CURRENT PROBLEMS IN RESEARCH

Selective Laser

Photocatalysis

of Bromine Reactions

Laser light excites gaseous bromine molecules to single
bound quantum states near the dissociation continuum.

W. B. Tiffany, H. W. Moos, A. L. Schawlow

We have used photocatalysis, induced
by monochromatic laser light, to study
the nature and dynamics of a gaseous
chemical reaction. The experimental
study of such dynamic processes is in-
herently more difficult than that of static
properties because there are a number
of simultaneously occurring processes
in competition with one another. The
laser permits simplification of the situa-
tion with selective excitation techniques.
In particular, a specific type of molecule
within a system can be excited initially
to an individual quantum state. Its sub-
sequent behavior can be studied more
easily because the number of processes
which can occur is restricted by the
selective initiation. Careful choice of
the method for this selective initiation
permits the processes of most interest
to be observed without interference
from other possible processes.

In contrast to this, the activation ener-
gy for a chemical reaction is ordinarily
furnished by thermal collisions of the
participating molecules. Usually the re-
quired energy is much greater than can
be obtained in a single collision. Thus,
many such uncorrelated events are re-
quired, and during the course of these
events information about the detailed
behavior can be lost, and unwanted side
effects may occur. Photochemical acti-
vation can be much more direct be-
cause the required energy can be de-
livered by a single photon (7). It can
also be selective if the wavelength of
the light source can be chosen to coin-
cide with an absorption wavelength of
a specific type of molecule in the sys-

Dr. W. B. Tiffany is a research assistant at
Stanford University, Stanford, California; Dr.
Moos, formerly at Stanford, is now assistant
professor of physics at Johns Hopkins Univer-
sity, Baltimore, Maryland; Dr. Schawlow is pro-
fessor of physics at Stanford University.

40

tem. Clearly, the laser provides a very
highly efficient and selective method for
chemical activation, because it concen-
trates a large amount of light energy
into a very narrow spectral range (2).

The use of lasers to influence chemi-
cal reactions was first suggested at the
time of their earliest development (3).
Since that time, numerous photochemi-
cal experiments with lasers have been
reported (4). However, none of the pre-
vious cxperiments truly exploited the
monochromatic property of laser light.
We now report on the usefulness of
highly monochromatic laser light for
selective photochemical activation.

A frequency-tuned ruby laser with a
high repetition rate was designed and
constructed; special techniques to ob-
tain high monochromaticity were used.
The laser was used as a light source
for the selective photocatalysis of gas-
phase reactions between bromine and
certain unsaturated fluorocarbons. This
was the first reported photochemical
reaction of bromine with light in the
14,400 cm—?* (~ 6940 A) spectral re-
gion. The selective excitation technique
provides new information, which can
be used to determine both the mecha-
nism of the reaction and the rates of
molecular energy transfer which are
not accessible by other methods.

Absorption Spectrum of Bromine

In the 14,400 cm~—1! region of the
ruby laser, bromine molecular absorp-
tion occurs in the individual lines be-
longing to the ®II; <13, band
system (5). Because of the vibrational
and rotational splitting of the clectronic
energy states, these lines are very close-
ly spaced. An energy diagram for

brominc (6), showing the lowest-lying
molecular electronic and vibrational
states, is given in Fig. 1. The specific
upper levels for absorption at 14,400
cm—1 are bound molecular states lying
500 to 800 cm~—! below the level for
dissociation into two ground state
2P;,, bromine atoms. The 300 cm—?
uncertainty is due to the fact that a
rotational analysis of the 3II;, state
has never been performed, and that
lines arising from two different lower
vibrational states occur in the same
region.

