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The fundamental plus the doubled output of a pulsed dye laser have been used to induce two-photon, laser-assisted reactions in
low pressure gas mixtures of Xe with Br,, CCl,, CCliBr, CCl,Br; and [,. The products are XeCl(B, C), XeBr(B, C) or XeI(B, C)
following two-photon promotion to the reactive ion-pair potentials, The utilization of a two-color scheme enhances the two-
photon, laser-assisted reactions because of better match with an intermediate state of the reagent molecule. Product selectivity
with a propensity for XeCl(B, C) formation from CCl;Br and CCl,Br, by the laser-assisted reactions, relative to the full collisions

with Xe(6s) or Xe(6p) atoms, is demonstrated.

1. Introduction

The difficulty of inducing the one-color, two-pho-
ton, laser-assisted reaction (LAR) of Xe/Br, pairs
has been a puzzle because the location of the V(Xe™;
Br; ) potential should be very similar to that for
V(Xe*; Cl; ) and the LAR of Xe/Cl, is facile [1-
4]. Boivineau and co-workers [5,6] did successfully
use two-color, two-photon excitation via the bound
Br,(B?Il;;) intermediate state to observe XeBr*
formation from bound Xe-Br, van der Waals mol-
ccules. The two colors were the fundamental (4,)
from a pulsed dye laser plus the doubled frequency
(42). The excitation spectrum in 4, = 543-553 nm
range was continuous and the excitation spectrum
began at the threshold energy for XeBr(B) forma-
tion, A,=584 nm. In the one-color, two-photon ex-
periments of Ku and Setser [ 1], resonance two-pho-
ton absorption giving Br, Rydberg states were found,
but there was no LAR. Koenders et al. [7] recently
reported five Br, Rydberg states of g symmetry in
the 272-294 nm range. Boivineau [5,6] did not re-
port Rydberg state excitation from absorption of two
UV photons in their experiments. Boivineau’s ob-
servations [5,6] of XeBr(B, C) formation is best in-
terpreted as proceeding by sequential photon
absorption through the bound Br, (B3Il ) state; in-

deed this was the author’s explanation [5,6]. The 10
ns pulse provides time for extension of R(Br%) be-
fore the UV photon is absorbed and Xe'Br? is trans-
ferred to the reactive potential. This double reso-
nance process can give access to the reactive potential
for large R(Br-Br—).

We report the LAR of Xe/Br, in dilute gas mix-
tures by direct two-color, two-photon excitation to
V(Xe™*; Bry ); the one-photon intermediate state is
the repulsive limb of the Br, (C 'T1,) potential. Also,
we report the direct two-color, two-photon resonant
excitation to Br,(f0; ) levels [8] for 1,=440-550
nm through the same intermediate states. Neither
Br3 emission nor LAR of Xe/Br, was observed when
only the UV laser beam (1,=220-275 nm) was used.
The Br,(f ) molecules can react with Xe to give XeBr*
[9]. However, the relative intensities of the Br}* and
XeBr* fluorescence at low Xe pressure could be used
to distinguish LAR from excitation of Br¥* followed
by collision with Xe. The time profile for XeBr* for-
mation could not be used to distinguish LAR from
excitation of Br3* followed by reaction with Xe, be-
cause the short lifetime (£0-29 ns) [10] of the
Br3* states controls the kinetics rather than the col-
lision rate with Xe.

The successful two-color, two-photon LAR of Xe
with Br, demonstrates the importance of a resonant
intermediate state; one photon must match the en-
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ergy difference between the van der Waals potential
and the intermediate state and the second photon
promotes the system to the ion-pair potential, V'(Rg™;
X5). To have a large LAR cross section, both pho-
tons must be close to resonance. According to this
view, the LARs of a wide range of halogen contain-
ing molecules (RX) with Xe should be possible, if
the two colors match the energy difference between
the van der Waals potential, ¥ (Xe; RX*} and
V(Xe*; RX ™). In addition to Br,, we report the di-
rect LAR of Xe with I,, CCl,, CCl3Br and CCl,Br,
molecules using two-color, two-photon excitation.
Comparison also is made with the one-color, two-
photon LAR in some cases.

