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Abstract

Thé room temperature rate constants for the_réactions Cl + C1NO (2)
and C1 +~C1‘NO2 (4) have been measured by the method of laser flash

photolysis/resonance fluorescence. The rate constants obtained are

+20) = (1.65 * 0.32) x 10 cn’ 7! and &

4
cm3 s—l; The absorption spectrum.of ClNO2 was measured in the region

(k, = (5.50  0.75) x 10712

270 -~ 370 nm and the photodissociation chanmels ClNO2 + hv > Cl1 + NO2

and ClNO2 + hv + CINO + O were investigated by resonance fluorescence

detection of Cl or O atoms. The quantum yields derived are ¢Cl = 0.93 ¢

0.15 and ¢, < 0.02.
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Introduction

The photochemistry of CINO has been studied since 1930 when'

Kistiakowsky1 showed that the.quantum yield for NO production was

'approximateiy equal to 2. More recent worszshOWS that the primary

"process is photolysis'tovCI atoms followed by the reaction of Cl with CINO:

CINO + hv » 01(2P ) + NO(XZW) ' (1)

3/2, 1/2

Cl + CINO » Cl. + NO (@

2

The reaction of Cl with CINO is also important in the recombination of Cl

. atoms catalyzed by"NO.3 This process goes through the mechanism of

‘reactions (3) and (2)

Cl + NO + NO ~ CINO + NO o - (3)

" The large affinity of Cl for both NO nnd CINO explains the efficiency

of the process. Reaction (2) has also been used as a titration reaction

for the determination of Cl concentrations in flow experiments.[h-6

In 1952, Burmns and Dainton7 were able to derive a room temperature v

12 3 -1

value for k, of 3.2 x 10 cm” s . Their study involved measurements

2

of the retardation of the nhotochemiéal production of phosgene (from
012 and CO) by added CINO. The course of ;he reaction was followed by
the pressure drop as phqsgene was formed. Twenty years later, while

investigating reaction (2) in connection with Cl titration, Clyne and

8 . . ' s
Cruse used a discharge flow/resonance fluorescence sytem to-obtain a

room temperaturé value of 3.0 x 10-ll cm3 s-l. Most recently, Grimley

and H'ouston9 measured>k2‘to be 5.4 x 10-12 cm3 s—;, and the rate constant



for the analogous Br + BrNO reaction was 5.16 x 10 12 cm> s Y. This

Study used flash photolysis of XNO (X = Cl, Br) to produce X atoms and
monitored the production of vibrationally excited NO from reaction (2).
The reaction of atomic chlorine with nitryl chloride has been shown N
4 >C : , .
vCl + ClNO2 Cl2 + NO2 (4)
. ; ' 10 :
to be fast in preliminary work by Clyne referenced by Watson. In a
‘discharge flow experiment at 1 Torr total pressure, Clyne found that
k,

with-nitrogen dioxide

>> k5 [M] where reaction 5 is the recombination of atomic chlorine

Cl + NO, + M > CINO, + M ' (5

.Using fhe recommended value for ks,ll'tﬁis means k4 >> 4 x lO_14 cm3
s,

The absorption spectrum of gaseous nitryl chloride in the ultra-
violet has Seen reported by Illies and Takacs.12 No work on the
photolysis products or quantum yields has been reported although the
continuous nature éf the absorption spectrum suggests a ﬁhotodissociation
quantum yield of one in'thié region. |

The calculated wavelength limits for two sets of photol&sis
products are‘ 4
A < 869 nm (6)

ClNO2 + hv > C1 + NO2

CINO + O A < 424 nm
The present study wés deéigned to 6btain new experimental data

on reactions 2, 4, and 6.



Experimental.

The apparatus used in these experiments is.shown in Figﬁre 1.
&

Chlorine atoms were produced by_photolysié of CINO or'ClNO2 with the

output pulse of a Lumonics 860-01 Excimer Laser operating at 350 nm

(XeF). The repetition rate was typically 30 Hz and the pulse energy

10-20 nJ. The average laser energy was measured with a Scientech

. Surface Absorbing Power Meter.

Atomic Cl and O were measured by the techniqﬁe of resonance

fluorescence. Chlorine atom fluoresceﬂce in the region 135-140 nm

‘was excited by the output of a microwave driven resonance lamp operating

2
lamp, which was equipped with a MgF

with a 0.1% C1, in He mixture at a total pressure of Vv 600 m Tdrr;i The.

