
Lawrence Berkeley National Laboratory
LBL Dissertations

Title
REACTIONS OF ACTIVE NITROGEN WITH SULFUR COMPOUNDS

Permalink
https://escholarship.org/uc/item/5rf526c7

Author
Smith, Jerry J.

Publication Date
1965
 
Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5rf526c7
https://escholarship.org
http://www.cdlib.org/


UCRL-11763 

University of California 

Ernest 0. 
Radiation 

lawrence 
Laboratory · 

REACTIONS OF ACTIVE NITROGEN WITH SULFUR COMPOUNDS 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Diuision, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



UCRL-11763 
(''I 

' 

UNIVERSITY OF CALIFORNIA 
\ 

Lawrence Radiation Laboratory 
Berkeley, California 

Contract No. WT7405-eng-48 

REACTIONS OF ACTIVE NITROGEN WITH SULFUR COMPOUNDS 

\. Jerry J. Smith 

(Ph.D. Thesis)-

January 1965 

,,; .· 

r. 



,,.., 

-iii-

REACTIONS OF ACTIVE'NITROGEN WITH SULFUR COMPOUNDS 

Contents 

Abstract • , • · • . . . . . . . . . \.' .. ' . . . . v 

I. . Introduction . . . . . . . ~· . . . . . 1 

II. General Experimental • 0 • • • . . . . . . 4 

III. The Reaction of Active Nitrogen With Dmstilfur Dichloride . ~. . 10 

A. Experimental • . . ~ . . ., '. . . . . . . .. . . . •. . . • • '10 

B. Products • • 
I'. 

11 . . .. . . . . . . ... : .. . . "' . . 
C •. s2cl2 .Dependence of the NSCl Rate of Formation .•.•• • • . 13 

, D. Effect of Surface on the Reaction. • . •. • .• . • • 

E. The Nitrogen Atom Dependence of the Reaction • 

F. Mechanism Discussion •• • • . • • • • • ·. • '!' 

• • ! •• 

. ~ . 
23 

24' 

24 

G. The Reaction at Elevated Temperatures . ~ • . • • • · t • • •.. , • • 31 

·H. . Mass Balance . . . . . . . . . . . . . . . .• . . . . .. . .. 32 

IV. Reactions of Active Nitrogen With Compounds Having 
Internal Sulfur Atoms • • • • • • • • . . . 
A •. Sulfur . . . . . . . . . . . . . . . . . . . . . . . . 
B. Sulfur Dichlorid.e • • • · .' • • • • • · • • • • • • ~ • • • • • 38 

c. Thionyl Chloride • . . . . . . ~ . . . .. 
D. Sulfur Dioxide • . . . . .. . . 
E. Hydrogen Sulfide • • • • ... . . . . . . . . ~ ~ 

v. Reactions of Active Nitrogen With Compoun.ds Having 
an External Sulfur Atom • • • ·• • . . . . . 
A. ··Carbon Disulfide • . . . . '. . . . 
B. Carbonyl Sulfide • ... ~ • .. • ., ! ~ • ·• 

VI. General Conclusions . . . . ' . . . .. . . . 
Acknowledgments • • • • . . . . . . .. · . ~ . . . . .. . . . . . 

41 

'42 

47 

47 

47 

52 



-iv-

Appendices , . , . , . , . , 

A, Plasma Jet Studies 

B. The Ga.s Phase Reaction of NSCl w:ith s
2
c1

2 
C. The Gas Phase Reaction of NSCl with Water 

D. The Reaction of Chlorine with s
3

N
2

Cl
2 

E Determination of the Ratio £N(NO)/fN(C2J-~), 
F" Calculations of the N Atom Dependence for the 

N + s2c1
2 

Reaction Mechanisms 

Bibliography . , , 

,_, 

' 53 

53 

56 J, 

57 

58 

' 59 

61 

. 67 



•' 

REACTIONS OF ACTIVE NITROGEN WITH SULFUR COMPOUNDS . 

Jerry J. Smith 
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ABSTRACT 

The reactions of active nitrogen (nitrogen atoms) with several 

sulfur compounds have been investigated to determine the feasib-ility 

of their use in preparing sulfur-nitrogen compounds • 

. Reactions of N Atoms with s 2c12 

Active nitrogen reacts with s2c12 to form NSCl, Cl2, SC12, s8 and 

t·races of (SN)x ·and s4N4. The rate of formation of NSCl increases 

linearly with increasing s2c12 flow rates at low s2c12 flow rates and 

becomes constant at high s2c12 flow rates. Only about 5% of the avail­

able nitrogen atoms react. to form NSCl, the rest recombine to form N2 ~ 

The observed reaction is a competition between the NSCl-formation reac-

tion and. the N atom recombination reaction. · The rate of formation of 

-
NSCl at high s2c12 flow rates increases linearly with increasing N atom:~ 

flow rates. We conclude that the competing reactions have the same N 

atom and. s2c12 dependences. The rate of formation of NSCl increases 

with increasing temperature as expected. 

The third order rate constant for the recombination reaction assuming 

the rate 
d:Q.N2) 2 . 15 16 2 

law dt = k(N) (s2c12 ), is calculated to be 10 -10 £ 

-2 -1 . mole · sec .Normal recombination reaction rate constants are about 

109~1010 £2 mole- 2 sec-1 • The increas~d rate is attributed. to the 
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-
formation of a relatively staqle intermediate complex (i.e. [N~s2cl2 ]). 

The data can be explained by the reactions: 

Reactions of N Atoms with Compounds Having Internal Sulfur·Atoms 

SC1
2

, H2S, and s8 vapor react with N atoms to form sulfur-nitrogen 

compounds: SC12 yields NSCl and Cl
2

; H2S yields (SN)x' H2 and. small 

amounts of NH
3 

and. s
7

NH; and s8 vapor yields s4N
2

, s4N4, and (SN)x. 

