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We demonstrate the application of cavity ring-down spectroscopy (CRDS) to the measurement of concentrations
of 10 radical and of reaction rate coefficients for the reaction systemst- @ and 10+ NO, using the

source reaction, GP) + CRl. By monitoring 10 radicals, we obtain the 295 K rate coefficiek{ + CFl

— 10 + CR) = (56.8+ 1.5) x 102 cm® molec! s%; k(IO + 10) = (1.0£ 0.3) x 10° cm® molec! s,

andk(l0 + NO) = (1.94 0.5) x 10 cm® molec s ! at the pressures of 1250 Pa (9.4 Torr) and 4000 Pa
(30.1 Torr). For the 10 ATlz, — X 213, (2, 0) bandhead at 445.04 nm we have determined an absorption
cross-sectiong = (7.3 4 0.7) x 10717 cn?. Error limits indicate the confidence of two standard deviations

and propagate the uncertainty in the absorption cross-section.

1. Introduction CRDS has been used to study reactions of the ph@nif,

i . L . NH,2” and propargyl radical®, the kinetics of the gHs/
Sensitive, precise, and quantitative methods for studying the CHe0,2% and vinoxy/Q systems® and the chlorine and

reactions of 10 are necessary to clarify the role of this radical bromine adducts of propargyl halidésand allené? Where

Z]tnggi ﬁgﬁ?'is;g?ngf C%%thointégpgfgher:ﬁcfgﬂ sg%tozﬁie:ﬁ. comparisons have been made with well-established rate coef-
P P P pally 9 ficients determined by methods other than CRDS, the agreement

origin, and CHI from marine algal emissions is rapidly has been excelled?, but validation of the CRDS method for
photolyzed in the troposphere, liberating iodine which may react kinetics studies has not been extensively investigated. The

mftlh c;]zonter to forrr]n rlio. ;—h[? subnseqnli(rarlgéreagtlﬂni c:f OIIOIOcan current study provides a direct comparison of reaction rate
uence tropospheric ozone concentratiorsid elevate coefficients measured both for detection of 10 via a sharply

concentrations are suspected to arise in the lower trOpOSpherestructured, rotationally resolved spectrum and via a diffuse,

ng(;g: Q{%‘g '? dthc%ﬁsggg\t/??r’a%c:ngglg? ‘gmgiﬂzcﬁd oezrone unstructured absorption spectrum. The results show quantitative
tp h. pd | tratosoh P has b mpp agreement with the previous LIF and absorption spectroscopy
roposphere and lower straloSpnere has been pos studies. We concentrate on the reactions ofH@O and 10+

W:rL:ilg ftzu:; Ic?atg)lrrtri]stls?rnatgg Ihoer?ct c?lztg:llgeie;’:rhuirt?or? cmg)tles NO because these have been the subject of several previous
b P y P YCIES. 1 dies, thereby allowing a careful comparison of our CRDS-

;hciﬁtoggt'glc%gﬁ'gﬁﬁﬁoo i;gﬁ:sa?iﬁr%?;s;risnsbegdizgfefébgrth%ased results with other experimental methods, and because of
S | dies h b ; d of the ki yiay 'ftheir importance in linking the atmospheric chemistry of iodine
everal studies have been performed of the Kinetics of iy that of NQ species and in determining the partitioning of
reactions of 10 using laser photolysis and detection of 10O via atmospheric iodine between | and 10. The use of CRDS
absorf)(ﬂcl)sn spectroscopy’ or laser |nd_uced fluorescence detection to determine rates of reaction of 10 suggests a sensitive
(LIF)‘. . Such methods have es_tabhshed values ‘?f rate method for studying the reactions of the BrO radical. BrO
coefficients for the IO+ 10 self-reactior?,® and for reaction exhibits no A2[T — X 2IT LIF spectrum because of rapid

; 13,15,16 11 7,12 14 17 - o :
Ofclgow';[? N(?d h Blr, If%g' ClO, fCHCthCFZCI’ predissociation of the Al state, but the effectiveness of CRDS
H H;" and dimethyl sulfidé;’to name a few. The current  yo0ction of this radical has already been demonstfited.
study, however, is the first use of cavity ring-down spectroscopy

(CRDS}* 2t for detection of 10 and determination of its reaction
rates, and demonstrates the suitability of combining CRDS wit
laser photolysi_s method_s for accurate kinetics studies_ of species The |aser photolysis/cavity ring-down kinetic apparatus used
such as 10. Since the introduction of CRDS detection to the {5 measure the rates of reactions of 10 has been described in
field of kinetics by M. C. Lin??2CRDS detection has become  getaj| elsewhef&2°and will only be summarized briefly here.
increasingly used for rate coefficient determinations. To date, Experiments were conducted in a quartz flow tube with high
— - reflectivity (HR) mirrors located at either end; these mirrors
301 gt;tsh%rﬁ?zr correspondence. E-mail: jeffrey.hudgens@nist.gov. Fax: define the ring-down cavity (RDC). The HR mirrors were held

