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ABSTRACT

Nitryl chloride (C1N02) and nitrosyl chloride (C1N0)

are pollutants that have been detected in the lower atmos-

phere . Interconnecting chemical reactions between the

chlorine and nitrogen oxide cycles of the stratosphere

may also produce these molecules.

1 2
Two methods for preparing CINOp

'

.were evaluated,

and experimental techniques for determining the purity of

CINOp were developed. The vapor pressure and mass spec

trum for C1N0? and the ultraviolet absorption cross sec

tions of C1N02 and C1N0 were investigated. Preliminary

results for the photochemical decomposition of C1N0? with

253-7 and 350.5 radiation are reported, and the ener

getically possible steps for photochemical dissociation

of G1N0? are summarized.

Data involving the absorption cross sections and pri

mary photochemical processes, such as those that we have

studied, are needed as input for calculations modelling

the chemistry of the stratosphere. No data on the ab

sorption cross sections of C1N02 have been previously re

ported.

1. F.Huillet and P. Urone, J. Gas Chromatog. ,4-, 24-9(1966)

2. M.Volpe and H. Johnston, J. Amer. Chem. Soc. ,78,3903

(1956).

3. R.Hampson, Jr., and D. Garvin, "Chemical Kinetic and

Photochemical Data for Modelling Atmospheric
Chemistry,"

NBS Tech. Note 866,National Bureau of Standards, Washr-

ington, D.C. (1975)
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I. INTRODUCTION

This study was an investigation of some physical and

chemical properties of nitryl chloride (CINO-). Conven

ient methods for the preparation and purification of the

compound were found. A method for determining the purity

of nitryl chloride was developed. The vapor pressure,

mass spectrum, ultraviolet-visible absorption spectrum,

and the photochemical decomposition of nitryl chloride

were studied. The cross sections for the absorption of

ultraviolet radiation by nitrosyl chloride (C1N0) were

also investigated.

Both nitryl chloride and nitrosyl chloride are impor

tant molecules in atmospheric chemistry. In the lower

atmosphere, nitryl chloride and nitrosyl chloride have

been detected in the gaseous emissions of a chemical

plant. Nitrosyl chloride is also formed from reactions

2
of nitrogen dioxide with salts.

2N02 + NaCl > C1N0 + NaN0 (1)

A possible mechanism by which nitryl chloride is formed

3 4-

in the lower atmosphere
iss^'

Cl + N02 + M 3>
C1N02 + M (2)

M is any background molecule.

This mechanism requires the existence of chlorine

1



atoms, a condition that exists at some industrial sites

where nitrogen dioxide is also present. For example,

the combustion of coal may produce nitryl chloride since

coal contains chlorine. Nitrogen oxides are evolved

during the combustion of fossil fuels.

The formation of nitryl chloride in the lower atmos

phere may also take place by the reactions listed below i

Cl2 + 2N02 < > 2C1N02 (3)

C1N0 +
N02 < > C1N02 + NO (4-)

C1N0 + 03
-=>

C1N02 + 02 (5)

The principal sources of chlorine molecules are the emis

sions from industry and sodium chloride which is released

into the atmosphere over the oceans and converted into

chlorine by an unknown
mechanism.-'

The equilibrium be

tween chlorine and nitrogen dioxide (3) will be discussed

in Chapter IV of this thesis. Reaction (4-) has been stud

ied and will be discussed later in this section. Ozone,

which is a reactant in reaction (5)1 is produced in the

lower atmosphere by the discharges from high voltage

lines. Both ozone and nitrogen dioxide are pollutants

that are monitored throughout the U.S.

Currently, there is much interest in the gas-phase

reactions involving stratospheric pollutants that are cap-

Ci A

able of reducing the earth's ozone shield.

~

As re

viewed below, chemical species coming from pollutants

2



may react to produce nitryl chloride and nitrosyl chloride

and thus, knowledge of their physical and chemical prop

erties is an important part of atmospheric studies.

1 ?
Chapman,

*
in 1930, described the following reactions

as the principal ones occurring in the ozone belt. These

reactions are referred to as the ozone cycle.

02
+ hv > 20 (6)

0 + 02 + M > 0 + M (7)

03
+ hv > 02 + 0 (8)

0 +

03
> 202 (9)

The present ozone distribution cannot be explained on the

basis of this mechanism alone, and at least two additional

cycles are required, the NO and the CIO cycles.

The NO cycle surfaced during the controversy
siir-

rounding the proposed building of a U.S. supersonic trans

port fleet (SST's). SST's emit nitrogen oxides into the

11
stratosphere, and these nitrogen oxides can catalytic-

ally reduce the ozone concentration according to the fol

io 11 1 3
lowing reactions.

' ' J

NO +
03

> N02
+
02 (10)

N02+ 0 > NO + 02 (11)

N02+ hv > NO + 0 (12)

The major source of chlorine -containing species in

the stratosphere comes from the upward diffusion from the

3



earth of compounds containing chlorine, such as the fre-

ons (CF2C12 and CFC1.J, which are mainly used as
propel-

lants in aerosol cans and refrigerants in cooling systems.

Chlorine atoms are primarily produced from the photo

chemical dissociation of these freons with solar radia

tion.

CF2C12 + hv > 2C1 + CF2 (13)

CF2 Cl2 + hv > Cl + CF2C1 (14-)

CFC13 + hv > 2C1 + CFC1 (15)

CFC13
+ hv > Cl + CFC12 (16)

The chlorine atoms initiate a chain catalyzed destruction

of ozone similar to the NO cycle.

Cl +

03
5> CIO + 02 (17)

CIO 4- 0 > Cl + 02 (18)

CIO + NO > Cl +
N02 (19)

Nitryl chloride and nitrosyl chloride may be produced

by interconnecting reactions between the above three at

mospheric cycles. Some possible sources of these two

compounds are listed below.

N02 + Cl + M > C1N02 + M (20)

C1N0 + Ox -=>

C1N02 +
02 (21)

2C1N0 +
C102 ^ C1N02 + N02 + Clg (22)

Cl + 'NO + M > C1N0 -h M (23)

C1N02 + NO > C1N0 +
N02 (24-)

3 h.

Clark and
Clyne^

and Clyne and White have reported a

"preliminary"

value for the rate constant of reaction (20)

4-



at 25 C:

kobs
= 7.2 xlO

-31 6 . , -2 -1
J

cm molecule sec

Reaction (21) has been used as a method of preparation

14-
for nitryl chloride, and nitryl chloride has been detec

ted as a product from reaction (22).
"*

Reaction (23) has

been studied, using nitrogen, oxygen, and argon as the

4. 16
third body. Freiling, Johnston, and Ogg and Wilk ins ,

17
Dodge, and Hisatune

'
studied reaction (24-). The latter

group confirmed the chlorine atom transfer to be :

NO + 1-5N02C1 -> 1-5N02 + C1N0

with a rate constant of:

kobs
= 2'32f x

10~12

between 1 and
71

C.

Some reactions that would reduce the concentration of

nitryl chloride and nitrosyl chloride include the follow

ing:

(25)

(26)

C1N02 + Cl

C1N0 + Cl -

Cl2 +-N02

-> Cl2 + NO

C1N02
+ NO

C1N02
+ hv

C1N02 + hv

^ C1N0 + NO.

-^ Cl + NO,

-> C1N0 + 0

C1N0 + hv -> Cl + NO

(27)

(28)

(29)

(30)

Other possible reactions would be those between nit

ryl chloride or nitrosyl chloride and 0, H, OH, H02> and

CIO radicals. Reactions (25) and (26) have been studied

5



o 3 4-
at 25 C and the

"preferred"
rate constants

are:-"

-14-
-3 -1 -1

kobs 3 x 1 cm molecule sec and

-11 -3 -1 -1

kobs
= 3- x 10 cm -'molecule sec ,

respectively.

