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We report a facile pathway for de-excitation of photoexcited O2-
heme and the absence of such a pathway for CO-heme. This
pathway can account for the dramatic difference in photodissociation
quantum yields for O2 and CO adducts of heme proteins.1

Heme proteins are biological receptors of the gaseous XO
molecules (X) C, N, O), and the dynamics of their binding is of
longstanding interest. Rebinding dynamics are conveniently studied
by inducing ligand dissociation with a light pulse, but the XO
photodissociation characteristics differ dramatically. The dissocia-
tion quantum yield is unity for CO but is much lower for NO and
O2. It had been uncertain how much of the inefficient dissociation
is attributable to fast geminate recombination and how much to
internal conversion processes, but recent measurements by Ye et
al.1 established the zero-time quantum yields to be 50 and 28% for
NO and O2 adducts of myoglobin (Mb), in contrast to the 100%
yield of MbCO. This variation correlates with adduct geometry;
the Fe-X-O bond angle is approximately 180, 145, and 120° for
X ) C, N, and O. The geometry can be rationalized on the basis
of the degeneracy of the FeXOπ* orbitals in the linear geometry.
When these orbitals are singly (NO) or doubly (O2) occupied, this
degeneracy is lifted via a bending distortion,2 as detailed in the
vibrational interaction theory of Bersuker and Stavrov.3 Ye et al.1

suggested that this theory might also account for the variation in
quantum yield; if photoexcitation favors bending, then the linear
FeCO might be more prone to photodissociation than the already
bent FeNO and FeO2. They further suggested that a side-on isomer
of FeO2, which has been proposed to be the low-temperature
photolysis product of an Fe(II)porphyrin-O2 adduct,4 might
contribute to the low MbO2 dissociation quantum yield and might
account for the observation5 of an unphotolyzable fraction at
10 K.

In the course of investigating protein effects on CO and O2

binding in Mb at a full quantum chemical level,6 we found a side-
on O2 isomer, which is stabilized by hydrogen bonding,6,7 only 10.7
kcal mol-1 above the more stable end-on isomer. Motivated by
this result, we sought to evaluate the excited-state geometry
dependence of an (imidazole)Fe(II)porphine (Im)FeP model with
bound CO or O2 ligands (Supporting Information) by means of
time-dependent DFT calculations,8 using the B3LYP9 functional
and a LANL2DZ10 basis set, along with the corresponding
pseudopotential for the iron atom, as implemented in the Gaussian
98 program package.11 DFT calculations on heme models have
given a good account of the XO adduct geometries12 and vibrational
frequencies.12bFigure 1 gives structural parameters for the computed
equilibrium geometries of the end-on and side-on isomers of the
O2 adducts optimized, without any symmetry constraints, at the
B3LYP/LANL2DZ level. Constrained geometry optimizations were
then performed at selected values of the Fe-X-O angle and of

the Fe-X distance, and singlet-singlet vertical excitation energies
were computed. The lowestπ-π* excitations (Q) were correctly
calculated for unconstrained FeCO and FeO2 as strong transitions
at 2.37 and 2.14 eV to be compared to the corresponding
experimental values of 2.18 and 2.22 eV, respectively.13 In addition,
a series of lower-lying FeO2 transitions of diminishing intensity
were computed at 1.27, 1.18, 1.09, and 0.85 eV, in excellent
agreement with reported values for oxyhemoglobin.13 The lowest-
lying singlet excitation corresponds to a transition of negligible
intensity computed at 0.41 eV.

Head-Gordon and co-workers14 recently reported similar com-
putations on the CO model, but focused their analysis on the Fe-C
stretching coordinate. They were able to explain photodissociation
via population of a repulsive state involving an antibonding Fed

and COπ* orbital combination, which lies above the photoaccessed
Q state but falls below it as the Fe-C bond is stretched. We
confirmed this result and found that bending the FeCO moiety did
not produce any excited-state crossings. All excited states based
on Fe and CO orbitals remained above the Q state, which itself
showed negligible variation with the Fe-C-O angle (Supporting
Information). Dissociative states falling near higher-lyingπ-π*
excitation, e.g., the Soret band, are of little consequence because
of rapid relaxation to Q (Supporting Information).

