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In order to better understand the relationships between
molecular structure and vibrational dynamics, we have inves-
tigated the rates of vibrational relaxation (VR) of carbon
monoxide bound to the active site of synthetic metalloporphyrin
complexes. Here VR is used to denoteVibrational energy
relaxation, the loss of energy from vibrationally excited CO to
the rest of the system. VR rates were determined using
picosecond mid-infrared (mid-IR) pump-probe experiments.1,2
In this work, we have investigated a large number of heme
complexes and find aremarkable correlation between the
vibrational lifetime and the carbonyl stretching frequency. By
changing the metal atom, thetrans axial ligand, and the
porphyrin substituents, it becomes possible to tune the vibra-
tional relaxation lifetime of CO over about a factor of 4. Never
before has virtually continuous control of a vibrational lifetime
been observed in a condensed phase polyatomic molecule.
Loss of vibrational energy from CO inherently involves

anharmonic coupling between the carbonyl vibrational funda-
mental and its surroundings.3 In broad terms, there are three
ways this might occur, as illustrated schematically in Figure 1.
VR might be a purely intramolecular process, involving CO-
to-metalloporphyrin energy transfer via the covalent metal-
loporphyrin-CO bonds. There are bothσ- and π-orbitals
involved in M-CO bonding; theπ-bonds are formed by back-
bonding, i.e., back-donation from the metal dπ and porphyrin
pπ orbitals to theπ* antibonding orbitals of CO.4 Alternatively,
carbonyl VR might be a purely intermolecular process, involving
CO-to-solvent energy transfer via nonbonded interactions.
Finally, VR might involve a mixture of intermolecular and
intramolecular processes. For example, some of the excess
energy might be transferred to porphyrin vibrations and the
remainder to low-frequency collective vibrations of the solvent
(instantaneous normal modes or solvent phonons).5

In order to establish the mechanism of carbonyl VR, we
systematically varied the structure of the heme using different

metal atoms in an isoelectronic series, different porphyrins
(which are the ligandscis to the CO), and differenttransaxial
ligands. In addition, experiments were performed using different
solvents and isotopic substitution with13CO. We believe that
the dominant mechanism of VR involves intramolecular anhar-
monic coupling from CO to the metalloporphyrin, via the
metalloporphyrin-CO π-bonds, rather than the metal-CO
σ-bonds. Structural and electronic factors that increase back-
bonding decrease bothνCO and the VR lifetime by increasing
the throughπ-bond coupling.6

The preparation of the metalloporphyrin complexes followed
standard literature methods.7,8 The pump-probe experiment
measures the vibrational lifetime of the CO stretching mode,1,9

which, for the compounds studied here, lies in the 1980-1880
cm-1 range. Pump-probe measurements were performed at
the Stanford Free Electron Laser Center, as described in detail
elsewhere.1

In Figure 2, we plot the VR rate versus carbonyl stretching
frequency in CH2Cl2 solutions for M(porph)(CO)(L) for two
different porphyrins (TPP and PHDME), three metals (M)
Fe, Ru, Os), and five nitrogenous ligands. We observe a very
strong correlation between the VR rate and the carbonyl
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Figure 1. Schematic diagram of CO bound to a metalloporphyrin.
Loss of vibrational energy from CO excited by a mid-IR picosecond
laser pulse might involve intramolecular CO-to-heme vibration pro-
cesses, intermolecular CO-to-solvent vibration processes, or a mixed
process involving intra- or intermolecular vibrations and solvent
phonons. CO-to-heme processes must depend on metal to CO bonding.
M-CO bonding involves bothσ- andπ-orbitals. The M-COπ-bonds
are formed by back-donation of electrons from the metal and the
macrocycle to antibondingπ* orbitals of CO.