The absorbance of ultraviolet radiation is important

in reactions (28)-(30) and in determining the intensity

of radiation that will reach the earth's surface. We

have, therefore, studied the ultraviolet absorption cross

sections of nitryl and nitrosyl chloride. These data will

provide basic chemical information needed as input for

calculations involving the modelling Of atmospheric chem

istry.

Preliminary data are also reported on the photochemi

cal dissociation of nitryl chloride with 2537 and 350-5

nm radiation. The photochemical decomposition of nitro-

1 Q A
Q

syl chloride has been studied by other investigators,
' 7

and their results are reviewed in Chapter IV.

Nitrosyl chloride has appreciable absorption coeffic

ients at long wavelengths and is rapidly dissociated to

regenerate chlorine atoms by the intense solar radiation

that exists at these wavelengths.



II. HISTORICAL REVIEW OF NITRYL CHLORIDE

A. Methods of Preparation

Nitryl chloride was first prepared by the reaction

between hydrochloric acid and nitrogen tetroxide by
Rich-

op
ard Muller in 1862. The compound was prepared by Odet

21
and Vignon in I870 by passing phosphorous oxychloride

vapors (P0C1) over lead nitrate or silver nitrate and by
j 4

22
Hassenberg in I87I by passing nitrogen dioxide and chlor

ine through a hot tube.

In 1886,
Williams23

and, in 1905. Gunthier and
Lohman2^

repeated the experiments of Hassenberg and found no evi

dence for the formation of nitryl chloride. Geuther
*

also failed in 1888 to obtain nitryl chloride by dropping

liquid nitrogen tetroxide onto cooled phosphorous penta-

chloride (PCI.).

After these unsuccessful attempts, nitryl chloride

?6
was omitted from textbooks and handbooks.

14-
In 1929. however, Schumacher and Sprenger prepared

nitryl chloride by the reaction between ozone and nitro-

27
syl chloride, and Dachlauer reported synthesizing nit

ryl chloride by reacting chlorosulfonic acid (C1S0-H) and

anhydrous nitric acid at
0

C.

In 1932, Noyes discovered nitryl chloride as one of

the products from the gas phase reaction between nitrogen

trichloride and nitrogen tetroxide . Wise and Volpe,
2^

in

7



1953> prepared nitryl
.chloride by reacting hydrogen chlor

ide with a fuming sulfuric acid and nitric acid mixture.

B. The Vibrational Spectrum of Nitryl Chloride

The infrared and Raman spectrum of nitryl chloride

were first studied by Ryason and
Wilson-'

and Dodd and

Woodward.3
Bernitt, Miller, and Hisa

tune3
examined the

infrared absorption spectra of isotopic#nitrogen -14- and

-15 species of nitryl chloride. The assignments for the

fundamental modes of vibration by these three groups on

the basis of a planar
model-

with C2 symmetry are not in

agreement (Table 1). The C2 symmetry was confirmed by

Miller and
Sinnott,^-5

using the microwave absorption spec-

trum, and by Ray and
Ogg,J

using the nitrogen -14- nuc

lear magnetic resonance spectrum. The assignment of the

types of molecular motion within the symmetry classes

were
assigned3 ^3 (Table 1).

Clayton, Williams, and
Weatherly-^

have reported the

structural parameters of nitryl chloride as 1

0

Cl
l,83A

N
129.5

V
1.21 A\

0

Structure of Nitryl Chloride.

8
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Use of these parameters has resulted in the calculation

of Urey-Bradley force constants for nitryl chloride.

Bernitt, Miller, recalculated the ther

modynamic functions for nitryl chloride as an ideal gas on

the basis of their observed absorption frequencies,

Tables 2 and 3.

C. The Thermal Decomposition of Nitryl Chloride

A number of
investigators3

~3"

have studied the ther

mal decomposition of nitryl chloride and found it to be

unimolecular and in accord with the Lindermann theory:

y

C1N02
4-

C1N02 <y C1N02 + C1N0| (31)
-1

C1N0?
- *z> N0 + Cl (32)

* k2.
2.

^

1,v2

where C1N0_ denotes the activated molecules. Using a

steady-state treatment on CINOg, the rate of disappear

ance of nitryl chloride is determined to be

-d(ClN02)/dt = (k2k1(ClN02)2)/(k_1(ClN02) + kg)

At high pressures, k_1 (CINOg) > k2 and the rate of

decomposition is limited by reaction (32) . The rate law

becomes first order at high pressures

-d(ClN02)/dt = (k2k1/k_1)(ClN02).

10



Table 2. Thermodynamic Function of
ClNO/?(cal/deg-mole)^

T(K) l (H-H)/T -(g-h0Vt

S

100 8.439 8.O36 45.75 53-79

200 10.75 8.800 51.52 60.32

300 12.76 9.800 55.28 65.08

4-00 14-. 28 10.74- 58.23 68.97

500 15-44 11-57 60.72 72.29

6oo I6.32 12.29 62.89 75-18

700 16.99 12.91 64.84 77-75

800 17.51 13-46 66.60 8O.05

900 17-90 I3.93 68.21 82.14

1000 18.22 14.34 69.70 84.04

Superscripts indicate standard pressure, and subscripts

indicate the temperature

11



Table 3. Some Thermodynamic Properties of Nitryl

Chloride
(kcal/mole)32

C1N02

H (25

O 3-39

G (25

C) 13.34

H

(NCI bond energy) 32-52

H298 (NCI bond energy) 33-54

H

(NO bond energy) 67.38

H298 (N0 bond enery) 68.79

Superscripts indicate standard pressure, and subscripts

indicate the temperature .

12



At low pressures, k_. (C1N0?) k2 because the rate depends

upon the rate at which the activated molecules are pro

duced. The rate law then becomes

-d(ClN02)/dt =
k^ClNOg)2

and the rate is second order.

This unimolecular decomposition has been reported to

be within its second-order region below, 5 torr. The

observed rate of decomposition was proposed to be twice

that of the elementary unimolecular decomposition due to

the reaction of chlorine produced in reaction (32) with

nitryl chloride :

C1N02 + Cl > N02 + Cl2 (33)

By studying the temperature dependency of the rate

constant for the thermal decomposition of nitryl chloride,

Cordes and
Johnson3

reported

R T 1 1

kQl3s
= 9.6xlO cmJmolecule sec exp( -27500 cal/RT)

over the temperature range of
100-250

C for the second-

order rate constant .

D. Some Inorganic Reactions with Nitryl Chloride

Batey and Sisler (1952) studied the reaction of

nitryl chloride with some metals, some Lewis acids, and.

ammonia. Zinc, mercury, and bismuth showed evidence of

reaction with nitryl chloride by giving positive tests

13



for the metal cations, and the nitrite and chloride. The

reactions that occur were reported as probably being:

2Zn +
2C1N02 > ZnClg + Zn(N02)2 (34)

2Bi +
3C1N02 > BiCl3

+

Bi(N02)3 (35)

2Hg +
2C1N02 > HgCl2 + Hg(N02)2 (36)

4Hg +
2C1N02 > Hg2C12

+ Hg(N02)2 (3?)

Copper, magnesium, iron, aluminum, and tin showed no evi

dence for reaction with nitryl chloride .

There was also no evidence for a reaction between

nitryl chloride and the metals (M) such as:

2C1N02
+ M > MC12 + N20^ (38)

or 2C1N02 + M > M(N02)2 + Cl2 (39)

which involve the displacement of nitrogen dioxide or

chlorine .

Oxidation and reduction reactions occurred between

nitryl chloride and the Lewis acids studied. Nitryl

chloride acts as an oxidizing agent by losing oxygen and

forming nitrosyl chloride or losing chlorine and forming

nitrogen dioxide .

40
Batey and Sisler reported that nitryl chloride pro

duces chloramine and ammonium nitrate upon reaction with

ammonia at low temperatures, suggesting that nitryl

chloride gives positive chloride and negative nitrate

ions .