A weak continuous absorption, in-
dicative of direct dissociation into
atoms, might occur in the same spectral
region. If so, it would have to arise
from more highly excited vibrational
levels of the 'S, + state, which are
sparsely populated at room temperature.
Attempts to establish the existence of a
continuum at 14,400 cm—1 by means
of conventional spectroscopic techniques
have been inconclusive,

Bromine was chosen for the investi-
gation largely because of these features
of its spectrum. If photochemical ac-
tivity could be observed at 14,400
cm=', the use of a monochromatic
tunable laser could establish the extent
of its dependence upon the closely
spaced individual lines, and upon the
possible continuum, respectively. In ad-
dition, bromine has two isotopes, "°Br
and #1Br, with almost equal abundance.
These form three isotopic species of
diatomic molecule, which exhibit isotope
shifts in their absorption spectra (7).
Under certain conditions, the selective
excitation of an absorption line belong-
ing to an individual isotopic species
might lead to isotope effects in the reac-
tion product (8). Indeed, it seemed
initially that it might be possible to
separate bromine isotopes if the bromine
reaction could be initiated selectively
cnough.

High-resolution absorption spectra of
samples of pure 79—"Br,, pure
81—-81By, (9), and natural Br, were
taken with a Jarrell-Ash 1.8-meter Ebert
scanning spectrometer. The results in
the ruby laser wavelength region are
shown in Fig. 2. The wavelength scale
for the three samples is the same. In
spite of the extremely close spacing of
the individual lines, it is possible to
identify in the spectrum of natural Br,
certain strong lines belonging to the
pure isotopes. The laser could be tuned
to coincide with one of these lines if
desired.
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Photochemistry of Bromine in

Conventional Light

To complement the laser studies, pho-
tocatalysis experiments were first made
with ordinary white light. One of the
most widely studied types of bromine
photochemical reactions is the addition
of two bromine atoms to an organic
molecule of the olefin structure, which
has a double bond (Z0). The photo-
chemical addition of bromine to ethyl-
ene, the simplest molecule of this type,
produces the stable saturated molecule
1,2-dibromoethane. Reactions of this
type consist of a complex set of con-
secutive steps initiated by dissociated
bromine atoms, known as a free-radical
chain. In previous cases it was possible
to attribute the reactivity to direct dis-
sociation by absorption of light in the
continuum (70). Photochemical quan-
tum yields as high as 105 molecules per
absorbed photon were obtained. The
longest wavelength at which these reac-

tions were observed, however, was
6800 A.
In the present investigation, two

fluorocarbons with the olefin structure
were chosen, namely perfluorobutene
and heptafluorochlorobutene. Reactions
were first performed with light in the
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continuous absorption region of bro-
mine. Results were substantially the same
with either of the fluorocarbons. The
reactions followed the free-radical chain
mechanism, but were much slower than
those observed with nonfluorinated ole-
fins. The quantum yields obtained were
on the order of only one molecule
per absorbed photon. This slowness was
desirable, because it provided the capa-
bility of observing slow competing proc-
esses during the laser photocatalysis ex-
periments.

Techniques and Apparatus

The details of the ruby laser design
and construction have been described
(11). The device could be pulsed repeti-
tively at a rate of twice per second,
and could be tuned over the approxi-
mate range 6934 to 6943 A by chang-
ing the temperature of the ruby rod
(12). The spectral width of the laser
oscillation was controlled by replacing
the output cavity mirror with a sap-
phire optical flat (Z3). The combined
reflectivity from the two parallel faces
of this flat depended strongly on wave-
length, so that it provided positive feed-
back over less than 0.04 cm—! of the
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Fig. 1. Potential-energy diagram of the Br: molecule.
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Fig. 2. High resolution absorption spectra
of pure isotopic and natural Br. at the
ruby laser wavelength. Numbered lines
in natural Br. belong to the corresponding
pure isotopic molecules.
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ruby fluorescence line width. In contrast
to this, operation with an ordinary mir-
ror resulted in an output line width of
approximately 0.33 cm—1. The sap-
phire flat was housed in a thermostat
to stabilize the frequency of its maxi-
mum reflectance. This frequency could
be tuned by changing the temperature
of the thermostat. Stable operation with
approximately 1 watt of average output
power was achieved over durations of
25,000 consecutive pulses.

The laser wavelength was monitored
by sampling the beam with a high-reso-
Iution scanning spectrometer. The
spectrometer simultaneously scanned the
absorption spectrum of a sample of
bromine, upon which the laser pulses
were superimposed at the appropriate
wavelength. By this direct comparison,
it could be ascertained that the laser
wavelength coincided accurately with
the desired absorption line of the
bromine.