SOC1
2 

reacts with N atoms, but not with sulfur-nitrogen bond formation. 

The identified products are NOCl, so2 , N
2

o,_ so2c12 and Cl
2 • · S0

2 
is 

essentially inert to N atom attack. 

. t Reactions of N Atoms Wlth CS2 and QCS 

cs
2 

and OCS, compounds having external sulfur atoms, both react 

with N atoms to form (SN) • The other products are (CS) and CO ·respective-x X · 

ly. 

A difference in the .reactivities of the studied sulfur compounds is 

observed. Those compounds which react with sulfur-nitrogen bond forma- . 

tion all contain sulfur atoms having two lone pairs of electrons. This 

. .J 

' 

suggests that.the nitrogen atom is an electrophilic reagent. ~ 

t 
R. A. Westburgy and C. A. Winkler, Can. J. Chem. 38, 334 (1960). 



I. INTRODUCTION 

In the past few years, considerable interest has been shown in the 

\ 1 reactions of active nitrogen with various compounds. Studies of these 

reactions generally have been designed to ascertain the nature of the spe-

cies which contribute to the reactivity of active nitrogen and'to obtain 

kinetic data on active nitrogen reactions. Rarely have reactions of this 

type been stud.ied. from a preparative .standpoint. · Yet, reactions occurring 

in such high energy systems often. lead to compounds which cannot be con-

veniently made by other methods. 

2 
Active nitrogen was first observed by Warburg in 1884, when he dis-.· 

covered. that nitrogen gas exhibited a characteristic yellow-orange giow 

after being subjected to an electrical discharge. In 1911, Strutt named 

the glowing gas "active nitrogen"3 and was the first to suggest that many 

o:f its properties could be attributed to the presence of nitrogen atoms. 

Considerable evidence now exists which shows the reactive species in active 
-

. 4 4 56 
nitrogen to be ground-stateN atoms (N( S)). ' ' 

The spectrum of the yellow-orange afterglow (Lewis-Rayleigh after-

glow) generally consists of selected bands of the nitrogen first positive 

system, N (B3rr - A3L:+). The first positive bands which are most prominent 2 g u 

are due to transitions from the twelfth, eleventh, tenth, and sixth vibra-

tional levels of the upper, or B state. Transitions from v = 13 or higher 

have never been observed •. 

The currently accepted theory of the afterglow involves the recombi-

5 + . 5 + nation of N atoms along the N2 ( E ) potential energy level. The N2 ( L: ) 
g . g 

level, a weakly bonded state, crosses the B level at v == 12. 7 An inverse 

predissociation (preassociation) occurs at the crossing of the ?z; .and. 
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B3IT levels, res~ting in N2 (B3n ) v = 12, 11, 10 .being formed.. The 
g g 

N
2

(B3n ) then radiates to the N2 (A3L:+) level g:l,.ving~_,the(~bb.ser.ved: aftep,glov •. 
g . u 

N
2 

(5t+) + M ~ N2 (B3TI , v = 12,11,10) + M 
' g g 

N2 (B3ng, v = 12,11,10) ~ N2 (A3L::) + pv. (N2 1st •. Positive) 

This is not the. complete mechanism now proposed; but it explains 

the major features of the active nitrogen afterglow. (For a more com­

plete discussion of active nitrogen, see an excellent review by Mannella~). 

Although the chemical reactivity of active nitrogen appears to be 

due mainly to ground-state nitrogen atoms, recent work indicates that 

excited molecules, which appear most likely to be N2(A3L::), may be important· 

in at least some active mtrogen reactions. 9 Reactions involving.the 
9 . 

excited molecules as a reactant are, however, few; hence, reactions of 

active nitrogen are now regard.ed more or less as reactions involving N 

atoms. 

Reactions of active nitrogen with sulfur-containing compounds we:X.e 

first reported. by strutt in 1913, :J-O y;rheri he stud.ied the reactions of N 

atoms with sulfur, s2c12, cs2 and H2S. Mold.enhauer and. Zimm.erman11 later 

studied the reaction with sulfur in more detail. 

12 13 . 13 
Recently, studies of the reactions of N atoms with H2s, ' cs2, 

and 
12 14 15 . 12 

sulfur ·' ' have been reinvestigated, and COS has been added to 

the list. (Result~ of studies of the reactions of N atonis with S 
2 

14 

12 COS were reported while our work was in progress. ) In most of the . 

and 

studies, the products were not completely characterized; most emphasis 

was put on the initial steps of the reaction sequences. 

t 

• 

, I 

.. , 
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New and indepenaent methods for preparing sulfur-nitrogen compounds 

.are desirable. Until recently, the preparations of most sulfur-nitrogen 

.. 

16 ~ -
compounds have _required. s4N4 as a starting material. But, s4N4 itself 

is not readily available nor easily prepared. 17\ (References 16 and 18 

give a good review of the chemistry of sulfur-nitrogen compounds.) 

The purpose of our work was to correlate the reactions of active 

nitrogen with sUlfur.compounds and to determine the feasibility of their ' . . 

-use in preparing new sulfur-nitrogen-compounds. In the course of this 

study we became interested in one reaction (N + s2c12 ) in particular and 

investigated it in detail. 
I 

,, ' 
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.· II. GENERAL EXPERIMENTAL 

All the reactions in this study were carried out· in.a conventional · ) 
. I 

flow system. The pump was a Duo-Seal Mod.el·l40~B vacuum pump. Two reaction 
I 

vessels were used. They were of essentially the same design, but differed 

in diameter, and in the positions of the reactant·inlets. 

