Laser selective chemistry
—is it possible?

With sufficiently brief and intense radiation, properly tuned
to specific resonances, we may be able to fulfill a chemist’s dream,
to break particular selected bonds in large molecules.

Ahmed H. Zewail

One of the main goals of chemists is to
understand the “alchemy” that leads to
the building and breaking of mole-
cules. There are many different waysof
approaching this goal. One of these is
photochemistry, the cracking of mole-
cules by adding energy in the form of
light to break bonds in the molecules.
The resulting bond breakage is in most
cases limited by statistical thermody-
namic laws. With sufficiently brief and
intense laser radiation properly tuned
to specific resonances, we hope to bypass
the statistical laws and break molecules
precisely where we want to break
them. Intellectually this is a challeng-
ing problem; if we succeed, laser selec-
tive chemistry may also have applica-
tion in various areas of pure and applied
chemistry and, perhaps, in medicine.
Laser chemistry involves two basic
questions: How can we break mole-
cules selectively with lasers, and what
happens when molecules are subjected
to heavy doses of laser radiation? These
questions on selectivity open the door to
many other fundamental questions per-
taining to absorption and emission light
by molecules, intramolecular vibration-
al relaxation, dephasing and coherent
pumping by nonlinear optical pro-
cesses. This article and the article by
Vladimir Letokhov will explore what
happens during and after the interac-
tion between molecules and the laser
field, covering single-photon and multi-
photon absorption events. The other
two articles in this issue by Richard N.
Zare and Richard B. Bernstein, and by
Yuan T. Lee and Ron Y. Shen are more
concerned with state-to-state chemistry
using lasers as effectors or detectors.
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In large molecules (that is, those with
more than several atoms) the bonds are
weak or strong depending on the atomic
constituents and on the shape of the
molecule. When the atoms take on
energy, the bonds vibrate according to
well-known rules of physics. In addi-
tion to vibrations, the molecules can
convert the input energy to transla-
tional or rotational motion. It takes
different amounts of energy to excite
these different degrees of freedom; for
example, the quantaof vibrational ener-
gy are larger than those for rotation.

When molecules are heated indis-
criminately, the energy will be distrib-
uted statistically among all degrees of
freedom; as the internal energy in-
creases the weakest bonds will break, so
that one can induce only a limited set of
reactions in this way. However, be-
cause lasers can produce much more
power in very short times and over much
narrower spectral ranges than conven-
tional light sources, they can, in princi-
ple, supply energy only to certain bonds
in a molecule, leaving the other bonds
cold. Thus, chemists could direct
chemical reactions by breaking specific
bonds that are not necessarily the wea-
kest ones. But how do we go about such
selective heating? To answer this ques-
tion we must first know what goes on
inside these large molecules—how the
bonds “communicate” with each other,
how fast the heat (or energy) spreads
among the bonds or the different vibra-
tional states. We must also understand
why certain lasers can do the job while
others cannot. Inother words, we must
still resolve some problems standing in
the way of a happy marriagebetween
lasers and molecules—laser chemistry,

Chemical selectivity

When the degrees of freedom of a
large molecule are efficiently coupled,
energy supplied to one of the bond

vibrations is soon distributed among
them. Evenalightsource well tuned to
one vibrational mode heats the mole-
cule uniformly, and all vibrations reach
equilibrium in accordance with the laws
of statistical thermodynamics. The re-
activity of the molecule under these
conditions has been described by a well-
known theory advanced by Oscar K.
Rice, Herman C. Ramsberger, Louis S.
Kassel, and Rudolph A. Mareus (the
RRKM theory), in which the intramole-
cular vibrational relaxation is very rap-
id.' In some sense, by using selective
bond chemistry we hope to deviate from
the RRKM scheme. There are several
situations in which this statistical the-
ory may not apply. For example, the
reaction may depend on the energy
present in each vibrational mode. Noel
B. Slater has used a nonstatistical har-
monic-oscillator theory to describe some
isomerization reactions such as
C
M 5 O=C—
C—\C C=C-C

that ought to follow such a scheme.