* Current address: Chemistry Department, Portland State University, IN adjustable mounts attached to the flow tube via flexible
Portland, OR 97207-0751. bellows and positioned 1.1 m apart. Reaction was initiated by
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laser photolysis and reaction products were probed at a variableexperimental conditions reduced by the random, rather than
delay after initiation by cavity ring-down absorption detection systematic, variation of the delay times. We measured the base
using a second laser pulse. The extent of absorption wassystem absorbance immediately before each kinetic absorbance
determined by monitoring the ring-down decay rate of the laser measurement at a given reaction time. This zeroing procedure
pulse within the cavity, and typical 1/e decay times for the ring- eliminated system drift and confined the measurement of
down were lus. The variation of 10 absorption with time delay absorbance change to the 6-cm long photolysis zone.
between pulses can be analyzed (assuming -Besmmbert The kinetic experiments produce transient absorption (which
absorption behavior) to give the desired reaction rates. During is readily converted to radical concentration) vs time. To derive
these experiments the ambient temperature of the laboratory andate coefficients from these data, the kinetic mechanism is
reactor was 295 K. designed and the absorption data is computationally simulated.
10 was produced in the RDC by 193 nm photolysis ofN This si'mulation is compared to the observed data andythe
in the presence of GF (>97% and used without further ~Vvalue is computed. Using the Levenbefdarquardt proce-
purification) and argon buffer gas. Flows of these gases into dure? selected rate coefficients and concentrations are varied

the RDC were regulated by mass flow controllers. An ArF to minimize this value. The simulation software comprises of a

excimer laser was used to produce ca. maximum energgo custom graphic interface that spawns satellite shells executing
mJ, 20 ns duration pulses of 193 nm UV at 5 Hz repetition rate the original FORTRAN code of the ACUCHEM progréhthat
which after beam steering and shaping placed a flux 6fmJ simulates kinetics through numerical forward integration of a

cm2 into the photolysis zone of the reactor. The laser pulses €action mechanism. The accuracy of this program has been
were shaped into 6-cm long, 1-cm high stripes by a cylindrical verified®

lens and a beam mask and intersected the RDC perpendicular

to the axis defined by the HR mirrors. UV photolysis ofay - Results and Analyses

generated GD) which underwent rapid collisional quenching The 193 nm photolysis of YD in the mixture of NO, CFl,

to form O@P). Contamination of the mirrors over the duration NO, and argon results in the formation and loss of IO and NO
of the experiment was minimized by flushing argon gas through via the following kinetic scheme:

separately pumped regions of the RDC immediately in front of

the mirrors. The flow of Ar through these regions was regulated N,O + hv (A = 193 nm)— N, + O(lD) (1)

so that the pressure matched the total pressure in the central

region of the RDC, as has been described in detail previously. 9(!D) + M — O(P)+ M (M = Ar, N0, CRl,NO) (2)

For reactions involving NO, the NO (either neat or ca. 5% in

Ar) was passed through a copper coil immersed in a dry ice/ o(lD) + N,O— NO + NO (3a)
acetone slush bath to remove contaminant,N{dd was

introduced into the RDC via a mass flow controller. — N+ 0, (3b)

A pulsed dye laser pumped by the output of a XeCl excimer 3 .

laser produced the probe laser light at wavelengths in the range O(P)+ NO+Ar—NO, + Ar ()
between 445 and 470 nm. The dye laser operated on coumarin O(3P) +CFJl — 10 + CF, (5a)
440 dye, and the output energy was typically between 1 and 5

mJ per pulse at 5 Hz repetition rate. The probe laser was injected —CFO+IF (5b)

into the RDC through one end mirror. For a beam waist of 0.32

mm and a mirror reflectivity of Rz 99.9%, the maximum cavity — CROI (5¢)
flux is <5mJcm? The mirror allgnmen_t was caref_ully a}djgsted IO +10—1,+ 0O, (62)
to give an exponential decay of the light intensity within the

cavity, with maximum suppression of interference effects caused — 1 +0I0 (6b)
by beating between transverse cavity modes as described in —~1.0 (6¢)
detail elsewher& Light exiting the other end mirror was imaged 2=2

through a pinhole onto a quartz diffuser and photomultiplier —-21+0, (6d)
tube. For kinetics experiments the laser wavelength cor-

responded either to excitation of 10 on the bandhead of the IO +NO—1+NO, ()
highly structured 10 A-X (2, 0) band atlcrps = 445.04 nm 3

or at the bandhead of the much weaker and diffuse FOXA 10+ 0(P)—~ O, + 1 (8)

(1, 0) band atlcrps = 455.17 nm. IO — products (9)

For each laser shot, the exponential decay of the laser light
intensity within the cavity, as detected by the photomultiplier, The unimolecular process in reaction 9 corresponds to wall loss
was digitized using a digital oscilloscope and transferred to a or diffusion.
personal computer via an IEEE-488 interface for analysis. Each Reactions 2 and 3 describe the competition between the
decay trace was fitted separately to a first-order exponential collisional deactivation of GD) and its reaction with BD.
decay, and the resultant ring-down rates were averaged for eactReactions 4 and 7 produce MONe have accounted for NO
time delay between the two lasers. Ring-down decay rates wereproduction because its optical absorption continuum overlaps
converted to absorbances via standard relationghipise time with the 10 spectrum. The reaction rate coefficientkoand
delay between photolysis and probe lasers was selected ranthe termolecular rate coefficierd; are knowrd® as are the
domly within a predetermined range by a programmed pulse deactivation rate coefficients of &) by Ar,3” NO 28 and NO .36
delay generator, and 10 laser shots were averaged at that delafhe deactivation rate coefficient of &) by CFl is unknown;
time to produce one data point. Typically, data points at 100 however, extrapolation of the homologous serieg£€F;Cl)
different delay settings were accumulated to define each 10 = 4.2 x 10712cm® molec? st 3 andky(CR3Br) = 5.9 x 10711
temporal decay trace, with the effects of small drifts in the cm® molecs™! 4°would predict thakx(CFsl) is considerably
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larger tharky(CFRsBr). Thus, as in previous studiég°the large

global deactivation rate will quench the D) population to

O(®P) within nanoseconds and allow us to ignore the effects of

any residual NO from reaction 3. This conclusion was confirmed a) 10 (1 :O)
during our modeling of the IO absorption data.

