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[3 + 2] resonance enhanced multiphoton ionization of I and Br formed 
from the infrared multiphoton decomposition of CF31 and CF3Br-> 
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Resonance enhanced multiphoton ionization (REMPI) has been used to study the products of 
the infrared multiphoton decomposition (IRMPD) ofCF31 in a very low-pressure photolysis 
(VLP<I» cell. The strongest REMPI signals are due to the ground state lep3/2) and the spin
orbit excited state l*ePI/2 ). The origins ofI and 1* were determined from the time and IR 
laser fluence dependences of the REMPI signal. 1* is formed by visible single photon 
dissociation of vibration ally excited CF31 and by visible multiphoton dissociation of 12 and 
thermal CF31. The ionization efficiency ofI has been determined relative to NH3 for our probe 
laser conditions, and the sticking coefficient of I with gold surfaces has been determined. The 
REMPI spectra of the products of the IRMPD of CF3Br is also presented. 

INTRODUCTION 

Resonance enhanced multiphoton ionization 
(REMPI) has been used successfully in recent years as a 
diagnostic tool in kinetic systems, e.g., flames,' pyrolysis,2 

photodissociation,3 plasmas,4 surface scattering,S and gas 
collisions.6 REMPI is advantageous in many instances be
cause it provides high selectivity, sensitivity, and temporal 
resolution. Furthermore, the detection limits using REMPI 
are frequently lower than for luminescence measurements, 
and many nonfluorescing molecules can be detected with 
REMPI. 

Recently we have begun to investigate the interaction of 
atoms and free radicals with surfaces in a very low-pressure 
photolysis (VLP<I» cell. The transient species are created by 
infrared multiphoton decomposition (IRMPD) of an ap
propriate precursor in a collimated (unfocused) laser beam 
and are allowed to react with the cell walls or a temperature
controlled sample surface. Modulated molecular-beam mass 
spectrometry is used to monitor the effluents from the 
VLP<I> cell, and REMPI is used to monitor the transient 
species in situ and in real time. Weare able to calibrate our 
REMPI signals in terms of absolute densities based on the 
mass spectrometer measurements of the precursor deple
tion. Knowledge of the absolute densities of transient species 
is necessary for the quantitative treatment of competitive 
first- and second-order kinetic processes inside the reactor. 

In this paper the [3 + 2] REMPI spectra of I and 1* 
atoms generated (directly or indirectly) by IRMPD ofCF 3 I 
are reported. The time and IR-fluence dependence of the 
REMPI signals is used to study the origin of the atoms. Due 
to the low-pressure conditions and the predominance of gas
wall collisions in the Knudsen cell, the I atoms are lost pri
marily to the vessel walls and the sticking coefficient for this 
reaction is determined. In the VLP<I> reactor, we are able to 
determine the absolute density ofI formed by the IRMPD of 
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CF 3 I. We use this to determine the ionization efficiency of I 
relative to a stable gas, NH3, for our probe laser conditions. 
The REMPI spectra resulting from the IRMPD of CF 3 Br is 
presented. The [3 + 1] REMPI7 of CF 3 was not observed 
from the IRMPD of either of these precursor gases, because 
of the background signal due to visible laser photodissocia
tic,)fl/ionization of the precursors. We will discuss previous 
studies8-11 of the REMPI of I and 1* generated by the 
IRMPD of CF 31. In another study'2 the REMPI spectra of 
CF 3 have been studied using hexafluoroacetone as the pre
cursor. In these experiments, the gas-phase rate constant for 
CF 3 recombination was verified, the CF 3 REMPI signal 
was calibrated, and the etching of silicon by CF3 radicals 
was quantitatively studied. 