The fused-silica reaction cell had a
volume of 2.5 ml and had plane walls
on all sides. Two opposite faces were
slightly wedged and were coated to re-
flect the laser beam internally. Thus
many passes of the laser beam through
the cell provided more efficient light
absorption. The reaction rate was moni-
tored optically by observing the disap-
pearance of bromine molecules from
the cell. This was accomplished by pass-
ing light from a weak source through
optical filters and through the cell at
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right angles to the laser beam, and meas-
uring the transmission by means of a
photomultiplier tube. The monitoring
wavelength was chosen in the blue so
that it was absorbed only by bromine
molecules in the cell, and so that the
red ruby laser light could be filtered
out. The intensity was low enough so
that the monitoring light did not pro-
duce any mcasurable effect on the re-
action.

Laser Photocatalysis Results

Partial pressures of approximately 10
torr of bromine and 200 torr of the
fluorocarbon were used for the laser-
induced Teactions. Absorption of the
laser light by the bromine caused it
to react with the fluorocarbon. When
the laser frequency was tuned to coin-
cide with individual absorption lines,
the reaction rate was considerably en-
hanced. The residual reactivity between
lines could be attributed to the over-
lapping wings of neighboring lines
rather than to a true continuum. This
showed that the primary photochemical
process was the formation of stable
excited bromine molecules with energies
500 to 800 cm—1! below the dissociation
level. All previous photochemical ac-
tivity in bromine had been attributed
to direct dissociation into atoms upon
absorption of light in the continuum
(10). Thus the use of monochromatic,
tunable laser light provided the first
cvidence of a photochemical reaction of
bromine in which excited molecules,
not atoms, were formed in the primary
process. However, when specific isotopes
were selectively excited, no isotopic en-
richment was detected in the product.
The reaction kinetics, as well as inhibi-
tion by nitric oxide, gave evidence for
a free-radical chain mechanism, which
required dissociated atoms. The de-
pendence of the reaction rate on laser
light intensity was linear. The results
are summarized in Fig. 3, which shows
the fine structure of the bromine ab-
sorption on the same wavelength scale
as the relative reaction rate.

The photochemical quantum vyield
was about 100 times less in laser light
than in light of shorter wavelength
that produced direct dissociation of
bromine. The reaction products with
both types of light were identified by
gas chromatography and mass spec-
trometry, and were found to be the
same,
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Interpretation of Results

The results (Fig. 3) indicate that the
cxcitation process was indeed selective.
On the other hand, many of the re-
sults, such as the kinetic behavior, the
inhibition by nitric oxide, and the lack
of isotope enrichment in spite of iso-
topically selective excitation, showed
that the overall mechanism was not
selective. These indicated that the reac-
tion mechanism involved a free-radical
chain, which required dissociated bro-
mine atoms.

Calculations based on ecarlier work
involving flash photolysis (/4) and shock
tube (I5) experiments showed that the
rate of collisional dissociation from the
311y, state was quite high, requiring
slightly less than 10—7 second at the
pressures used in our experiments (/6).
The gas-kinetic collision time was about
10—9 second. Equilibrium was over-
whelmingly in the direction of dissocia-
tion, due to the entropy increase. Once
the molecules were dissociated, the lack
of isotope enrichment could be attrib-
uted to the isotopic exchange reaction

Br* - Bra — Br*Br -}- Br.
From carlier work (I7), this reaction
was known to occur at a rate 10°
times as fast as the chain addition vc-
action. Thus the present result is con-
sistent with the carlier data. In spite
of the low quantum yield of the chain
reaction and the short chain lengths
which this implies, the exchange reac-
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Fig. 3. Typical results of laser photo-
catalysis experiments, showing normalized
relative reaction rate and relative absorp-
tion on the same wavelength scale.

tion was sufficient to produce the ob-
served isotopic scrambling.

Also, the possibility of a direct bi-
molecular addition reaction of the ex-
cited bromine molecules was eliminated.
If it were to occur, a rapid bimolecular
isotopic exchange of the type

Br:* 4 Br. — 2Br*Br

would be required to prevent isotope
enrichment of the product. However,
recent work by Noyes (I8) indicated
that this reaction should be at least
103 times slower than the collisional
dissociation process. Thus, bimolecular
addition must also be at least several
orders of magnitude slower than dis-
sociation, and therefore is unimportant
even under conditions in which highly
excited molecules are being formed.