4.1
Paul, Singh, and

Malhatra^-

(I969) reported that

14



cryoscopic, conductance, Raman, and infrared studies of

solutions of nitryl chloride in disulfuric acid confirm

that nitryl chloride produces nitronium ions (N02+) and

not positive chlorine ions . Infrared and Raman studies

of some complexes of nitryl chloride, with some strong

electron acceptors and with some organic tertiary bases,

also show the presence of nitronium ions. The authors

suggest that the polarity of the nitrogen-to-chlorine

bond in nitryl chloride is less polar than in nitrosyl

chloride; however, the chlorine atom retains a negative

charge and is not positive, as was previously reported.

42
Nitryl chloride is readily decomposed by water:

C1N02 + H20 <
^

HN03
.+ HC1 (40)

The products' of this reaction also suggest that the chlor

ine is negative.

15



III. EXPERIMENTAL

A. Instrumentation

A Perkin-Elmer 62I spectrophotometer, equipped with a

Beckman Automatic airdryer, was used to measure infrared

absorptions, and a Perkin-Elmer 450 spectrophotometer was

used, to determine ultraviolet absorptions. The 450 was

purged with nitrogen gas when wavelengths below 200 nm

were studied. The resolution of the infrared spectropho-

-1 -1

tometer at 1000cm is 0.5cm , and the wavelength accur-

-1 4^
acy is 0 .5 cm .

D
The transmittance accuracy of the ul-

traviolet spectrophotometer is - 0.5$ of the full-scale,

with wavelength accuracy of 0-9 nm at 400 nm and 0.1 nm at

200 nm on the chart. The resolution of the instrument is

as listed:

Separation Wavelength

0.5 600

0.1 250

0.03 175

The 100$ transmittance baselines were always adjusted and

taken with the evacuated cells in place for both instru

ments, and the ultraviolet absorption measurements were

all made between absorbances of 0.8 to 0.2 (15 to 65%

transmittance) . In this region, the percent relative

16



error found by setting the second derivative of Beer's

Law equal to zero is below kfo 45
The instrument settings

used for both instruments are shown in Tables 4a and 4b .

Table 4 . Spectrophotometer Instrument Settings

a. Infrared Spectrophotometer

Instrument Control Setting

Scale Change

Mode Transmittance

Source 0 . 8 amps

Gain 5

Slit program 1000

Attenuator 1100

Scan time 12

Suppression 5

b. Ultraviolet Spectrophotometer

Instrument Control Setting

Mode Transmittance

Resolution 2-5

Speed 1.8

Response time 1

Slit width Program

17



A Consolidated Electrodynamics Corporation 21-104

mass spectrometer was used at the following conditions:

background pressure 7 x 10 'torr

sample pressure 1 - 1.2 x 10 torr

ionization voltage 70 eV

accelerating voltage scan 36OO-8OO volts

magnet current 4-6 amps

anode current 10 miaroamps

slit 15 mils

scan speed 10

block temperature 175
'

C

The samples were introduced as gases into a Pyrex vac

uum line, equipped with Teflon greaseless stopcocks, at a

pressure between 20 and 300 torr- The samples were then

introduced into the mass spectrometer through a gold leak.

The pressure of the sample in the vacuum inlet system was

monitored with a Consolidated Vacuum Corporation thermo

couple gauge, while the pressure in the analyzer was meas

ured with a Granville -Phillips Company model 274-12P ion

gauge .

Nitryl chloride was photolyzed with a Rayonet Photo

chemical Chamber Reactor, model RPR-100, at 350.0 and 253.7

nm. A sample holder was constructed from aluminum rod,

which enabled the placement of the ultraviolet cells in

the center of the chamber. The Photochemical Reactor was

18



operated with the cooling fan on.

B. Synthesis of Nitryl Chloride

Two methods were used to prepare nitryl chloride. The

1
first was a modification of the Dachlauer method. Forty-

five grams of chlorosulfonic acid (Eastman Kodak reagent

grade) were added from a constant addition funnel to a

mixture of 125 grams of 30$ fuming sulfuric acid and 61

grams of 20$ fuming nitric acid over a three-hour period.

The acid mixture was maintained at 0 C and vigorously

stirred. The apparatus (Figure la) was protected from

atmospheric moisture with calcium chloride because of the

hydrophilic nature of the acid mixture. The nitryl chlor

ide that evolved was trapped at -77 C by using a dry

ice-acetone bath. The nitryl chloride prepared by this

method contained approximately 10$ chlorine, which could

not be removed by bulb-to-bulb distillations from -77 C

to C, in which both the first and last portions of

the distillate were .discarded.The methods used to deter

mine the purity of nitryl chloride are described in Sec

tion E of this Chapter-

The second method used was a modification from that

suggested by Volpe and Johnston3 and produced nitryl

chloride that was purer than that prepared by the modified

Dachlauer method.
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A mixture containing

75 ml of 20$ fuming sulfuric acid

75 ml of 98$ sulfuric acid

10 ml of 20$ fuming nitric acid

and 40 ml of 69$ nitric acid

was prepared in a 250 ml, three-necked flask at
0

C. A

fine stream of hydrogen chloride (M. G. Scientific) was

bubbled through the acid mixture through* a porous glass

bubbler while the mixture was vigorously stirred with a

magnetic stirring bar at 0 C. The nitryl chloride was

trapped in a tube maintained at C. The apparatus

used is shown in Figure lb and was also protected from

water with calcium chloride.

According to Volpe and
Johnston,3

the preparation of

nitryl chloride takes place by the reactions:

+
. TT ^+

HNO +
2^30^ <

"

N02 +
H30T

+ (4l)

N02+

+ + HC1 <
^

C1N02 + HgSO^ (42)

while chlorine may be produced by:

N02+

+ + 2HC1 > Cl2 + NOHSO^ +H20(43)

and nitrosyl chloride by:

NOHSO^ + HC1 ^> C1N0 + HgSO^ (44)

The product collected by this method of preparation

contained less than 0.1$ nitrosyl chloride and very little

chlorine (see Section E of this chapter). This synthesis

was used to produce all the nitryl chloride reported on
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in the results section of this thesis.

C. Sample Handling

1 . The Vacuum Line

The nitryl chloride was handled on a Pyrex vacuum

line, diagramed in Figure 2. The vacuum line had a
three-

stage mercury diffusion pump, separated from the manifold

by a trap cooled with liquid nitrogen, which protected

the manifold from mercury vapors. All the stopcocks were

glass vacuum or greaseless Teflon (vacuum) stopcocks. All

the connections between the vacuum manifold and the sample

handling bulbs and gas cells were made through glass stan

dard taper joints. The glass vacuum stopcocks were

greased with Dow Corning silicon high-vacuum grease, as

were the viton
"0"

rings on the greaseless stopcocks.

2. Pressure Measurements

A Bendix GTC-360 thermocouple gauge was used for leak

detection and for determining the extent of the vacuum

attainable in the manifold. The glass-to-metal seal for

the sensing head was made through a
\- inch brass Cajon

fitting. The useful range of the thermocouple gauge was

1 torr to
10--5

torr for air- The gauge was not used for

the measurement of gas pressures because of the need for

22
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calibration with each different gas; however, the gauge

was used to insure that the pressure in the manifold was

below
10~3

torr before sample manipulation.

All other pressure measurements were taken with a
di-

butylphthalate manometer or a mercury manometer in which

the mercury was covered with six inches of
dibutylphthal-

ate to prevent reaction between the gases and the mercury,

The mercury manometer was of the open-end type, while the

dibutylphthalate manometer was referenced against a vac

uum. The manometers were connected to the vacuum line

with thick-walled tygon tubing or with conventional vac

uum rubber tubing.