2‘window,’wrasatta‘ched't:o thebcell,‘
at a port perpendicular_to thé laser axis and thefresonantlyvécattered
photons were detected:onvthe third axis by a photomultiplier tube with

a CsTe photocathode.»,The”Cl detection system was calibrated by means

of C1_ photolysis using the 350 nm output of the laser. Chlorine atom

2
concentrations were calculated using the measured Cl2 concentration, the
measured laser ehefgy, and Seery and Britton's13 Cl2 absorption cross

19

section, 1.89 x 10” -~ém2.. The fluorescence signal was linear to at

least 1.5 % 10Ll'Cl atoms/cm3 and the detection sensitivity‘was.approxi—
mately 4 x lO5 (étbms cm-3)/Hz; The detection senéitivity was periodi-
cally measured throughout the course of thé experiment and was found fo
decrease with time. . Later experiments showed that this was due to a
decrease in the transmission of the Mng window of the lamp; replacement

of the window restored the original sensitivity. The quantum yield

measurements were performed with this new window for maximum sensitivity.



Oxygen atom measurements were performed using the same lamp,
"detection system, and flow of extra pure helium as described by Magnotta
and Johnst’on.14 The lamp was»operated for 24 hours after the changebto

insure that all residual Cl2 was eliminated.

The photolytic precursors (ClNO or ClNOZ) were contained in a Pyrex
saturator maintained at 157 K. A slow flow (¢ 0.3 2/min) of either Ar
or N2 was split into two. streams; the flqw rate of each was controlled
by stainless steél.needle valves. One stream paésed over the precursor
resulting in partial saturation. The two sﬁreams were combined and
directed thrqugh a 1 m Pyrex cell with fused sili¢a windows where the
. Precursor concentration wasvcbntinﬁously measured by ultraviolet
absorption. Radiation from a Beckman deuterium lamp was chopped and
directed through the absorption cell from where it entered a McPherson
model 218, 0.3 m monochromator operating with a 0.3 nm band pass. After
exiting the.monochromator the light was detected by an RCA 1P-28
photomultiplier tube and then a lock-in amplifier whose output was
_displayed on a digital voltmeter. The saturator containing.the-precursor
was equipped with a bypass manifold so.that I0 was easily measured .
before and after each run. The concentratign of precﬁrsor stabilized
within 5 minutes in thié system,and typically drifted less than 3%
during a‘run; | | |

The nitrosyl chloride concentration was measured at 196 nm which
ié the peak of the absorption curve measured by Ballash and Armstrong;

17

- 2 .
They report on absorption cross section of 8.00 x 10 cm which agrees

2

at 210 nm which corresponds to a flat part of the spectrum recorded by

with that of Illies and Takac312 within 4%. The CINO, was monitored



illies and fakaés. Their cross section, which was confirmed during this
work, 1s 3.39 x 1078 ca?,

After érecufsorvconcentration.measu:emehts;.thé gas stream'entgred”
fhe photolysié cell and then out through.a glasé vacuum manifold to a
rOtéry_mechanical pﬁmp. The photo;ysis céll consisted of a tube (3.8 cm

diameter by 10 cm) sealed with CaF. windows and with two lérge Wood's

2
horns facing the resonance lamp and photomultiplier tube. The total
'pressu;e in the photolysis cell was measured by anvMKS Baratron
capacitance manométer, The total pressure and precursor conceﬁtration
.in the UV absorﬁtion cell and ﬁhotblysis cell were obseFved to be

identiéal.l6

Reagents

Nitfosyl chloride of 977 minimum purity was obtained from MAtheson
Gas.Company. 'Folloﬁing the purification‘scheme’of Illies and,Takacs;lz
‘ samplés.of this producf were degassed repeatedly at_77vK and then
distilled twice from 196.to 77 K with the first and laét portions of the
distiliaﬁe‘discarded. This procedure resulted in CINO with < 0.01% NO2
impurity (measured by UV absorption) and a small 012 impurity, which
did not affect the kinetic measurements.

Nitryl chloride was prepared byvthe method of Volpe and_Johnston;17’18
Anhydréus HC1 was dried further bj passage through a trap mainfainedvat
156 K. It.then bubbled through a solution cﬁntaining 25‘m1 907% HNO3,
160 ml 95% H,S0, and 70 ml 30% fuming H,S0,. The product'ClNOZ was
trapped at 196 K in a bulb isolated from the atmosphere by a calcium

chloride drying tube. The synthesis was always stopped after v 30%



conversion of the inital HNO3 to avoid production of CINO. Molecular

‘chlorine impurity was removed by partial evaporation at 175 K leaving

a product which was a pale yellow, almost colorless liquid and a white

solid. Possible traces of NO2

were removed,by,distilling the remaining

cmo2 from 196 to 77 K.