Reaction 5 has three exothermic channels. Gilles ét al.
determined that channel 5a accounts for 83% of the products.
Little consensus exists regarding the products of reaction 6. TWO bttt 1 .
studies have concluded that channel 6a constitutes less than 5% 21850 21900 21950
of the total reactior:*> The observation of a spectrum of OIO Wavenumber, cm”
suggests that channel 6b may be active; however, the mechanism
for OlO production was not establish&dTo fit data for the
reaction of |0+ BrO, Laszlo et af postulated that between 30 T T T T [T T T T T T T T T TTITTTITITmm P
and 40% of the products followed channel 6c. Harwood &t al.  ** P+ Frrrrrem FTTTpTTTITIN R )
also concluded that channel 6¢ is important and that the sum of ash 40% 3 300 2% 20 19h10n Y
channels 6b and 6d accounts for as much as 50% of the
reactivity. b) IO (290)

Kinetic traces of the rise and fall of the 10 signal were
obtained over intervals corresponding to the delay between 111
photolysis and probe lasers of up to 50 ms. Because a nhumerical ‘ ! | \
model of diffusion between the CRD axis and the reactor walls Farie! ikl
predicted that wall loss (reaction 9) may begin to affect the CRD 22350 22400
signal for times exceeding 20 ms, we did not use data observed Wavenumber, cm’
beyond this time for derivation of reaction rate coefficients. Figure 1. CRD spectra of (a) the 10 Ally, — X 2[5 (1, 0) band

Although data beyond 20 ms were not used to derive rate and (b) part of the 10 A1z, — X 213 (2, 0) band. Combs above the
coefficients, we obtained such data and examined it as part ofspectrum indicate the rotational line assignments. The relative vertical
our larger effort to ensure that no aerosols were forming during axes differ between Figure 1a and 1b. See text.
these experiments. Previous studies of 10 radical reactions have
noted that these systems have a propensity to form aero-the photolysis and CRD laser pulses was g80The IO (1, 0)
sols?414244and Cox et af* have proposed that these aerosols band is weak and diffuse, showing no discernible rotational
are composed of;0s. The presence of aerosols will corrupt  structure, and is not observed by LIF because of rapid
determinations of rate coefficients by accelerating the loss of predissociation of IO AIls;, v = 1. The detailed analyses of
IO radicals. During a CRDS experiment the light scattering these and other |0 CRD spectra and the information they contain
induced by aerosols would cause an apparent increase ofabout the predissociation of the A-state are presented else-
absorbance, and this signature would also be evidenced duringvhere?
the kinetic modeling of absorption data. During all experiments  The broad, unstructured nature of the 10 (1, 0) band makes
we observed the decay of 10 absorbance from its maximum it well suited, in principle, to CRDS detection for kinetics
over intervals up to 50 ms and never detected an increase inmeasurements, whereas use of the sharp rotational structure of
system absorbance. The absence of an optical signature evidenthe 10 (2, 0) band requires greater care. To apply CRDS
ing aerosols showed that aerosols, if formed at all, were detection to the accurate measurement of rate coefficients, we
produced after the experimental measurement process hadnust ensure that all cavity modes excited by the probe laser
concluded. The absence of deposits on the reactor walls isdecay at the same rate. If the absorption feature used to monitor
evidence that aerosols did not form during the 200 ms interval concentrations of a radical or molecule is narrower than the
between each experiment. Finally, even if such aerosols werelaser bandwidth, the cavity modes excited by the laser and
formed, our experimental procedure assured that they wereoverlapped by the absorption line will decay (ring down) faster
removed before each measurement. During a recent study ofthan those not spanned by the absorption. The resultant ring-
propargyl radical kinetics, a kinetic system where soot deposits down decay measured for each laser pulse will thus not be a
occur, we were able to experimentally measure the time requiredsingle exponential, and ring-down rates will not be straightfor-
for our apparatus to remove stable, volatile, photolytic reaction wardly related to the concentration of the absortSefhe
products from the CRDS cavif.Armed with this knowledge, bandhead of the 10 (2, 0) band, although discrete, is sufficiently
we adjusted our reactor flow conditions and laser repetition rate broad to extinguish all cavity modes excited by the probe laser
to ensure that the reactor contents were completely refreshedequally, but isolated rotational lines have Doppler and pressure-
between each laser pulse. In short, no physical or optical databroadened widths comparable to the laser bandwidth. Kinetics
evidencing aerosols or particulates were ever observed undemmeasurements were thus made by tuning the probe laser either
the experimental conditions of the present study. to the bandhead of the 10 (2, 0) bandlakps = 445.04 nm or