All experiments were done under dilute gas con-
ditions as described previously [2,3]. The two-color
experiments were done with the visible fundamental
beam (A,) and the frequency-doubled UV beam (4;)
from a pulsed dye laser pumped by an excimer laser.
Both laser beams were focused into the gas cell with
a 0.5 m lens. The reaction events were detected by
recording the XeX (B-X) fluorescence with a 0.5 m
monochromator fitted with an optical multichannel
analyzer or a photomultiplier tube and digitizer. The
gas handling techniques and data recording methods
have been described [2,3].

2. Results
2.1. Excitation of the Br(f0; ) state

The two-color, two-photon photochemistry of Br,
in the wavelength range of A, =440-550 nm is rather
complicated. For photon energies below the onset of
the continuum of the X—B transition (510.8 nm),
Br, can be pumped with large cross sections to highly
excited ionic states (namely E and ') by optical-op-
tical double resonance via the bound levels of Br,
(B°Ily;) [8]. In a room temperature sample the
Br,(X) vibrational populations extend to v’ <2 and
the average J” is fairly large; thus, a high density of
levels exists in the ground state and virtually a con-
tinuous absorption spectrum occurs for naturally oc-
curring Br, isotopes with a laser band width of ~2
cm~?, Fig. la shows a fluorescence spectrum from
direct excitation of Br,(f) by two-color double res-
onance pumping via the bound Br, (B °I1,; ) state at
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Fig. 1. Fluorescence spectrum, (Br,(f-B), from two-color two-
photon excitation of Br, recorded with an OMA at 0.2 nm reso-
lution. (a) 50 mTorr of Br, with 4,=540.65 nm (1 mJ) and
A,=270.32 nm (0.05 mJ) giving Bry(f, v’ ~15). (b) 2 Torr of
Br, with4;=510.0 nm (3 mJ) and A;=255.0 nm (0.15 mJ) giv-
ing Bro(f, v’ ~41). The feature in the center of the spectrum is
scattered laser light.

4,=540.6 nm. The spectrum is dominated by the
Br,(f0; »B°Tly;) emission. Boivineau [6] ob-
served sharp bands from excitation to individual vi-
brational levels from pumping cold Br, molecules
from a free jet. We estimate that the excitation of
Br,(f) in fig. 1a was to a range of levels near v =15.

Direct excitation via the repulsive Br;(C 'IT) po-
tential at shorter wavelength (1,<510.8 nm) also
can populate Br¥* states, see fig. 1b; but, the cross
section is substantially smaller. We estimated the
cross section to be 2-3 orders of magnitude smailer
than pumping via the bound intermediate state from
comparison of the two Br,(f-B) spectra obtained
from 4,=7540.6 and 510 nm, shown in figs. 1a and
1b. Clearly higher v’ levels are populated in fig. 1b
than in fig. 1a, and the oscillatory patterns for the
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emissions are quite different. We estimate v’ =41 for
the 4,=510 nm excitation.

The Br3* ionic states readily react with Xe to pro-
duce XeBr*, as do most other X3%* states [9], and a
XeBr(B-X) emission from Br,(f) with different
pressures of Xe is given in fig. 2 for excitation at
A41=540.6 nm in 0.05 Torr of Br,. One interesting
difference, relative to ion-pair states of most other
halogens, s that very little Br, (D’ ) is formed by col-
lisions of Br, (f) with Xe, in contrast to the reactions
of Ci%*, I3* and ICI** with Xe, which give ~30%
X,(D’—>A') emission. Fig. 2 compares the emission
from 10 Torr of Xe versus 10 Torr of Ar. Note the
large increase of the Br,(D’'—A’) emission around
291 nm for the Br,/Ar experiment. Evidently colli-
sions between Br,(f, high v*) and Xe are very effec-
tive in producing XeBr*. Fig. 2 also shows several
spectra from experiments with increasing Xe pres-
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Fig. 2. Fluorescence spectra for excitation, 540.65 (2 mJ ) +270.32
(0.1 mJ) nm of Br,(f, v’ =15) in 50 mTorr of Br, and various
pressure of Xe or Ar.
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sure. Half quenching of Br,(f) by Xe requires nearly
10 Torr of Xe, because of the short radiative lifetime
of Bry(f).

