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In this paper a qualitative molecular orbital method will be applied to predict
the effect of metalloid substitution on electronic transitions of two- and three-atom
chromophores. In recent vears organometallic derivatives of several simple chromo-
phores have been sinthesized and electronic spectra for a limited number of such
compounds have been reported!-3. Most of the compounds studied to date are organo-
silicon compounds, and of these the most widely discussed have been the x-silvl-
carbonyvl compounds first described by Brook!-2. A silicon or germanium substituent
attached to a carbonyl carbon has a pronounced bathochromic effect on the long
wave-length (2 — %) carbonvl transition, and all known =z-sily] ketones are visibh-
vellow. Recentlv an explanation for this bathochromic efiect, based on qualitative
application of molecular orbital theory, was proposed independently by Harnish and
West?and by Orgel!®. The present paper represents a generalization of this explanation
to a varietyv of chromophores.

In its present extended form this method may be helpful both In rationalizing
existing data and in predicting the spectral properties of organometalloid derivatives
as vet unknown. So long as the method is restricted to simple two- and three-atom
chromophores, it can be applied without extensive use of symmetry theory; all that 1s
needed for predictions to be made is that the structure of the chromophore be known,
and its transitions identified as to their nature.

In summarizing the effect of silicon substituents on electronic transitions,
Eaborn!! has stated that “bathochromic shifts are usually found.” As will be seen.
thisz statement should be true for the majoritv of simple chromophores, though not
tor ail. On the other hand, it will be shown that ground-state pi-bonding, which has
sometimes been proposed to account for spectral shifts upon silicon substitutionS$.?,
represents an incomplete and misleading expianation which would in manyv cases
lead to effects opposite from those observed.

Some limitations on the generalityv of themethod are now necessarv. Initspresent
highly- qualitative form the theory is limited to prediction of the direction of spectral
shifts for simple chromophores, and only the roughest estimates of magnitudes can
be made. The discussion in this paper will be limited to two- and three- atom chromo-
phores; extension to related cases may be possible, but complicated chromophoric
systemns such as substituted aromatic rings, etc., will not here be considered. The
metalloid substituents to which the discussion will apply are those electropositive
elements which form predominantly covalent bonds to the chromophores, and which
have vacant orbitals into which theyv can accept electronic charge from lone pairs or
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ELECTROXIC SPECTRA OF CHROMOPHORES 313

from pi-orbitals on adjacent atoms by dative pi-bonding. It will further be assumed
that dative pi-bonding will dominate over other effects in determining the enes~v or
electronic transitions. For most of the chromcphores to be discussed, we believe tiis
to be a reasonable expectation for silicon and germanium, for tricoordinate boron,
aluminum and gallium and for pentavalent arsenic and antimony. The extent to
which other metallic elements can be expected to follow the rules given below will be
discussed later.

The general method of approach follows that used previously to account for the
influence of electronegative substituents on chromophores, as clearly explained by
Jaffe and Orchin!2. The systems which we will consider can be represented as M-A-B
or M-A-B-C, where M is the metallic element and A-B or A-B—C is the chromophore,
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Fig. 1. Energyv level diagram for a Class I chromophore showing the effect of metalloid substitution.
Both the inductive and the resonance efiect of the substituent are diagrammatically indicated.

containing at least one normal pl-bond. For such syvstems, electronic absorption inthe
ultraviolet and visible region is associated with transitions from lone pairs to anti-
bonding pi-orbitals of the chromophore {;f —* transitions), or from bonding pi-orbitals
to antibonding pi-orbitals (7 -—-=* transitions). We will now distinguish four cases for
more detailed discussion.

