A REALLY MOVING STORY

Roald Hoffmann

hemistry is A + B — C + D, substances

and their transformations. Change, sym-

bolized by the arrow in the equation, was
always of real value to people, whether it was in
the protochemistries of food preparation, gun-
powder, dyes or metallurgy. The hold was psy-
chological as well as economic; it was fascinating,
frightening, thrilling—all of these—to see color
changes, healing and explosions. As chemistry
became a molecular science, the magic of trans-
formation did not abate. And the value of adding
value to the natural by human transformation
never left us, it only changed scale; aside from
airplanes and computers, the chemical industry
is pretty much the major positive contributor to
the U.S. trade balance.

But all along it has been too easy to focus on
the before and after, on the reactants and prod-
ucts, on the noun and not the verb. Nor did much
change as we learned of the molecules within
macroscopic matter—to capture change itself, to
visualize it and harness its special features was
never easy. The blinking of an eye is glacially
slow compared with what happens in the first
few of dozens of reactions in photosynthesis, or in
the controlled explosions in your car engine.

There is a change in chemistry today, for the
arrow is now well on its way to being under-
stood. (See “Reaction Dynamics in Organic
Chemistry,” March-April 1997.) We have femto-
second spectroscopies that allow us to freeze the
arrow’s motion in neo-Zeno ways, as in the re-
markable work of Ahmed Zewail of Caltech. The
pictures we obtain of molecular motion, albeit in-
direct, are truly as startling, and as decisive of ar-
gument, as the photographs that Eadweard
Muybridge obtained of galloping horses in the
late 19th century (a point made to me by my
Stanford colleague John Brauman).

And, in the true test of understanding, we can
bend the arrow, direct the reaction elsewhere.
Why should we wish to do so? Because we de-
sire that which is not easily given unto us. Or we
may profit from this capability. But mainly we
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wish to gain confidence in our understanding of
how transformation takes place by affecting the
transformation, by ringing the changes on
change itself. In the first installment of Marginalia
on the new kinetic art, I tell here two contempo-
rary stories of reaction dynamics.

Chemistry with a Hammer

Methane, CH,, “wants” to fall apart or dissociate
on a nickel surface to produce CH; and H strong-
ly bound (chemisorbed) to that surface—the
process is thermodynamically downhill. But
bleed a little CH, into the vacuum above a clean
nickel surface and nothing happens. Oh, the
methane settles down on the surface (physisorp-
tion) but refuses to decompose. We say there is a
barrier to dissociative chemisorption. Breaking
up is hard to do; that we know. But breaking up
methane is crucial; if one wants to make complex
molecules from abundant natural gas, one better
begin by disrupting at least one C-H bond in
ever-so-stable methane.

The nature and size of that barrier was studied
independently by three groups (Gert Ehrlich at the
University of [llinois, Robert J. Madix at Stanford
and Sylvia T. Ceyer at MIT). They seeded CH, ina
helium beam in a way such that the speed of the
CH, could be controlled. When that beam of CH,
molecules impinged on the surface, nothing hap-
pened until the kinetic energy of the methane ex-
ceeded a threshold value (about 60 kilojoules per
mole), at which point the CH, fell apart, generating
the products CH; and H, both of which were
chemisorbed on the surface.

Sylvia Ceyer and her coworkers then went on
to do a beautifully simple experiment. They laid
down a layer of gently physisorbed (and thus es-
sentially unperturbed) methane on that surface.
Then they trained a beam of argon atoms (the
hammer!) of controlled energy on the unsuspect-
ing quiescent methane. When the argon atoms
provided somewhat more collisional comph
than the moving methane molecules had in the
absence of the noble gas, chemistry took place.

The Quantum World
Though mysteries remain aplenty in the falling
apart of molecules at surfaces, the beautiful story [
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Figure 1. Argon crashes like a hammer into a methane molecule (CH,) weakly adsorbed to a nickel surface. The
kinetic energy of the impact is sufficient to break a carbon-hydrogen bond in methane, leaving the CH; and H frag-
ments bonded to the surface. (Image adapted from a drawing by Sylvia Ceyer, MIT.)

just told was pretty classical. Sometimes the dy-
namics of chemical reactions have truly nonclassi-
cal features, ones that derive from the quantum na-
ture of molecules. For molecules are truly betwixt
and between—part classical objects, sculpted in
their multifarious richness as macroscopic struc-
tures are, part quantum objects with the seemingly
arcane consequences of the quantum world.

A remarkable report recently appeared from
Richard Zare’s Stanford University group that

photon beam

American Scientist, Volume 87

exemplifies quantum mysteries, even as it has a
partially classical explanation. Diatomic mole-
cules can be induced to fall apart by either heat
or light. The Stanford group looked at a simple
diatomic, ICI (the mixed partner to familiar di-
atomic chlorine, Cl,, and iodine, I,) and its pho-
todissociation by a beam of linearly polarized
green light. Off come CI and I atom fragments;
the Cl atom is the one they studied.

The electron in the Cl atom has two kinds of
angular momentum—one is its intrinsic spin, the
other the angular momentum of its orbital mo-
tion. The two kinds of Cl atoms in which (as the
Cl sails away) the odd electron is rotating clock-
wise or counterclockwise (thus with “topspin”
or “backspin” with respect to the direction of mo-
tion) can be experimentally distinguished.

The remarkable outcome of the quantum na-
ture of the bond-breaking process is that this
“handedness” (helicity) of the electronic angular
momentum oscillates between backspin and top-
spin, depending on the wavelength (thus energy)
of the dissociating light! The explanation comes
only from the wavelike properties of the material
molecule, more precisely from the interference of
wave-like descriptions of the mixture of differ-
ent electronic states accessed by the absorption of
that light.

Figure 2. Light can be used to split apart a molecule con-
taining one atom of iodine (1) and one of chlorine (Cl)
into its constituent parts. An ICl molecule, which shares
a pair of electrons, is bathed in a beam of linearly polar-
ized light (top). The ICl molecule absorbs a photon and
begins to fall apart (middle). The 1 and Cl atoms fly
apart, with the electrons of the Cl atom rotating in one
direction, and the I atom rotating in the other. The
clockwise or counterclockwise sense of rotation of the
electrons on each atom varies with the wavelength of
the light beam and oscillates betweeen topspin and
backspin (bottom). (Image adapted from a drawing by
Andrew Alexander and Richard Zare, Stanford.)