Another way in which the statistical
theory can break down is that energy is
supplied to one degree of freedom much
faster than the energy can be distribut-
ed to the others— because the intramo-
lecular vibrational relaxation is slow on
the time scale of the experiment, the
incoming power is so large and mode-
specific that one bond breaks before the
vibrational modes can communicate.

Intramolecular dephasing

A large molecule containing N atoms
has 3N — 6 vibrational modes. The
potential energy of these vibrations
becomes anharmonic for large oscilla-
tions, as the graph in figure 1 shows,
reflecting the finite energy needed to
break the molecular bonds. Asaresult
of the anharmonicity, the spacing be-
tween vibrational levels decreases with
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increasing energy, producing a “quasi-
continuum” of levels below the dissocia-
tionenergy. Forexample,inbenzeneat
about two electron volts of excitation
energy there are about 10° states per
reciprocal cm (about 10~* eV—see the
table on page 26). The variation of
energy-level spacing caused by the an-
harmonic potential also permits differ-
ent vibrational modes to exchange ener-
gy at excitations where the spacings in
different modes match up. This hap-
pens, of course, particularly at high
“energies, so that many modes are coup-
led in the quasicontinuum.
In molecules with many degrees of
freedom it is useful, for many purposes,

Figure 1

to divide modes into two groups, a
“relevant” part and an “unimportant”
part. In other words, we may say that
the molecule has some modes that we
excite (“R-type” modes) and many oth-
ers (“U-type” modes) that are not ex-
cited directly but interact with the
excited R-modes (see figure 2). Accord-
ingly, the “relevant” R-modes form a
subsystem in the molecule while the
remaining modes, the unimportant U-
modes, make a large system that func-
tions as a “heat bath” or energy sink for
the R-modes. Unlike the heat baths
encountered in other fields, such as
magnetic resonance spectroscopy, the
bath here is entirely intramolecular:
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Energy levels in a large molecule. Only some of the levels interact directly with the laser field;
the remaining levels form a heat bath for this “relevant” part of the molecule. Figure 2

here we are dealing only with interac-
tions within isolated molecules. In
other words, the large number of vibra-
tional degrees of freedom in a large
molecule is sufficient for the molecule to
be its own energy sink. A similar
formalism describes another type of
transition, ‘“electronic radiationless”
transitions, in large molecules.? The
vibrational problem we are considering
issimilar in many ways to the electronic
radiationless transition problem.

Consider, for example, benzene (fig-
ure 3). With 12 atoms it has thirty
vibrational modes; there are oscillations
of the carbon-hydrogen bonds, out-of-
plane vibrations and many others. The
carbon-hydrogen bond resonates at a
wave number of approximately 3000
em™Y; all other modes have lower reso-
nant frequencies. We may consider the
C-H stretch to be the relevant part and
all the other normal modes to form the
bath. The interaction between them is
due to the off-diagonal anharmonicity
terms of the Hamiltonian.

The theoretical formalism for this
system-bath picture of a molecule may
be borrowed from the literature. We
can partition the Hamiltonian for the
moleculeinto parts dealing with system,
the bath, and their interaction:

le . Hs_vs + Hhath + Ifint(sys_rad)
-+ H, ,(sys-bath) (1)

Equation 1 includes a term describing
the interaction of the system with an
external radiation field; for dipole tran-
sitions it is of the form u€, where u is the
dipole-moment operator for the system
and € is the laser-field amplitude. (We
may regard £ as a given parameter
rather than a dynamical variable, so we
need not include a term H,, in the
Hamiltonian. Only if we consider spon-
taneous emission do we need H_,4.)

The equation of motion for the density
matrix of the system is

i# g = H pl @

= [Hsys !p] + [f.tE. P]
+ (relaxation), + (relaxation),

The two relaxation terms arise from
the interaction of the system with the
bath:

» The first describes the loss of energy
from the system to the bath; this is an
irreversible process. We shall denote
the characteristic time with which it
takes place as T.