Reaction vessel (A) is shown in Fig. 1. The two reactants vTere in-

troduced through the. inlets designated (a) and (b). The reaction occurred 

immediately following the nozzle in the region (f). No~-volatile reaction 

products were collected on the Pyrex insert tube (e), which was removable 

in order to facilita.te product removal and. cleaning. The entire apparatus, 

with the exception of the tube where the d.issociation (discharge zone, 

labeled (g)) was carried out, was constructed. of ord.inary Pyrex glass. 

The discharge tube was quartz (quartz has a much lower dielectric loss 

and can withstand higher temperatures than ord.inary Pyrex). The insert · 

tube was 18 mm I.D. by 33 em long and the reaction vessel was 24 mm O.D. 

by 60 em in length. The two thermometers (h) were added after::several 

runs had. been performed and were found to have no effect on the results. 

Reaction vessel (B) is shown in Fig. 2. The points at which the 

reactants were introduced are the reverse of reaction vessel (A) (atomic 

nitrogen entered throughtilhe central jet). The vessel was also larger · 

in diameter; the insert tube measured. 31-· mm I.D. by 30 em in length and.· 

the reaction vessel 35-mm O.D. The discharge tube (g) was, as in (A), 

' 

quartz. i, 

The reaction vessel (either (A) or (B)) was followed. by three U-
. : 

tube traps, fitted with 4-mm vacuum stopcocks and ground glass joints 
\ , . . '"' 

1 

so that they could be removed for weighing. The exit of the third.trap 
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( h) c=:::g 

(h_) 0 ' 

,_ 

,, 
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(f) 
~ 

} (g) 

._ 

(a) 

Fig • .- i. Reaction Vessel (A) 

(d) -

MU.34899 

, (a) _ Nitrogen inlet, (b) s2c12 inlet, (c) NO inlet, 
(d) Exit to traps, (e) Insert tube, (f) Reaction zone; 
(g) Discharge zone,- (h) Thermometers • 



.C(c) r. 
(b) 

~- -
r(e) 

I. (d l 

MU-34898 

Fig. 2. Reaction Vessel (B) 

{a) Nitrogen inlet, (b) s
2
c12 inlet, (c) NO inlet, 

{d) Exit to traps, (e) Insert tube, .(f) Reaction zone, 
(g) Discharge zone. ~ · 

.., ' 

' 

,,. 

.. 
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led directly to the vacuum pump. The entire system could be evacuated to 

-4 10 mm Hg. · ._, · 

High purity dry nitrogen from a cyiinder _paisse~ through a purifica­

tion train consisting first of a·Mg(Cl04 )2 and "Drierite" drying tube, 

followed by a tube containing activated copper (prepared by reducing CuO 

with hydrogen) at 400°C and finally a trap packed with glass beads and 

' The gas then passed through a flow meter and'a needle 

valve into the discharge tube. The entire system from the cylinder to the 

needle val:ve was maintained under a positive pre·s sure of. approximately 

3 lbs/sq in. to insure that any leaks were to the outside. The molecular 

nitrogen flow was always held constant at 0.98Xlo- 4 moles/sec. (The 

pressure of the system was 3-mm Hg.) 

The nitrogen was 'dissociated into atoms with a microwave discharge. 

Two different sources were used. One was a 100 watt diathermy unit (Baird 

Atomic, Inc., Cambridge, Mass.) producing 2450 Me microwaves, the other a 

· Raytheon QK~6o magnetron coupled to an ~ em cavity. Satisfactory results 

(about 1% diss~ciation) ·were obtained with either. The microwave is not 

the mbst efficient way of dissociating nitrogen, but is.much simpler and· 

cleaner than condensed or pulsed discharges. 

The nitrogen atom flow rate was determined by titration with nitric 

o:x~ide. 19 The three traps were cooled with liquid nitrogen, the molecular 

nitrogen flow adjusted and the discharge established. The nitric oxide 

was introduced, from a constant volume source, into the nitrogen stream 
' 

r 

until the nitrogen atom flow rate was matched. The rate of NO addition was 

then measured by measuring the change in pressure of the reservoir systemS 

If If ( . ' The end point i.e. the point at which the NO flow rate equals the ··~ 

nitrogen atom flow rate) is easily observa,ble visually. The end point react':ton 
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.. ·' 
is: ·· ... :' j.'• 

.,. 
· N + NO -:+ N

2 
+ 0 . . 

.. 
No light ~mission 'accompanies this rea·ction~ : If .however less NO is' added 

than required, the reaction of the excess nitrogen atoms with the oxygen . 

atoms produced.in reaction (II-1) occurs: 

* N + 0 ._. NO 

* NO ._. NO + hv . ' 
. · ... -· 

l' .,. _j (U-2):. 

(II-:-3) I 

., ' 

The light emitted·iS .the blue air, afterglow and when mixed With the nitrogen 

Lewis-Rayleigh afterglow appears. violet. .When greater than the required . 
... . 

amount of NO is added, the·reaction emits a green-white light according to 

the reactions z 

(II-4) 

* NO ._. NO + hv · 
2 2 ' (II-:5) · . 

. •. ·; 

i,'l 

· . .,,. ... '.:' 
') ., ·· .. : .. ·. '.' 

The end point is. then the point a~ which no· light. emission occurs.. Re- · 

cently, doubt has been raised as to the Validity of the NO titration for·. 

determining nitrogen atom flow rates, and the HCN production from ethylene 

suggested as ~n alternative (See Appendix, .. Sec •. E). 

When possible, products were first identified by.·infrared spectra-

scopy. Spectra of volatile products were recorded using a 5 em gas cell, .. · 

2. 5 em in diamete; fitted with NaCl or KBr windows. Solid products,·· 

'·'' 

>;· ·,. 