2.2. LAR of Xe/Br; mixtures

Direct two-photon LAR was observed from Br,/
Xe mixtures for A, =440-510 nm plus 1,=220-255
nm, see fig. 3. That is, XeBr* (B-X) from LAR could
be observed even though very weak Bri* emission
from two-photon excitation of Br, also exists in this
wavelength range. We assign the observed XeBr* flu-
orescence in fig. 3 to LAR rather thaa to reaction of
Br;(f) with Xe based on the following arguments.

XeBr(B~X) 510+2556 nm

4604230 nm

455+227.5 nm

Intensity(arb. unit)

d -
Br, 45542275 nm
e e ~
240 2680 280 300 320

Wavelength (nm)

Fig. 3. XeBr(B-X) fluorescence spectra from LAR of Br,/Xe
mixtures. (a) XeBr(B—X) fluorescence from 2 Torr of Br, and
20 Torr of Xe, A, =510 nm (4 mJ)+4,=227.2 nm (0.4 mJ).
(b) XeBr(B-X) fluorescence from 2 Torr of Br, and 61 Torr of
Xe with 1,=460 nm (4 mJ)+A,=230 nm (0.4 mJ). (c), (d)
Comparison of the Br,(f~B) emission from 1.9 Torr of Br, ver-
sus the XeBr(B—X) emission from 1.9 Torr of Br; plus 71 Torr
of Xe at the same pulse energy with 1,=435.0 nm (4
mJ)+4,=227.5 nm (0.4 mJ). Both spectra are plotted on the
same scale for ease of comparison.
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(i) At modest pressure ( <80 Torr Xe), quench-
ing of XeBr(B) is negligible. Therefore, the
XeBr(B—X) emission intensity from quenching of
Br3* could never be stronger than the Br3* spectra
when there is no Xe present. Fig. 3 shows the Br}*
and XeBr(B-X) emissions recorded at 71 Torr of
Xe and 1.7 Torr of Br, versus the Br}* emission at
1.7 Torr of Br, with no Xe; the integration time was
0-250 ns. The wavelengths were 1;=455 and 1,=
227.5 nm and the pulse energies were the same for
each experiment. The XeBr*/Br$* intensity ratio for
the two experiments is greater than 100, thus XeBr*
cannot be formed from Br3* to any significant ex-
tent. Similar experiments were done for 2,=3510 and
460 nm, and the results are shown in fig. 3.

(ii) At low pressure, Xe=2 Torr for example, there
is little reaction with Br¥* because most of the Br, (f)
radiatively decays before encountering a Xe atom.
Fig. 4b shows the fluorescence spectrum from a Xe/
Br, mixture with 2 Torr each of Xe and Br, when
pumped at 4604230 nm. At this pressure, the for-
mation of XeBr{B) can be seen clearly. This XeBr*
emission can be compared to the Br3* emission at 2
Torr of Br, with no Xe present in fig. 4a. Fig. 4¢c shows
the subtraction of figs. 4a and 4b, which should rep-
resent the net LAR from the Xe/Br, mixture. The
short wavelength part of the XeBr(B—X) emission
extends to ~235 nm suggesting significant vibra-
tional energy disposal to XeBr(B) from LAR
[11,12].

Obtaining a two-color LAR excitation spectrum of
Xe with Br, was not feasible using only one dye-laser
because energy normalization of the fundamental and
doubled laser pulses was too difficult. These two-color
experiments were typically done with energies of 4
and 0.4 mJ for A, and A,; the corresponding inten-
sities for the focused beams are 400 and 40 MW
cm~2, respectively. We were able to show that the
XeBr(B) intensity scaled as the product of ,1,. For
the present experiments, the combined excitation
energy of the two photons was in the 7.2 to 8.4 eV
range. This is consistent with the expected LAR ex-
citation spectrum of Xe/Br,, which should be red-
shifted relative to that for Xe/Cl,, because
EA(Br;)>EA(ClL,).

