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Quenching of excited iodine atoms (I&pPy2)) by nitrogen oxides are processes of relevance to discharge-
driven oxygen iodine lasers. Rate constants at ambient and elevated temperatur@3@RBfor quenching

of 1(?Py,) atoms by NG, N,O,, and NO have been measured using time-resolvé® t) — [(°Pap)

1315 nm emission. The excited atoms were generated by pulsed laser photodissociatignad288 nm.

The rate constants for?Ry,) quenching by N@and NO were found to be independent of temperature over
the range examined with average values of 2.0.3) x 107 '5and (1.44 0.1) x 10" 5cm?® s7%, respectively.

The rate constant for quenching ofR(,,) by N,O, was found to be (3.3- 0.5) x 103 cm?® st at ambient
temperature.

Introduction I* +NO,— 1 + NO, 4)

Carroll et al* were the first to demonstrate an oxygeadine ) . )
laser (OIL) that utilizes an electric discharge to produce singlet AS NO: readily forms the MO, dimer, the quenching process
oxygen molecules galAg). One of the distinguishing features
of discharge-driven singlet-oxygen generators is that a substan- I* + N,Op =1+ N0, ®)
tial quantity of OfP) is produced along with £alAg). It has
been show#r® that OP) is detrimental to the laser due to the is also a matter for concern. There is only one report of an

fast quenching process attempt to measure the rate constant for reaction 4. Han'et al.
obtained an upper bound at room temperaturé&;of 8.5 x
I(°P,,) + OCP)— I(°Py,) + OCP) (1 0Hemist

In order to determine an accurate value for the rate constant
Recent determinations of the rate constant for this deactivation for deactivation of I* by NQ, we reinvestigated this process at
channel have established a valuekpf= (1.2 + 0.2) x 1011 ambient temperature and extended our measurements to elevated
cm? s71 (refs 2 and 6-8). In the following, 18Py2), 1(2Ps) temperatures. The temperature dependence study was motivated

and Q(alA,) are designated by I*, I, and @), respectively. by two factors. First, the conditions in EOIL devices span a
Reaction 1 results in a significant loss of I* for typical wide temperature range as the gas mixture travels from the

discharge-generated oxygen-atom concentrations. Due to thedischarge to the optical cavity. Immediately after discharge the
rapidly established equilibrium between I* and(6) gas temperature can be greater than 700 K. Cooling to
temperatures below 300 K by the time the gas reaches the cavity

is desirable as this increases the gain (due to the effect of
temperature on the equilibrium represented by reaction 2).

) ) o ) Second, the equilibrium between Né@nd NO, is temperature
quenching of I* also results in deactivation 0f(@). Working dependent, and measurements made over a range of temperatures

with prototype electrically driven oxygen-iodine laser (EOIL) \yere helpful in separating out the quenching contributions from
systems, Carroll et &and Rawlins et al.found that production  (eactions 4 and 5.

of I* was increased when NOwas added to the postdischarge
flow upstream of the iodine injection. They concluded that this
effect was due to consumption of the excess oxygen atoms via
the process

| +0,(a) < I* + 0O, )

Quenching of I* by NO was studied both for fundamental
reasons and because of the relevance to a particular type of
photolytically driven oxygeriodine laser. Zolotarev et &!.
explored a laser scheme where photolysis gfwWas used as
3 the primary source of §a). In attempts to improve the

O(P)+ NO,— O, + NO 3) performance of this system, Zolotarev et%fested the use of
N2O, N, and/or CQ as reagents for removal of the unwanted
(ks = (9.5 &£ 1.1) x 102 cm® s7%, ref 9). The optimal O('D) photoproduct. The best results were obtained fe®N
concentration of N@to be added to the flow is dependent, and Zolotarev et ai* concluded that an increase in laser power
among other factors, on the rate constant for the quenching ofwas achieved due to the fact thaidlconsumes oxygen atoms