... , .. 
which collected in the insert tub.e were treated in. two ways. ~irst, follow- · 

\ ... 

ing a run, the insert tube was removed and the solids washed with carbon di-. 
. ' 

sulfide •. Infrared spectra .of the 9s2 solutions were recorded. The bulk 

of the solids, however, failed to dissolve so a second method was used. 

K.Br ;pellets were made s.n<l placed 1n the insert tube ilnm.ediately pr1or to .. 

\;. 

-· 



I 

•• -9 .. 

(' 

' running the reaction •. The solid.s then formed on the pellets as well as . 

· the glass of the insert tube •.. After the run, the pellets were removed. 

and the spectra reoord.ed • 

.1. 

.) 

.. ·, . .. 
. '· 

•• \ < .. .. . 
\, 
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III. ~HE REACTION OF ACTIVE NITROGEN WITH DISULFUR DICHLORIDE 

R. ·J. Strutt10 .. investigated the reaction of active nitrogen with 
I . 

d.isulfur dichlorid.e (s2c12 ) in 1913. He report~d, "Vapour of chloride of 

sulphur fed into active nitrogen, yields a bright yellow deposit, .which 

consists, at all e.vents in part, of ordinary sulphide of nit~ogen" .. Nothing 

further was reported about the reaction other than that a blue luminosity 

accompanied it. 

Since s2c12 is one of the more common and. important sulfur compounds, 

we felt it worthwh~le to investigate its reaction with nitrogen atoms 

further. 

A. Experimental 

Eastman Kodak s2c12 (practical) was distilled. under high vacuum 

(10-3 mm Hg) into a -45tcold trap followed by a trap at ·-l96°C. The 

.. 45°C fraction was then redistilled. into a storage bulb fitted with a 

4-mm Delmar-Ur~y greaseless stopcock, (Delmar Scientific Laboratories, . 

Inc., Maywood.,, Illinois). The infrared spectrum showed the common impuri-

ties (SC12, SOC12, and so2c12 ) to be absent. 

s2c12 was introduced into the reaction vessel through a needle valve 

(Fischer and. Porter Co., Hatboro, Pennsylvania). (s2c12 has.a vapor 

pressure of about 10 mm at room temperature (25°C) and can be fed into 

the nitrogen stream without heating). The flow was adjusted to the de-
. -~ 

. ~ 

sired rate and left unchanged. until the reaction was terminated. The 

flow rate was determined by weighing the storage bulb before and after 

the reaction. 
,_.-~., 

Reaction vessel (A) was used for most of the study. However, 

reaction vessel (B) was used briefly in the study of surface effects 

;-,--. 

J. 

.. 
'-' 

·• 

,, 
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(see Sec. D). In all runs, the three cold traps were cooled with liquid 

nitrogen. The quantities of products were measured. by weighing .. All 

other experimental details were discussed .in Article II( (General Experi­

mental). 

B. Products 

When the s2c12 vapor was. fed. into the active nitrogen stream, a blue 

20 
flame was produced; solids deposited on the insert tube immediately 

following the flame, and yellow and. red substances were collected. in. the 

series of liquid' nitrogen cold traps. The solids which.formed in the 

. insert tube ranged .in color from yellow to black and appeared as a thin 

· .film over the inside of the tube. 

A portion of .the material collected in the cold. traps cotU.d.be 

. removed from the traps .. by warming tci room temperature; however, a yellow-

brown crystalline solid always remained.. This solid turned. dark upon 

exposure to moisture. With heating under vacuum, the material turned to 

a d.ark solid and finally to a yellow powd.er. This behavior. is identical 

to that of s
3

N2Cl2 . under similar circumstances. 
21 

When the volatile material was transferred, immediately after warming 

to room temperature, to an infrared cell and the spectrum recorded, ab-

22 
sorption bands attributable to NSCl, . SC1

2
, and s

2
c1

2 
were observed. 

Some chlorine was also identified by its reaction with KI, and its physi-

cal properties. 

Infrared spectra of the solid. in the insert tube showed tetrasulfur 

tetranitride (s4N4), along with some polymeric sulfur nitride '(NS)x' to be 

. \. 
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present. 
. + 

The bulk of the solid appeared, however, to be sulfur. 
'J.. 

When the volatile products of the react.ion were allowed to stand in 

the traps at room temperature for one hour or more, or if they were al~ 

\ 
ternately condensed and warmed several times, tpe amount of s

3
N2Cl2 was 

observed to incre~;~.se. The infrared. spectrum of the remaining vapor no 

longer showed the NSC~ absorption, ind.icating that the NSCl. could. be 

quantitatively converted to s
3

N2Cl2 . The conversion reaction takes place 

. 23,24 . 
only in the presence of s2c12 , otherwise, the NSCl will trimerize to 

. (NSC1)
3

• 2 5 

The conversion reaction is probably 

(III-1) 

When an excess of s
2
c12 is present, all.the NSCl can be removed. as 

s
3

N2Cl2 . This offers a convenient method for measuring the NSCl yield 

since the s
3

N2Cl2 is .the only. non-volatile material formed _in the traps. 

Thus, at the completion of a run, the three traps were allowed to warm 

to room temperature and stand for at least one hour untiL:. all the NSCl 

had been converted. to s
3

N2Cl2 . The volatile products were then removed 

and the traps weighed.. The NSCl yield. was calculated on the basis of 

reaction (III-1). 

+ Attempts were made to dissolve the solid \in nitric acid.. Most of the 

solid failed to dissolve, and the residue had the appearance of sulfur. 

Addi:tion of silver nitrate to the solution gave no precipitate~·. Heating 

of the solid in KOH solution gave very little· ammonia. ind.icating the 

nitrogen content was low. Allowing the solid .to sit in the air for ex-

. tended periods (several days) caused no appreciable change in weight. 