3.1. 10 CRD Spectra and Absorption Cross-SectionsCRD the 10 (1, 0) band atcrps = 455.17 nm. The latter measure-
spectra of the 10 Allz, — X2z, (2, 0), (1, 0), and (0, 0) ments will be less sensitive because of the inherent weakness
bands were recorded with typical gas flows of 60 standard cubic of the 10 (1, 0) band.
centimeters per minute (sccm) ob®, 3 sccm of CH, and To derive rate coefficients of the second-order reaction 6,
1000 sccm of Ar, with the pump throttled to give a total pressure 10 + 10, we need accurate absorption cross-sectiopsfor
of 4000 Pa (30.1 Torr). As an example of the sensitivity of the 10 (1, 0) and 10 (2, 0) bands. Although two previously
CRDS detection, Figure 1 shows representative spectra of thereported, low resolution spectraf ~ 0.8 nm fwhni and A4
10 (1, 0) and 10 (2, 0) bands from the ATz, — X 213 ~ 0.44 nm fwhnf) obtained with monochromators do not
transition. These spectra were obtained when the delay betweerexhibit rotational fine structure, these spectra contain the

L L 1 L L 1 Il

1 1
22450



6176 J. Phys. Chem. A, Vol. 103, No. 31, 1999 Atkinson et al.

intensity data that enable the renormalization of the rotationally

resolved CRD spectrumi@ ~ 0.0013 nm) to findo;. “’; 3000 a) k(10 + 10)
) ) . 10 (2,0) band
Absorption experiments measure an average absorption cross- =
section, of", that is weighted by a normalized instrument $ 2000
function, Y1), e.g., g
g
Gjﬁ AA’ﬁZl 0+ 1) Snstrumentr)dl_ (10) S 1000
a2
wherel(A) is the spectrum of the molecule and is the spectral < 0
width of nonzero values &). For a CRD experimeng°R0(z) 0 1 2 3 4 5
is nonzero over the width of a single cavity mode. (As Time (ms)
mentioned above, when more than one cavity mode is active, — 300
the spectrum must observe equgs to attain good absorbance ©, b) k(10 + 10)
measurements.) Under the conditions that permit good CRDS  « 10 (1,0) band
measurementd(1) is constant oveAA and eq 10 reduces to % 200
0, = of“ = I(A)dA°, where dA° is the unit length. This Q
condition occurs for the CRD spectra of the 10 (2, 0) and 10 %
(1, 0) bands. £ 100
For measurements involving a monochromat@®icnqz) is 8
the slit function. The monochromators used in previous studies Q
could not resolve the rotational spectrum of the 10 (2, 0) band. < 0
Thus, the fine structure di{i) was convoluted witt8"°"qz), .
and each observed spectrum was simply a broadened, weighted Time (ms)
average of the rotational intensity envelope. SinceSPeqr) Figure 2. Kinetic measurements that determi@O + 10). Squares
of each monochromator system is unique, the previously show absorbance as a function of the time delay between the photolysis
reported absorption cross- sections of the 10 (2, 0) baids laser pulse that initiates 10 formation and the CRDS laser pulse that

are effective cross-sectionsS" that are suitable only for probes absorbance. The reagent flows of both measurements are
.

trati ts within th i t identical and the pressure is 4015 Pa. The fits to the data, shown by
concentration measurements within the Specific apparatus.  ne solid lines, give individual determinations kIO + 10): (a)

Using knowledge ofS™"{z), we can convolute the(4) Kinetic measurement while monitoring 10 concentration at the (2, 0)
observed by CRDS and compute the band profile observed bybandhead; (b) Kinetic measurement while monitoring 10 concentration
the monochromator. Since the maximum of this computed at the (1, 0) band.
profile is proportional to eﬁ, we can renormalizd (1) to
absolute cross-section, thus, determinindor each rotational ~ because the rotational lines of the 10 (1, 0) band are homo-
line within the 10 (2, 0) band, hence enabling us to determine geneously broadened into a continuum and because the resolu-
the concentration of 10 with the CRDS spectrum. To obtain tion of both experimentsA7 ~ 0.44 nn¥ andA/ = 0.01 nm?
this normalization factor, we used the calibration slit function respectively) were of sufficient resolution to simplify eq 10 to
of the 0.25 m monochromator anrff = 1.05 x 10-17 ¢ 0; = I(A)dA°. The accord between the CRDS and these
measured by Laszlo et atluring their study of the 10 spectrum. ~ conventional absorption measurementsf increases confi-
We also confirmed thisS""q7) by rescanning the mono- dence in the accuracy of our derived cross-section at the

chromator over the 435.8 nm mercury emission line. This bandhead of
gmonqz) (0.7 nm fwhm and 1.2 nm full-width) was used in eq 10 (2, 0), 0445

10 to convolute the CRD spectruri(d). The renormalized In separate experiments we used a 0.25 m monochromator
spectrum foundrys = (7.3 =+ 0.7) x 10717 cn?? for the 10 (2, to measure the absorption cross-sections of hi345.04 and

0) bandhead at 445.04 nm, where the uncertainty represents twat55.17 nm and found}s? = 5.5 x 10°1° cn? andoh? = 4.4
standard deviations. An intuitive way to look at this renormal- x 1071° cn¥, respectively. At both Wavelengths the spectrum

ization process is to view the rotational spectrum as a set of of NO, is a continuum andr;, = a/1 In the following, these
boxes, each of which contains e|ther a rotational line or no cross-sections are used to account for,N@duction in our
intensity at all. The ratio oblpdo;" = 7 indicates that only  data analysis model. The relevant cross-sectionsard about
~1/7 of all boxes contain a rotational line. The low resolution ¢, ~ 3 x 10720 cn®? and o ~ 4 x 10720 cm? , which are
monochromator is averaging many resolution boxes of which sufficiently small that we can ignore the contributions to total
6 of every 7 contains zero absorbance. absorbance by,

