Chemistry of Excited Electronic States

P. B. ARMENTROUT

Atomic and molecular orbitals are among the tools used
by chemists to view the world. The validity of this view
for reaction systems can be experimentally probed by
examination of the chemistry of electronically excited
states and, in particular, by comparison of the reactivities
of states having different orbital occupations (electron
configurations). Reactivity changes associated with elec-
tron configuration are instructive with regard to chem-
ists’ views of molecular orbital interactions, but electronic
excitation can also influence the course of a chemical
reaction by increasing the energy content of the system or
by affecting access to different potential energy surfaces by
changing spin, orbital symmetry, or spin-orbit level.
These various effects are illustrated by studies of gas-
phase transition metal-mediated H-H and C-H bond-
activation processes.

derstand and predict chemical reactivity. From the organic

chemist’s “arrow pushing” to the Woodward-Hoftmann
symmetry rules (1) to detailed ab initio quantum calculations,
knowing where the electrons are (that is, knowing the occupancy of
the orbitals and their spatial and symmetry characteristics) is a
central aspect of understanding and predicting chemical phenome-
na. Unfortunately, such pictures for reaction systems are rarely
amenable to direct experimental verification. In principle, these
concepts could be probed by examination of the effect that moving
an electron from one orbital to another would have on the chemistry
of the system. In practice, this ideal experiment is difficult but can be
performed by careful comparison of the reactivities of different
electronic states.

A specific example of these ideas is illustrated by the orbital
interactions shown in Fig. 1 for the activation of H-H and C-H
bonds by transition metals, a topic of intense research efforts within
organometallic chemistry and surface science (2). (In this context,
the term “activation” is used to refer to a chemical interaction that
weakens or cleaves a bond that is ordinarily inert.) These concepts
have been used to describe the reactions of transition metal atoms
(3) and ions (4), organometallic complexes (5, 6), and surfaces (6, 7)
alike.

The occupied o bonding and unoccupied o* antibonding orbitals
of H, (and, by extrapolation, any covalent bond) and an acceptor
and donor orbital on the metal M (represented here by atomic s and
d orbitals, respectively) are shown in Fig. 1. As the H, approaches
the metal center, the o and s orbitals (which have the same
symmetry) interact to form bonding and antibonding orbitals of the
metal dihydride intermediate. Analogous mixing of the o* and 4
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orbitals occurs to form a second pair of bonding and antibonding
orbitals for the intermediate. Reaction of M with H, occurs most
casily if the donor orbital on M contains two electrons and the
acceptor orbital contains none, because then only the bonding
orbitals of the intermediate are occupied, as shown in Fig. 1. If an
electron could be moved into the metal acceptor orbital, this
electron would be forced into an antibonding orbital in the inter-
mediate (because the bonding orbital is already fully occupied),
which would result in a considerable reduction in the reactivity of M
toward H,.

Chemical reactions involving excited electronic states are uncom-
mon because condensed-phase environments generally suppress
electronic excitation. For the most part, solution and solid-state
chemistry occurs on ground-state potential energy surfaces. Never-
theless, many studies of electronically excited states have been done
in the rarefied environment of the gas phase (8-10) and by genera-
tion of the excited reagent directly within the reaction mixture (for
example, in organic and biochemical photochemistry). Orbital
concepts are illustrated here by bimolecular chemical reactions, as
opposed to unimolecular processes (such as isomerizations) or
simple quenching processes (in which the electronic energy is
dissipated without rearrangement of any chemical bonds). A large
fraction of the gas-phase studies of excited electronic states involve
species containing main group elements (8, 9) because these gener-
ally have states that are well separated energetically (making photol-
ysis an efficient means of generating such species). In particular,
recent experiments on the reactivity of the group 2 (such as Mg and
Ca) and group 12 (such as Zn, Cd, and Hg) excited states (11)
provide conspicuous examples of studies that give a view of orbital
principles similar to the one developed here. Relatively few studies
of excited electronic states have involved transition metals, but this
chemistry is highlighted for its topical interest and because the
energy spacing between these electronic states can be quite small,
thus deemphasizing the effect of total energy content on the
chemistry.