. .. 
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C. ~2 Dependence of the NSCl Rate of Formation< 
.·.· .. _.-;, 

,· 

Since N~ci is the.:P:rincl:pal nitrogen-containing :product in ·the 
" ' . . ,...:. ~ . . . 

.! • reaction} and.' ~inc:e, the amount, produceQ. can e~l3ily be det~rmined,' a st~dy' .. l; 
.. ,·_,. ,• .... .. : '·· 

•, 

: of the. mechanism leading to its formation was undertaken. · ·· . · •·.· 

·· ••••...• ·· ••· .The dePe~denc~ of the rate of fontiation of ksc~ on thO s2c~2 . flow 

'. ~ . 

··: 

: " ' . 

. · · ··.·.rate was dete.rmined by running the reaction at ·several s
2

c1
2 

flow .rates. 
. ~ . 

.. _,· . '·' 
,. .. ~~ 

.. while keeping the totai nitrogen and atomic nitrogen flow rat~s constant • 
. :' .. 

· ·· (The :pressure of the system was essentially that of the undissociated 

. · .... 

. , nitrogen •. · The flow rates of. nitrogen atoms .and s
2

c12 we're less than 1% .· 
. ~ . ' . 

· :_.·-.:of the molecular nitrogen flow rate. Thus, varying the nitrogen atom 

·, · flow rate and/or .the s2c12 flow rate had. essentially no effect other 

... than changing their relative amounts. This allowed the effect of either 

:· .. · · on the NSCl rate . of formation to be studied independently of. the other. ) .. 
, .... :- ·.,. 

·· The reaults are shown in Table r~ t . (f8 Cl . and fN are the flow 
' 2 2 ' 

rates of 

s2c12 and N atoms res:pecti vely; F NSCl. is the· rate. of formation of. NSCl.) 

··A :plot of the rate of formation of NSCl versus the flow rate of s2c12 .is 

·shown in Fig~ 3· · . 

At low s2c12 flow rates, the rate of' formation of NSCl increases 

linearly with the s2c12 flow ,-rate •. When however,·· the rate of formation of · 

NSCl reaches approximately one twenty-fifth (1/25) of the· nitrogen atom 

. flow rate, a leveling-off occurs. ·· Increasing the s
2
(a

2 
·flow·· rate· above. . · .· .... 

. ' '. . . ···:. 

this\ :point leads to no further increase in the rate of :formation of NSC1· • 
. .\ 

·since the .leveling occurs at such a low percentage of the a::vailable nitro-
, ·, . . •• • ! • • . • .• 

·'' ·. · .... · .·. gen. ·atoms, the reaction f<;>rming NSCl i_s appare~t~y_ not·· the · p~imary · ·ni t:roge~ _·.... · · 

' .... , 

,- ;-· 
·-.~. . . .. •' .... .; 

· · atom removal reaction. 

'· .·. 
. ' 

.. · . ;,, 

It will be noticed that a ~lfghtly diff~;~nt :":p;L~teau;; val~e ~as obtai'r1~'d : · . 
. -'.''K--: 

. when inserts were changed. :We have no' d.efini te explanation for this. ·. · 

However we feel that 1t is probably due to a. <;:ha.nge 1n the flow 9ha.ra.cter- · 

·isttcs of the system. 

• .. ' 
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) . . . ). ; ••. ; \: < . i .: ~·~ .;. • . . > ' . ,{ ~ l ' ' < •. . . ;{.; ::~:;;:;·!~.·f!]ij,j;fif:~;il?~ft![;· . 

... · :;-;;··:.>The. ·yellmCnitrogen. afte:rglow 1 ·which: in ·the -absence; o·f. 'foreign.:. sub~,>;:"+ .:· · 
· ·>:<_/i:··>t:··,; · ,·.. . ·.· t..:;::,>; · · .;:,, -~·., · ·. ·1·\ · ::·. .· ·. ·; ·7;~·- ,:;_: ·• .• ::.<;· ;' ·_,:: -~./'· • .. : ~.·:·<<·:'·::~~,:-J··C·:; 

: ··stances -indicates the.-presence :of _nitrogen .atoms,·. decreases·_as. the ~flow .rate':·.·-

::· / . ,: ot S~Cr~ inc;~a~~~ ;nd is com~etery re~raced bja sh~rl ~rue rlam:~ai .; · ••.. . . 
· '· ·::'the. point where the. leveling of the rate of formation of NSCl oc.curs. · . · 

( · .. '. . .. , .. 

•• • J·· . . ' . ~- . : ' .... . ~: ~ 

·:: :_. :/-.:this point,· all the nitrogen .. ~toms are re~cting •. Since no Other nitrogen.;-' 
' ·, ' . .·l· , •• ' ~ ~. . . ' . . ., • • 

' .. ' 

. • . ~. ·--- . :. . . . . . • . • . ·. ·'t :'., . . .. ., 

. 1 :·. :_:: -·j:.~··. containing product -is formed in significant amounts, the·principal .. reaction 
• -.... ~t-.: ... ·: .. :::' . . . . . . . . .. ' . . . . ~. 

• ·.;' •. \ ~.:~• ,··::~-:,:~• '' ~ •• • • • • • ' • • ' I ' • ,•,'~ " • • ·,· ' • ' • ', ,•' : • ' , ·:: 

.. · · .:~·,· .. ",;.::···_,':leading to. nitrogen atom destruction must be. the nitrogen atom re(!omb.ination :·· 
·'·-<-:~:--.::·:-~-:--\:.~. -~~-i\·. . .-- . . . •' . . . . .. ·. ' : _ .. : :··. 
' .. ' . ' ' . .' ~- ~---~- ~ ·--:/. '/ ··._.:.· -,_· . .--~:~ ~- .>··-i· .:..:_:_· 
· .. ;;·:•.,::.'.~:~;::_ih!~/eac~ .. io~~.-. _:: ·. . ... .. . . . . , . , : : .... , :__. 