» The second describes the ‘‘elastic”
part of the interaction which leads only
to phase changes in the system,; it also
contributes to the broadening of the
system transitions. The time constant
for the phase relaxation is T,

To make the separation in equation 2
of the energy-relaxation and phase-
relaxation terms one must assume that
both these processes are slow compared
to the rate at which the bath reaches
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internal equilibrium. That is, one as-
Ssumes

Tl’ Tz > Te {3)

where 7, is the correlation time of the
bath; it reflects the random fluctuations
in the bath and is typically on the order
of the vibrational period of the bath. If
this criterion is satisfied, the resonance
of the system will be homogeneous. On
the other hand, in cases where 7, islong,
weexpect complete or partial infnomoge-
neous broadening, depending on the
strength of nonradiative coupling and
relaxation in isolated systems. To un-
derstand non-RRKM chemistry we
must understand the origin of T, and
T;. We shall come to this point later.

Bond localization

To break a specific bond we must be
able to supply energy to that bond
rather than to some broadly spread-out,
nonlocal vibrational mode. In large
molecules what are the criteria for bond
locality? How does locality relate to T,
and T,? By “locality” here we mean
spatial or temporal localization of vibra-
tional excitation energy. Letusturnto
some relevant experimental results.

Classical chemical activation experi-
ments have provided vibrational relax-
ation times for some molecules. Sey-
mour Rabinovitch’s group at the
University of Washington has mea-
sured® product distributions from reac-
tants activated by different chemical
means; they concluded that the vibra-
tional relaxation time is of the order of
10~ '2 gec. This is a rather short time,
and implies, unfortunately, that ultra-
short laser pulses may be required for

_laser-induced selective chemistry. The
theoretical group at the University of
Southern California* have argued, how-
ever, that the measured quantity for
chemical activation and also for beam
experiments is not very sensitive to
departures from RRKM behavior.

Unlike chemical activation methods,
lasers can, in principle, produce mono-
chromatic excitation of certain vibra-
tions. One can excite the molecule with
single a photon or with multiple pho-
tons. Inthe former case the moleculeis
provided with the required energy in a
single shot. In multiphoton excitation
the photon energy is much smaller than
the necessary dissociation energy, but
the molecule successively absorbs many
of the low-energy photons among its
any vibrational levels until it has
accumulated sufficient energy to disso-
ciate. The quasicontinuum helps the
“climbing up” process because it con-
tains many states whose separation can
match the energy of the infrared pho-
tons. Nicolaas Bloembergen and Eli
Yablonovitch discussed this mechanism
earlier in pHYSICS TODAY.®

With single photons one may, in
principle, excite either normal or local
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Naphthalene, benzophenone and durene. The “'relevant” parts of these molecules are the
virational modes of the C—H bonds in naphthalene, the C=0 bond in benzophenone, and the

C—H bonds of the methyl groups in durene.

vibrational modes of the molecule. Vi-
brational spectroscopists, a long time
ago, told us that when the molecule is
excited to the fundamental region (that
is, a first excited vibrational state) the
excited states are normal modes whose
wavefunctions have a symmetry deter-
mined by the full point group of the
molecule. Recently, however, some ex-
perimental and theoretical results have
given support for the “local-mode” pic-
ture. Thispicture,is, of course, what we
want for laser selective chemistry.

In molecule such as benzene one
expects the C-H-stretch modes to be
different in character from the rest of
the modes simply because of the fre-
quency mismatch: the C-H modes have
the highest vibrational frequency.
Thus, in a very simple picture, one
would expect the C-H modes to be local
and to have alarge diagonal anharmoni-
city and small off-diagonal anharmonic
couplings to other modes.

Several research groups have-exam-
ined the local-mode character of large
molecules, both experimentally and
theoretically. Hereweshalldiscussour
own work,® which is concerned with
large molecules at low temperatures,
(around 1.7 Kelvin); as we shall see, this
is important for obtaining high-resolu-
tion information on intramolecular
dynamics. The other groups have fo-
cussed their attention on liquid and gas
spectra.”® The experimental work of
Andy Albrecht and Robert Swofford in
the US and of Brian Henry in Canada
has provided the foundations for under-
standing the energetics of local modes.
The gas-phase experiments of Robert
Bray, Michael Berry, and Don Heller
have raised important questionsregard-
ing the broadening of overtones as a
function of energy.

We have investigated bond locality in
naphthalene and benzophenone (figure
3). Weexcited the molecules toC—H or
C=0 vibrational states with single pho-
tons, over a range which covers the low-
and high-energy limits. The low tem-
peratures allowed us to avoid rotational
congestion and also kept the quasicon-
tinuum out of the picture, because no

Figure 3

molecules could be in those states at the
start of the experiment—at 1.7 K all
molecules are essentially in the ground
state.