Designation of Electronic States

The most commonly used nomenclature for identifying different
electronic states is the Russell-Saunders term symbol, >°*'L,, which
specifies the orbital (L) and spin (S) angular momenta of all the
electrons and how they couple together into the total (J) angular
momentum. For atoms, the capital letters S, P, D, F, . . . are used
to designate the values of L = 0, 1, 2, 3, . . . in direct analogy with
thes, p, d, f, . . . names given to atomic orbitals. The value 2§ + 1
is referred to as the multiplicity of the state. When S =0,2S + 1 =
1, and the state is a “singlet”; S = 1/2 is a “doublet”; S = 1is a
“triplet”; and so forth. For most ground-state systems, there are no
unpaired electrons; hence singlet states are the rule. In general, J
must be positive, and it ranges in integer steps from the sum of L
and S down to L — S. Parallel terminology exists for molecular term
symbols and is distinguished by the use of Greek letters for
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molecular orbitals (o, 7, 8, ¢, . .
P..).

This nomenclature is an approximation that is most useful for
light atoms (through the first transition series, that is, atomic
numbers less than about 40), where the interaction between the spin
and orbital angular momenta (the “spin-orbit coupling”) is small.
Hence, electronically excited states with large excitation energies are
chiefly the result of different electron configurations and are repre-
sented by different L and S values. For heavier elements, the
spin-orbit coupling is large enough that states with the same L and
S quantum numbers but different J values can have excitation
energies that are in excess of those for states of different electron
configurations. For very heavy elements, the designation of L and S
is ambiguous, and such states may be referred to by their J quantum
number only (12).

To the degree that the L, S, and J quantum numbers are well
defined, quantum mechanics requires that these quantities be con-
served along the reaction path. Indeed, spin-forbidden (S changing)
reactions involving light elements are generally not observed, and
the Woodward-Hoffmann rules (1) that assume conservation of
orbital symmetry are of general utility. With heavier elements,
“spin-forbidden” reactions can be observed because only J need be
rigorously conserved. In all of these cases, the reactions occur along
electronic potential energy surfaces that are described as adiabatic,
that is, for which the Born-Oppenheimer approximation is valid
(13). This very useful approximation says that electron and nuclear
motions are completely decoupled because the light electrons re-
spond rapidly (adiabatically) to the relatively ponderous movements
of the nuclei. In some circumstances, reactions that are nonadiabatic
can occur by means of a jump from one adiabatic surface to another.
Examples of nonadiabatic behavior include radiationless relaxation
processes such as intersystem crossing and internal conversion.

.) and molecular states (2, I, A,

Experimental Considerations

In order to use excited-state chemistry as a probe of fundamental
orbital principles, it is important to understand the various ways that
electronic excitation can change the chemistry of a species. In
addition to possibly changing the electron configuration, excitation
can alter the total energy available for reaction, or it can change the
spin or spin-orbit level of the reagent. These changes can, in turn,
influence the structure of the reactant species, thereby inducing
isomerization or affecting the steric requirements of a bimolecular
reaction. Most studies of electronically excited states are carried out
under thermal conditions, such that a change in the efficiency of the
reaction of interest can be observed. In such studies it can be difficult
to differentiate whether the observed change is due to a change in
the total energy content or to the effects of spin, spin-orbit level, and
electron configuration. This problem can be overcome by simulta-
neous examination of the effects that kinetic and electronic energy
have on the chemistry of the reaction, thus enabling a comparison of
the reactivity of different electronic states at a constant total energy.
Such studies are easily accomplished by examination of the chemis-
try of ions, because the charge on an ion allows facile control of its
kinetic energy over a very wide range (4, 10, 14).

Effect of Electronic Energy

The simplest effect that electronic excitation can have on a
reaction is to increase the amount of total energy available to the
process. The most obvious evidence for such an increase would
involve a reaction that is endothermic for the ground state and
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Fig. 1. Molecular orbital
interactions between a
metal center (M) and H,
(the prototype for any
covalgltly bonded spe-
cies). Arrows represent
clectrons in the orbital
occupancy that is most
favorable for bond acti-
vation.

acceptor

donor

H-

M M

therefore not observed in an experiment at thermal conditions. After
electronic excitation, the reaction would become exothermic and
would thus be easily observed.