I* by NO, in processes
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was evacuated by a rotary pump, and flow rates were chosen
such that the total pressure in the photolysis cell was ab80t
Torr. This pressure was used to provide rapid relaxation of the
translation energy of the photofragments and limit diffusion.

tz

NO; absorption cellﬁ lamp| ) N, All experiments were performed with a gas flow velocity of
o - about 112 cm/s. The partial pressures of the gases were
CFJ determined from the photolysis cell pressure and the measured
A flow rates of the various gases. The flow rates were controlled
J using electronic mass-flow meters (Omega FMA 1814) and
T'T needle valves.
— ri_i e [T A The NG partial pressure in the flow cell was varied from
0.5 to 8.0 Torr. The N@concentration was measured by an
@:I - l 1;‘;';3:.” optical absorption method as well as by the increase in the flow
K cell pressure upon addition of the Mf@ow. As shown in Figure
s 1, a 53 cm long optical cell was used for the absorption
0% measurement. The 365 nm light from a low-pressure mercury
%, Pump lamp was monitored. A 0.25 m monochromator was used to
Trigger select this spectral line, and the transmitted intensity was

recorded by a photomultiplier/picoammeter combination. For
the conditions of these experiments the concentration of NO
greatly exceeded that of.8,, such that the optical absorption
measurements were not significantly influenced by the presence
of the latter. Gas pressures in the absorption and photolysis cells
were measured using capacitance manometers (MKS Baratron
model 122A, 0-100 Torr).

The photolysis laser was a Lambda-Physik Compex Pro 102
excimer laser operating at a wavelength of 248 nm (KrF, pulse
duration 10 ns). A pulse repetition rate of 5 Hz was used, which
was slow enough to ensure that a fresh sample of gas was
photolyzed on each pulse. The laser power was adjusted to
provide fluences oE = 3.5-18 mJ/cm in the center of the
photolysis cell. Excitation of Cf at 248 nm induces the
processes

Figure 1. Schematic diagram of the experimental setup for I*
guenching measurements. PMT, photomultiplier tube; MC, monochro-
mator; detector, liquid nitrogen cooled germanium photodetector
coupled with a preamplifier; FM, flow meter; PM, power meter.

where Q(a) is the dominant product of reaction 6b. Recehtly
the branching fraction of electronically excited @roduced by
channel 6b was found to be0.9. The optimal mole fraction
of N>O for the laser driven by ©photolysis depends on the
rate at which I* is quenched by

* +N,O—1+N,0 (7)
Han et al'? reported a rate constant for reaction 7 at room
temperature ok; = 2.1 x 10715 cm® s71. This measurement,
made using photolysis of GFN,O mixtures at 266 nm, was
approximately consistent with the results of Hathorn et3al.,
who obtained a value df; = (1.34+ 0.2) x 100 cmés L In
the present work we extended the characterization of reaction

7 by performing the first measurements at elevated temperaturesWith a branching ratio of 0.11:0.89 in favor of I* productiéh.

In order to measure the I*> | emission decay profiles at
1315 nm, a monochromator (0.2 m), long-pass filter, and fast
Pulsed laser photolysis and emission spectroscopy techniqueg‘]ermanium detector (ADC model 403 HS, detector area
were used to measure the rate constants. The apparatus usegk mn?) were arranged linearly and placed in front of the
for these experiments is shqwn in Figure 1. The photolysis cell gpservation window of the photolysis cell. A long-pass filter
was constructed from a solid brass block with 1 cm dlgmeter was used to minimize the scattered light from the photolysis
channels for the flow of gases, passage of the photolysis laselizser. Time-resolved I* emission decay signals from the

beam, and observation of infrared emissions from the photolysis gemanjum detector were averaged for 64 laser pulses and stored
zone. To reduce window scattering problems for the photolysis using a digital oscilloscope (Yokogawa DL 1520, 150 MHz
beams, two baffle arms (35 cm long) were attached to the bandwidth).