The 100-fold decrease in quantum
yield in laser light, as compared with
light of shorter wavelength, showed that
most of the excited molecules were
not being dissociated. Radiative decay
cannot explain this, as the transition
8y, — 3,* is spin-forbidden, with
an estimated lifetime of the order of
10—+ second (6). Thus, the only proc-
ess which can account for the reduced
quantum yield is collisional electronic
relaxation of the molecules to the
ground state, which must therefore oc-
cur 100 times faster than dissociation.
This rate was slightly greater than 10—9
sec—! under our experimental condi-
tions. Hence it was somewhat faster
than the gas kinetic collision rate.
Knowledge of electronic energy trans-
fer rates in gas collisions is in general
fragmentary (19). The rate for 31,
bromine molecules was previously not
known, but it was believed to be high
because of the failure to observe fluores-
cence. The present result provides the
first quantitative estimate of this rate,
which in turn is comparable with known
rates for other molecules (20).

The reduced quantum yield could
not be attributed to more rapid termi-
nation of the chain reaction under the
pulsed laser conditions. This could have
come about because of an increase in
the rate of second-order recombination
of bromine atoms. However, that would
have led to a very nonlinear dependence
of the reaction rate on light intensity,
in contrast to the observed linearity.

The results (Fig. 3) also allow a new
upper limit to be placed on the amount
of continuous absorption in bromine
at 14,400 cm—1, The residual reactivity
observed between individual lines was
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no greater than 10 percent of the value
obtained when the laser was tuned
to the strongest line. If this resi-
dual reactivity were due to true con-
tinuous absorption, the resulting direct
dissociation would be 100 times as ef-
ficient photochemically as excitation at
a line. The observed reactivity, there-
fore, implies that the continuous absorp-
tion at 14,400 cm—?! is at least 103
times weaker than the strong individual
lines in the same spectral region, at
pressures of about 200 torr.

Conclusions

The results have shown that selective
excitation obtained with a tunable
monochromatic laser is a useful tech-
nique for studying photochemical and
energy transfer processes. A new phe-
nomenon in the photochemistry of bro-
mine was observed, in which bound ex-
cited molecules, and not atoms, were
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formed in the primary process. The
mechanism of the subsequent reaction
consists of collisional dissociation of the
excited molecules into atoms, which
then initiated free-radical chains. A
quantitative estimate of the collisional
electronic relaxation rate for excited
bromine molecules was obtained, and
a new upper limit to the continuous
absorption strength at 14,400 cm—1
was determined.
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The Administration of Federal Aid:
A Monstrosity Has Been Created

The administrative system for provid-
ing federal support for academic re-
search and higher education has be-
come a monstrosity. )
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from a Science survey that drew de-
tailed responses from 81 colleges and
universities throughout the nation.
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cent of all federal expenditures in in-
stitutions of higher learning. The re-
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federal assistance. With few excep-
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fact, enormously burdensome, expen-
sive, and disruptive. Specifically, the
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singled out for strong criticism the
“cost sharing” regulations on federally
supported research. Hugh Clark, asso-
ciate dean at the University of Connec-
ticut, wrote, “The cost-sharing legisla-
tion is an absurdity and an abomina-
tion.” Anson Burlingame, director of
the office of projects and grants at
Columbia University, stated that the
cost-sharing “standards that are being
applied vary not only from one govern-
ment agency to another, but among dif-
ferent parts of the same agency.”
Eugene H. Man, dean of research
coordination, at the University of
Miami, Coral Gables, wrote: “Paper-
work, paperwork, paperwork—and
with it all, the growing tendency for
the feds to give more administrative
responsibility (i.e., paperwork) to the
University. One of the nightmares of
all time is the protocol and procedure
required by the PHS for research in-
volving human subjects. Down the
pike we see the same for animals,
conflict of interest and who knows
what. . . . I find it impossible to be-
lieve that the universities will not
eventually find their administrative ma-
chine clogged by the administrative
requirements of federal support on
campus—unless by some miracle the
Highest Authority decrees that all
agencies follow the same format in
disbursing and control of funds. It
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