EXPERIMENTAL 

The VLP<I> experiments were performed at low pressure 
( < 2 X 10-3 Torr) in a Knudsen reactor equipped with wire 
electrodes for the collection of ions and electrons. The cell, 
which has been described previously,'2 is an all stainless
steel six-way cross where four branches are fitted with win
dows for the crossed IR- and visible-laser beams. One 
branch is blanked off, and the other branch houses a butter
fly valve with an interchangeable exit aperture mounted in 
the center. The cell walls have been coated with gold by 
vacuum evaporation in order to minimize CF 3 wall losses. 

The ions and electrons created by REMPI were collect
ed on two tantalum wire-loop electrodes that were placed 
above and below the intersection of the two lasers. The elec
trodes were biased at plus and minus 90 V for the collection 
of electrons and ions, respectively. ne electrical currents 
were converted to voltages using a load resistor of 107 n, 
then the electron signal was inverted and added to the ion 
signal. 13 The time dependence of the total REMPI signals 
following the dye laser pulse are shown in Fig. 1 for collec
tion voltages of ± 9 and ± 90 V. The total charge was col
lected for high and low collection voltages. However, the 
signal amplitude was smaller at the lower collection voltage 

J. Chern. Phys. 89 (5), 1 September 1988 0021-9606/88/172925-07$02.10 © 1988 American Institute of Physics 2925 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.193.164.203 On: Mon, 22 Dec 2014 08:05:35



2926 Robertson, Golden, and Rossi: Ionization of I and Br 

15 

i 10 
~ 
"? 5 0 

90 Volts 
..-
~ 0 
~ 
$ 5 9Volls -a.. 
::e 0 w 
a: 

-20 o 20 40 60 80 

TIME (x 10-6 s) 

FIG. 1. I-atom REMPI signal at 474.5 nm (averaged over 128 shots) vs 
time after the probe laser is fired for collection voltages of ± 9 and ± 90 V. 
The conditions were: 4 mJ/pulse FcF,1 =4Xlo '5 8-

1,/= 12%, delay 
between IR and dye laser pulse was 3 p.s. 

due to the larger collection times. The signals obtained using 
the larger collection voltages were analyzed with a boxcar 
integrator (5 f-Ls gate width and del~y). The signal from the 
boxcar was calibrated in terms of the number of ion and 
electron pairs produced per dye laser pulse based on the am
plifier gain and the relationship between the peak height and 
total area of the time-dependent signal. A boxcar signal of 1 
m V represented 4300 ion/electron pairs. Shot-to-shot v~a
tions in the pulse energies of both lasers limited our sensitiv
ity toO.l mV (SIN = 1). 

The visible radiation for the multiphoton ionization 
process was generated by an excimer laser (Lumonics Hy
perex 460 operated at 351 nm) pumped dye laser (Lambda 
Physik FL2002), generating up to 8 mJ per pulse. The IR 
radiation was generated by a Tachisto CO2 -TEA laser 
(model 555) with pulse energies up to 1 J at the R(2) or 
R(16) line of the 9.6 f-Lm band. Repetition rates were 
between 10 and 20 pps, and the delay time between the atom 
generating IR laser and the probe dye laser was varied using 
a digital delay generator. Scanning of the delay time with 
respect to the IR laser pulse resulted in the display of the 
temporal evolution of the REMPI signal. The visible laser 
focus (70 mm/I. lens) was positioned in the center of the 
IR-Iaser beam (cross sectional area of 1 cm2

). 

RESULTS 

CF
3

• 
The significant chemical reactions for the IRMPD of 

CF31 are 

CF31 + nhv-+CF3 + I, (1) 

CF3 + CF3 -C2F6, 

CF3 - escape or wall loss, 

I -+ escape or wall loss, 

(2) 

(3) 

(4) 

Iw+lw-12' (5) 

I is an iodine atom absorbed on a surface. The initial colli~ 
sionless IRMPD occurs in the irradiated volume (Vb = 20 
cm3) on the time scale ofthe pulse duration. In contrast to 
previous studies, 9, II we are able to monitor the I -atom gener-

ation during the IR-Iaser pulse, as well as after the pulse, 
because our irradiation conditions (..;; 1 11cm2