photolysis cell. UV-grade fused silica windows were attached

to the ends of both arms. Sets of apertures were mounted inside . For measurements |r_1voIV|ng @.FNZO mixtures the photoly-
the baffle arms. Emission from the photolysis products was sis cell was operated without carrier gases and the window purge

recorded at right angles to the axis of the laser beam via a quartzfIOWS were not usfed. ﬁtherws/e, th/e pumping rate was ke.ptl the
window. The temperature in the photolysis zone was measuredS@Me as it was for the NIAr/CF;I/N, experiments. Partia

CF;l + hv (248 nm)— CF; + |
—CFR;+ I*

(8a)
(8b)

Experimental Methods

by a beaded wire thermocouple placed at the exit of the
photolysis zone.

A flow of CF3l vapor was added to aJ\carrier flow, and
the mixture was admitted into the photolysis cell through a
sliding injector. An NQ/Ar mixture was injected through two
opposing inlets connected to the main gas channel. Mixing of
the gases, GFN, and NQY/Ar, occurred during their transport
to the photolysis zone. A continuous and small flow @f(R00
mL/min) was introduced in the baffle arms through gas inlet
ports to protect the windows from the photoproducts. The cell

pressures of pD in the photolysis cell were varied from 10 to
100 Torr.

The sample gases N@>99.5%), NO (UHP, 99.99%), Ar
(UHP, 99.998%), and N(UHP, 99.998%) were used without
further purification. The trifluoromethyl iodide, GF(stated
purity > 99%), contained,las a significant impurity. As the
quenching of I* by } is very fast (3.8x 10711 cm? s71),15 it
was important to reduce the level of this contaminangl @fas
purified by degassing and trap-to-trap distillation using an
ethanol/dry ice slush bath to condense the |
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I* + NO;, Quenching. Several complications were encoun-
tered in studying the quenching of I* by NOAs noted above,
the NbO4 dimer is present in equilibrium with NO

NO, + NO, + M < N,O, + M 9)

The partial pressurd(N2O,), depends on the total pressiige
= P(N2O4)+P(NO,) and the temperaturé according to the
expression

P(N,O,) = Py + K2 — /Ko Py + Kef4)  (10)

where P(NO,) is the partial pressure of NCand Keq is the
equilibrium constant. The latter is given W= P(NOy)% T T
P(N;0,) = 760 exp(21.13-6880M)) (in units of Torr, ref 16). 0.0 02 04 0.6 08
Note that the fraction of pD, in the mixture decreases as the Time, msec
total pressure is reduced and/or the temperature is increased'.:igurelz-dﬁime'reﬁOLVTd !L('Ztl%misssiorf‘ ;gg{/ﬁr?gﬁ/’r\l@com?d from
P e pulsed laser otolysis nm) o I 3l/N2 mIXtures
:ot;e;lfetrzgﬁﬂsg l:)aflvlf t?;%nqu:ﬁg :\cg(ilsentangle the rate constang% aFr)nbient temp?araturézm = 90 Torr, E = 3.5 mJ/cr, P(CRyl) =
A : . . . 0.1 Torr. These traces illustrate the dependence of the signal on the
A second complication is that 248 nm light photodissociates No, + N,0, pressurePo: (1) 0, (2) 2.1, (3) 3.9, (4) 5.7, and(5) 8