Case I

Pi-bonding only with no lone pairs. Examples: M-C=C-, M-C =C-. A batho-
chromic shift is predicted. The M.O. diagram for the levels in question is as shown in
Fig_. 1. Construction of the diagram begins with the orbitals of the separated olefin
and metal atom. Both inductive and resonant interaction can take place with the
metalloid substituent M. The inductive effect of the electropositive substituent is to
raise both =z and #* by a small and indeterminate amount, while the vacant pi-type
orbital of the metal will be lowered by a similar small amount. Resonant interaction
will also take place between the vacant metal orbital and both -z and =x*, to generate
three new levels, which in the figure are designated =, 7,, and z;. However, because
of better energy matching, interaction of the metal orbital is expected to be substan-
tiallv stronger with the =* antibonding level than with z (Fig. 1).

The olefin electronic absorption must be only of the 7 —=* type, in which an
electron moves from the bonding to the antibonding pi-level'2. 7z, and z, should be
closer in energy than the corresponding levels z and z* were in the original olefin, and
so0 stabilization of the excited state is predicted, and a bathochromic (red) shift is
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316 R. WEST

predicted for the transition. However, because the bondingz level is also being lowered
to some extent by resonant interaction with M, in certain cases the shift may not be
large.

A crude calculation will suffice to show that the relative ordering of levels in
Fig. 1 is reasonable. The ionization potential for ethvlene is 10.45 eV?!3, and the
sT —cr* transition energy is 62,000 cm~! or 7.68 eV13. Subtracting these values, it is
found that the t* level lies 2.77 €V below the reference, which will be taken as com-
plete ionization. The ionization potential for silicon, chosen as a typical metalloid, is
8.15 e\15, and the 3p — 3d promotional energy for the atom, averaged over various
states, is 6.20 VIS, Subtracting once again, the energyv of the 3d level for silicon is
found to be 1.95 eV below reference, or about 0.8 eV above =**.

The simple olefiric chromophore gives electronic absorption only in the vacuum
ultraviolet region. but conjugation shifts the = —=* absorption toward the visible.
There is little information in the literature on the effect of metal substitution on
polvenespectra. By extension, Case I also includes acetylenic compounds, thoughthe
detailed molecular orbital argument is much more complicated for triple bonds. In
agreement with prediction, the compound Et;SiC=C~CMe=CHMe shows a modest
bathochromic shift of 2100 cm~! compared to the unsubstituted compound®. Disilyvl-
acetvlene also appears to show a bathochromic shift compared to 2-butyne*”.

Casc I1

Pi-bonding at atom A, but lone pairs onlv on atoms B or C. Examples: M-C=0,
M-C=X-, M-C=5, M-XO,, M-CO,~. For the long wave length transition, a marked
bathochromic shift is predicted. This case includes the now-classical example of the

1T chromophore, showing the
eifect of metalloid substitution.

" The position of the 3d level in silicon is calculated relative to the atomic ground state.
‘The valence-state ionization potential and the 3p — 3d promotional energy from the vzlence
state might alternatively have been used, but it is feit that this procedure would give an even less
realistic estimate of the relative energy of the 34 level, unless bonding terms were introduced into
the calculation. Similar order-of-magnitude calcuiations have been carried out for other metalloids;
the nonbonding pi-type orbital ¢f the metalis always predicted to lie much closer to® than toI.
The same is true if the chromophore is C=0 (vide infraj}.
" In these monoacetvlenes, the band maximum lies below 2000 \ and was not determined,
but absorption extends noticeably farther into the accessible ultraviolet region for the silicon
compound®s.
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carbonyl group. A generalized M.O. diagram for Case II groups is shown in Fig. 2.
In addition to the bonding and antibonding sz-levels, there will be one (or more)
nonbonding filled level(s) corresponding to the lone pair(s) on atom B, here designated
n; and the electronic transition of lowest energy will be 7 —a*. M can interact
inductively with levels =, 2 and 7¥*; but because n is located on the more remote
atom B, significant resonance interaction can take place only with :z and z*. Further-
more, relative energies are such that there should be much greater resonant inter-
action with z* than with .