Chlorine and nitrogen dioxide were obtained from Matheson Gas

Company and distilled before use. Argon (99.999%) and nitrogen (99.999%),

which were used as carrier gases, were supplied by Lawrence Berkeley

Laboratory and were used without further purification.

Results

All experiments were performed using pseudo-first order conditions
with the reactant precursor in large excess over Cl atoms. Initial Cl
1 . .
concentrations were typically less than 10 1 atoms/cm3 and the precursor

concentration ranged from 0.5 to 8 x'lOl'4 cm-3 for ClNO2 and 0.6 to
12 le13 cm_3 for CINO. With these conditions, the Cl concentration

temporal profile is described by
2n([Cl]t/[C1L9 = -(kr[reactant]_+ kd)t = - k't (7

where k.r is the rate cénstant'for the reaction of interest énd kd is a
rate constant for any processes not proportional tb the-precursof concen-
tration. This is primarily Cl diffusion out of the product viewing
gegion bu£ may also include reactions with the carrier gas or impufities
in it. |

Typical laser intensities of less than 1.5 x 1016 photons cm

shot-l and the ClNO2 absorption cross section at 350 nm measured in



K]

‘this work (1.78 x 10

20-cmz, see below) result in the photolysis of less

, per shot. The residence time in the photolysis

region was < 0.1 s- (v 3 shots) so the concentration perturbation due to

than 0.03% of the CINO

" photolysis or reaction was negligible.

Chlorine resdnance—fluorescence signals were coliected with»chénnel
times‘bf 5, 10, or 20 us. and the data reduéed in accordénce with Eq{ 7.
A plot of fn(fluorescence signal-background) is shown in Figure 2 for
a typical experiment in this series. - The channel width in this-instancg
was 20 us. Note the contfibution in the first five channels after the
ilaser pulse of_cell fluorescence excited‘by the laser. Ihe limits of
the straight}line fit are denéted by arrows in the figure} ,Thése limits
représent decay of ah order of magnifude in Cl atom éoncentration and
are representative of the number of channels fit fér all ruhs in this
syStem{

.steudo-first order rate constants were measured fbr total pfessures
of 10 and 25 Torr and using Ar as the carrier gas, and two experiments
at 10 Torr used'N2 as carrier gas.':The results of these experiments are
shown plotted in Figure 3. A linear least squares fit to the data at
both pressures results ;n the line shown in Figure 3. The rate constant

12'cm3 s-l. The intercept

derived (20 limits) is k4

of the fitted line is 226 * 100 s © which is equal to the Cl diffustion

(5.05 £ 0.24) x 10

rate measured in the calibration runs within the experimental uncertainty.

Measurements of the reaction of Cl with CINO (Reaction 2) were
carried out with two different experimental configurations. Initial
experiments employed ‘dye lasér photolysis of CINO at 500 nm as the Cl

atom source. In these experiments however, only relative CINO concentrations



10

were measured. These experiments were designed to measure the contribu-

tion of third order reactions to the experimental rate constant and

1/2

The pseudo-first order rate constants measured in this phase of

check for any enhanced reactivity of the Cl(ZP ) state.
the work are shown plotted in Figure 4. The uncertainties of the points
with added CCl, are much higher than for the points measured in pure

4

nitrogen. Carbon tetrachloride was chosen for its efficiency for

. . 2 l L—v o )
quenching CI1( Pl/z)? 9-butv_it also has a very large absorption cross

section in the regioﬁ of the Cl resonance lamp. Sufficient quantities

of CCl4 to quench completelylany passiblé 01(291/2),41so ;bsorbed a
iérge fraéﬁion 6fiéhe resonancé‘radiation and correspondingly‘réduéed the
experimental ratio of signal~to-noise. | |
After substituting the excimer laser for the dye laser as photolysis
source_and'obtaining absolute CINO méasurements, quantitative experiments
were pérformed at a total pressure of 10 Torr Ar. Theéé data are sﬁown
plotted in Figure 5. .The rate consﬁant calculated from these data is
1.65 * 0.12 x 10_11 cm3 s-l where the error limits quoted are twice the
~ standard deviation. | |
The nitryl chloride ébsorpgion cross sections were determined in
the region 270-370 nm as a prelude to the quantuﬁ'yield measurements.
Samples of the'purifiedAClNO2 described above were added to a 10 cm
long quartz absorption cell and the spectrum recorded on a Cary 118C

spectrometer. Nitryl chloride concentfations were determined from

pressure measurements. The absorption cross section 0, defined as

g = ln(if)/Nl

W
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where N is éhe ClNozvcoﬁcentration in moleéules/¢m3, wés‘determined at -
10 nm intervals. The croés.sections determined -in this work along with
those reported by Illies and Takacs12 are listea in Table 1 aﬁd shown
plotted along with the Cl2 spectrum-in_Figﬁre 6. Below 300 nm, the

cross sections obtained in this work agreeﬂwell.with those repotrted

earlier but in the Cl2 absorption region they are significantly lower.

