficient depending on the inter-carbonyl 
angles in the two cases. 

The most probable slope of D, zx up is small and negative ; if this situation is 
correctly assessed, then the argument above suggests a loss of x-bonding efficiency in 
a monocarbonyl, as only two metal &orbirals (in Cc0 symmetry) are available to the 
carbonyl z* orbit.&. However this conclusion is very tentative as the slope of D, 
is subject to a large error, and the n-bonding can be changed by distortion from C,, 
symmetry_ 

It can be argued that a dissociation energy Di contains a term for rearrange- 
ment of the product (those rearrangements with high kinetic energy release can be 
excluded since mctastable peaks are in all cases narrow in width); for example on 
dissociating ArCr(C0)3f to ArCr(CO),+ there are almost certainly minor rearrange- 
ments such as change of intercarbonyl angle. Such effects may be allowed for by using 
average stepwise dissociation constants defined as bi by the equation 

. _ 

Di =: f ‘@ 
j 

In our experiments, the quantities pi have a fairly large error attached to them 
because of the error in D,. Nevertheless it is found that B, < a2 < D1 in all cases, 
thereby lending further support to the conclusions about bond-sharing and inter- 
carbonyl repulsion. The slopes of Di 11s. G,, however, do not appear to be particularly 
significant, but it is not possible to state whether this is due to the randomness of D, 
or to other causes. 
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