) do not lead 
to ac Stark shifting of the atom REMPI signals. The radical 
species and hot parent molecules, whose energy content is 
below the threshold for unimolecular decomposition, then 

3 • mix throughout the cell volume ( Vc = 620 cm ) on a time 
scale related to the molecular velocity and the dimensions of 
the cell (see below). Species with high sticking coefficients 
on the cold cell walls (> 0.1) are lost in this early period. 
Vibrationally excited species are thermalized after a small 
number of wall collisions. Thermal accommodation coeffi
cients are typically greater than 0.1. The process of thermal i
zation and mixing to form a uniform density in the cell is 
complete after several hundred f-Ls. The species then undergo 
the reactions listed above until the next IR-Iaser shot occurs 
in 50 or 100 ms. 

In previous 14 modulated molecular-beam mass spec
trometry studies of the type represented by Eqs. (1 )-(5), 
only the stable products were monitored, and the key tran
sient densities were inferred from the yields of the stable 
products. The application of REMPI to the study of these 
systems under the same reaction conditions is a major refine
ment of the experimental technique and allows for the direct 
observation of the reaction intermediates and the confirma
tion of the assumed reaction scheme. 

CF31 spectra and time dependence 

The REMPI spectra of CF 3 I has been studied under a 
variety of conditions in the wavelength range 460 to 490 nm 
(coumarin 480 dye). The spectra at 0.8 X 10-3 Torr ofCF3 1 
are shown in Fig. 2 for the background (no IR laser) and 
two delay times. The IR laser was operated at 10Hz and 
provided a CF 3 I steady-state depletion (measured using the 
mass spectrometer) of 16%. The main difference between 
these two delay times is that at 0.3 f-LS the low-intensity tail of 
the IR pulse is still present and decomposition is still occur
ring. The species that are present in the probe volume at both 
of these early times are precursor gas molecules (thermal or 
vibrationally excited), stable product molecules from pre
vious IR laser shots, and the nascent products of the decom
posed CF 31. Also shown in Fig. 2 are the expected wave
lengths7

•
1s for the multiphoton ionization of CF3, 

ground-state iodine [I 5psep3/2 )], and the spin-orbit ex
cited state [1* 5p\2PI/2 )]. 

In the following sections, the five major peaks in the 
REMPI spectra are identified by wavelength and temporal 
behavior. Two of the peaks are identified as resulting from 
the ionization of I through three-photon resonant states 
6seP1/2) at 474.8 nm and 6s(4P3/2) at 485.3 nm. These fea
tures were also seen by Hackett et 01.,8 in a focused CO2 -

laser IRMPD experiment.. Both lines are asymmetric and 
blue degraded, which is an indication of ac Stark broaden
ing. 16 Also, the 485.3 nm peak shows a spike on the red edge, 
reminiscent of the sharp features in the REMPI spectra of 
Ba that have been analyzed in terms of channel interference 
effects by Kelly, Hessler, and Alber. 17 The narrow width of 
this peak suggests that it may not simply be the [4 + 1] 
REMPI feature expected at this wavelength. 1 1 Both of these 
features are present in the background spectrum to a lesser 
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FIG. 2. REMPI spectra of CF3 I: (a) background (IR laser olf); (b) IR 
laser on, probe laser delayed by 0.3 JLs; (c) IR laser on, probe laser delayed 
by 3 JLs. P = 0.8 X 10-3 Torr,! = 16%, dye laser energy of 5.5 mJ/pulse. 

extent, where they are thought to result from I produced by 
the visible two-photon excitation ofCF31 into the predisso
ciative molecular state with ensuing rapid decomposition 
into CF 3 and iodine atoms (I and 1·).18 Single-photon disso
ciation is unlikely for ground-state CF 3 I because of the low 
absorption of CF 3 I in this wavelength range. 19,20 The width 
of the REMPI lines are broader than the probe laser band
width (0.2 cm - I ) and are apparently due to ac Stark broad
ening by the focused dye laser and not by the (unfocused) IR 
irradiation. This conclusion also follows from a comparison 
of the peak widths of the REMPI spectrum ofCF3 I with and 
without ("background" spectrum in Fig. 2) IR-laser irra
diation. 

