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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 denatibrational energy
relaxation the loss of energy from vibrationally excited CO to
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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.

the rest of the system. VR rates were determined using \1—co bonding involves both- andz-orbitals. The M-CO z-bonds

picosecond mid-infrared (mid-IR) pumiprobe experiments?

In this work, we have investigated a large number of heme
complexes and find aemarkable correlation between the
vibrational lifetime and the carbonyl stretching frequency. By
changing the metal atom, thans 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.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 botb- and s-orbitals
involved in M—CO bonding; ther-bonds are formed by back-
bonding, i.e., back-donation from the metgl @hd porphyrin
p, orbitals to ther* antibonding orbitals of CG. 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 exces

energy might be transferred to porphyrin vibrations and the
remainder to low-frequency collective vibrations of the solvent
(instantaneous normal modes or solvent phonans).

In order to establish the mechanism of carbonyl VR, we

are formed by back-donation of electrons from the metal and the
macrocycle to antibonding* orbitals of CO.

metal atoms in an isoelectronic series, different porphyrins
(which are the ligandsis to the CO), and differertrans axial
ligands. In addition, experiments were performed using different
solvents and isotopic substitution witfCO. We believe that
the dominant mechanism of VR involves intramolecular anhar-
monic coupling from CO to the metalloporphyrin, via the
metalloporphyrir-CO m-bonds, rather than the metaCO
o-bonds. Structural and electronic factors that increase back-
bonding decrease botlo and the VR lifetime by increasing
the throughr-bond couplind®

The preparation of the metalloporphyrin complexes followed
standard literature method$. The pump-probe experiment
measures the vibrational lifetime of the CO stretching migtle,
which, for the compounds studied here, lies in the 298880
cm! range. Pumpprobe measurements were performed at
the Stanford Free Electron Laser Center, as described in detalil
elsewheré.

In Figure 2, we plot the VR rate versus carbonyl stretching
Sfrequency in CHCI, 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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~ 120 — vco and the VR lifetime are strongly affected by the structure
‘\3_1 \'*.._730,0 M(porph)(CO)(L) in CH2Cl2 and electronics of the metalloporphyrin complex, the coupling
o 100l e that matters is CO to metalloporphyrin, rather than CO to
= Aoy ~ N solvent!® Strongly polar and hydrogen bonding solvents are
X a0l & E\Eg \'.*.,. currently being examined; the potential for specific interactions
2 e~ .. O between solvent molecules and the terminal oxygen atom of
‘CC: 60 Rl § \Ag- ° g(;fundl CO, however, will make interpretation of such data more
= i O o ifficult.
% Os o NET The effects of substituting3CO for 12CO are especially
© 40 S noteworthy: there is essentially no isotope effect on the VR
S = ~ !"0- rate (for M_(COPRO)(CO)(p_yridine) in Ci£l;, for_ M = Ru,
S 20+ oo ~ Os). In spite of a substantial frequency red shift, the ptmp
© probe data are virtually indistinguishable. This rules out the
2 0 s s ‘ s . Fe possibility that the lifetime-frequency correlation is due to the
1860 1880 1900 1920 1940 1960 1980 structure of the density of vibrational states neap. The

isotope effect experiments clearly demonstrate the lifetime
) ] frequency correlation does not depend on the absolute value of
Figure 2._ Carbonyl VR rate versus carbonyl _stretchlng frequensy vco, but instead on thimduced shifof vco caused by changing
for a series of metalloporphyrin complexes in &H#y: (@) M(TPP)-  {he chemical structure and thus on the extent of back-borfding.
(CO)(L) data in solid-filled symbols; (b) M(PHDME)(CO)(L) data in Our synthetic heme complexes provide new insights into
unfilled symbols; L= pyridine @); 4-aminopyridine ); 4-cyano- pump—probe experiments on MbCO. Limited VR rate data
pyridine (cross shape); imidazola, 2-methylimidazole @). The on Mb conformers and mutants suggest the existence of a
dotted and dashed lines are the least-squares fits for each porphyrin,.. . h : S
respectively. 1|fet|me—frequency correlation for protelﬁé, very similar to .
that for the synthetic metalloporphyrin complexes. In comparing
Mb to PHDME, it is clear the protein VR lifetimes at a given
vco 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
differentvco values in heme proteirf€d-16 The question arises
whether the protein affects the VR rate simply by affecting the
back-bonding and the througtibond 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 observéd.

CO stretching frequency (cm-1)

stretching frequencyico: VR ratesincreaseasvco decreases
The vibrational lifetimes are quite sensitive to the values.
Over a range+{1980-1900 cnt?!) wherevco changes by-4%,
the CO vibrational lifetimes range over a factor off (the
longest lifetimes arev45 ps; the shortest11 ps; numerical
data are available in the supporting informatiéth).

The decrease in VR lifetime with increasing mass of the metal
atom is exactly opposite what one expects if throwghond
coupling were dominarft!? For o-bond coupling, the CO
oscillator loses energy by driving the-MC oscillator. When
M is made heavier, the amplitudes of metal oscillations decrease
and the extent of through-bond coupling should decreaig.
Thus, a throughr-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. For4CCl
CHCls, CH.Cl,, and CHCClIs, very little change in the CO VR Acknowledgment. This research was supported by ONR (Grants
lifetime is observed for Ru(TPP)(CO)(pyridine). These chemi- NO0O014-95-1-0259 (D.D.D.) and NOOO14-91-C-0170 (M.D.F.)),
cally-similar solvents have relatively weak interactions with our NSF (Grants DMR-94-04806 (D.D.D.) and DMR-93-22504 (M.D.F.)),
metalloporphyrins, and as a consequence the observed NIH (Grant HL-25934 (K.S.S.)), and NSF feIIowshlp support_(C.J.Z.).
values do not change significantly. They do differ, however, We thank Professors A. Schwettman and T. Smith and their research

. . . . . . groups at the Stanford Free Electron Laser Center for making it possible
quite dramatically in the density of solvent vibrational states {5 perform these experiments. We also acknowledge the assistance of

among th? h,igher frequency molecular vibration regfand Mr. Michael M. Rosenblatt for his synthesis of the coproporphyrin
also to a significant extent in the lower frequency solvent phonon samples.

- s L
region.” There are a great number combinations or overtones Supporting Information Available: Table of vibrational lifetimes

of por.phyrir] yibrational Stat,es that can be regqnant. In fact, and frequencies (2 pages). See any current masthead page for ordering
there is sufficient state density neafo that an efficient, purely  and Internet access instructions.

intramolecula¥* CO-to-metalloporphyrin vibration process is

possible, requiring little or no involvement of solvent. Because JA961494W
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