The absorption cross-section of the 10 (1, 0) band is 3.2, Determination of ks(O + CFsl) and k(IO + 10).
determined from the ratio of the transient absorbance maximapeterminations of the rate coefficientg(O + CFsl) and
of the 10 (2, 0) and 10 (1, 0) bands obtained from transient k(10 + 10) were made under a variety of pressure and gas-
absorption signals observed under the same flow reactorcomposition conditions (Table 1), both to check for pressure
conditions. Figure 2 shows an example of these transient signaldependence of the rate coefficients and to assess the likelihood

measurements. The ratio of the transient maximarafl80us of aerosol formation within the reactor. Data sets were recorded
is ASZYAQL0) = 0.1 4 0.01, which leads teles = (7.3 + in argon buffer (with no added NO) at total pressures of 1290

0.7) x 10718 cn? for the cross-section of the 10 (1, 0) band at  Pa (9.7 Torr) and 4000 Pa (31.2 Torr). Since the reaction rate
455.17 nm. For comparison, Harwood e abtainedoas = 8 coefficients obtained at both pressures were statistically the
x 10718 cn? and the laser absorption experiment of Stickel et same, we report their averages.

al? obtainedoyas = 6.2 x 10718 cm?. The CRDS measurement Figure 3 shows representative absorbance data and the fit of

may be compared directly with these prior measurements these data that extracts one individual rate KO + CFsl)
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TABLE 1: Summary of the Experimental Conditions and Derived Rate Coefficients Obtained at 295 K for the O+ CFal

Reaction Syst

em

partial press derivedks,” derivedks,” derivedk;,”
transitiot  totalpress.,Pa  M,Pa CEl,Pa  NO,Pa cm®*molects™? cm®*molects™? cm®molects™?
10 (2, 0) 1252 34.4 4.9 (6.8 0.4)x 1022
10 (2, 0) 1290 34.4 4.9 (10.20.8)x 1071
10 (2, 0) 1302 34.1 48 (6.20.8)x 102 (11.3+0.5)x 1011
10 (2, 0) 1264 34.6 9.8 (4.5 1) x 1012 (12.04 0.7) x 101
10 (2, 0) 4010 83.4 11.7 (620.4)x 1012 (8.240.2)x 1071
10 (2, 0) 4015 83.5 11.8 (6405)x 1012 (8.3+£0.2)x 101
10 (2, 0) 4015 835 11.9 (9.8 0.4) x 1071
10 (1, 0) 4015 83.5 11.9 (8.8 0.8)x 1011
10 (2, 0) 1241 34.1 438 0.13 (240.1) x 101
10 (2, 0) 1264 34.6 9.8 0.14 (1.870.08)x 10711
10 (2, 0) 4010 83.4 11.7 0.16 (1.480.06) x 1071
10 (2, 0) 1241 34.1 4.8 0.20 (220.1) x 1011
10 (2, 0) 1264 34.6 9.8 0.20 (1.780.08) x 10711
10 (2, 0) 4014 83.5 11.8 0.24 (1.250.08) x 10711
10 (2, 0) 1241 34.1 4.8 0.27 (2.2£0.1) x 1011
10 (2, 0) 1241 34.1 4.8 0.27 (2.2 0.09) x 1011
10 (2, 0) 1264 34.6 9.8 0.27 (1.740.08)x 10711
10 (2, 0) 4016 83.5 11.8 0.31 (1.220.07)x 1011
10 (2, 0) 1241 34.1 4.8 0.33 (2.270.09) x 1011
10 (2, 0) 1264 34.6 9.8 0.34 (1.780.08)x 101
10 (2, 0) 4016 83.5 11.8 0.39 (1.920.07)x 10711
10 (2, 0) 1264 34.6 9.8 0.41 (1.780.07) x 101
10 (2, 0) 1264 34.6 9.8 0.47 (1£0.2)x 1011
10 (1, 0) 4014 83.5 11.8 0.08 (180.3) x 1071
10 (1, 0) 4016 83.5 11.8 0.16 (180.2) x 101
10 (1, 0) 4016 83.5 11.8 0.24 (1:80.3) x 1071
10 (1, 0) 4019 83.6 11.8 0.31 (150.2) x 101
10 (1, 0) 4022 83.6 11.8 0.39 (280.2) x 1071
10 (1, 0) 4020 83.6 11.8 0.47 (240.2) x 101

210 (1, 0) denotes measurementsiakps = 455.17 nm and 10 (2, 0) denotes measuremenisajs = 445.04 nmP Rate coefficient lists the
expanded uncertainty ¢2 of the precision.

600 Under all of the conditions employed, the model predicts that

IO formation was>95% complete within 50@s.

In a previous study, CRDS was used to detect rotational lines
of the IF B3II (0*)—X 1=+(0™) transition with good sensitiv-
ity.4> Since the spectrum of IF overlaps the 10 (2, 0) and 10 (1,
0) bands and is readily observed by CRDS, the absence of any
IF signal indicates that the production of IF by reaction 5b is
insignificant.

Figure 2 shows representative absorbance data obtained while
measuring 10 concentrations with the 10 (2, 0) and 10 (1, 0)
bands. The solid lines are the fits that obtain individual
measurements &§(10 + 10). The fits were also computed with
a numerical model comprising of reactions 5 and 6. The average
of data (Table 1) obtained by monitoring the 10 (2, 0) bandhead
yieldedks(I0 + 10) = (1.0 £ 0.3) x 10719 cm® molect s™!