Cooling of large molecules is very
important and may be done by:

P isolating the molecules in a cold host
matrix

P cooling a crystal of these molecules,
for example, to liquid helium tempera-
tures

» expanding the molecules with an
inert gas through a pinhole nozzle.
Although in all cases the spectra will be
sharpened considerably because of the
removal of thermal congestion, in the
matrix-isolation and the cold-crystal
methods there is some perturbation due
to guest-host interactions and the crys-
tal field. However, if these interactions
are small compared to the intramolecu-
lar interactions, then these two methods
are ideal for studying vibrational and
electronic dynamics. Our group at Cal-
tech has used the second method of
cooling to study the spectroscopy of
high-energy vibrational states and the
third method of cooling, supersonic ex-
pansion of a molecular beam, to exam-
ine intramolecular relaxation pro-
cesses. Inthe latter case, the molecules
are rotationally very cool (0.3 K) and
vibrationally cool (around 40 K) after
they leave the nozzle of the apparatus;
they are then excited by a laser beam,
and one can then obtain high-resolution
spectra of isolated, cooled molecules.
Richard Smalley (now at Rice), Len
Wharton and Don Levy successfully
demonstrated® this method at the Uni-
versity of Chicago.

Figure 4 shows the vibrational over-
tone spectra for a cooled naphthalene
crystal. Napthalene has 48 vibrational
modes and benzophenone has 66. The
C—H and C=0 stretches are at about
3,000 cm ' and 1,700 cm ™!, respective-
ly. Because the dissociation energy of
the C—H bond in the naphthalene mole-
cule is about 44 000 cm™?, it requires
about 15 photons with the energies of
the C—H mode to dissociate. To exam-
ine the C—H.and C=0 bond locality we
measured the spectra of the modes and



the relaxation time of the excited mode
by all other modes in the molecule..

From our naphthalene and benzo-
phenone experiments® we found that:
» The overtone spectrum (that is, the
spectrum of states with vibrational
quantium number v=2, 3,...) is a
simple progression of C—H or C=0
bands (especially at high energies) with
energies obeying a simple anharmonic
rule:

E,/lv=A+Bv @

For naphthalene A = 3086 cm™! and
the diagonal anharmonicity, B, is
— 55.8 em~!; the fit of the data to
equation 4 isexcellent, asfigure 5 shows.
» At about 15000 cm~' 9about 1.9
electron volts) in the molecule, the
stretches of the C—H,, and C—H, bonds
(figure 3) in naphthalene are distin-
guishable,

» The vibrations of the C—H, and
C—H, bonds in naphthalene have dif-
ferent apparent relaxation times (.075
and .11 picosec) even when the other
modes (the “bath”) are cooled to 1.3 K.
» The relaxation time (from the spec-
tra) gets shorter as the energy increases
in the C=0 stretching mode of the
benzophenone molecule.

What do these findings mean? If we
think of naphthalene’s C—H bonds as
not communicating with each other, we
could represent (rather naively) the
molecule as simply the sum of the
different bond deformations:

naphthalene
=4C-H, +4C-H; + ...

And in fact, experimentally, in both the
napthalene C—H stretches and the ben-
_ zophenone C=0 stretch, a simple rela-
tionship, like that in a diatomic mole-
cule between the vibrational energy and
the vibrational quantum number v,
holds up very nicely and accurately.

Can we conclude from this that the
energy is localized in the C—H or C=0
bond? In my opinion, the answer is no.
All it means is that our results are
consistent with a local excitation in the
C—Hor C=0sub-systems. Buttoprove
the locality we need further evidence.

From the experiments we do know
that the energy stays in the carbon-
hydrogen system for fractions of picosec-
ondsorlonger. Now we are faced witha
dilemna. On one hand the spectra are
consistent with a local-bond picture, but
on the other hand the relaxation time of
these excited modes is extremely short.
Eventually lasers may be developed
that can break a bond at this speed, but
for the moment it might seem that we
would have to give up.