- In Figure 7, the difference betWeen the cross sections of Illies and

Takacs and those obtained in this work is plotted with the Cl, spectrum

2

for reference. As can be seen from this figure, a 6Z Cl, impurity in

2

the ClNO2 used in the earlier work would be sufficient to explain the

difference.

Having obtained the C1N02

wavelength (350 nm) the photodissociation quantum yield in both the Cl1

absorption cross section at the photolysis

~and O atom channels was investigated. As stated above, the Cl detection

system was calibrated ﬁsing 012 photolysis. -Buschlggiél.zo have shown
that 012 photdlysis at 347.1 nm leads to two ground state, 2P3/2, atoms.
After installation of a new resonance lamp Qindow a series of

photolysis experiments was performed which alternated C12 and ClNO2 as

the precursor. After norm31121ng the Cl signal obtained in each case

by the appropriate absorption cross sectlon, the average quantum yleld
measured for Cl atom productlon in ClNO2 photoly51s was 0 93. -

- The O atom detectlon system was callbrated by means of NO2 photolysis.

As in the Cl case, O atom quantum yields were determined by alternate

photolysis of NO2 and ClNOzz

apparent oxygen atom quantum yield of 0.02 whkich is a signal four times

. The result obtained corresponds to an

the detec;ion limit.
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Discussion

" Both 6f the reactions under discussion were studied as a functi&n of
total éressure to insure that third order reactions were not'contributing
to the observed rate constaﬁt. Both NO and NO2 can be expected to Be
present in';he CINO and ClNO2 used in this work as residual synthetic
ﬁaterial or products of thermal decomposition. The iﬁburity levels were
measured and the raté constants for the reactions of Cl with NO and NO2
are well knéwnZI'so thAt'ény contribution from theée’reactions can be
neglected. The observed independence of thevmeasured rate constants on
total pressuré confirms ﬁhét any contribution from other third order
reactipns can likewise.be neglected.

The various literature reports of the rate constant for the
reactién Clw+_ClﬁO are ;isped in Table‘2. VThe-réte éonstants
repofted span.a réhge éf aboutF; factor of ten aﬁd the value measured
in.this work is at'tﬁe'upper end of_tﬁe range. An attempt‘was made to
determine if possible enhanced feacti§ity of the megastable Cl 2P1/2

2

state wés responsible for some of the variance. Production of Cl Pl/2

-1 . 2
only requires an additional 811 cm 1 compared to the P ground state.

3/2
At the dye laser photolysis wavelength of 500 nm, there is about 7000
cm-1 of excess energy available. Grimley and Houston9 have shown that
for photolysis wavelengths greater thén 480 nm, there is little if any
vibrational excitation of the NO fragment. Although the majority of the
excess energy 1is probably in the form of product translational energy22
there is still a possibility for Cl 2P1/2 production. Sufficient CCl4

to completely quench any Cl 2Pl/2 within one channel19 was added to the

reaction mixture in several cases and as reference to Figure 4 shows,
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there is no decrease iﬁ the observed reaction rate indicating that Cl 2P1/2

either reacts at the same rate as ground state Cl1 P or is not present

» 3/2
in the system originally.

Clyne and Cruse8 have pointed out several factors in the experiments
of Burns and Dainton7 that might lead to an error in the interpretation

of their data. These include: 1) cumulative errors in thé»equilibrium

constant and rate constants used to derive k2; 2) possible systematic

" errors in the thermopile actinometry used in the calculation of_kz;,or

3) adsorption of CINO on the walls of the vessel used. The static
experiment of. Grimley and Houston9 is‘also susceptible to this last
problem.. Clyne, Cruse, and Watson?3 have shown thét'ClﬁO adsorption

on Pyrex walls can be considerable. ' In a static system with low ClNO
COnceﬁtrations,‘the measured rate COnstgnt would underestimate the true
value by the percentage adsorptioh; " The fa;e constant measured in this
work in a flowing system is.in much better agreement with the lower
limit of Clyme, Cruse, and Watson23 and the raté constant of Clyme and