:'·:: ·:'·.<•' ;, . · . · Figure· 3 .represents a "titration"··of the nitrogen atoms .with. the:::~. 
> • • -~ '-~ ~ • • • . . ' '~ t; ' . ' .. . 

·• The: ~itrog<>n · atQJn•. _are being · rOmo~d by two reac:~ons; . ?~~ ;:';,;~~ti],~;;, · 
forms .NSC11 ;'t~e other. for~s. N2'~ ,.: At low s2c~2 flow rates 1 .. nitrogen· at,o.ms\:F-:!':.::,.3::'. 

_;are._:.i~:· e~c~·~·s, •• ;:hen~~·th~ __ NSCl. f9~ti~n-.r~~e -~!l~~e~ses .• ~i~ea·r{h_~i~h.·:~~~'j;·,~·j}t .. t:.~·-· . 
. ·7 s

2
c1

2 
flow: rate~ , Th~ leveling ~f the NSCl rate ·of formatioil. occurs whe~.:<:·~(\; .. ' .. 

the. s2~12 is· -~n.- excess.. . (Exc~ss. · s2c1~- ~s r~~ov~~~~ at -~~Cl~ . fl~ ~~tes "~~.:~?.\T ___ .. · 
,· ·, .• . . . -1 " . . . ·.... ' . ' :(/;-',;.:::.-. 

... :.· :.-;_;. greater ,than o.o4 ~o~e ~~ec •) . . . .; ~ ·. :: •::.· ' .. >. ::;~·.. . . ;,;;·).-~;:;ii.* 

. ·.· .. ·•··••••• •... · . . ·. ·'th~ ·.:l::::~:~;L:::t:: :~~:e~:~(~:)3~::e,:3::~;e~~:~}l~\~~~[:,;: .•... 
. .' .-,·~· " .. · ;'.-, . :. the NSCl could be conv~rted t6 ·the. tr~er. by letting the traps ··st~nd.'.· )'·,"~:,(~: .. ~::t~: 

· :; . .• . , :: •i · (Nscr) 3 ~ •• ~;)~iiow, ~· ~~~ed to .t~e ~ll~?roWn,oi ,s3~~c~;;·r,.:·~J-~1l~~\: ~.·· .· .. 
·· ·<Furthennore, when th~ yellow. solid was heated, the bulk of it _vaporized·,::;.,/·):;.;:.;\~ 

_::~:::' ' ' .... < .. · _._:_ '-~ .... _: ... : .1·· .·f' ,. ·-·.·· •'. _·:.' -.'' ;<' ......... · .... :·~ ·. ·.:-.:···.·.:.' ~---;·_: ,: .. ·.:·:· ,::_::~~;\~~~·{:::.-:~.:~·:·-. ·. 
:·: ' · 'to NScl: (ident.ified by _its i~frared ·sp~ctrum) ·which could b~·recon~rtea~L:SJ~~t? .· ··· 

• ' . . . . ~ • . ,. . . . . ' : . . '·, • . . . . .:.~. ' ('l; •••. : ,; . 

·:to .the _;ell~· ~olid:a~ain by~merel:,:.:con~e~si~g·.'· .. · •. Additlon:·or.-s
2
ci; t·~ ~~~~~-?~::-::~;~~~-

•. ·-.. , . • . • . . . .. . -. • , . ·... . •• . ~- . :1 . . . · •. : ........ -~ '·· ·: .• ::~:_~-~::.~;~r/::_..( ·• 
·ye~low s6l:i~ caused .the color to· ·change and led to a weight", increase;_ .. :·::-')Y?};·:f:.:,;·· ... 

:-~~: · ... .,:._.: .... ' '.:'--: .. -'. : ···-~ .. -~ · .. ~ .· ·,'~ ·.· ~ ' .. ·~ · .. ···:· ·. :. .. ,:.'_·_·.· ... _:. ~- _.;·:~._-~:.-:·_·, .. -.. <:·---~~~-·::_.:.:~:.\~·~~~:·~~~:·~~::~:t.T.:·: : '• ,-
. ··.(a sample which weighed ·.·0050. grn. ·• ~as found to weigh::; .oo6o gm a:f't~r:·:·::;~(_({\·)~,<-~.:,,·:.· .. i . • i:: 

. " ,·, 

····/·:::tt:;~}~'\.~~>/:·:','.;_~,treatment.,with. s2ci2 ) a.s expected_,from the reaction 
·• ,·~ ,. . ';\ .... ' ... 

. · . .:.:.· 
',_ :,r· .. 

. . . .. ,~. .. ,, . 

. ··, ·.· ... ,/, ,· ·.·' 

. , .. > ,2/3 ~NSCl ): 'l.~~~l2 1:' : S3N~ci2 + 
.::.·:··· .. '.·: .. '• ., ' ... :·i,··.·::··! ·, .' :,-

· .. : ......... . 
• < l.~ ·. • • ' ' • I '• • ~' 

l .~ ... ·:,:· •• ' ' • • : :.-;.·~· ·! ' . 
. _., ...... ,;·, (· . · ...• ·.· 

... - '"• ./.~ ;'·. ·:·.·. . " . 
..• ~ .~-, '-. ·.<. . . ' ... ,·. 1 .. ,! • ·:' • • , • 

, ~ .• ' _'· ~·. I·. : ·:. :: '.. ~- .• '; 

' . . :. ~' 

.. :-~ 

. . . . ~ . : . 
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The NSCl ~~:e of formation .in th~ s2c12~dependent region was' calculat·ed 
·. •,. 

on the basis of' .. 
~ . ·- . ·;i - .. 