Many such observations have been made, especially for main
group clements. Here, the effect is illustrated by the first transition
metal jon system for which electronic excitation was demonstrated:
the reaction of Cr* with methane (CH,) (15-17) [Fig. 2 (18)]. At
thermal energies (the lowest energy point shown), ground-state
Cr*(5S) undergoes no reactions with CH,, but the *D and *G
excited states (which lie 2.46 and 2.56 ¢V above the ground state,
respectively) efficiently dehydrogenate CH,, yielding CrCH,* +
H,. This reaction does not occur for the Cr* ground state until 2.45
eV of translational energy is supplied (Fig. 2). The excitation energy
of the quartet states is sufficient to overcome this endothermicity,
thereby making the reaction exothermic and facile at low kinetic
energies.

A simple energy content argument is sufficient to explain why
electronic excitation might enhance the reactivity of many species,
but it fails to explain two observations. First, there are numerous
examples where electronic energy does not couple directly into the
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Flg. 2. State-specific cross sections for the reaction of Cr* with CH, as a
function of relative translational energy. Results for Found state Cr*(6S)
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reaction coordinate and thereby enhance the reactivity. For example,
in the system illustrated here, the Cr*(°D) first excited state at 1.52
¢V is much less reactive than ground-state Cr* with CH, and H, at
all kinetic energies (17, 19).

Second, the relative reaction efficiencies of ground and excited
electronic states are often very different even after the effect of total
energy has been accounted for. For example, the relative cross
section for dehydrogenation by Cr* (*D, *G) at 0.5 eV is more than
300 times that for Cr*(°S) at 3.0 eV (Fig. 2). However, this ratio
is energy-dependent because the effect of kinetic energy on exother-
mic and endothermic reactions is fundamentally different (Fig. 2). A
more quantitative comparison of the energy-independent reaction
efficiencies of two states can be made if their reactions are either both
exothermic or both endothermic. The Cr* + CH, system provides
such an example in the form of the CtH™ + CH; product channel
(Fig. 2). Electronic excitation has shifted the threshold for this
endothermic reaction from about 3.0 eV for Cr*(°S) to about 0.5
eV for Cr* (*D, *G). (Indeed, the correspondence of this shift to the
known electronic energy levels of the *D and *G states helps identify
them.) After modeling the effect that lowering the threshold has on
the reaction probability (that is, accounting for the change in
reactivity with total energy content), the efficiency of the excited-
state reaction is 30 = 10 times that of the ground-state reaction (17).

Effect of Spin

An understanding of the origins of this change in efficiency
requires a mechanism for the reaction. In agreement with the orbital
interactions of Fig. 1, it is postulated that these transition metal—
alkane reactions occur through an initial C-H bond-activation step
(20). In the Cr*—CH, system, this reaction generates the interme-
diate H-Cr*—CH;. Dchydrogenation of H-Cr"™—CH; leads to
CrCH, ", whereas cleavage of the Cr—C bond yields CrH™* (and
cleavage of the Cr—H bond yields CrCH;* + H, which is also
observed as a minor channel) (17).

Chromium ions have five valence electrons. In H-Cr*—CH,, two
of these are engaged in forming covalent bonds with the H and CH,
ligands (as suggested by Fig. 1). Thus, H-Cr*—CHj; should have
only three unpaired electrons (such that the maximum value of S =
3/2), which means that the ground state of H-Cr*—CHj has quartet
multiplicity. The reactivity of the Cr™* excited states (which also have
quartet multiplicity) is thus enhanced because the spin quantum
number can be conserved in the reaction, whereas this is not possible
for the ground state or the first excited state (which have sextet
multiplicity). This type of selectivity is well known in organic
chemistry as the explanation for the difference in reactivity of singlet
and triplet carbenes and has been invoked to explain the relative
reactivities of other transition metal ion reactions (21, 22).