124

CHEMICAL PHYSICS LETTERS

20 September 1991

(a)

—
o
~

Intensity (arb. unit)

—_
0
S

1 1 1 1 1 1 1 L 1 1

[ L
235 240 245 230 235 280 288 270 275 280 285 290 295 300 305

Wavelength (nm)

Fig. 4. Emission spectrum of XeBr(B—X) from LAR of 2 Torr
of Xe and 2 Torr of Br, with 4, =460 nm (5 mJ)+4,=230 nm
(0.5 mJ). The emission spectrum from Br, alone {a) was sub-
tracted from the Xe/Br; spectrum (b) to obtain the LAR spec-
trum (c), which was smoothed before plotting.

2.3. LAR of Xe/l,

The LAR of Xe with I, has never been observed
to our knowledge. Boivineau et al. [5] attempted to
use single color UV photons to excite Xe-I, van der
Waals molecules, but XEI* formation was not ob-
served. Donovan and co-workers [9] has demon-
strated the reaction of I,(Dgy ), excited by YUY ra-
diation, with Xe to give Xel*; electronic quenching
of L,(D) also occurred and the ratio of Xel* to
L (D' —A’) emission was about 2 for <100 Torr of
Xe.

The fluorescence from the two-photon excitation
of I, alone with the Xel* fluorescence from LAR of
a Xe/I, mixture when both were excited at
455.0+227.5 nm is shown in fig. 5A. The ratio of
Xel*/I3* (without Xe) is > 20, which provides con-
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Fig. 5. (A) A companison of Xel(B—X) and I, emission spectra
from I,/ Xe mixtures. [, =1 Torr, Xe=150 Torr with A, =455 nm
(4 mJ) and 1,=227.5 nm (0.4 mJ). The Xel(B—A) band also
is evident. (B) Comparison of XeCl{B-X) and XeBr(B-X)
emission spectra from Xe/CCls/Br. Reaction of Xe(2py) with
CCl;Br for Xe and CCl;Br pressures of 15 and 1.0 Torr, respec-
tively, and two-color and one-color LAR of Xe/CCl;Br with 80
Torr of Xe and 2 Torr of CCl;Br. The plot in the upper right hand
corner shows the ratio of XeCl(B-X) intensity from Xe/CCl,
for two-color versus one-color LAR at 220, 222 and 225 nm; the
UV pulse energy was the same for the two- and one-color
experiments.

vincing evidence for LAR. At this wavelength the
I3* emission is weak and the much stronger emission
from Xel(B—X) must be attributed to LAR of Xe/
I,. The broad band at =~ 320 nm is associated with
Xel(B—A) emission [12]. Similar results were
found for excitation at 513.7+256.9 nm. In this en-
ergy range (~7.1eV), there is an 1, state with g sym-
metry [13], which could be excited by two photons
(UV+visible). This probably explains the some-
what stronger I3* emission from 513.74256.9 nm
than from 455.04+227.5 nm. Experiments using the
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focused UV laser beam alone did not give any ob-
servable signal when the Xe/I, mixture was irradi-
ated. These preliminary two-color experiments,
which probed the 7.1 to 8.5 eV range, have dem-
onstrated the LAR of Xe/I,.

