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PRINCIPAL RESULTS FROM PRIOR DOE SUPPORT: 1989-92

Clean, _pecific preparation of radicals, carbenes, andbiradicals.

Using our variant of high-temperature, short contact time pyrolysis, we have

prepared the following hydrocarbon reactive intermediates in a supersonic jet expansion.

For each of these species, the pyrolysis produced only the desired reactive intermediate

by extrusion of an atom or small molecule (e.g. CO 2, CO, HCI, N2, or Br*, which are

themselves invisible to the experiment), as determined by photoionization mass

spectroscopy.
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The precursors and conditions are given in the original publications. The nozzle design

has also been published. We believe we have the most generally successful source of

intense, clean hydrocarbon radicals, carbenes, and biradicals.

Bond strengths in radicals.

Using a combination of photoelecu'on spectroscopic measurements of ionization

potentials (from our lab) and ion heats of formation (from the literature) we have

determined heats of formation for the isomeric C3H2 carbenes. The heats of formation of
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the carbenes, in turn, give the C-H bond dissociation energies of the C3H3 radicals. We

find that, if a singlet carbene is made by bond scission in a radical, the C-H bond strength

in that radical is reduced from the nominal value, associated with the hybridization of the

bond, by a valence promotion energy that closely tracks the singlet-triplet gap of the

carbene. From the diagram below, two relationships can be written:

cation radical cation radical

- -

_cation _
L-H

IPIR2C:] IP[R2C:]

triplet carbene radical singlet carbene

For a reference bond strength that comes from hydrocm'bon CnHm, the heat of formation

of singlet carbene CnHm. 2 is related to that for radical CnHm. 1by:

AHf[CnHm.Xl = AHf[CnHm. 1] + BDE[CnHml - AHf[H'I - AsT[CnHm.xl

In the absence of a measurement of the singlet-triplet gap of the carbene, AsT[CnHm.2],

the second relationship can be read from the diagram.

AsT[CnHm.2] ---AIP = IP[CnHm_2] - IP[CnHm. 11
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In this approximation, the C-H bond strength of the cation is used as the thex-mochemical
T

_'i reference for that of the radical• To check the predictions, we determined the ionization

potentials of the three isomeric C3H2 carbenes, and ortho-benzyne. Using auxiliary

thermochemical data from the literature, we were able to convert some of those IP's into

heats of formation. Numerical predictions by both of these equations were compared to

experiment using the C3H3 -) C3H2 + H° and C6H5 ----)C6H4 + H° systems, and found to

be at least semiquantitatively correct. We take this as evidence that the valence-bond

picture of bond strengths in radicals incorporates the major effects that cause deviations

from bond additivity predictions, and should serve as an useful predictive tool for

estimating experimentally-difficult-to-access thermochemical data for other reactive

intermediates.

Fitting of Vibrational Structure in Photoelectron Spectra.

Because the reactive species that are studied in these projects are prepared in situ

in the supersonic jet expansion, we needed a way to determine the structure of the

molecules that we made. Explicitly taking into account mode-mixing (Duschinsky

rotation), separation of rotation from vibration in a change of point group symmetry

(static analog of the Eckhart conditions), and coordinate transformations for arbitrarily

large changes in geometry (use of a reduced-mass-weighted Cartesian representation), we

have been able to simulate the partially resolved vibrational structure in our photoelectron

spectra. We found that the Franck-Condon factors were much more sensitive to changes

in geometry than to changes in force constants, so that, starting with force constants from

ab initio calculations, we could refine the geometry until a good match was obtained. By

doing simulations for slightly distorted geometries, we found that bond lengths and angles

could be fit to about 2% precision. This gives us the structural probe for which we were

looking. The best fit simulation of the photoelectron spectrum of c-C3H 2,

cyclopropenylidene, is shown below as both a "stick" spectrum and a convolution with an
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instrument function. The good match to our experinaental spectrum makes the structural

assignment unambiguous.

"best fit" simulation

te

stlck spectrum

I I I I

8 9 9.5 10

ionization potential (eV)

We have done a similar fit for the photoelectron spectrum of c-C4H 4, cyclobutadiene, to

determine the equilibrium geometry of the radical cation, which had been known only

through ab initio calculation. We believe that this simulation and fitting procedure will

make structural assignments clear, and, with higher resolution spectra, should provide an

alternative to IR and microwave spectroscopic methods for ion structure determination.

Resonant MPI spectra of radicals.

We had searched, without great success, for 2+1 and 2+2 resonant MPI spectra

for most of the hydl'ocal'bon_eactive intermediates that we prepared. Presumably,
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predissociation or isomerization of the highly excited electronic states, in competition with

ionization, made the spectroscopy problematic. To improve the prospects for finding

resonant MPI spectra of at least some of the radicals, we switched to operating at

wavelengths needed for a resonant 1+1 MPI process. The first radical that we

investigated in this way was allyl radical, C3H5, and its deuterated isotopomers. We

obtained the first rotationally-resolved electronic spectra of this important radical species,

and, using isotope shifts, symmetry arguments, and rotational band contour simulations,

determined the upper state symmetry and vibronic assignments of all the bands between

238 and 250 nra. The complexity of the observed spectrum can be attributed to vibronic

interactions between three different electronic states, which we designate B[12A1],

C[22B1], and D[12B2], that lie in the 5 eV energy region.

allyl hs _ .
o

I I I J I I I I I
234 236 238 240 242 244 246 248 250

wavelength (nm)

I:allyl-d s

.,
-_ _,., .kl.,,,J_'_._,k_X" I -a

I I I I I I I
238 240 242 244 246 248 250

wavelength (rim)



I

6
o

In particular, the lowest of the three excited states observed in our study, the B[12A1]

state, exhibits a nonplanar equilibrium geomeu'y due to a pseudo-Jahn-Teller interaction

with the nearby C[22B l] state. Together, our one-photon resonant spectra, and the two-

photon spectra in the literature, map out the inversion doubling in several vibronic levels

of B[12A1]. The detailed measurement of these splittings presents an unique opportunity

to test methods for calculation of excited-state potential surfaces.
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