Time (us) (Table 2). Averages of data measured at 1250 and 4000 Pa were
Figure 3. Kinetic measurement that determine€O + CEN). The identical.. When monitoring 1O radicals with the (1, 0) band,
sq%ares show absorbance at 445.04 nm as arfitﬁction oﬁrze time delayVe obtained (IO + 10) = (8.8 & 1.2) x 10~ cn® molec™
between the photolysis laser pulse that initiates the 10 production S+ Where this determination d&(IO + 10) is based on our
process (reactions 1, 2, and 5) and the CRDS laser pulse that probesletermination o7 The stated uncertainty of each determi-

absorbance by 10 radicals. The fit to the data, shown by the solid line, nation of k(IO + 10) denotes two standard deviations and
gives one determination &(O + CKl). The pressure in the experiment contains the uncertainty in the absorption cross-section.

is 1252 Pa. i . o . )
When computing fits of the kinetic data, adding reaction 8
while monitoring the transient absorbance at the 10 (2,0) to the model had little effect and produced essentially the same
bandhead atcrps = 445.04 nm. The average of all determina- reaction rate coefficient. The insensitivity of the model to
tions from individual experiments yielddg(O + CFsl) = (5.8 reaction 8 occurs because the concentrations &P)4nd 10
+1.5)x 102 cm* molec! s (Table 2), where the uncertainty ~ are small relative to that of GF We also attempted to fit the
denotes two standard deviations. The model used to fit theselO radical decay data using models that explicitly accounted
data comprised reactions 5 and 6. According to the model, the for the quenching of GD) via reaction 2 and for NO produced
photolysis event dissociates between 0.01 and 0.05% of theby reaction 3a. Presumably, this more extensive model would
irradiated NO to yield maximum 10 concentrations ranging account for any enhanced loss of 10 from a cross-reaction with
between 1.0< 10*radicals cm® and 1.2x 10 radicals cm®. NO (reaction 7), where the NO is generated by reaction 3a.

400

200

Absorbance(x10°)

O+ CF,1
- 10 (2,0) band

300

0 1 3
0 100

] 1
200 400
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TABLE 2: Summary of the Methods, Conditions, and Rate Coefficients at 295 K of this Work and Previous Studies of the
Primary Reactions in the O + CF3l Reaction System. Rate Coefficients are Listed for Temperatures of 298 K unless Otherwise
Indicated?

298 K rate techniqué
coefficient? (species
cm molectst pressure, Pa detected) ref comments

ks (OCP)+ CHyl)
(5.841.5)x 10712 1250, 4000 CRDS (10) thiswork T=295K.
(1.1+£0.3)x 10°¢ 800 RF (GP) 57
(5.3+£0.08)x 1012 6700 LIF (10) 10 Temperature dependence over range 230 to 310 K and a rate expression are reported.
(4.3+0.2)x 10712 13300 RF (GP) 41 Branching ratio, temperature dependence over the range 213 to 364 K and a rate

expression foks are reported.

LIF (10)
(6.5+ 1.5)x 10712¢ 1330 LIF (IF) 58 IF was a product of complex chemistry and not from reaction 5.
ks (10 + 10)
(1.0£0.3)x 10710 1250, 4000 CRDS (10) thiswork T=295 K.
(9.9+£3.0)x 1012 53200 UVA (I0) 8 T=250to0 320 K.
(8.0+1.8)x 10712 7980-79800 UVA(IO) 7 T=295K
(6.64 2) x 10711¢ 101080 UVA(I0) 9 T=2300K.
(5.6+1.2)x 101 270-93100 UVA(IO) 42 T=250to 373 K.
4 x 10710 101080 UVA (I0) 44 T =303 K. See text.
(5.5+0.8)x 10711 240-670 MS (10) 59
(3.0+£1.1)x 10%c 133 MS (10) 60
k7 (10 + NO)
(1.9+£05)x 1012 1250, 4000 CRDS (10) thiswork T=295K.
(2.17+£0.22)x 1011  5330-26700 UVA (I0) 16 Temperature dependence over the range 242 to 359 K and a rate expression are reported.
Hereks is independent of pressure.

(1.9+0.1)x 1071 670-13330 LIF (10) 15 Temperature dependence over the range 237 to 346 K and a rate expression are reported.
(2.8+£0.2)x 10711 53—-106 LIF (10) 13
(1.67+£0.16)x 10711 270 MS (10) 61

aUncertainties denote two standard deviatidnGRD = cavity ring-down, RF= resonance fluorescence, L¥ laser induced fluorescence,
UVA = UV-visible absorption, MS= mass spectrometry.Uncertainty not explained but is presumed to be two standard deviations.

According to this reaction scheme, NO production will vary as and 10 (1, 0) bands, we conclude that reaction 11b played no
functions of Ar, CRl, and NO densities within the reactor.  role under the conditions of our kinetic studies. Gilles et'al.
However, neitherks(O + CHRsl) nor k(IO + 10) exhibited attempted to observe @B during their study without success.
statistically meaningful dependencies as total pressure of argonAlthough their search was directed toward characterizing
buffer changed from 1250 to 4000 Pa, assCé#ensity was reaction 5, this negative result suggests that reaction 1la is
varied by a factor of 3, and as,® density was varied by a  comparatively slow. We conclude that ©fadicals are unlikely
factor of 10. Since no effect was observed in the data, we to have perturbed the temporal evolution of IO during the present

discarded reactions 2, 3a, and 7 from the final model. experiments.