The difference signal (IR laser on minus IR-laser off) 
of the I feature at 474.5 nm versus the delay time of the probe 
laser pulse is shown in Fig. 3 for the three IR laser ftuences of 
1.34,0.67, and 0,22 J cm-2, with parent gas depletions of 
16%,4%, and < 1 %, respectively. The REMPI signal was 
taken at the peak of the line with a wavelength of 474.5 nm, 
0.3 nm to the blue of the expected wavelength. At the highest 
ftuence, the signal rises during the first few f.Ls, decreases 
gradually during the next few hundred f.LS, and then remains 

constant within experimental uncertainty until the next laser 
pulse. For the two lower ftuence cases, the difference signal 
rises during the first few microseconds and then gradually 
falls to zero. The constant portion of the signal at late time 
for the high ftuence case is due to a stable product of the 
IRMPD induced chemistry 12, whose presence we detect by 
mass spectrometry. We do not expect REMPI signals due to 
the molecular ion 1/ in this wavelength range because all 
accessible electronic states21 Of!2 at the two-photon level are 
predissociative leading to I and I·. At late times, i.e., at sev
eral ms, essentially no difference signal is observed for the 
two lower ftuence cases because there is no significant build 
up of 12. The REMPI signals at early time, late time, and 
without the IR laser all show a third-order formal intensity 
dependence on dye laser pulse energy with a slight turnover 
toward saturation at 5 to 6 mJ/pulse. 

There are two sources of the difference signal at early 
times before any collisions occur: I generated from IRMPD 
of CF 3 I and I generated by visible single-photon excitation 
and predissociation of the "hot" CF 3 I prepared by IR exci
tation. The existence of the second mechanism is shown by 
previous experiments 19,20 that showed a dramatic long wave
length shift in the UV absorption spectra with internal ener
gy. Also, it will be shown below that this second mechanism 
must be occurring to explain our REMPI observations of!·. 

Two peaks in the REMPI spectrum of Fig. 2 arise from 
the ionization of I· through three-photon resonant states 7 
Sep3/2) at 463.7 nm and 6 seSI/2) at 478.1 nm. The more 
intense peak has the characteristic line shape due to ac Stark 
broadening. The peak at 463.7 nm is weaker because of probe 
laser energy limitations in this wavelength range but never
theless shows the same broadening and temporal depen
dence as the strong peak at 478.1 nm. In analogy with the 
ground-state I-atom REMPI signal discussed above, the ori
gin of the REMPI signal corresponding to I· in the CF31 
background spectrum [Fig. 2(a)] is due to two-photon dis
sociation and subsequent ionization by the probe laser pulse. 

In Fig. 3 the time dependence of the REMPI difference 
signal for I· is shown for three values of the IR-laser ftuence. 
This signal was monitored at 477.8 nm, shifted 0.3 nm due to 
the Stark effect. At the two low ftuences, the REMPI differ
ence signal rises in the first few f.LS and then gradually de
creases to zero in analogy to I atom REMPI discussed above. 
At the highest laser ftuence the signal rises to a maximum at 
about 0.5 f.Ls then sharply decreases over the next 1 f.Ls. After 
this early period the signal behaves similarly to the 474.5 nm 
REMPI signal due to ground state I, decreasing gradually to 
1 ms and then remaining constant until the next laser shot. 
The late time constant signal is due to 12, as discussed above 
for I. The origin of the large REMPI difference signal in the 
collisionless regime (a few f.Ls after IR excitation) is due to I· 
generated by visible single-photon decomposition of IR-Ia
ser excited CF31. At the highest IR ftuence the 477.8 nm 
REMPI signal increases during the first 0.5 f.Ls as the average 
internal energy ofCF31 increases due to IR pumping. The 
signal then decreases over the next 2 f.Ls as excited CF 3 I 
continues to decompose during the duration of the IR laser 
pulse. For the lower IR-ftuence conditions we only observe 
an increase in REMPI signal as the CF 3 I heats up with very 
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FIG. 3. REMPI difference signals (lR laser on minus IR laser off) fori (474.5 nm, X) and 1* (477.8 nm, boxes) vs probe laser delay. (a) and (b) IR laser 
ftuenceclloof1.34J cm-2,f= 16%; (c) clio ofO.67 J cm-2,f= 4%; (d) clio of 0.22 J cm-2,f< 1%. FCF,I = 4X lO'~s-l, 6 mJ/pulse dye laser energy, 11 pps. 