All pressure measurements in this thesis are stated

in torr (millimeters of mercury). The conversion from. mm

of dibutylphthalate (DBP) to torr was calculated from the

4-6
density ratio of dibutylphthalate and mercury.

torr = ,. DBP (j^^l)

3- Spectrophotometer Gas Cells

Infrared and ultraviolet gas cells were made from

15/16-inch o. d. Pyrex tubing, onto which greaseless stop

cocks and glass standard taper joints were glass-blown

(Figure 3) . The ends of the Pyrex tubing were cut to the

desired length and sanded flush on a flat surface to pre

vent cracking and to ensure a good fit with
the'

windows,

24



B

u
Standard Taper Joint

X Stopcock
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Figure 3. Diagram of gas Spectrophotometer

Cells, Path Length = A-B-C.
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which were attached with epoxy cement.

Before the windows were attached, their thickness was

measured to - 0.01 cm. They were then glued onto the Py

rex tubing, the length of the entire assembly was meas

ured, enabling the calculation of the path length by sub

tracting the thickness. 'Of the windows with a possible

4-

error of -

0.03 cm.

Two 10- cm path length infrared cells were made. One

of these had a small Pyrex test tube gla!ss-blown onto the

body of the cell in order to carry out quantitative trans

fers by using liquid nitrogen to cool the test tube. Both

sodium chloride and potassium bromide windows were used.

In addition, two 4-cm ultraviolet cells were made with

quartz
Suprasil- 2 windows. Commercially available

one-

(- 0.01) and
two- (- 0.01) cm path length cells with Supra

windows and a
99-99- (- 0.01) mm path length cell with

sapphire windows were also used to make ultraviolet ab

sorption measurements. A wooden cell holder was made for

the ultraviolet cells in order to obtain reproducible

placement of the cells in the spectrophotometer-

Two 250- ml bulbs and one
500-

ml bulb were prepared

with greaseless stopcocks and glass standard taper joints

for use in sample, mixing and handling.

D. Purification of Samples

The nitryl chloride produced from the synthesis and
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all the other gases used from lecture bottles were de

gassed at liquid nitrogen temperature
(-196

C) on the

vacuum line .

The samples were then isolated from the vacuum line

by closing the stopcock; they were liquified, refrozen,

and degassed again. This process was repeated until

there was no deflection on the thermocouple gauge.

The nitryl chloride was always distilled by
bulb-to-

bulb distillations from C to C after it was

degassed, and the first and last portions (approximately

1/8 of the sample) of each distillation were discarded.

The distillations were continued until the infrared spec

tra showed no impurity absorptions; two distillations

proved to be sufficient for the samples prepared by the

Volpe and
Johnston3

method. After the distillations,

the sample was pumped on at dry- ice acetone temperature

(-77

C) in order to remove any remaining chlorine.

Nitrosyl chloride (Matheson Gas 97$ minimum purity)

was degassed and distilled twice from -77 C to -I96 C;

it was then used without further purification. Thermal

decomposition of nitrosyl chloride at
25

C in our exper

iments is shown to-be negligible in Appendix I.

Nitrogen dioxide (M. G. Scientific Gases), which was

contaminated with nitric oxide, as indicated by the blue

color of the solid, was purified by cooling to C,
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whereupon it was pumped on directly until the pressure

dropped to 10 torr (at C, nitrogen dioxide is a

solid and nitric acid is a liquid). The sample was

then isolated, liquified, cooled, and pumped on again.

This purification procedure was repeated until the solid

nitrogen dioxide was a pure white color and the liquid

was a yellow-brown color with no traces of green.

All other gases used were simply degassed and used

with no further purification.

E. Determination of the Purity of Nitryl Chloride

Nitrosyl chloride, nitrogen dioxide, chlorine, and

hydrogen chloride are all possible impurities in the nit

ryl chloride produced. Hydrogen chloride boils at -84

4-6
C, and is not trapped out along with the nitryl chloride

at C. Nitrogen dioxide, chlorine, and nitrosyl chlor

ide were found in. some of our earlier work, when the Dach

lauer method was used to prepare nitryl chloride. These

compounds were therefore further characterized in order to

determine the nitryl chloride purity.

Nitrosyl chloride and nitrogen dioxide were both de

termined by infrared spectrophotometry. The infrared

spectrum of nitrosyl chloride (Figure 4) and nitrogen di

oxide (Figure 5) are in agreement with that reported by

47 48
Burns and Bernstein and Nakamoto . The infrared spec

tra of nitrosyl chloride and nitrogen dioxide were taken

28
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at various pressures in order to prepare Beer's Law cali

bration curves. The infrared absorption data are pres

ented in Tables 5 and 6.

Table 5. Infrared Data for Nitrosyl Chloride*

Pressure (torr) Absorbance

0.04 0.15

1.90 0.561

2.44 O.696

0.70 0.22

1.00 0.319

1-59 0.457

*absorption at I785 cm

Table 6. Infrared Data for Nitrogen Dioxide/

Nitrogen Tetroxide*

Pressure (torr)** Absorbance

2.1 O.O85

3-7 0.128

6.9 0.191

11.0 0.308

15.0 0.415

26.1 O.7I7

49.2 O.969

?absorption at 1600
cm-1

(N02)

**total pressure of NOg/NgO^ mixture
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Figures 6 and 7 show that data follow Beers Law as

determined by a linear regression and the coefficient of

p
determination (r ) :

r2

((x-x)(y-y))2

((x-x)2(y-y)2)

The coefficient of determination is a value between zero

2
and one. When r = 0, there is no fit to the data, and

p
when r =1, there is a perfect fit.

By using these data and spectra taken of nitryl chlor

ide at 20 torr, less than 0.1$ nitrosyl chloride and 2.0$

nitrogen dioxide/nitrogen tetroxide could be detected.

(See Appendix II for the treatment of the NgO^ <
$>

2N02

equilibrium. ) Infrared spectra over the pressure range

20 to 60 torr were taken for all nitryl chloride samples

to insure their purity with respect to nitrogen dioxide/

nitrogen textroxide and nitrosyl chloride .

Chlorine proved to be a more troublesome impurity to

detect, since it does not have a dipole moment and there

fore may not be detected by infrared spectroscopy. By

using ultraviolet spectroscopy, it was only possible to

set a maximum limit on the percent chlorine that could be

present in the nitryl chloride samples, since both chlor

ine and nitryl chloride absorb in the ultraviolet region

of interest. The absorption maximum of chlorine appears

at 330 nm , with an extinction coefficient of 66 liters/
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Figure 6. Beer's law plot for the 1785cm absorption band

of nitrosyl chloride.

coefficient of determination
= 0.996

intercept = 0.016

slope = 0.280

33



0
o
c

ri

.0

Fl
0
in

a

0.8-

0.7_

pressure (torr)

-1

Figure 7. Beer's law plot for the 1600cm absorption

band of nitrogen dioxide.

coefficient of determination = 0.998

intercept = 0.011

slope = 0.0271
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(mole cm) .

"

The absorption coefficient of nitryl chlor

ide was not known at the onset of this work. Therefore,

it was assumed that the entire absorpiton at
33OOA0

was

due to chlorine, and the maximum possible percent chlor

ine impurity was calculated from the total sample pressure

and the extinction, coefficient . The average result for

the maximum chlorine impurity for all the samples pre

pared by the method of Volpe and Johnston* is 25.8$, with

a percent, standard deviation of 8.5$. The results and

data for
this'

determination are shown in Table 7-

In an attempt to remove any remaining chlorine, some

purified nitryl chloride was distilled onto degassed de

odorizing activated charcoal. Activated charcoal has been

reported to have the ability to absorb 0,7 times its own

weight of chlorine
j-3

once the chlorine is in an absorbed

state, it is difficult to remove, even by evacuation and

heating.

An ultraviolet spectrum was taken of the first por^-

tion of nitryl chloride, which was distilled off of the

activated charcoal while the charcoal was maintained at

C, and compared to the ultraviolet spectrum taken of

the same sample before it was distilled onto the activa

ted charcoal. The ultraviolet spectra showed no change

in the entire region 200-400 nm.