Previously, Laszlo et dlnoted that increased @Foncentra- Evaluating the effects of | atoms upon determinatiorie(¢0
tion also increased the propensity for aerosol formation. Aerosols + 10) is complicated by our incomplete knowledge of reaction
were observed to increase the apparent ratks@® + 10). 6. By monitoring b absorption, Harwood et &ldetermined that

During the present works(IO + 10) did not vary as a function ~ all I atoms and 10 radicals eventually revert toThe growth
of initial CF3l concentration. This invariance is additional ©f |2 absorption followed second order kinetics with relatively

evidence that aerosol formation was minimal or absent during SIOW rate constants ranging between<310-*% cm® molec™

our kinetics determinations. s'tand 1.2x 10712 cm® molec! s™%. Laszlo et af. observed
similar I, signals and noted their pressure dependence. To
account for these observations, Harwood €t ptoposed the
reaction scheme

In our model the decay of 10 is presumed to occur only
through reaction 6; however, we can also consider the effects
of CFs and of | atoms upon the determinationigflO + 10).
Reaction rate coefficients of GRwith itself, with OGP)/849 .
with | atoms®® and with CFl 5 are known. These reactions 10+ 1(+M) — 1,0 (12)
are slow, and significant concentrations ofsQiersist. Presum- I +1,0—1,+10 (13)
ably the reaction

The formation of } through reactions 12 and 13 shows a second-
CR+I10—CRKO+1 order behavior because the IO production reaction
o _ 152-54
AH3gg 15= —206 kJ mol (11a) OCP)+ 1,10 + 1 (14)
—CF0+IF AHgg 5= —388 kJ mol'*
(11b) creates equal concentrations of 10 and | atoms.

Because the present study monitors IO radicals, reactions 12
might perturb rate coefficient determinations. Adding the known and 13 will tend to form a null cycle with little net effect on
rate coefficients to the model and refitting the data to find the absorption trace. Furthermore, during this study the impor-
k11(CFs + 10) degrades the quality of the fits feg(O + CFsl) tance of reactions 12 and 13 is greatly diminished, owing to
and kg(I0 + 10) and increases the accumulated error. No the absence of | atoms at early times. Using the absorption cross-
experimental data support the activity of reaction 11. Since we sections of CH 55 and NO 36 at 193 nm, we estimate that the
do not observe IF absorption bands overlapping the 10 (2, 0) initial molar concentration of | atoms is 2.5% of the initial
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via the termolecular reactions these radicals do not affect
a) k(I0 + NO)

10 (2,0) band CF, 4+ NO (+M) — CF,NO (15)
| +NO (+M) — INO (16)

nN
[=]
(=
o

1000 determinations ok;(10 + NO). For these simulations we have
used theks andkg of this work (Table 2). Reaction 7 generates
NO; that has an increasing absorbance contributiohcabs
Consequently, the numerical model incorporates the appropriate
optical absorption coefficients and simulates the combined
Time (ms) absorbance by 10 and NOThe average of all individual kinetic
traces obtained while monitoring the 10 (2, 0) bandhedd-is

b) k(IO + NO) (10 + NO) = (1.9£0.5) x _1011 cn_13 mole(f_1 STl. The average
200} 10 (1,0) band of all kinetic traces obtained while monitoring the 10 (1, 0)
band iskz(IO + NO) = (1.8 4+ 0.6) x 10" ** cm® molec* s
Since the relative cross-sections of 10 and MNi{iffer for the

10 (2, 0) and 10 (1, 0) bands, the good agreemerit; O +

NO) derived at each wavelength is a measure of consistency of
the overall model.

Absorbance(x1 06)

Absorbance(x1 06)
3

or
I T T T TR TN SUNE YOO T N T B S 4. Discussion
0 1 . 2 3 Table 2 summarizes the ambient temperature (295 K) rate
Time (ms) coefficients determined during this study of the reaction system

Figure 4. Kinetic measurements that determikglO + NO). The O@P_) + C'_:3|' Table 2 also_ lists the results reported by previous
squares show absorbance as a function of the time delay between theStudies; first, by detection method for 10, and then, by
photolysis laser pulse that initiates 10 formation and the CRDS laser chronology. Except as noted, these ambient temperature rate
pulse that probes absorbance by the 10 radical and. N@e fits of coefficients are for 298 K. Uncertainties listed with each rate
the data, shown by the solid lines, give individual determinations of coefficient denote two standard deviations and propagate the
k(IO + NO): (a) Kinetic measurement while monitoring 10 concentra- ncertainty in the absorption cross-sections. Previous determina-

tion at the (2, 0) bandhead. The NO density is 6<7Z0' molec cnt3; . .
(b) Kinetic measurement while monitoring 10 concentration at the (1, tions of k(1O + IQ) and !(7(|.O *+ NO) have used different
0) band. The NO density is 1.18 10 molec cm=. sources for G), different iodine atom donors, pressure ranges,

and detection techniques. As seen in Table 2, the present rate
t coefficients derived from CRDS measurements are in excellent

produce | atoms. Reactions 6b and 6d provide a comparatively2dreement with the ere current (:fe_t_ermlnaEll_ohns ar;d add to
meager source of | atoms. Thus, the | atoms in our present Studyconsensus among these rate coefiicients. The only serious