little IRMPD occurring. Contrary to the report by Boriev et 
al.,22 we do not believe that 1* can be generated from the 
IRMPD of CF 3 I because the threshold energy for this pro
cess is significantly higher (by 7600 cm -I) than for 1. In 
agreement with REMPI signals for I, the 1* REMPI signal 
followed a third-order formal intensity law as a function of 
dye-laser pulse energy under all experimental conditions. 

The REMPI signal at 479.6 nm in Fig. 2 is assigned to an 
unspecified resonance of the CF 3 I molecule. Its wavelength 
position does not correspond to either an I or 1* resonance. 
Furthermore, the signal decreases when the IR laser is 
turned on, and the short time delay signal is smaller than at 
long delay times. Thus, this signal cannot be due to CF3 or 
any other product formed by IRMPD of CF 31. We also note 
that the peak shape is symmetric in contrast to the Stark 
shifted lines discussed above. 

CF3 Br spectra 

The REMPI spectrum of CF 3 Br has been studied using 
focused and unfocused CO2 laser radiation. Focused IR ra
diation was used to achieve higher degrees of decomposition 
of the parent gas in the focal volume. Under these circum
stances, it was necessary that the focus of the dye laser be 

located in the focal volume of the CO2 laser. The spectra for 
both conditions are shown in Fig. 4 along with a background 
spectrum. Also shown in Fig. 4 are the wavelengths7

,ls 

where REMPI signals are expected for CFJ , ground-state 
Brep3/2 ) and excited-state Br, Br*epI/2 ). 

The only strong REMPI signal seen under focused CO2 

laser conditions is identified as the [3 + 2] REMPI of the 
ground-state Br through the 5S(4P3/2) state at 462.3 nm. As 
for I atom REMPI, the atomic resonance is considerably 
broadened and Stark shifted. 16 The absence of a peak at 473 
nm corresponding to the [3 + 2] REMPI via the resonant 
4PSI2 state in Br is due to the low probe laser power for the 
experimental conditions of Fig. 4. In a scan with a different 
dye (coumarin 480), a weak signal was observed at 473 nm 
but was not studied in detail. The absence of the REMPI 
signal at 459.6 nm corresponding to [3 + 2] REMPIofBr 
in the upper spin state via the resonant 5s 2P1I2 state can be 
explained by the fact that the focused IR radiation bleaches 
the probed volume thus photolyzing all irradiated CF 3 Br 
molecules. In this case, no vibrationally excited CF 3 Br mol
ecules remain that could undergo single-photon dissociation 
with subsequent [3 + 2] REMPI ofBr*, in complete analo
gy to the experimental situation of Hackett and co-workers9 
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FIG. 4. REMPI spectra of CF3 Dr; IR laser off, collimated, and focused. 
The delay time for the probe laser was 3 p.s. The expected line positions for 
CF 3' Dr, and Dr· are shown at the top of the figure. 

for the case of CF31. The absence of strong REMPI signals 
due to CF3 free radicals IS apparently due to the large back
ground signal from CF 3 Br REMPI. 