One such example is Fe*, which has a D ground state and a *F
excited state. Because the relative energy of the states is only 0.25
eV, simple energy effects are minimized and differences in reaction
efficiency are much more obvious. The simplest possible reaction of
this species is with H, to form FeH™, a process that is endothermic
by 2.36 ¢V (23). Experimental results indicate that the quartet
excited state is about 70 times as reactive as the sextet ground state,
after accounting for the energy difference between the states. This
effect is shown for the HD isotopomer of H, (Fig. 3). Similar
relative reactivities are observed for reactions with CH, and ethane
(24). This difference in reactivities could again be rationalized in
terms of spin conservation of the intermediate (which should have
quartet multiplicity); however, the effect of spin cannot easily
explain the striking change in the branching ratio shown in Fig. 3.
The ®D ground state produces much more FeD™* than FeH" (which
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Fig. 3. State-specific cross sections for the reaction of Fe* with HD as a
function of relative translational energy. Results for ground-state Fe*(°D)
are shown by solid symbols, and those for excited-state Fe* (*F) are shown
by open symbols.

is nearly absent), whereas the *F excited state shows the opposite
reactivity. These two electronic states must react with HD through
different reaction mechanisms.

Effect of Electron Configuration

In order to explain this drastic change in branching ratio, the
electron configurations of the two states of Fe* must be examined.
In the Fe*(°D) ground state, the seven valence electrons are
distributed such that six of them are in 3d orbitals and one is in the
45 orbital. In the Fe™ (*F) excited state, all of the electrons are in the
3d orbitals; hence it has a 3d” electron configuration. The reason this
makes a difference follows from the orbital concepts introduced in
Fig. 1.

For first-row atomic transition metals, the acceptor orbital is
primarily the valence 4s (although contributions from other orbitals
can be influential) (25), and the donor is the particular 3d orbital
with the symmetry shown in Fig. 1. In essence, the 3d” electron
configuration has a near-optimum electron configuration for reac-
tion since the acceptor is empty and the donor can be doubly
occupied. Comparing the chemistry of the 34” configuration with
that of the 4s'3d° configuration is equivalent to moving an electron
from a nonbonding or donating 34 orbital into the acceptor orbital.
The experimental result is a drastic decline in the reactivity that can
be rationalized on the basis of Fig. 1. Since the acceptor orbital is
already occupied, it cannot accept the two H,, o electrons; thus one
electron is forced into the antibonding molecular orbital of very
high energy. This effect yields a relatively repulsive potential energy
surface that drastically reduces the reactivity of the 4s'34° state and
forces the reaction to proceed by an alternative mechanism (23) that
results in a different branching ratio.

The chemistry of other transition metal ions illustrates that this
effect is primarily due to the electron configuration rather than spin
or energy. For instance, the reactivity of H, with ground-state
Mn™*(7S,4s3d°) is similar to that of Fe* (°D,4s"3d%) (26), whereas
ground-state Co™ (3F,3d®) and Ni*(>D,34%) behave similarly to
Fe*(*F,3d”) (27). These concepts extend to the activation of CH,
and other alkanes by gas-phase transition metal jons (20, 28). The
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observation that ground-state Cr* (°S,34°) reacts with H, and CH,
whereas the Cr* (°D,4s"34*) first excited state does not (a result that
cannot be attributed to energy content or spin) is easily explained by
the electron configuration arguments.

The reaction of Fe* with propane (C;Hj) also illustrates the role
that the electron configuration can play. Two of the endothermic
channels observed are formation of FeH + C;H," and the directly
competing channel, FeH™ + C;H, (24). In both cases, the quartet
excited state is much more reactive than the sextet ground state;
however, in the first reaction, virtually no reactivity is observed for
Fe* (°D) (the *F state is a factor of >75 more reactive), whereas in
the second reaction the difference in reactivity is only about a factor
of 5. The formation of FeH from Fe* + C;Hj is a hydride (H™)
transfer reaction in which two electrons are donated to Fe;
therefore, Fe* (*F,3d”) can readily accept both electrons in its empty
4s orbital and thereby form a strong covalent bond, whereas the
occupied 4s orbital of Fe* (°D,4s'34°) makes formation of ground-
state FeH inaccessible.

A final demonstration of the effect of electron configuration on
the interactions of different electronic states comes from recent work
by Kemper and Bowers (29). They find that the mobilities (which
describe the diffusion of ions in a medium) of atomic transition
metal ions in 1 to 2 torr of He show bimodal behavior that arises
from different electronic states of the ions. The mobilities of
different metals and different states fall into two groups that are
distinguishable by the occupation of the 4s orbital. The results show
that the interaction of the metal ions with He is more repulsive when
the 4s orbital is occupied than when it is empty. This behavior is a
straightforward result of molecular orbital interactions analogous to
those shown in Fig. 1.