Cruses, both measured in flow tube studies. This agreement (plus ﬁhe

~ fact that contributions to the measured rate due to NO, N02, or C1 2Pl/2

" have been shown tobbe'negiigible) ihéreaéés fﬂe ébncérn ﬁhat CINO wall

absorption may be significant in static systems. The rafc constant
, s . -11 3 -1
measured in this study is k2 = 1.65 £+ 0.32 x 10 cm”~ s = where the.
error limits reflect twice the standard deviation of the data and an
estimate of possible systematic error in each component of the experiment.
‘There has been no report of a direct measurement of the rate constant
'In his review of Cl chemistry,

for the reaction 6f Cl with ClNOz.

Watson10 refers to unpublished, provisional data of Clyne and White
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that shows k4 >> 3 x 10_14. The value obtained in this work, 5.05 %
0.75 x 10—12 cm3 s-l, is in agreement with this limit and in accord
with the rate constants observed for ahalogous reactions.lo .

In determlnlng the quantum yleld for- productlon of atomic chlorlne

from photoly31s of nltryl chloride at 350 nm, the ClNO2 cross—-sections

were taken to be 3 4 X 10 -18 cm2 at 210_nm (used to.monitor CINO

2
concentration) and 1.78 x 10—_20 cm2 at 350 nm. The average observed

quantum yield was 0.93. Conéideration16 of possible errors in C1N02
- cross sections, sample purity, flow ratés, and preasure measurements
led to an estimated error of about 0.15 quantum yieid units. From
these considefations the quantum yield and its efror are ¢Cl_= 0.93 *
0.15.

The O atom quantum yield measured in this study should be regarded
as an upper limit to the true value. The O atam signal could also be
explained by an b;ISZ NO

‘impurity in the CINO, sample. The procedure

2
from the product CINO

2

for removing Cl has the effect of concentrating

2 2
any NO2 present. The produce was redistilled after this, but a

residue of 0.157% NO2 is not impossible.
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Table 1. Nitryl chloride absorption cross sections.

17

' A(Fm) '. qthis wo?k (sz) éIllies and Takacs12 (sz)
270 3.72 x 10717 3.73 x 10712
280 2.23x 10719 2.31 x 1071°
290 1.81 x 10719 1.80 x 10719
300 1.55 _:10'19 | 1.54 x 10712
310 1.25 x 10°1° 1.32 x 10729
320 8.70 x 10720 1.02 x 107Y°
330 5.58. 10720 7.11 x 10720
340 3.33 x 10720 4.81 x 10720
350 1.78 x 10720 3.06 x 10”20
360 1.14 x 10720 1.82 x 10720
370 7.20 x 1072 1.07 x 10720




-~ Table 2. Summary of the measurements of k

C1+CINO~

18

Method k7 (cm3 s_l) Ref.
CINO Retardation of Photochemical 1.91 x 10_ll,exp(- 530/T) 7

. _ -12

Phosgene Production k298 = 3.2 x 10
Discharge Flow/Resonance Absorption 2 8.0x 10712 23
Discharge Flow/Resonance Fluorescence 3.0 x 10-11 8
Flash Photolysis/NO IR Emission 5.4 x 10712 9
. . , -11 %

Flash Photolysis/Resonance Fluorescence 1.62 x 10

16

*
This work.
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Figure Captions

Figure

- Figure

Figure

Figure

Figure

Figure

Figure

1.

Schematic diagram of the experimentai apparatus.

Typical pseudo-first-order decay plot for the reaction Cl +

CINO,, showing the cell fluorescence at short times and the

2

limits of the computer fit.

Pseudo-first-order rate constant (k') vs ClNO2 concentration

at both 10 and 25 Torr total pressure. The bimolecular rate

12 3 -1
cm

constant derived is 5.05 + 0.24 x 10~ s ~. Argon is

- carrier gas in all cases except the two solid circles,  for

which Nz.is the carrier gas.

Pséudo—first—ordér rate cdnstant (k') vs relative CINO concen-
tration for the reaction Cl + CINO showing the effect of total

pressure and C1(2P1/2)‘quenéhing_by added CC14.

Pseudo-first-order rate constant (k') via CINO concentration

at a total pressure of 10 Torr.

Comparison of the measured CINO, absorption cross sectiomns

2

with the Cl2 spectrum for comparison. (é) Illies and Takacs.12

(b) This work.

The difference between the ClNO2 absorption cross sections

measured by Illies and Takacs and in this work with the Cl2

spectrum for comparison.
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