In the spectrum obtained with the collimated IR-laser 
beam the line at 462.3 nm for Br is weaker because the extent 
of CF 3 Br depletion is smaller . We find a small signal at the 
wavelength expected for REMPI of Br* under collimated 
IR-laser conditions. In the background spectrum for 
CF 3 Br, we observe the signal for the ionization ofBr and Br* 
albeit at reduced signal to noise. As in CF 3 I, the halogen 
atoms can also be generated by visible two-photon dissocia
tion of CF 3 Br as observed in the background spectrum of 
Fig. 4. 

DISCUSSION 

Since we use the REMPI signal at 474.5 nm as a measure 
of the density of the ground-state I atom, and since we use 
the time history oftbis signal to extract both sticking coeffi
cient and ionization efficiency, we begin with the justifica
tion of the assignment of the REMPI signals. From the dis
cussion of the IR fluence ilnd time dependence in the 
previous section, it is apparent that the difference REMPI 
signal at 474.5 nm monitors the density ofI atoms formed by 
IRMPD; whereas the corresponding signal at 477.8 nm 
monitors the vibrationally excited parent molecule CF 31. 
From the literature, two facts are known with certainty: 
First, the absorption spectrum of CF 3 I strongly shifts 
towards the red upon internal excitation 19,20 such that IR
multiphoton excited CF3 I decomposes upon single-photon 
absorption around 475 nm. Second, the quantum yields for 
1* generation following predissociation via the A state has 
been measured for a great number of generic alkyliodides 
with increasing accuracy23,24 and is 0,92 for CF 31. 18 

The quantum yield changes with excitation wavelength, 
e,g" it drops from 1.0 to 0,6 from 300 to 336 nm for C3 F7 I. 
Although this behavior has not been established for CF 3 I, it 
is very likely that it is similar in light of a recent investigation 
of the composite nature of the A state in CF3 I by Van Veen. 18 

Because the quantum yield ofI is small and does not change 
significantly with excitation wavelength, we interpret the 
time dependence of the REMPI signal at 474,5 nm during 
the IR-laser pulse as reflecting the kinetics of formation ofI 
atom from IRMPD of CF 3 I with essentially no interference 
from the complicating contribution of hot CF3 I under high 
IR-laser fluence conditions. We further justify this conclu
sion by the fact that the REMPI signal at 474.5 nm and 
under conditions of high IR-laser fluence, does not show the 
characteristic rise and fall during the IR-laser pulse exhibit
ed by the REMPI signal at 477.8 nm. This latter originates 
from a single process, which is photodissociation of vibra
tionally highly excited CF 3 I. On the other hand, the signal at 
474.5 nm is a superposition of REMPI signals of ground
state I atoms from both IRMPD ofCF31 and single-photon 
dissociationl8 of CF31l:(-8%). The small contribution 
from the latter can also be seen when one considers the small 
REMPI signal amplitude at 474.8 nm when the IR fluence is 
low and the IRMPD yield is vanishingly small. The ratio of 
REMPI signals at 477.8 and 474.5 nm further demonstrates 
the small I atom yield from the single-photon dissociation of 
CF31l: [Figs. 3(c) and 3(d)]. 

The rise and fall of the REMPI signal at 477,8 nm within 
the IR-laser pulse is due to the fact that the IR-pumping 
process generates hot CF 3 I and also causes its loss upon 
further pumping by IRMPD. The temporal behavior of this 
REMPI signal is thus dependent upon IR-laser fluence. At 
low fluence, where no decomposition takes place, the signal 
reaches a constant level, whereas under conditions of signifi
cant IRMPD [ 16%, Fig. 3 (a) ] the REMPI signal decreases 
substantially due to depletion of the pool of reacting mole
cules. It is not straightforward to model the time dependence 
of this REMPI signal, because it depends not only on the 
resonant ionization ofI, but also on the single-photon disso
ciation of hot CF3 I that has not been studied in detail. More
over, there exists the distinct possibility that the branching 
ratio is dependent on the internal energy of CF 3 I which by 
itself could lead to a time dependence such as presented in 
Fig. 3 for the 477.8 nm REMPI signal. The reason we give 
only a qualitative explanation at this point is the fact that 
REMPI ofCF31*(hot) is a complex process which depends 
on the properties of the hot precursor and its photodissocia
tion product. 