2.4. LAR of Xe with CCl,, CCl;Br and CCl,Br,

Both two-color and one-color, two-photon LAR
experiments were successful with CCl,, CCl;,Br and
CCl,Br,. However, interference was observed from
fluorescence arising from multiphoton-induced pho-
tofragments, e.g. CCI(A-X) emission was observed
from CCl,, CCl;Br and CCl,Br,, as a consequence of
multiphoton excitation by the UV laser pulse. The
single color, two-photon LAR excitation spectra for
Xe/CCl, extends from 260 to 220 nm and has a shape
similar to that for Xe/Cl,, Xe/CIF and Kr/F, [1-
3] plus a rising edge at shorter A. The insert in fig.
5B shows the ratio of two-color to one-color XeCl(B)
formation from CCl, for 225, 222 and 220 nm. The
two-color enhancement is significant, especially at
shorter wavelength because of the increasing extinc-
tion coefficient of the one-photon absorption spec-
trum of CCl, in the UV. The CCl(A-X) and
Cl,(D’>A’) emission (not shown here) are a con-
sequence of multiphoton photochemistry of CCl,
from the UV laser pulse.

The LAR of Xe/CCl;Br gives both XeCl* and
XeBr* (see fig. SB) with a ratio of 3:1 in favor of
XeCI* at A, =505.8 nm. The one-color excitation with
two UV photons also is possible, but the two-color
process is more effective. The LAR of Xe/CCl,Br,
also gives both XeCl* and XeBr* (not shown here)
with a ratio of 1.2:1.0 in favor of XeCl* at 1,=494
nm. The two-color enhancement again is significant.
The CCI(A—X) and Cl,(D’ »A') are multiphoton
decomposition products of CCl;Br and CCl,Br,. The
one-color LAR excitation spectra of Xe/CCl;Br and
CCl,Br, resemble that of Xe/CCl,. An intetesting
aspect about CCl;Br and CCL,Br, is the change in
product branching ratio for LAR versus reactions
with Xe(6p, 2ps) and Xe(6s, *P,). The reactions of
Xe(2py) with CCl;Br and CCl,Br, give XeCl(B, C)/
XeBr(B, C) ratios of 0.8 and 0.2, respectively (see
fig. 5B) and the ratios for Xe(6s, P;) are similar
[14], which is expected based upon the Hg(°P,) re-
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actions with these molecules and dissociative elec-
tron attachment data [14].

3. Discussion and conclusions
3.1. Direct two-photon excitation of Br,

Optical-optical double resonance (OODR) is a
powerful method for preparing specific final states
that require either stretching or compression of bonds
of the initial state to access a given final state. In this
type of application, OODR is a sequential two-pho-
ton event with the intermediate state relaxing to r,
before the second photon is absorbed. Direct two-
photon excitation via a repulsive intermediate state
1s different in that the process proceeds through the
intermediate state with the same geometry as the ini-
tial state. The successful excitation of Br, (f, v' =42)
by resonant excitation through a repulsive interme-
diate state is possible because the inner wall of Br,(f)
potential can be reached via the repulsive Br, (C 'T1,)
potential [15]. We also have observed similar two-
photon excitation for CIF, but in this case the final
states are the CIF(4s"3[1) Rydberg states [3].
Kasatani et al. have observed two-photon absorption
in I via dissociative intermediate states using visible

light [16].

3.2. Two-color, two-photon LAR with Br,, 1,, CCl,
CC[]B" and CCIzBrz

The previously known examples of efficient LAR
for rare gas atoms with molecular halogens [1-4]
uses the X, (C 'I1,) potential as the intermediate res-
onant state. Since Br, does not have a one-photon
absorption band in the UV, the cross section of the
single color (4;=4,2300 nm), two-photon process
with the necessary energy to reach V(Xe*; Bry ) is
very small. However, for excitation using visible +
UV frequencies, the first photon (A, ) is resonant with
the repulsive V(Br,, *II,; or 'II,) potentials [15]
and the UV photon gives V(Xe™; Bry ). Subse-
quently, the system evolves to XeBr(B, C) + Brin
less than 0.5%10-'2 5. This successful demonstra-
tion of LAR for Xe/Br, and Xe/I, by two-color, two-
photon excitation is direct proof of the need for a
resonant one-photon intermediate state to achieve
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efficient two-photon LAR of Xe with halogen con-
taining molecules.