7853J. Am. Chem. Soc.1996,118,7853-7854

S0002-7863(96)01494-1 CCC: $12.00 © 1996 American Chemical Society



stretching frequency,νCO: VR ratesincreaseasνCO decreases.
The vibrational lifetimes are quite sensitive to the value ofνCO.
Over a range (∼1980-1900 cm-1) whereνCO changes by∼4%,
the CO vibrational lifetimes range over a factor of∼4 (the
longest lifetimes are∼45 ps; the shortest∼11 ps; numerical
data are available in the supporting information).10

The decrease in VR lifetime with increasing mass of the metal
atom is exactly opposite what one expects if throughσ-bond
coupling were dominant.6,11 For σ-bond coupling, the CO
oscillator loses energy by driving the M-C oscillator. When
M is made heavier, the amplitudes of metal oscillations decrease,
and the extent of throughσ-bond coupling should decrease.2,6

Thus, a throughσ-bond coupling mechanism can be convinc-
ingly ruled out.
In order to explore solvent-coupled VR mechanisms, a series

of chlorinated hydrocarbon solvents were used. For CCl4,
CHCl3, CH2Cl2, and CH3CCl3, very little change in the CO VR
lifetime is observed for Ru(TPP)(CO)(pyridine). These chemi-
cally-similar solvents have relatively weak interactions with our
metalloporphyrins, and as a consequence the observedνCO
values do not change significantly. They do differ, however,
quite dramatically in the density of solvent vibrational states
among the higher frequency molecular vibration region12 and
also to a significant extent in the lower frequency solvent phonon
region.13 There are a great number combinations or overtones
of porphyrin vibrational states that can be resonant. In fact,
there is sufficient state density nearνCO that an efficient, purely
intramolecular14 CO-to-metalloporphyrin vibration process is
possible, requiring little or no involvement of solvent. Because

νCO and the VR lifetime are strongly affected by the structure
and electronics of the metalloporphyrin complex, the coupling
that matters is CO to metalloporphyrin, rather than CO to
solvent.15 Strongly polar and hydrogen bonding solvents are
currently being examined; the potential for specific interactions
between solvent molecules and the terminal oxygen atom of
bound CO, however, will make interpretation of such data more
difficult.
The effects of substituting13CO for 12CO are especially

noteworthy: there is essentially no isotope effect on the VR
rate (for M(COPRO)(CO)(pyridine) in CH2Cl2 for M ) Ru,
Os). In spite of a substantial frequency red shift, the pump-
probe data are virtually indistinguishable. This rules out the
possibility that the lifetime-frequency correlation is due to the
structure of the density of vibrational states nearνCO. The
isotope effect experiments clearly demonstrate the lifetime-
frequency correlation does not depend on the absolute value of
νCO, but instead on theinduced shiftof νCO caused by changing
the chemical structure and thus on the extent of back-bonding.6

Our synthetic heme complexes provide new insights into
pump-probe experiments on Mb-CO. Limited VR rate data
on Mb conformers and mutants suggest the existence of a
lifetime-frequency correlation for proteins,1,6 very similar to
that for the synthetic metalloporphyrin complexes. In comparing
Mb to PHDME, it is clear the protein VR lifetimes at a given
νCO are noticeably shorter (∼20%). Local environment effects
appear to be the most likely explanation for the systematically
faster VR in proteins, compared to that in PHDME, since the
heme structures are nearly identical. It is well known that
electrostatic interactions between residues in the heme pocket
(e.g., the distal histidine) and heme-CO can account for the
differentνCO values in heme proteins.4cd,16 The question arises
whether the protein affects the VR rate simply by affecting the
back-bonding and the throughπ-bond coupling between heme
and CO, or whether specific interactions between protein and
CO permit CO-to-protein vibrational energy transfer. If specific
interactions were responsible for carbonyl VR, then a rather
complicated dependence of the VR rate on the details of the
protein structure would be expected to result. Instead a very
simple, linear lifetime-frequency correlation is observed.1
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Figure 2. Carbonyl VR rate versus carbonyl stretching frequencyνCO
for a series of metalloporphyrin complexes in CH2Cl2: (a) M(TPP)-
(CO)(L) data in solid-filled symbols; (b) M(PHDME)(CO)(L) data in
unfilled symbols; L) pyridine (b); 4-aminopyridine (9); 4-cyano-
pyridine (cross shape); imidazole (2); 2-methylimidazole (\). The
dotted and dashed lines are the least-squares fits for each porphyrin,
respectively.
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