Thus far only the short time dependence of the REMPI 
signal within the IR-laser pulse has been discussed. Both the 
irradiated (hot) molecules, as well as the photoproducts 
formed within the irradiated volume up to the end of the 
collisionless IRMPD expand into the rest of the Knudsen 
cell, which has a ratio of 31: 1 in terms of total volume to 
irradiated volume. This decrease of the original density of 
transient species is described by the temporal dependence of 
the REMPI signal on the time scale of several hundred JlS. 
The decay constant kd is given by Eq. (6) assuming Max
wellian flow at ambient temperature, which is expected to 
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hold for the present case of a simple bond fission reaction, 
under conditions of negligible translational energy release: 

kd = (3(v) )/4R. (6) 

(v) is the molecular velocity and R is the radius of a sphere of 
irradiated molecules. This equation also holds25 for cylindri
cal geometry of a cylinder of radius R and length 2R. It is 
important to describe this relaxation to homogeneous den
sity throughout the reactor in analytical terms in order to 
separate the heterogeneous interaction from homogeneous 
mixing. If this separation of kinetic processes cannot be 
achieved, we would be unable to obtain quantitative results 
for the heterogeneous interaction of the transients with the 
cell walls. One of the conditions where this separation would 
not be possible corresponds to the situation where the stick
ing coefficient r is on the order of 0.3, in which case the rate 
of the heterogeneous reaction is faster or of the same magni
tude as the rate of homogeneous mixing. Experimentally, 
this separation of kinetic processes into two distinctly differ
ent time domains manifests itself in a break of a logarithmic 
plot of the transient density vs time. The faster decay process 
pertains to kd' whereas the slower process obtains the rate 
constant for the heterogeneous interaction, which is the 
quantity of interest. 

Table I presents our data in terms of observed and calcu
lated kd values with the above justified assumption that the 
REMPI signal at 474.5 nm and high IR-laser fluence is due 
to the I atom, whereas all other experimental situations at 
both 474.5 and 477.8 nm correspond to CF31t (i.e., (v) is 
calculated using the mass of! or CF 31). Row (a) in Table I 
corresponds to high IR-Iaser fluence with concomitant 16% 
IRMPD, whereas row (b) corresponds to low IR-laser 
fluence with essentially no IRMPD, hence no I-atom forma
tion. We note the close agreement between observed and 
calculated decay rate constants which also supports our con
tention that the I-atom contribution probed at 474.5 nm in 
the single-photon dissociation of CF3 It is small. This sup
ports our suggestion regarding the REMPI signal intensity 
at 474.5 nm at high IR fluence as representative of the 1-
atom density. 

Sticking coefficient 

Since Eq. (6) describes the homogeneous mixing pro
cess adequately, we will now discuss the I-atom density as a 
function of time after homogeneous mixing has been 
achieved. Various chemical and physical processes can take 
place after this mixing process is completed, and when one 
compares the REMPI signal at 474.5 vs 477.8 nm, we obtain 
a first-order loss rate constant kw for I-atom loss of 77 and 
407 S-I, respectively, under two sets of conditions from two 
separate experiments. These values are approximate because 

TABLE I. Decay constant (units of 10-4 s-'). 