As shown in Fig. 2, the predicted effect of metalloid substitution is greatly to
Iower the energy of the n —x* transition. The data published by Brook and his co-
workers show that silicon or germanium substitution alpha to a carbonyl group leads
to a shift the n —z* transition of about 6000 cm—! in the expected direction®. Another
possible example consistent with the prediction is provided by the recently discovered,
visibly colored carbony derivatives of decaborane®.

The 7 —z* transition for Class IT groups, in those cases where it may be ob-
servable, should be affected by M in much the same way- the olefin z —7* transition
and so a bathochromic shift is also predicted.

Case 111

Three-atom systerns with lone pair on atom A, but pi-bonds only between B
and C. Examples: M-azide; M-O-C=0; M-N-C=C; M-O-C=C—, etc. A hyvpso-
chromic shift is predicted for those electronic transitions involving transfer of charge
from the lone pair on atom A. The carboxylate ester group, recently studied by Closson
and Haug!?, will be discussed as a typical example. Fig. 3 shows energy levels for the
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Fig. 3. Encrgy levels for the carboxylate ester group, a Class 111 chromophore, as influenced by
nmetalloid substitution. The assignments follow those of Closson and Haug!?, but the notation used
diifers slightiy.

ester group, as influenced by metal substitution at oxygen. Level 1, is a non-bonding
pair on the carboxyvl oxyvgen, whereas 7, is essentially a non-bonding pair on the ether
oxvgen. The unfilled orbital on the metal can interact only with #2,, and so will cause
a small hypsochromic shift of the 7; — ., transition. The metal can influence the
energy of the i, —, transition only indirectly, and so little change is predicted for
this absorption, which is believed to be the one occurring at lowest energy in most
esters. Many organometallic carboxyvlate esters have been prepared, but spectral data
are lacking.
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318 R. WEST

The azide chromophore, which also falls in this class, has been treated recently
by Closson and GravI. The effect of metal substitution has been discussed by Thayer
and West 1n a paper on azidotrimethyvl compounds of the Group IV elements, to which
the reader is referred for 2 more complete treatment of this chromophore?. Brieflv, the
azide group can be considered as a triplv-bonded nitrogen molecule attached to a
nitrogen atom by sigma- {and some pi-) -bonding, i.¢. M-N_-=N =N.The two transitions
observed in the ultraviolet spectrum are both of n —* type, in which charge is
transferred from lone pairs on the first nitrogen {(atom A\) to antibonding M.O.’s of the
pi-svstemns. Metalloid substitution can only stabilize the ground state, and 1s predicted
to cause a moderate hvpsochromic shift in one of these transitions and little change
in the other. This expectation is borne out by the observed spectrum of Me,SiN; and
Me,GeN L

Case IV

Both lone pair and antibonding pi-orbitals on atom A. Examples: M-N=N-,
M-N=C-, M-N=0. A bathochromic shift of the n —=* absorption is generally
expected, but exceptions to this general rule are possible. The energy level diagram
for Case IV will differ depending on whether the low-energy vacant orbital on the metal
iz of p or d tvpe. A tvpical energy level diagram for a metalloid with vacant 4 orbitals
i~ shown in Fig. 4. The metalloid orbitals can now interact both with »# and with =*.
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Fiz. 3. Energy levels for a Class IV chromopliore, showing the intiuence of a metalioid substituent
with uniilied  orbitals. Only one nonbonding pair is indicated (1), asin M-N=C.

For most compounds, the energy match should be better with z* than with n, so
greater resonant interaction is expected with the antibonding pi-level. This should
Iead, as in Case II, to stabilization of the excited state and a marked bathochromic
shift of the » —=* band. Such a shift 1s found for silicon compounds of the tvpe
R,Si-N=X-Ph, which absorb near 5850 A” in the visible region and so appear blue

* If the metailoid atom is one with only a vacant p orbital available, such as boron. inter-
action can take place either withz®* or with #, but not both at once. * and » are mutually ortho-
geazl, 2nd so 2 p orbital can overlap only with onec of them. For such overlap to take place, itis
also required that the p orbital be coplanar or nearly so with the interacting orbital. In molecules
where there is no strong geometrical preference, one might expect the molecule to adopt a con-
formation favoring dative pi-bonding from = in the ground state, but in the electronic excited
state to adopt a conformation rotated by go” at the M-A bond, and so favorable for 7*-» inter-
acton.
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in color®%*. The observed shift is about 6000 cmn—! from CH,;-N=-N-Ph?, or 35500
cm™? from azobenzene?°.