Effect of Spin-Orbit Level

For some electronically excited states the spin and electron
configuration are identical to those of the ground state, and the only
difference between the states is the J quantum number, that is, the
spin-orbit level. It might be expected that this change is sufficiently
subtle that drastic changes in the chemistry of such states would not
be observed. This is a common observation, but spin-orbit effects
have been observed in many chemical systems, as recently reviewed
(30).

Although this review includes no examples of the reactivity of
specific spin-orbit levels of transition metals, recent experimental
advances have enabled such studies by Weisshaar and co-workers,
who have shown that the reactivity of V*(*F)) with C,H,, CsHsg,
and C,H, does not depend on the spin-orbit level (22). In contrast,
the J = 5/2 level of Fe* (*F)) is almost twice as reactive with C;Hg
as the slightly lower lying J = 9/2 and 7/2 levels (31), although it is
unknown whether this is simply the result of an increase in the total
energy of the system. Further experiments in this area are clearly an
avenue for continued exploration.

An example where the spin-orbit level makes a significant change
in the chemical reactivity concerns the reactions of Kr*(*>P,). Here
the spin-orbit splitting between the J = 3/2 ground state and the J
= 1/2 excited state is large, 0.67 eV. Both spin-orbit states react
with D, at low kinetic energies with no apparent barrier (Fig. 4)
(32). Although neither state reacts very efficiently compared to the
total collision cross section, the ground-state reaction is much more
efficient than the excited-state reaction, demonstrating that total
energy content cannot explain the observation. In addition, the
Kr* (*P;,,) cross section shows a feature at high energies that is not
found in the Kr*(2P,,,) cross section.

Despite the chemical simplicity of this reaction, an explanation for
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Fig. 4. Spin-orbit state-specific cross sections for the reaction of Kr* with D,
as a function of relative translational energy. Results for ground-state
Kr*(2P;,) are shown by solid circles, and those for excited-state Kr* (2P, ,)
are shown by open circles. The collision cross section (o) divided by 5 is
given by the broken line.

these observations requires consideration of four potential energy
surfaces (32). To form the KrD* + D reaction products, the Kr* +
D, reactants must first charge-transfer to form the Kr + D, " charge
state, which can then transform easily to the observed products. The
charge-transfer step is the rate-limiting process in this reaction. Of
the various spin-orbit components of Kr*, only ground-state
Kr*(2P;,) correlates adiabatically with the Kr + D,* state; hence
this state reacts more efficiently at low kinetic energies. The
Kr*(®P,,,) excited state can react only through a nonadiabatic
transition to the *P;,, ground-state surface, suppressing the reaction
efficiency of this state but not resulting in any energy barrier.

The introduction of the quantum number m; (which can have
values ranging from J to —J separated by one unit) explains the
origins of the high-energy feature in the Kr*(*P;,,) ground-state
cross section. The reactive component of Kr* (?P;,,) is m y = *1/2,
whereas the m; = =3/2 component is believed to be responsible for
the high-energy feature. Because the 2P, state has no m y = +3/2
quantum numbers, there is no high-energy feature for this state. The
m; = *3/2 component is believed to be unreactive because it has a
fundamentally different symmetry than the reactive m; = *+1/2
component in the presence of the D, molecule. To react, these
components must interact, a process that is believed to occur
through rotationally nonadiabatic (Coriolis) coupling (33).

Outlook

The chemistry of excited electronic states is not always a simple
matter to interpret, but well-crafted experiments can be reasonably
direct probes of the molecular orbital ideas ubiquitous in present-
day chemistry. In particular, studies of excited electronic states of
transition metal ions can help validate the molecular orbital ideas
that are used routinely to understand the activation of covalent
bonds by transition metals. Such studies are an ideal example of the
synergistic relation between experiment and theory. One exciting
implication for such research is that excited electronic states may
offer a means of exercising control over the efficiency and specificity
of a wide range of chemical reactions.
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