A mixture of nitryl chloride and chlorine was prepared
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Table 7 $ Chlorine in Nitryl Chloride by Ultraviolet

Spectroscopy*

Pressure Path Length

(torr)** (cm) Absorbance $ Chlorine*

89.9 10

103.3 2

37.8 2

16.0 2

9.6 2

39.0 2

95-0 2

16.5 2

0.721 22.4

0.178 26.7

0.065 26.3

0.031 28.6,

0.017 26.7

0.071 28.2

0.160 25-6

0.027 25.6

Wavelength = 330 nm

Average = 25-8$ chlorine

Standard deviation = 2.2

$ standard deviation =8.5

*These percentages are upper iimits for the percent

chlorine in the samples. See text for explanation.

**Pressure of nitryl chloride
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and an ultraviolet spectrum taken. The mixture was then

distilled onto more activated charcoal, and again the ul

traviolet spectrum of the first portion of this sample

was taken. A reduction in the amount of chlorine present

in this sample was noted, the process was repeated, and

again a reduction in the amount of chlorine was noted.

This was not a quantitative experiment; however, it leads

us to believe that the purified nitryl chJoride samples

contained little, if any, chlorine.

In another attempt to check the purity of the nitryl

chloride, molecular weight determinations were made, using

gas density measurements. The molecular weight of the

samples was calculated from the ideal gas expression

M = gRT/PV.

The nitryl chloride was contained in a Pyrex bulb,

which had a greaseless stopcock and a I0/30 inner glass

standard taper joint. The volume of the bulb was deter

mined from the weight of water it contained and the den

sity of the water at
20

C. The weight of the gas was

determined from the difference in weight of the bulb when

it was filled and evacuated (less than
10~3

torr). The

bulb was attached to the vacuum line through a viton
"0"

ring to a 20/30 outer glass standard taper joint to avoid

errors in the weighings due to grease on the standard

taper joint (see Figure 8). The weighings and pressure
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measurements were determined, using a Mettler analytical

balance and a mercury
manometer,-

respectively. As a check

on the procedure, the molecular weight of air was also

determined.

The results for nitryl chloride and air are shown in

Tables 8 and 9. The average molecular weight of nitryl

chloride was found to be 81, 53 grams (standard deviation

= 0.40), compared to the true molecular weight of nitryl

chloride: 81.46. The average molecular weight of air

was found to be 28.79 grams, with a standard deviation of

O.ll'.

The inherent errors in the molecular weight determina-

tions were determined from the following expression:

VM = ^ + VT + pvv + Vg

whereVP, VT,VV, andVg are 1 torr,
1

C, 1 ml, and

0.0002 grams, respectively. The error for each determina

tion is ..also shown in Table 8. Within experimental error,

more than 5f chlorine could be detected, therefore we can

conclude that the nitryl chloride was at least 95$ pure .

The purity of nitryl chloride was also determined from

the amount of chloride ion produced from the reaction of

nitryl chloride with water- A known pressure of nitryl

chloride was introduced into an evacuated bulb of known

volume. The bulb opening was immersed under distilled
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Table 8. Molecular Weight of Nitryl Chloride

Molecular Inherent

Pressure, Weight of
Weight> Error(

Atmospheres Sample, grams grams/mole grams/mole

0.631 O.5438 81
.23 0.25

0.115 0.0994 81.46 0.95

0.125 0.1081 81. 51 0-95

0.121 0.1052 81. 94 0.95

Temperature = 23-55 C

Average molecular weight = 81.53

Standard deviation = 0 .40

$ standard deviation =0.50
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Table 9. Molecular Weight of Air

Weight of Molecular

Pressure, -, -,
. , .

Sample, Weight,

Atmospheres grams grams/mole

0.9905 0.3033 28.76

0-9905 0.3037 28.80

0.9905 0.3039 28.82

Temperature =

22-55

C

Average molecular weight = 28.79

Standard deviation =,0.03

$ standard deviation = 0.11
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chloride-free water, and approximately 50 ml of water was

introduced by opening the stopcock. The solution was

shaken intermittently for 15 minutes to allow the nitryl

chloride and water to react, and then it was transferred

to a beaker, whereupon the bulb was rinsed twice with ap

proximately 10 ml of water, which was also added to the

contents of the beaker- The beaker and its contents were

heated to near boiling for 30 minutes to remove any dis

solved chlorine (see Discussion and Results section of

this thesis). The chloride was then precipitated with

silver nitrate. The results of these determinations

are shown in Table 10.

The nitryl chloride determined by this method showed

an average purity of 99-6$, with a standard deviation of

0.14- Since nitrosyl chloride may also produce chloride

upon reaction with water, this number must be corrected

for the possible nitrosyl chloride impurity, giving 99-5$

as the minimum purity of the nitryl chloride-

F. Constant Temperature Baths

During sample handling and the determination of the

vapor pressure of nitryl chloride, the constant tempera

ture baths listed in Table 11 were used.
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<p
Table 11. Constant Temperature

Baths-'

o T 7
Slush Bath Temperature

CJ' f

Methanol -97-8

Ethyl acetate -83.6

Chloroform -66.0

Ethyl malonate -56. 0

Chlorobenzene -45 2

Ethylene dichloride -36. 0

Carbon tetrachloride -23. 0

44



IV. RESULTS AND DISCUSSION

A. Preparation, Purification, and Purity of Nitryl

Chloride

Nitryl chloride was synthesized by the two methods

mentioned in Chapter III of this thesis. The modified

29
Wise and Volpe

7

procedure proved to be superior, in

that the nitryl chloride produced contained only small

amounts of chlorine (less than 0-5$). The nitryl chlor

ide produced from the Dachlauer 'method contained approx

imately 10$ chlorine, which it was never possible to

remove totally . The percent chlorine was found by using

the absorption cross section of nitryl chloride and

chlorine at 330 nm (Section E of this Chapter)..

t6
Volpe and

Johnston-'

have stated that nitryl chloride

and chlorine form an azeotrope that can be removed by dir

ectly pumping on the sample. By use of ultraviolet spec

trophotometry, changes in the extinction coefficient at

the chlorine absorption maximum (330 nm) were never detec

ted for purified nitryl chloride samples before and after

they were pumped on. As the gravimetric determination of

nitryl chloride showed, the samples were very pure (>

99-5$) and any changes from the removal of the azeotrope

may not have been detectable.

The gravimetric method, which was developed for the
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determination of the purity of nitryl chloride proved to

be very valuable. Nitryl chloride was allowed to react

with water at
25 ott' ^3

C1N02 + H20 >
2H+

+
Cl"

+ (45)

to produce chloride ion, any chlorine present will be

slightly soluble, as shown in Figure 9. where the solubil

ity of chlorine is presented as a function of the partial

pressure of chlorine at
20

and
80

C. Tftte chlorine that

is dissolved reacts reversibly with waters
.54

"> ,r+

Cl2 + H20 <
"

+ Cl + H0C1 (46)

The equilibrium constant for the hydrolysis is given byi

Keq
= C(H0C1)(H+)(C1~))/(C12).

Table 12 shows the values for the equilibrium constant at

various
temperatures.-5

The solubility of chlorine in water at
100

C'

is zero

and, since the equilibrium is rapidly attained, the dis

solved chlorine was expelled by heating to near boiling

for 3 minutes. The results were corrected for any chlor

ide ion due to nitrosyl chloride (less than 0.1$), as de

termined by infrared spectrophotometry.

The nitryl chloride (greater than 99 5$) was a pale

yellow-colorless liquid and a white solid. These proper-

39
ties are confirmed in the literature- The infrared

spectrum of our samples agreed with the results previously

reported, which were presented in Chapter II. The spectrum
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is shown in Figure 10 and Beer's Law data for the I685

and I3IO cm absorption bands are presented in Table 13.

The Beer's Law plots are shown in Figure 11. These Beer's

Law plots, which were used for quantitative determination,

were frequently checked with different samples of nitryl

chloride and found to be reproducible.