,. ·: 
'.,;-. 

The fact that< the NSQl formation 

. {':. :~· ':; :. .,· ': ..... 
rate becomes indep~ndent of the 

;· ).: 

' .. ·~~·- S2Cl2 fJ,o':' rate at.the higher flow rates indicates that the two reactions 
... _.:· ·, 

" 

. ,: . · (NSCl fo:rniaticm and. ~ecombination) ·have the same s
2
c1

2 
dependenqe. _ ·. Other~·:· ; : 

' :wise,· the NSCl fo:rniation rate would be expected. to ,go eithe~. U:P or down· 

·., at higher. s2ci2 flow~:rates J depend.ing ori which reaction had· 'the. ~ighe~ . 
. . ) 

.• order· in SgC12 ~ Both; reactions. are apparently first order in s2c12 , since 
.:-~ ~ ~. . . . ... . 

'· '. . . ' 

· · . all · of the known nitrogen atom recombinations are first order in the inert 
.. ·. 28 

molecule. 
. . 

The amount .of .s2c12 required. to extinguish the nitrogen afterglow is 
~ . . . 

·. · · ·.very small compared to the amount of undissoctated molecular . nitrogen 

(
. -4 -1 ' . -17 . . ' 

'present. Typical flow rates were 10 moles sec . N2j\;and.:lOn mb.ili.e.as 

The s
2

c1
2 

must b,e a ·considerably more efficient third body 

for .the nitrogen atoin recombination reaction than molecular nitrogen. '' 

.. 
·. A lower limit for the value of the rate constant k8 Cl for the 

2 2 
·reaction 

(III-:2) 
·.- . 

can be palculated, 'ass\.uning that the. reaction ;rate is second orde:J;" in (N); . 
·.'. . .; ... · 

and the calculated. ~onstant can be compared. with the rate constant ·k 

1 • .~ ~·5.7 ~ io9.e2 .mole~2 sec-l ~or the correspondihg reaction in :whi~h N2 
2 .· .· . . . ,,·' . . .. 28 ,-·: 

·- .. 
. · ."~ 

instead of S2Cl2 serVE;!S as the third body. . 'J'he rate constant' for -~·· .... ·' .• ·'' :·1. 
·:-:·· 

reaction · ( III-2) is easily derived.. . The rate of formation 
'·'I': 

I .l·· 

·_,, 

· .. ·. 2. . . 
= kS Cl (N) (S2Cl2). 

2. 2 . .·.· ... 
·/ . :·,I,.··. 

~. ... 

' ' 
..... _,_ 

-;.' '··'.! . 
; 

·' '" 
'v 
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~ ... 

If w·~ let N be the. initial concentration of nitrogen atoms and_ x be the . · 
·. 0 

" 
concent:ration 'Of N2 fOr!Jled_ at any time t, :minus_ ~he initial .. concentration 

_of ·N
2

, the differential. rate equation becomes 

. {' 

(The ~oncentration· of-· s
2
c1

2 
is presumed to remain constant because the· 

· s2c12 destroying reaction is slow compared_ to the recombination reaction . 

. A look at Fig. 3 will show that. the s2c1
2 

concentration does change by 

about 30%, but this will have little effect on the magnitu(le of the rate 

constant). The rate equation, after integrating and applying the initial · 

·conditions, X= 0, at t = 0, is 

The time t ·in the above expression can be approximately determined.· 

As mentioned p-reviously, the. reaction of N atoms with s
2
c1

2
:_ is accompanied 

by a blue flame~ If we assume .that complete mixing occurs/ and that the 

b'lue flame marks the recombination reaction zone, the tinie of the reaction 

will be the time required for.the gas to flow the length of the flame. The 

•, observed flame_. length was 2 em when the flow rates ()f N
2

,_ N and s
2
c1

2 
were.' 

-4 • -1 -6 . -1 . 7 . -1 . 
. ·10 moles sec , 10 moles sec , and 10- · moles sec ·respectively. The 

velocity of the· gas flowing through the reaction vessel is essentially· 
. . 

. that of the molecular nitrogen. The . diameter of the reaction vessel was 

2 em, the pressure 3 mm Hg, and the temper-ature 298°K. ·.The volume of N
2

. 
~ . 

,. 

per sec. flowing in the , system is. therefore, 
~~ii .. 

··\ 

. i 

./. 



' 

-~ .. 

·: 
.' ... -;_ ~. ·. 

'· 

,.;:: . 

· .. 

.. ; 

·,: :.:' ........ · •,. 

" ~-

... 
. -~ ~ 

. ,.; ' : 

; . 

The_ velocity v of.the gas is. then 

I . 

_I .• 

\ '.· 

...;.' 
. ' 

:.. .... 

.. . ' ... 

~ ..... , 

'·. 

·._.,_ 
' . ' . . 2.0x102 cm· .. _.·; 

· · sec .J· ·. 
· ..... 

··.)· .. 
·,- ' ' 

i. ... -· .• -~ ., . •, 

,_,. 

.. · .. 

·,_ 

.. And th~ time .t required for the gas to travel. 2. em. is 
·*-: ·' '. 

, ... 

. ·.,,· 

. ~; . . .. ' 

. ~· ~ . . 
'._J _ _.. 