In Case IV, it is possible that some mclecules will be found in which interaction
of the metal orbitals is greater with n-levels than with=* There must be strong ground-
state dative pi-bonding in the linear molecules of silyl isocyanate?! and isothio-
cvanate??, for example. If the resonant interaction with n were greater than with=* a
hypsochromic shift would be predicted for the n --* transition. Additional examples
of Case IV compounds will be of special interest in this connection.

DISCU

Ui

SION

A few generalizations can now be drawn from the four cases discussed above.
\Vhen pi-bonding to a metal can take place from antibonding pi-orbitals, stabilization
of the excited state will result, and transitions to the antibonding level will be shifted
to iower energy. When pi-bonding can take place only from a lone pair on the atom
bonded to the metal, the ground state will be stabilized, and transitions from the lone
pair will be shifted to higher energy. Generally speaking, because of better energy
matching of orbitals, excited-state pi-bonding should be more effective than ground-
state pi-bonding; therefore bathochromic shifts caused by metal substitution will
generally be larger than hyvpsochromic shifts.

For highiy electropositive metals, pi-bonding is likelv to be less important in
determining the energv of electronic transitions, and simple inductive effects will be
more important. There i1s little comparative data available, but the recent study of
trimethyvl azides of Group IVA elements is relevant®. The silicon and germanium
compounds were found to follow the expectation for Case I1I above, but the tin and
lead compounds did not show the predicted hyvpsochromic effects; instead, the in-
ductive effect of the metals appeared to be the predominant factor influencing the
clectronic spectra. However, the relative importance of inductive vs. pi-bonding
effects will doubtless differ for other chromophores, and so the point at which pi-
bonding will cease to be the dominant factor may varyv from one chromophore to
another. The metals arsenic, antimony and bismuth in the trivalent state, and the
transition metals generally, bear unshared electrons and so could interact with chromo-
phores either as pi-donors or as pi-acceptors. An extension of the theory outlined here
may possibly be useful in dealing with these metals, but at present very little data is
available against which to check any predictions which might be made.

In order to evaluate the generality of the theory, comparative studies of organo-
metallic derivatives of various simple chromophores are badly needed. Exceptions to
the broad principles outlined here are to be expected, but it is believed that the rules
set forth here can serve for the moment as a standard against which the spectral
pronerties of metal compounds can be judged.
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SUMMARY

Qualitative molecular orbital theory is anplied to the prediction of the efiect
of metalloid substitution on the electronic spectra of simple two- and three-atom
chromophores. This theorv proceeds from the assumption that dative pi-bonding
can take place from unshared pairs or from pi-tvpe orbitals on adjacent atoms into
unfilled orbitals on the metal, and that such pi-bonding will predominate over other
eifects in determining the energies of electronic transitions.

The predicted eflect of metalloid substitution depends on the nature of the
chromophore. For some chromophores (those in Case II above, including >C=0),
the only interaction possible for the metal is that with antibonding pi-orbitals to
stabilize the excited state, and a bathochromic shift of the principal electronic transi-
tion is predicted. For a few chromophores {(Case III above) Interaction is possible only
with lone pairs to stabilize the ground state, and hypsochromic shifts are predicted
upon metal substitution. Finally, there are many chromophores for which both types
of interaction are possible {Cases I and IV above); either ground-state or excited-state
stabilization is possible upon metalloid substitution, but energy considerations suggest
that the latter will usuallv be favored, and that bathochromic shifts will be the
general rule.
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