Table 12. Equilibrium Constants for the Hydrolysis of

Chlorine

Temperature0

.C
K

0 I.56 x
lO"^

1.2 1.64 x
10"2*

15 3. 16 x
10"^

17.6 3.63 x
10"^

25 4.48 x
10"^

70 10.0 x
10"^

B. Vapor Pressure and Heat of Vaporization

The vapor pressure of nitryl chloride >99-5$ was deter

mined by measuring the pressure with a mercury
manometer'

covered with dibutylphthalate as the temperature was con

trolled by use of constant temperature slush baths (Table

7). The results were shown in Table 11-. A plot of the

log^Q of the vapor pressure versus l/T( K) is plotted in

Figure 12. A linear regression analysis on the data gives
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Table 13. Beer's Law Data for the 1685 and 1310
cm"1

Absorption Bands of Nitryl Chloride

Absorbance Absorbance Pressure of

at 1685
cm"1

at I3IO C1N02, torr

1.38 .88 9-4

93 -53
5-8

-13
-- 0.58

-23
.10 1.08

1.24 76 8.5

-77 .41 4'. 3

-39 .207 2.24

The coefficient of determination at I685

0.992, and at I3I0 =
.998.

1

50



1.5

1.0

0

O
c

ri

xi
Fl

O
to

JQ

< 0.5

0.0 T
i i

4 6

Pressure (torr)

Figure 11. Beer's law plots for the 1685 and 1310 cm

absorption bands of nitryl chloride.
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Table 14. Temperature Dependence of the Vapor Pressure

of Nitryl Chloride

Temperature , log P

C (torr)

-97.8 O.56

-83.6 l.lo

-66.0 1.68

-56.0 I.94

-45-2 2.20

-36.O 2-50
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the following equation for the straight line

log1n P (torr) = -1.28 x
103 i + 7-86.

10
T(K)

p
The coefficient of determination (r ) for the line is

0.998.

From the above equation, a boiling point of -16. 1 C

+ 0
- 0.1 was determined. The boiling point for nitryl

chloride, as reported in the literature ranges from -5

to -15 C.
' 5r

Since boiling points are raised upon

the introduction of impurities, these results may indicate

that this nitryl chloride was purer than previous reported

results in the literature.

Using tliese vapor pressure data, the heat of vapori

zation of nitryl chloride was determined to be 5-86 - 0.11

kcal/mole from the Clausius-Clapeyron equation

AHvap=
"2"303 RTH^T-

These results compare with the values of C and

14
6.16 kcal/mole reported by Schumacher and Sprenger, who

prepared nitryl chloride by the reaction of ozone and nit

rosyl chloride .

The vapor pressures of nitryl chloride, nitrosyl chlor

ide, nitrogen dioxide, chlorine, and hydrogen chloride-^

are summarized in Figure 13. This information was useful

in sample handling and sample purification. .
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C. Stability of Nitryl Chloride

The stability of nitryl chloride was investigated by

storing some sample in a bulb, sealed from the atmosphere

by a vacuum stopcock, at C for one month. After the

above time, the sample was cooled to C. A small

amount of non-condensible gas was detected on the thermo

couple gauge. The ultraviolet and infrared spectra were

taken. The infrared spectrum showed no ni1!rosyl chloride

or nitrogen dioxide absorption bands. The ultraviolet

spectrum of this sample agreed well with the spectra taken

for the absorption cross sections of nitryl chloride (Sec

tion E of this Chapter).

The non-condensible gas probably came from leakage

through the stopcock grease. The purity after one month

was greater than 99-4$. In agreement with these results,

Ray and
Ogg3

reported that their nitryl chloride could

be stored at C for periods greater than a month.

Nitryl chloride was also stored in an ultraviolet

cell at room temperature in the dark. No change was noted

in the spectrum until the fourth day. Quantitative meas

urements by ultraviolet spectroscopy are not feasible due

49
to the similar spectra of nitrogen dioxide, nitrosyl

chloride, and nitryl chloride. After a month, infrared

absorption spectroscopy showed that the major product was

nitrogen dioxide; some nitrosyl chloride and nitryl
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chloride were also present.

Ray and Ogg studied the equilibrium

2C1N02 <fe
^

Cl2 + 2N02 (47)

from both directions, using silver chloride infrared win-

34
dows , which do not react with nitrogen dioxide. Pre

cipitated silver chloride was used as a catalyst. The

equilibrium constant was found to be less "than 35-09 atm,

which compares to the calculated equilibrium constant of

23.81 atm. The
'.'equilibrium"

concentration of nitryl

chloride was therefore greater than 2-7$ of the total

gases, which compares to 4.0$ from the calculated equil

ibrium constant. The equilibrium was slowly attained,

even with the catalyst and, after a week, the reactions

-were still incomplete.

Cordes and
Johnston3

studied the thermal decomposi

tion of nitryl chloride and found the second order rate

constant to be given by:

klobs
= 9'6 x 10

^molecule"

sec exp(-27500/RT) be

tween
100

and

250

C. The second order region was found to

extend from 0 to 8 torr. Using this expression, the rate of

decomposition of nitryl chloride at
25

C is calculated to be:

k, ,
= 8.8 x

10"2 cm3molecule"1sec"1

lcalc

By using the observed rate constant for the thermal de

composition, the percent decay of nitryl chloride can be

calculated by calculating the pressure at the time t:
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11

p
=

p
+ C.&.J, t

0

For a O.77 torr sample (the lowest pressure used in this

work), the percent decay is 6.4 x 10 ~3$ after one hour.

At higher pressures, there will be even less decomposition.

The time required when using nitryl chloride as a gas was

always less than an hour, therefore the thermal decompo

sition will be of no consequence.

The rate of the reverse reaction k_, , the formation

of nitryl chloride from chlorine and nitrogen dioxide,

can also be calulated by using k. / , x (Cordes and John

ston3

) and the calculated equilibrium constant. The

value found is :

k-l(cal )
= 2>7 x I0"7atm"2sec .

D. Mass Spectra of Some Reactive Gases

Attempts were made at obtaining the mass spectra of

hydrogen chloride, chlorine, nitrogen dioxide, nitrosyl

chloride, and nitryl chloride.. Not all of these attempts

were successful due to the reactivity of the gases in the

mass spectrometer. The isotopic abundance of chlorine 35

and 37 was found to be in agreement with the literature

for all the chlorine-containing compounds.

Hydrogen chloride > The mass spectrum of hydrogen

chloride is shown below.
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m/e assignment relative intensity

35
Cl+35

16.6 0.1

36 HC1+35
100

37
Cl+37

5.4 0.2

38 HCl+3?

3I.5 '0.1

The mass spectrum was found to be reproducible.

Chlorine : The mass spectra taken of chlorine (>99$)

all showed hydrogen chloride peaks. The relative inten

sities of the hydrogen chloride peaks varied with both

pressure and exposure time of the sample to the mass

spectrometer. The mass spectrum of chlorine was not

reproducible .

Nitrogen dioxide: The mass spectrum of nitrogen diox

ide became reproducible only after at least two hours of

exposure of the gas to the mass spectrometer and inlet

system. The only major peaks are shown below and are in

60
agreement with the literature .

m/e assignment relative intensity

30
N0+

100

46
N02+

36.2 -

0.5

Nitrosyl chloride; The mass spectra taken of nitro

syl chloride (>97$) all contained chlorine and hydrogen

chloride peaks. The spectrum never became reproducible,

even after up to four hours of exposure of the gas to the
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spectrometer and inlet system.

Nitryl chloride : The mass spectra of nitryl chloride

also contained chlorine and hydrogen chloride peaks that

never became reproducible. The
N0?+

and
N0+

peaks, how

ever, did stabilize, allowing the determination of the

relative peak intensities to - 3$

m/e assignment relative intensity

30
N0+

100

46
N02+

64 -

3$

Determination of the percent chlorine in the nitryl chlor

ide samples by mass spectrometry was not possible because

the chlorine peaks varied in relative intensity with pres

sure. The spectrum of nitryl chloride did not show evi

dence of a parent peak. A search for the parent peak was

carried out by varying the anode current from. 5-80

microamps and by varying the ionization voltage from 5-70 eV .