I("P,,,) emission intensity, mV
N

2

both NG, and NO,4 to yield oxygen atonig-20 Torr.
NO, + hv (248 nm)— NO + O(P) (11) . . T 1
10000 |- 4
N,O, + hv (248 nm)— NO,(A’B,) + NO,(B’B,) (12a) =,
“
— NO + O(CP)+ NO, (12b) 7500 | .
>
Under our experimental conditions the3) atoms were quickly §
converted into oxygen molecules by reaction 3. Molecular %5000 - .
oxygen deactivates I* via ar
I* + O, — 1 + Oya) (13) ™ 2500 | i
with a rate constant dfjz= 2.7 x 10711 cm® s71 (refld).
Another possible complication is that the £3Bdical formed 1 . 1 . 1 . 1 ! 1
in process 8 is reactive toward NQeading to formation of 0 2 4 6 8
various product=23 that may also physically or chemically P, Torr
quench I* Figure 3. Decay rates for I* as a function & = P(NO,) + P(N2Ox).
Photolysis conditions: laser pulse fluerige 3.5 mJ/crf, Pyt = 90
CF; + NO, — CF,0 + FNO (14a) Torr, P(CR3l) = 0.1 Torr, T = 293 K.

—CRO+F+NO (14b) The decay rate obtained using4C&s supplied was considerably

faster than would be expected on the basis of a 1% impurity of
CF;+ NO, + M — CENO, + M (14c) I,. Using trap-to-trap distillation of CfFwe were able to reduce
) ) o I, to the point where the I* decay rate was consistent with a
Oum et af? studied the CE+ NO; reaction using time-resolved 104 impurity level. Fluorescence decay rates were extracted from
FTIR emission spectroscopy and observed reaction channels 143, ,es such as those shown in Figure 2 by nonlinear least-
and 14b. They estimated the relative branching ratio of reactionsSquares fitting with the data for the first & of the signal
14a to 14b to be 1:0.015. As described below, care was takenomitted.
to minimize the influence of these complications on the accuracy .
The I* fluorescence decay rates are plotted as a function of

of our measurements. ) S .
Typical decay profiles for the I* emission are shown in Figure the sum of the N@+ N3O, partial pressures in Figure 3. This

2. These traces were recorded at room temperature. The partiaP!0t Shows an obviously nonlinear dependence of the decay rate
pressure of N@+ N,O, was varied, while the total pressure  ©N Pq. The functlon.al form of thIS. dependence could be
within the photolysis cell was held constant at 90 Torr by €xplained by assuming that quenching by (or a photo-
simultaneous adjustment of the buffer gas flow. The initial spike Product from NOs) was much faster than quenching by NO
observed in the decay profiles was due to emissions from short- This hypothesis was tested by repeating the measurements at
lived excited states species (e.g., UV excitation of the impurity higher temperatures. Equation 10 predicts that the mole fraction
I,). Beyond this artifact, the emission profiles exhibited single- 0of N2O4 will decrease rapidly with increasing temperature. For
exponential decay characteristics. In the absence of(d@ve example, forPy = 8 Torr the partial pressure of R, is 0.73

1), the I* emission decay rate was primarily determined by the and 0.02 Torr at 293 and 350 K, respectively. Heating the
residual . Quenching of I* by CHl is known to be inefficient apparatus reduced the fluorescence decay rates at the higher
with a rate constant of (3.5 0.6) x 10716 cm?® s (ref 24). pressures, and curvature of the Stevfolmer plots (decay rate
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Figure 4. I* quenching decay rates as a function of laser pulse fluence
E atT = 353 K andP(CFsl) = 0.1 Torr for NG partial pressures:[{)
6, (O) 4, and QA) 2 Torr. Solid lines were obtained from linear least-

squares analyses. Vertical arrows indicate the decay rates resulting from

guenching by N@and b at E = O for the 2 Torr data.

vs Pg) was not observed fd?y < 8 Torr when the temperature
was above 350 K.

Although the SteraVolmer plots forT > 350 K were linear,
they were still influenced by quenching contributions from the