; “disagreement is with the rate coefficient of Inoue et3dbr
ggieer?txs pected to have little effect on the observed rate coef kz(10 + NO). Cox and Cokéf indicated that their anomalously

o o high ke(I0O + 10) (Table 2) contains contributions from
3.3. Determination ofk/(IO + NO). Kinetics measurements  termolecular and heterogeneous processes. Our measurements
of reaction 7, |0+ NO, were undertaken at a total pressure in of k(10 + NO) at 1200 and 4000 Pa total pressure show no
the reaction cell of near 1250 Pa (9.4 Torr) and 4000 Pa (30.1 significant variation with pressure, thereby supporting the data
Torr) (Table 1). At pressures 0£1250 Pa, typical flow rates  of Daykin and Winé® over the pressure range 5330 and 26700
of the constituent gases were 750 sccm Ar, 30 sce@,nd Pa (40 and 200 Torr) and of Turnipseed efalver the pressure
3 sccm CHl, and neat NO was added at flow rates varying range 670 and 13330 Pa (5 and 100 Torr). These accumulated
from 0.1 to 0.25 sccm. At pressures near 4000 Pa typical flow data indicate thak;(I0 + NO) is independent of pressure for
rates were 1000 sccm Ar, 30 sccra@ and 3 sccm C#f, and pressures above 1330 Pa (10 Torr). Our rate coefficients also
a mixture of 4.80% NO in argon was added with flow rates show no dependence on the concentration ol C#hich
from 0.5 to 3.0 sccm. The system absorbance was monitoredprovides additional evidence that aerosol formation in the reactor
either at the 10 (2, 0) bandhead at 445.04 nm or with the 10 (1, can be discounted under our experimental conditions.
0) band at 455.17 nm. Detection of IO at the bandhead of the ~TO date, the validation of CRDS for determination of rate
A—X (1, 0) band gave poorer quality data sets because theCOefficients has been sparse and hence the current investigation
absorption via this band is weaker than via the A (2, 0) cqnsmutes a contribution to the ewgience sppportlng the use of
band. Also, the effects of NOabsorption at longer times are this recently developed spectroscopic technique for such studies.

more pronounced since the ratio of the |O/Nébsorption cross- MorerO\;eIr ’ (;h'ts rrsr’1til:1dyr p;rowdeﬁ?i |V z:}l;de;tu:nr thet'it nCR[t)S;’ji Cgri'n
sections is closer to unity. accurately determine rate coefficients for reactions studie

) ) . first order s andk;) and in second ordeks).

. Elgure 4 shows the absorbance data and the fllt that obtains i study also provides practical data regarding the range
individual measurements ok,(I0 + NO). Kinetic traces  of apsorption coefficients that are of use for kinetics measure-
obtained while monitoring the 10 (2, 0) and 10 (1, 0) bands are ments with CRDS. Using the 10 (2, 0) band and assuming a
shown. Each data set exhibited a linear pseudo-first-order plot minimum measurable absorbance of 1@m1, we estimate

of keps as a function of NO concentration; however, to that the detection limit for 10 radicals is 1:4 10° molec cni3,
compensate for side reactions, we computationally fit the data By obtaining readily available mirrors of higher reflectivity this
directly using a kinetic model comprising of reactions 5, 6, and limit could be improved by another factor of 10. However, the

7. Since added NO rapidly depletes{G&dical$® and | atom& more interesting aspect is that measurements can be obtained

O(®P) atoms. Our source of 10 radicals (reaction 5) does no
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under less than ideal conditions. Af; = 7.3 x 10718 cn¥,

the 10 (1, 0) absorption cross-section is an order of magnitude

Atkinson et al.

(19) O’Keefe, A.; Deacon, A. CRev. Sci. Instrumen1988 59, 2544.
(20) Scherer, J. J.; Paul, J. B.; O’Keefe, A.; Saykally, RCdem. Re.
1997, 97, 25.

smaller than the 10 (2, 0) bandhead. Furthermore, measurements (21) wheeler, M. D.; Newman, S. M.; Orr-Ewing, A. J.; Ashfold, M.

using the 10 (1, 0) band suffer greater interference from an
increasing population of absorbing M@an when using than

10 (2, 0) band. Despite these hindrances, we were able to follow

the decay of 10 for about three 1/e lifetimes using the 10 (1, 0)
band for peak radical densities-®b x 102 cm~3. Importantly,
agreement is found for the determinationskgfindk; at both

wavelengths. As expected, rate coefficients determined using
the 10 (1, 0) band have larger uncertainties and any study using

N. R.J. Chem. Soc. Faraday Tran998 94, 337.

(22) Yu, T.; Lin, M. C.Int. J. Chem. Kinet1993 25, 875.

(23) Yu, T.; Lin, M. C.J. Am. Chem. S0d.994 116, 9571.

(24) Yu, T.; Lin, M. C.J. Phys. Chem1995 99, 8599.

(25) Yu, T.; Lin, M. C.Int. J. Chem. Kinet1994 26, 771.

(26) Yu, T.; Lin, M. C.J. Phys. Chem1994 98, 9697.

(27) Diau, E. W.; Yu, T.; Wagner, M. A. G.; Lin, M. Q. Phys. Chem.
1994 98, 4034.

(28) Atkinson, D. B.; Hudgens, J. \l. Phys. Chem. A999 103 4242.

(29) Atkinson, D. B.; Hudgens, J. W. Phys. Chem. A997 101, 3901.

such small cross-sections can examine only a restricted range (30) Zhu, L.; Johnston, Gl. Phys. Cheml1995 99, 15114.

of experimental conditions. Even so, good rate coefficients can

be obtained.
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