Other workers
'

have found that, in order to ob

tain reproducibility with reactive gases such as nitrogen

dioxide and nitric acid, extensive conditioning of the

mass spectrometer and inlet system of at least 8-10 hours

was required. The irreproducibility of the spectra of re

active gases is due to reactions of the gases with trace

compounds within the mass spectrometer, the inlet system,

the metal walls of the spectrometer, or oil from the dif-

fus ion pump .
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The experimental evidence suggests that mass spectrom

etry,will not provide an acceptable method for detection

of nitryl chloride without extensive conditioning of the

spectrometer. The similarity of the intensities of the

N0+(m/e = 30) and N02+(m/e = 46) peaks for nitryl chlor

ide and nitrogen dioxide should make it difficult in de

termining these two compounds in mixtures.

E. The Absorption Cross Sections of Nitryl and

Nitrosyl Chloride

The ultraviolet absorption cross sections of chlorine,

nitryl chloride, and nitrosyl chloride were determined

between I85 and 400 nm at room temperature. Such absorp

tion cross sections of molecules important in the upper

atmosphere may be used to calculate the intensity of rad

iation that penetrates the earth's atmosphere. Ultravio

let absorption cross sections (<T ) are a measure of the

extent to which molecules absorb ultraviolet radiation

and are defined by the following expression:

(T = ln(Io/l)/CL

where C = concentration (molecules/cm3)

I = incident radiation

I = transmitted radiation

L = path length (cm)

The ultraviolet cross sections for chlorine are well
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4 49 62
known

' " ^

and were determined as a control for our

experiment. Results -of .this study for the chlorine maxi

mum agreed with those reported in the references cited

above, within 3$. The absorption cross sections of chlor

ine, as determined (Table 15, Figure 14), had a standard

deviation below 3$. The maximum inherent error at the

-1

21 2
absorption maximum for chlorine was 7-0 x 10 cm mole

cule
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Table 15- Ultraviolet Absorption Cross Sections

of Chlorine

Wavelength Cross Sections

p

(nm) (cm )

4oo 1.3 X
10-20

390 2.1 X
10"20

380 3-4 X
10"20

370 6-5 X
10"19

360 1.1 X
10"19

350 1.6 X
10"19

34o 2.2 X
10"19

330 2-5 X
10"19

320 2.5 X
10"19

310 2.1 X
10"19

300 1.4 X
lO"19

290 7.4 X
10"20

280 3.4 X
10-20

270 1.4 X
10"20
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The ultraviolet absorption cross sections of nitryl

chloride (Table 16, Figure 15) were determined from 31

spectra coming from five different samples . The spectra

were taken between O.77 and 95 torr in 1 , 2, or 10 cm

path length cells. The absorption spectrum of nitryl

chloride between the wavelengths I85 and 400 nm indicates

that it consists of at least three different electronic

excited states. The continuous nature of -&he spectrum

suggests that photodissociation will occur. In Section F

of this Chapter, six energetically possible reactions for

the photodissociation of nitryl chloride are described,

and the wavelength limits derived from thermodynamic data

are presented. No aborption was found in the wavelength

region between 400 and 75 nm, indicating absorption

- 21 2 - 1
cross sections less than 2 x 10 cm molecule . There

are no previous reports in the literature of the absorp

tion cross sections of nitryl chloride.

The ultraviolet absorption cross sections of "nitrosyl

chloride (Table 17. Figure -16) were obtained between I90

and 400 nm from 29 spectra ranging in pressure from O.72

to 52 torr- The results (solid line) differ from those

1 Pi
reported by Goodeve and Katz in 1939 (dotted line) as

shown in Figure 16 and indicate that nitrosyl chloride is

less of a sink for chlorine atoms than previously
antici-

pated. Goodeve and Katz results would agree with this
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Table 16. Ultraviolet Absorption Cross Sections

of Nitryl Chloride

Wavelength Cross Sections
(cr)*

- Inherent Error, $ Stan

(nm)
2 -1

cm molecule cm molecule Dev.

400 2.08
(-2l)a

1.44
(-22)a

4

390 3-78 (-21) 2.62 (-22) 4

380 6.16 (-21) 4.28 (-22) 4

370 1.07 (-20) 7.44 (-22) 4

360 1.82 (-20) 1.28 (-21) 3

350 3.06 (-20) 1.42 (-21) 3

340 4.81 (-20) 1.69 (-21) 3

330 7.11 (-20) 2.49 (-21) 3

320 1.02 (-19) 3-59 (-21) 3

310 1.32 (-19) 4.66 (-21) 3

300 1-54 (-19) 5-44 (-21) 3

290 1.80 (-19) 6-37 (-21) 3

280 2-31 (-19) 8.20 (-21) 3

270 3-73 (-19) 1 -33 (-20) 3

260 6.37 (-19) 2.32 (-20) 3-5

250 9-85 (-19) 3.66 (-20) 3-5

240 1.40 (-18) 5.34 (-20) 3-5

235 1.80 (-18) 7.O3 (-20) 3-5

230 2.36 (-18) 9-52 (-20) 3-5

225 2.95 (-18) 1.22 (-19) 3-5

220 3-42 (-18) 1.46 (-19) 3-5
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Table 16. (Cont.)

Wavelength, Cross Sections (O")*, - Inherent Error, $ Stan,

p
A

p A

(nm) cm cm Dev.

215 3-56 (-18) 1-53 (-19) 3-5

210 3-39 (-18) 1.45 (-19) 4

205 3-22 (-18) I.36 (-19) 4

200 4.55 (-18) 2.06 (-19) 4

197-5 7.13 (-18) 3.66 (-19T 3-5

195 1.13 (-17) 8.53 (-19) 3-5

190 2.69 (-17) 2-53 (-18) 3

185 4.74 (-17) 5.09 (-18) 3

a2.08 (-21) means 2.08 x 10
2l

b(<y) = ln(l0/l)/(/ClN02_7L). where L is optical path

length in cm and
/ClNOoJ7 is in molecules cm"3.
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Table 17- Ultraviolet Absorption Cross Sections

of Nitrosyl Chloride

Wavelength, Cross Sections (tr)10, - Inherent Error, $ Stan.

p A
p

_A

(nm) cm cm molecule Dev-

4oo 5.15
;-2o)a

1.80 [-21
)a

2.5

390 6.10
v-20)

2.14 :-2i ) 2.5

380 7-78 [-20) 2.73 <[-2V 2.5

370 9-43 (-20) 3-31 :-2i ). 2.5

360 1.13 :-i9) 3-98 ;-2i: 2.5

350 1.19 :-i9) 4.19 <
:-2i'

2.5

340 1.24 ;-i9) 4.37 < -21: 2.5

330 1 .20 ;-i9) 4.23 :-2i: 3

320 1.08 ;-i9) 3.80 (:-2i; 3

310 1
.05 :-i9) 3-69 ;-2i > 3

'

300 8.67 [-20) 3.-05 :-2i;1 3.5

290 8.47 v-20)
2.98 1-21 ) 3

280 9.35 :-2o) 3-29 :-2i ) 3

270 1.15 :-i9) 4.05 :-2i > 3

260 1.61 (:-i9) 1.04 :-2i ) 3

250 2.99 ('-19) 1.04 [-20; 2.5

240 7.68 (:-i9) 2.82 (
:-2o'

> 2.5

235 1-77 ('-18) 6.90 (:-23, 2

230 3.17 ( -18) 1.33 ( 2

225 6.00 ( -18)
2.92'

( -19; 2

220 I.07 ( -17) 6.39 ( -19: 2
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Table 17. (Cont.)

Wavelength, Cross Sections
(<r)b

- Inherent Error, $. Stan,

(nm)
2 -1

ciir molecule :

2 -1

cm molecule Dev.