The situation is entirely different for the O2 adduct because the
Fed and O2 π* orbital combinations are lower in energy and because
there is greater mixing of Fed and porphyrinπ* orbitals. Because
of this mixing, the Q state energy drops when the Fe-O bond is
stretched (Figure 2), while the energy rises for the various Fed-O2

π* states. Thus, population of the Q state can lead directly to FeO2

dissociation, without any need for state crossing. On the other hand,
multiple crossings are encountered along the Fe-O-O bending
coordinate (Figure 3). The ground state displays an energy barrier
between the end-on and side-on isomers, while the first excited
state displays a complex dependence on the Fe-O-O angle. Its
three avoided crossings (marked 1, 2, and 3 in Figure 3) are found
to be intersection points when the Fe-O distance dependence is
examined; stretching the bond brings the upper and lower surfaces
into close contact (Supporting Information). At the same time, a
group of low-lying excited states in the end-on isomer rise to the
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Figure 1. Fe-O-O bond distances and angles (Å, degree) in the optimized
end-on and side-on isomers of (Im)FePO2. The end-on parameters agree
well with the X-ray structure of MbO217 and with previous theoretical
studies.12 The side-on isomer shows an elongated O-O distance, similar
to that seen in peroxide complexes.
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vicinity of the Q state in the side-on isomer. The Q state itself
rises slightly with diminishing angle, showing a weak maximum
0.4 eV above the end-on energy.

The excited-state profiles in Figure 3 provide a ready pathway
(see arrows) for avoidance of photodissociation in the O2 adduct.
Photoexcitation to the Q state would allow access to the side-on
isomer, thermal energy being sufficient to surmount the weak
barrier. Several states are then close enough to the Q state to funnel
energy downward by opening the Fe-O-O angle, populating the
first excited state at the avoided crossing 2. Here there is a
bifurcation between a pathway leading back to the side-on isomer,
via avoided crossing 3, or to the end-on isomer, via avoided crossing
1. The side-on isomer would relax thermally to the end-on isomer,
but at low temperature a fraction of the molecules would be trapped
in the side-on configuration. Because of the proximity of several
states leading downward away from Q (Figure 3), this isomer would
readily relax to the ground state, thus providing an explanation for
the unphotolyzable MbO2 fraction observed at low temperature.5

For the end-on isomer, the photolysis probability depends on
the rate of progress along the Q state profiles in the stretching and
bending directions; the former leads to dissociation, while the latter
leads to internal conversion. The full surface along both directions

is undoubtedly complex. Moreover, it depends sensitively on the
energy of the side-on isomer. We emphasize that this isomer is
stabilized by polar interactions,6,7 which are not represented in the
present calculations. Thus, the Q state energy may actually decrease
along the Fe-O-O bending coordinate in the environment of the
protein. It is likely that the observed 28% quantum yield for MbO2

photodissociation1 can be accommodated by this model of de-
excitation.

The complex excited-state profiles in Figure 3 can be traced to
the strong dependence of the Fed-XO π* orbital interactions on
the Fe-X-O angle, as analyzed in the classic paper by Hoffman
et al.2 This dependence exists for FeCO as well as for FeO2, but
the excited states arising from these interactions lie at much higher
energy for FeCO. The observation that the CO stretching infrared
band is polarized parallel to the heme plane within∼0.5 ps of
MbCO photolysis,15 which has been cited in favor of a photodis-
sociative bending pathway,1 may instead reflect the steric interac-
tions of the dissociated CO with the protein residues.16
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Figure 2. Potential energy curves (eV) of the ground and low-lying excited
states of the O2 complex (end-on isomer) as a function of the Fe-O distance
(Å). The Q state is dissociative because of porphyrin and FeO2 orbital
mixing.

Figure 3. Potential energy curves (eV) of the ground and low-lying excited
states of the O2 complex as a function of the Fe-O-O angle (degree).
Arrows mark the suggested pathway of de-excitation from the initially
photoexcited Q state to either the end-on or side-on isomers.
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