J. Phys. Chem. A, Vol. 111, No. 40, 20010065

photoproducts. To remove this effect, the dependence of the
decay rates on the laser fluence was characterized. Figure 4
shows plots of the decay rates vs the laser fluence for three

different values oPy. Here it can be seen that the decay rates

increased with the laser power, as would be expected if some

of the photoproducts were rapid quenchers of I* (e.g., O and
0O,). Extrapolation of these plots to zero laser fluence gives the
decay rate in the absence of quenching contributions from
photoproducts. As the I* radiative decay rate is comparatively
slow (8 s1), the zero fluence intercept was determined by the
sum of the } and NQ quenching rates. For each series of
measurements the decay curve with= 0 was recorded to
establish the 2 quenching rate. This was subtracted from
subsequent measurements wiRh > 0 to provide the NQ@
quenching rates. SteriVolmer plots constructed using the

corrected data are shown in Figure 5. Here it can be seen that

the rate constant for quenching by Ndid not exhibit a

measurable dependence on temperature over the range from 353

to 381 K. A temperature-independent rate constaik of (2.9

+ 0.3) x 107 cm?® s! was obtained by averaging three sets
of measurements d, made at temperatures within the range
353-381 K. In considering the photochemical products that

could be responsible for the laser power dependence of the decay

rates, it is of interest to examine the quenching resulting from
photochemically generated O and.Ohe absorption cross-
section for NQ at 248 nm is 1.6< 1072° cn? (ref 25), and the
branching fraction for production of O atoms is unity. For a
NO, pressure of 6 Torr and a laser fluence of 7 mJ-€ume
concentration of promptly formed O atoms is predicted to be
2.7 x 10" cm™3. Reaction 3 then converts the O atoms tp O
at a rate of 2« 10° s71, which is fast compared to the observed
fluorescence decay rate-8000 s%, cf., Figure 4). Quenching
of I* by the product Q then occurs at a rate of about 730.s
which is sufficient to account for all of the effect of laser power
on the decay rates. Apparently, quenching hyd@minated over
the quenching contributions of the other photochemical products.
1(?Py2) + N2O4 Quenching at Ambient Temperature. The
curved SterarVolmer plot observed at room temperature (Figure

3) could be interpreted in terms of enhanced quenching caused

by N,O,4 or a photoproduct of pD4. The absorption cross section
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Figure 5. Dependence of the I* decay rate on the Nfdessure from
data obtained at three different temperatures over the range3833

K. These measurements were made it 3.5 mJ/cm andP(CFl)

= 0.1 Torr. The lines were obtained from linear least-squares analyses.

of N,O4 at 248 nm is a factor of 80 greater than that of the
monomert® Hence, O atoms from process 12b might be
involved in the quenching kinetics. As noted above, the
conditions of these experiments are such that the O atoms are
rapidly converted to @by reaction 3. Photolysis of D4 by

248 nm light has been examined by Morrell et'alThey
estimated that the yield for O-atom production was no more
than i, &~ 0.2. Assuming the upper bound value, the
concentration of O atoms produced by photolysis is given by

[0] & 5.1 x 10"%,,,P(N,O,)E (15)
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Figure 6. Dependence of the I* decay rates on the laser pulse fluence N,0] 110" e

for Pt = 90 Torr, P(NO,) = 4.1 Torr,P(CRsl) = 0.1 Torr, T = 293
K. Figure 7. I* decay rates as a function oP(N.O). Photolysis
conditions: E = 3.5 mJ/cm, P(CF;l) = 0.1 Torr. The data shown were

where [O] is in atoms cr?, P(N20,) is in Torr, andE is in mJ taken at temperatures of 29@) 317 (), 335(@), 357 (), and 378

cm~2. Consider an experiment witho = 8 Torr andE = 3.5 K (#). Note that the data have been separated for clarity by shifting

mJ CI.TTZ At room temperature the partial pressure QGNWi.II along the decay rate axis. The unshifted data points are extensively
' overlapped.