Although there will be some vibrational relaxation
of XeBr(B, C) at 2 Torr of Xe, the spectrum in fig.
4 shows that XeBr(B) formed by LAR has consid-
erable vibrational energy (the excess energy is ~1.7
eV for excitation at 460+230 nm). The vibrational
excitation of XeBr(B) in the reaction of Xe(6s) with
Br, is {f,>~0.45 [11,12], which is qualitatively
consistent with the emission spectrum obtained at 2
Torr of Xe.

The vertical electron affinities of CCl,, CCl;Br and
CCl,Br; are ~0.0-0.5 eV [17], and R? (Xe:RX) is
larger than R7 (Xe'X,). Thus, the excitation V(Xe*;
CCl,_,Br; ) are at shorter wavelength than those for
Cl,, Br; and I,. The one-photon intermediate state
absorbs in the 260 nm range, so the UV photon ac-
cesses the intermediate state and the visible photon
gives ¥(Xe*; RX~), which is in contrast to Xe/Br,
and Xe/I, for which the visible photon reaches the
intermediate state and the UV photon promotes the
system to V(Xe*; X7 ). Since V(Xe™*; RX™) is ac-
cessible from a modest range of R(Xe-XR) near
R? and since the RX ~ and (RX™)* states are re-
pulsive, the excitation spectra are broad and both
two-color and one-color excitations are feasible. The
observed two-color enhancement probably is due, in
part, to the tenfold larger pulse energy for the visible
photons; however, we believe that the two-color cross
sections also are larger.

The propensity for XeCl(B, C) formation rather
than XeBr(B, C) in the LAR reaction illustrates how
changing the initial conditions on a reactive surface
can change the outcome of a chemical reaction
[17,18]. The propensity for XeCl* formation by
LAR, which is opposite to the thermochemically fa-
vored product that is favored by the reactive colli-
sions of Xe* (6s or 6p), probably arises because the
photo event can start the reaction on a specific ion-
pair potential at a smaller R(Xe*-RX~) than the
full collision. Since the statistically favored starting
geometry for pairs in the gas phase will have Xe closer
to a Cl atom than the Br atom, the two-photon ex-
citation has a propensity to seek the ion-pair poten-
tigl with the electron located on chlorine. In con-
trast, the products from the full collision event are
determined by the efficiency of curve crossing in the
entrance channel, and the trajectories first encounter
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the ground state ion-pair potential with the electron
mainly located on bromine in the CCl,Br, or CCl;Br
radical anion. In order to obtain XeCl*, the collision
must have the chlorine end of the molecule oriented
toward the Xe* and the trajectory must reach the sec-
ond crossing.

In summary, the fundamental plus the doubled
outputs of a pulsed dye laser have been used to in-
duce the two-photon, laser-assisted reactions be-
tween Xe and Br,, I,, CCl,, CCl;Br and CCl,Br,. The
successful observation of these LAR provides direct
proof for the importance of a one-photon allowed in-
termediate state for the two-photon induced LAR.
The utilization of two colors enables a wide range of
laser-assisted reactions between Xe and halogen con-
taining molecules to be studied. With an indepen-
dently tunable second dye laser, one laser frequency
could be tuned to the center of the absorption band
of the intermediate state and the second laser could
be scanned to obtain an excitation spectrum. Such
excitation spectra should provide more direct infor-
mation about ¥(Xe*; RX ). In doing such two-color
experiments, excitation through a bound interme-
diate state should be avoided, because such situa-
tions can lead to sequential two-photon excitation of
a RX** state, which subsequently may react with Xe.
These preliminary experiments in dilute bulk gases
will be augmented in the future by excitation of
bound van der Waals complexes, which will provide
even better definition of the starting conditions on
the V(Xe*; RX~) potentials. For more precise
interpretations of the excitation spectra of LAR re-
actions, more knowledge is needed about the van der
Waals potentials.

The multiphoton photochemistry of CCl,, CCl;Br
and CCl,Br, (and other halomethanes) can lead to
strong UV fluorescence from photofragments and
often such processes compete effectively with two-
photon LAR. We will discuss the multiphoton pho-
toprocesses of the RX molecules in a separate report.
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