215 1.80 (-17) 1-39 (-18) 2

210 2.99 (-17) 3.20 (-18) 2

205 4.70 (-17) 7-25 (-18) 2

200 6.74 (-17) 1-35 (-17) 2

195 .
7=58 (-17) 1-72 (-17). 2

190 5-20 (-17) 8.71 (-18) 2

l5-15 (-20) means 5.I5 x 10
-20

0"

= ln(l0/l) (/C1N02_7L) , where L is optical pathlength

in cm and
j/ClN0p_7

is in molecules cm~-x
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study if their samples had contained 13$ chlorine.

The spectrum for nitrosyl chloride is also continuous

in nature and indicates that at least two distinct elec

tronic excited states exist in the wavelength region from

190 to 400 nm.

The inherent errors in the absorption cross

sections were found by use of the following expression.

A<T = 8(ln(Io/I)/LC)AI I |9(ln(Io/I)/LC). I

sio
^
i 1 91 1

8(lnClo/I)/LC-)AC + |5(ln(Io/I)/LG)AL
ac S*>

where represents the error in the measurement. The

error in the measurements are :

C = 1 x 10
-5 molecules/cm3

LQ= 0.05 cm (on chart)

I = O.05 cm (on chart)

L given in the experimental section

The maximum inherent errors are reported along with the

absorption cross sections in Tables 16 and 17.

The absorption cross sections of molecules of atmos

pheric interest, such as nitryl chloride and nitrosyl

chloride that we have studied, are necessary in order to

perform modelling calculations that estimate the perturba

tions upon the ozone belt. Absorption cross sections

have been used for the kinetic monitoring of reactions

that may occur in the stratosphere .
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F. Photochemistry of Nitryl Chloride

The continuous nature of the absorption spectrum of

nitryl chloride suggests that photodissociation will occur.

The following preliminary photochemical steps involving

C-N and 0-N bond breakage are energetically possible. The

wavelengths at which the onset of these processes occur

have been calculated from the C-N and 0-N bond disocia-

tion energies,3

atomic energy levels for c*hlorine,
3
and

64
oxygen, and the electronic energy levels for nitrogen

dioxide .

"

C1N02 + hv => Cl(2P3/2) + N02(2A1) X < 852nm (48)

C1N02-+ hv > Cl(2P1//2) + N02(2At) X <i92xm (49)

C1N02 + hv > Cl(2P3/2) + N02(2B1) X <349nm (50)

C1N02 + hv -> Cl(Z?yz) + N02(2B1) X 338nm (51)

C1N02 + hv > (3p0) + C1N0 X<4l5nm (52)

C1N02 + hv > O'^D) -F C1N0 X-e250nm (53)

The dissociation ofnitryl chloride may prove to be. a very

important sink for the compound in the stratosphere. Some

preliminary experiments were carried out to determine the

products of the gas phase photolysis of nitryl chloride

at two wavelengths, 253-7 nm and 350 nm between 2 and 8

torr. The infrared and ultraviolet, spectra before and

after photolysis were studied. After photolysis at 253-7

nm in a 2-cm ultraviolet Cell, for 10. minutes in the Ray

onet Photochemical Reactor, nitrogen dioxide/nitrogen

-



tetroxide and a small amount of nitryl chloride were ob

served. These samples contained no non-condensible gases.

Nitryl chloride was also photolyzed for 5 minutes at

wavelengths longer than 350 nm, where the absorption cross

sections of nitryl chloride are rather small,
(5*

< 3.06 x

20 2 1

10 cm molecule . The ultraviolet absorption spectrum

after photolysis showed the presence of nitrogen dioxide/

nitrogen tetroxide, nitryl chloride and, possibly, nitro

syl chloride. After exposure to the radiation, the spec

trum continued to change for two days . Upon transferal

of the sample to an infrared cell, some non-condensible

gas was present, presumably oxygen. The major product

after two days was nitrosyl chloride.

The change in the spectrum after the photolysis could

be accounted for by the formation of a catalyst at the

longer wavelengths, which would aid in the formation of

nitrosyl chloride from nitryl chloride or from nitrogen

dioxide and chlorine. The nitryl chloride that was photo

lyzed at the shorter wavelength did not exhibit any chan

ges after the photolysis.

66
Dahner and Wilson photolyzed nitryl chloride in a

Pyrex bulb (X>275 rm) . They followed the reaction by

measuring the pressure with a Bourdon gauge. The products,

chlorine and nitrogen dioxide, were formed after an induc

tion period. The authors found that the color of nitro

syl chloride was absent in the products, and the amount
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of non-condensible gas was negligible. (Nitrosyl chlor

ide is, a yellow gas and a yellow-red liquid, while
nitro-

. 46
gen dioxide is a yellow-brown gas and a brown liquid-

We would not attempt to distinguish them by color.) Dahner

and Wilson "presumed"
that the occurrence of the photo

chemical reaction was due to trace amounts of "sensitiz

ing"

impurities, probably chlorine , and that the mechan

ism could be :

Cl2 + hv > 2C1 (54)

Cl + Cl + M > Cl2+ M (55)

Cl +
C1N02 > Cl2 + N02 (56) .

G. Photochemistry of Nitrosyl Chloride

The photochemistry of nitrosyl chloride has been stud

ied throughout the visible and ultraviolet regions (185

to 750 nm) .

"

The compound has been found to dissociate

at wavelengths below 750 nm according to the following

reactions :

C1N0 + hv > N0(^r) + Cl(2P3/2) X* 753 ran (57)

C1N0 + hi/ > NO(^rf) + C1(Z'P1,2) \ 706 nm (58)

Two reactant molecules are consumed for every photon

according to :
3

C1N0 + hv > Cl + NO (59)

Cl + C1N0 > Cl2 + NO (60) .
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APPENDIX I

Thermal Decomposition of Nitrosyl Chloride

The thermal decomposition of nitrosyl chloride pro

ceeds according to the reversible reaction:

2C1N0<^ 2N0 + Cl2.

Waddington and Tolman
7
studied the thermal decomposition

as well as the equilibrium between 150 and *250 C and

found the rate constants to be given by :

kj
= 4.3 x 10

T2

exp(-24000/RT) cm^mole sec

k2
= 3.I5 x

1010T*

exp(-6860/RT) cm

By using the calculated rate at 300 C

from the above data, the percent decay of nitrosyl chlor

ide at some time t may be calculated.
.Initially,

the rate

of. decomposition will be:

-d(ClN0)/dt
=

k^ClNO)2

and the pressure will be given by :

l/A -

1/A0
= ^t.

Using these relations, the present decay of a sample at

-4

0-72 torr would be 1 x 10 percent after one hour- At

higher pressures, there will be even less decomposition,

therefore, since nitrosyl chloride was never kept in the

gaseous state for more than an hour, this decomposition

will be inconsequential.
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APPENDIX II

Dissociation of Nitrogen Tetroxide

In determining the percent nitrogen dioxide/nitrogen

tetroxide detectable in a 20-torr sample of nitryl chlor

ide, the following equilibrium must be taken into account:

N20^ +
xClN02 <

^
2N02

+

xClN02

The fraction of NgO^, that is dissociated (ote) can be

calculated by :

-K n ((K
nJ2

+ 4(4nP + K n)K (n- + n)
)*

oce =
P f

' V

P f
' -r\T"*

^"/^^"f

2(4nP K n)

where : P

K = equilibrium constant = 0.134 at
25

C
XT

n = moles of C1N02

n = initial moles of NJDj,

P = total pressure

Since trace impurities of nitrogen dioxide/nitrogen

tetroxide were being sought, it was assumed that the sam

ple purity was greater than 99$. Under these conditions,

the fraction of nitrogen tetroxide that is dissociated is

greater than 0.09- Therefore it can be assumed that the

impurity would be nitrogen dioxide .
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