be 0.73 Torr (eq 10) and photolysis yields [6]2.6 x 103 PP

cmS. If the atoms are all converted tOZthS willresultina  o¢re range. Linear quenching plots were expected, but three
photoproduct quenching ratagO,] of 730 s™%. Thisisanorder ¢ e (a1a sets show a slight curvature for the lowest pressure
of magnitude smaller than the decay rate observed underthesefmims_ We do not have an explanation for this behavior at
conditions (cf. Figure 3). Further evidence that photolysis of ,asent but we suspect that it is an experimental artifact. Linear
N2O4 was not important in the room-temperature quenching i« +o the data yield rate constants (£8cm? s72) of 1.39+
kinetics was obtained by examining the decay rate as a function 3 (293 K), 1.40+ 0.04 (317 K), 1.27 0.02 (335 K), 1.36

of laser power folPy = 4 Torr. These data, shown in Figure 6, 0.05 (357 K), and 1.3% 0.03 (378 K). These data indicate
were consistent with the results from measurements at elevate hat the quenching rate constant is effectively independent of
temperatures (cf. Figure 4), where the partial pressure;04N o herature over the range studied and can be represented by

was considergbly lower. , the valuek; = (1.4 4+ 0.1) x 105 cmé s,
On the basis of the above arguments, it was concluded that

the curvature of the plot in Figure 3 was the result of quenching Discussion
by N2Os. To extract the rate constants for reactions 4 and 5,

the decay rate datd’) of Figure 3 were fitted to the expression ~ The present measurement of the room-temperature rate
constant for quenching of I* by D is in good agreement with
I'=T,+ K[NO,] + kjN,O,] (16) the value reported by Hathorn et’dl((1.3 4+ 0.2)x 1075 cm?

s1). The dependence of this rate constant on the temperature
wherel ' is the decay rate witRy = 0 and the number densities  was too weak to be determined, indicating that the mechanism
for NO, and NO4 were derived from eq 10 and the ideal gas does not involve a barrier or facilitation through formation of
law. The smooth curve in Figure 3 shows the results for the fit, along-lived collision complex. The rate constant for quenching
which yields values for the rate constantskef= (2.8 & 1.1) by NO, was well below the upper bound reported by Han et
x 107 cmP s Tandks = (3.454+ 0.11) x 100383 cmis L. The al# In that earlier study the limiting factor was the presence of
quoted error ranges are one standard deviation for the fittedimpurity O, in the NQ, sample. The results obtained in this
parameters. The large error range karthat was obtained in  study indicate that the I* quenching characteristics gbNnd
this fit was a consequence of the strong correlation betweenNO; are quite similar. This is an interesting observation that
the parameters. Fitting witky fixed at the value obtained from  deserves some further consideration.
the higher temperature measurements (.90°1° cm?® s71) The quenching rate constants (293 K) for NO (ref 26),,NO
yielded ks = (3.45 &+ 0.03) x 102 cm® sL. Given the and NO are 1.2x 10718 2.9 x 10715 and 1.4x 10 cm?
uncertainties in determination of the,@®, concentration, we s71, respectively. NO and Nfare open-shell species. Their

estimate that a conservative error rangekpis (3.5+ 0.5) x interactions with iodine are such that INO and IN@re

1038 cm? s L. The value oks reported here was derived from  moderately stable moleculé&?8 In contrast, NO is a closed-

the single set of data shown in Figure 3. shell molecule that interacts with | via weak van der Waals
1(?P1/2) + N,O Quenching ProcessPhotolysis of CH in forces. Hence, the large difference in the quenching rate

the presence of )0 was used to examine the quenching of I* constants for NO and D is not surprising, but the low

by N,O. As the absorption cross section fogQNat 248 nm is efficiency for quenching by N© (compared to NO) was
extremely small, there were no photochemical complications unexpected. It appears that long-range attractive forces facilitate
associated with these experimentsON\partial pressures inthe  quenching by NO, as Deakin and Husdireported a negative
range of 16-100 Torr were used in order to observe a well- temperature dependence for this process (and they speculated
defined quenching effect, and data were recorded at thethat transient formation of INO was implicated). Grimley and
temperatures 293, 317, 335, 357, and 378 K. Figure 7 showsHustor?® further suggested that quenching was mediated by
Stern—Volmer plots for data recorded over the entire temper- means of seams of intersection occurring between the potential-
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