However, the other channel of relax-
ation, dephasing, and inhomogeneous
broadening could affect our previous
measurement of the energy-relaxation
time. (As we mentioned, dephasing
describes the loss of phase coherence; for
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Transmisslon spectra of naphthalene (upper
graph) and naphthalene deuterated in the a
positions (lower graph). The experimental
curves show the low-temperature (1.3-2 K)
spectra for the fifth vibrational overtone; the
theoretical curves show the fixed peak due to

B hydrogen and the shifting peak due to «
hydrogen or deuterium. Figure 4

illustration we can think of the modes
are dancers in a corps de ballet—if one
dancer misses a step and gets out of
phase with the others, there will be a
disturbance in the routine but this will
not immediately affect the number of
dancers on stage. Similarly, the C—H
oscillations can dephase without any
net loss of energy.) Simple spectroscop-
icexperiments will not measure dephas-
ing rates directly;® the line width, for
example, has contributions from both
relaxation rates and from inhomoge-
neous spreading.

For successful selective chemistry we
must know both T, and T,: T tells us
how fast the deposited energy is flowing
to all modes, and T, tells us what kind of
lasers we should use. At the moment
one does not know the contribution of
each of these two relaxation times to the
overall relaxation time of all over-
tones. It may be that the bond-locality
time is much longer than the measured
0.1 picosecond overall relaxation time—
even long enough for us to get at the
bonds and break them with current
laser technology. One also does not yet
know how to describe theoretically the
spectra of high-energy transitions. This
is in contrast to our rich knowledge
about the spectra of low-energy states.
We shall return to this point later.

Which state do we excite?

Essential to the problem of selectivity
isthe question of state preparation. For
any molecule, there are certain exact
eigenstates that one may obtain, in

principle, by using just symmetry and
quantum mechanics. But, does light
excite thesestationary states—ordoesit
excite a non-stationary state? If the
states are non-stationary are they nor-
mal or local modes? These questions
are not fully answered yet. However,
we may be able to shed some light on
these questions by considering the re-
sults of the following experiment.
Recently, we have studied®'’ the
high-energy vibrational overtones of
the durene molecule (tetramethyl ben-

«zene) and a partially deuterium-substi-

tuted analog (see figure 3). The durene
molecule has two types of C-H stretches,
those in which the hydrogen atoms are
in the methyl groups remote from the
benzene ring, called “aliphatic-C-H”
and those in which the hydrogen atoms
are directly attached to the ring, called
“aromatic-C-H”. Figure 6 shows the
spectra of durene and of deuterated
durene. Two remarkable observations
are noteworthy. First, when the hydro-
gen atoms attached to the benzene were
replaced by deuterium the spectrum of
region I in figure 6 (between O and 800
cm™')is relatively unchanged while the
band of region II (above 800 cm ') is
completely missing in the spectrum of
deuterated compound even at high ener-
gy. Second, the bands of the “triplet”
observed in region I are very sharp (as
small as 20 cm ! wide—the narrowest
band observed in any large molecule’s
overtone region) in contrast with all
known aromatic-C-H bands, which
have a typical width of 100 cm~"! or
larger. The bands of region I are due to
the aliphatic-C-H bonds, while that of
region Il is from the aromaticbonds. The
implications of these results are quite
interesting.

The fact that the absorption band of
the aromatic-C-H bond disappears
when hydrogen is replaced by deuter-
ium indicates that the stretches of the
aliphatic and aromatic bonds are not
interacting with each other even in the
quasicontinuum region. Furthermore
the narrowness of the aliphatic bands in
comparison with aromatic bands indi-
cates that the coupling of the aliphatic-
C-H vibrations to the intramolecular
bath is much weaker than the coupling
of the aromatic-C-H vibrations to the
bath. In some sense the aliphatic-C-H
bonds form a subsystem of the large
molecule. This subsystem behaves like
asmall molecule in which the states are
well separated from each other in ener-
gy. The aromatic-C-H bonds must, on
the other hand, behave as if they were a
part of a large molecule, where the bath
is quite big and the dephasing or energy-
relaxation rates are very large. Thisis
consistent with the theoretical picture
advanced by Joshua Jortner’s group.
An important point about the prepared
states emerges from the observations.

Because aliphatic-C-H stretches in
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