(a) 
(b) 

2.7 ± 0.5 
2.3 ±0.3 

k~74 

(calc) 

3.0 
2.4 

2.3 ± 0.2 
2.3 ± 0.3 

k 478 
d 

(calc) 

2.4 
2.4 

the present cell does not have the required sensitivity to mea
sure this quantity with high accuracy due to the small irra
diated volume with respect to the total cell volume. The 
REMPI signal at 477.8 nm representjng CF31~ vanishes 
after several hundred JLS indicating that the sticking coeffi
cient for hot CF31 is >0.3. We relate our measured quantity 
kw to r by dividing it by the gas-wall collision frequency 
OJ = 4240 X (T 1M) 1/2 resulting in values of 1.2 X 10-2 and 
6.2 X 10-2

, respectively. 
Houston and co-workers have studied the vibrational 

relaxation of vibration ally excited CO2 on Ag and other sur
faces26 and have related kw to the surface deactivation prob
ability r using Eq. (7): 

r = 1 - exp( - kwd I(v'», (7) 

where (v) is the two-dimensional molecular velocity and d is 
the cell diameter (6.3 em). Using Eq. (7), we obtain essen
tially the same values for r of I as above. 

There is no doubt that kw corresponds to adsorption of 
atomic I on the walls of the reaction vessel of which 90% are 
gold, along with some quartz and KCl windows for laser 
beam throughput. Even though our surfaces are not well 
characterized at this point our r values give a useful range 
for this important parameter. The reason for attributing kw 
to a heterogeneous process is the fact that homogeneous re
combination of I at those pressures is very slow. With a 
third-order (homogeneous) rate constant for I recombina
tion27 (12 as third body) of8.3X 1O-32 cm6s- I, we calculate 
an effective first-order recombination rate constant of 
1.5X 10-4 

S-I, which is five to six orders of magnitude 
slower than the measured decay rate constant for I disap
pearance in our cell. It therefore appears reasonable to iden
tify this loss process as a heterogeneous process. 

We also observe 12 in the cell some time after the onset of 
IRMPD, but we cannot determine the branching ratio for 12 
formation. A hint that not all I atoms adsorbed on the gold 
surface recombine to 12 is the fact that we observe CF3 I by 
mass spectrometry upon IRMPD of hexafluoroacetone in 
the cell that had been exposed previously to IRMPD of CF 3 
I, hence to a healthy I-atom flux. This also means that the 
present surface has the ability to "store" I atoms that recom
bined with CF 3 radicals in a heterogeneous manner after the 
cell had been pumped out overnight between the CF31 and 
the hexafluoroacetone IRMPD experiment. 

Relative ionization efficiency 

Relative or absolute ionization efficiencies of I atoms 
can be determined if the density of I and the REMPI signal 
intensity are known. The density of I generated in the IR 
beam volume is given by Eq. (8): 

[I] =.fFcp,ItpIVb , (8) 

where tp is the period of the laser,! the fractional decomposi
tion, F CP I the flow rate of CF 3 I, and Vb the originally irra
diated ~am volume. For the highest fluence data in Fig. 
3 (a), we calculate a density of I in the IR beam of 2.9 X 1012 

cm-3• 

At high IR fluence, the early time increase in the 
REMPI signal at 474 nm is primarily due to IRMPD. There-
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FIG. 5. REMPI spectrum of NHJ at 0.5 X lO-J Torr, 8 rnJ/pulse, and 11 
pps. 

fore, we can assess the amount of signal that is due to I atoms 
from IRMPD (23-7 m V). We determine the relative ioniza
tion probability using NH3 as a standard that also has 
[3 + 2] REMPI signals with the same formal intensity law 
as 1,1* in this wavelength region.28 A REMPI spectrum of 
NH3 is shown in Fig. 5. Using the REMPI signal at 476 nm 
(4.5 mY), the ratio of ionization probabilities is given by Eq. 
(9): 

Prob(l) 474.5 
(9) 

Prob(NH3)476 S' /[NH ]E 3 
Igion 3 pulse 

The quantities in this expression are easily determined for 
our conditions resulting in an I atom ionization probability 
of 48 at 474.8 nm relative to NH3 ionization at 476 nm in a 
[3 + 2] fashion. 
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