~- : ·, 

2 em t = __ _....c;..;;:.;_ __ 

2.0 X 10
2 

em 
sec 

.,·' 

·,. 

sec. '\ 

Before numer.ically calculating k it is necessary to calculate . s
2
c1

2 
:1:,~ :.:. rc , .... , • 

. the N atom and s2c1
2 

initial concentrations. This can be done knowing 
; . . .. 1 

that :. 62 £,sec- . of gas. fiow through the SJ:fitem. The initial .concentration 

6 ·· --6 moles 
- 1. x·lO· . £ ; 

/ (S.2C1.2) = 1.6 x 10-7 moles 
. . . £ 

;l 

The only remaining unknown is X• . We can 'assume that the reaction 

. is complete.when 90% of the.N atoms have recombined, that is when . .} . 

·:.< '.·· . 

. ,· 
. ' -

.. t A plot of the rate of recombination (~~) vs. "t;. for .the . reacticm. sho,_;s 

inimed.iately that th~ assumption is valid •. At the point where X = .45(N )./ . , 
. . . . . ·-2 ·. i. . . . .. · .. . 0 •, ... 

the rate has dropped·to 10 :times its original value and. decreases very 

slowly from then on. 
'.· 

. ' 

... 

'•' 



' t ~ . •. ~ :· . ; ·. : ~ .:.· . 

. ' 
. . : .j -~' 

,.,.·. 

' : 

' " 
1. 

-20-. 
. ' \ 

. \ 

.. _,, ··'. '.4. ·: , .. 

(1 .• 6x1o- 7 . m~l~) (~:.6~10- 7 m~le),(l0-2 
- .·• ·i 

. ' ~' . . . ;.:: ., 

· (The value . of kSF'-:i ia. probably. a lower limit ~ince th~ : ;,b se~d time is 

. an upper lim:L~, and the ,s2c12 concentration decreases slightly during the 

·reaction). If one c~eulates the rate constant k
8 

Cl when·x.= .• 49(N
0

) 

(the reaction is 98%c~mplete),,.the value is 9.6x1~152JFmole-2 sec-]: 

.. 16 2 ' -2 . -1 
. or approximately 10 .. .£ mole sec • 

. . . . 15 16 2 -2 ,;;1 
A rate constant . of. 10 -10 .J, mole . ·sec for a normal trimolecular 

recombination reaction is not possible. 
. . . . . 42. 

Kinetic theory predicts .t::ri- .. 

,mol~cular rate constants of 109-1010 
£

2 . mole ":" 2 sec -1,. weii below the 

.10l·5 ~--1016 i,2 mol~ - 2 · sec-l observed for reactio~ (III-2)'. (The: rate· . 

constant for the .recombination reaction with N2 as the third body can 

. · be considered a :tyPical trimolecular rate constant. .It has the value 

9 n2 -2 . -1) 28 
5. 7xl0 k mole s.ec • In ord.er to explain. the. increased rate of 

reaction (III-2), it is necessary to propose the formation of an inter~ · 

mediate complex such .. as IN· s2c1~]. · The mechanism for reaction (III-2) ca~ 

.be::,'formulated as· 

* The rate. of formation of N2 wi~l now b'e 
;_: -· .r .. f• 

- ' ". 

* 
'• 

. . ~ ·. ../ 

(III-2a) · 

'":' 

. ~-. 

··:· -., ;. 

'4 ~ ' :- '· ' 

* . The· steady state assumpti?,n has been applied to ,the complex [N.s2~12 ]. ,:; . 
. ~ . ~ ., 

,.· ... - .. -. ~: .. 

·'· 

,···.· 

• • 
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-... .. r-· . ,,.. 
·, ~· ; -

.. · .. ', .... 

·. . ... ·· .. '{we ~a've · neg~ec~·~d ~he <product form in~ reaction~). ·There. are: ~wo limiting 
........ 

cases for the ·r~te of. N2 f~rmat:i,on, k2 >> k
3

.(1'9') .or.k2 << ·k
3

(N) •. · -~~n .. · 

:k
2 

>>. k
3 

(N); .th.e·:·i~ac~~~~n lssecond order iri (N); artd .the rat€! ;co~stap.t 
has ~he v~lue k~~J:_~, .. ·_;·~f h~we;er,. k

2 
<< k

3
(N), the r:acti~n ·(.III~2a):b~-· 

. ' ·. . ~'2. . \' ' . . . . d:¢f~ . , . . .. ·· · .. _. 
:· .. comes first ·order :Ln nit~og€m, the rate law becomes dt = k1 (N)(S2Cl2 );-

. ' . . '; . ' . . . . -1 . -1· .. 
·. and. the rate constant_ is ~, a bimolecular rate constant in £.mole sec . • · 

.· ·.:' 

, , . The question that now arises is whether the. reaction ifl, second order 

·._·in nitrogen atoms. like normal recombination rea'ctions, or is. it first order? 

The nitrogen atom .dePendence cannot be determined from the data •. How.ever, 
' . 

there are two reasons .. why the reaction is probably· second order ,in (N) •. 

First, if ·we. consider the reaction to be first order in nitrogen 

with a rate ·law of 

; -·· 
·· .. · 

. •' . . ~ <· ..;.,'. 
·. . . •,• 

' the rate constant k ·is equal to ~, which is the rate constant for the · 

· .. following reaction, " .·· 

: ~·· 

·,. 
,.·. 

· The value of ~ necessary to. give the observed rate can be·_. calculated from 

.. {, . 
the integrated ~ate expression, which, using the same notation and. conditions· 

. as earlier (e.g·. X=:'.· (N2 \ -(N2 )
0

),. iS . 
·.· . 

~ . ' . 

.·. 
"ln(N)-ln((N·-)-2X;)· .·z 

0 . 0 
kl_= 

·, .... ~· ·. .. 
; 

·i· 
·":':-·-' · ... 

. . , :. ·-~ .. :1•(0" • 

. , . ~ ' '\ 

.. i 

. . 
.··;.:-'.·· 

. ·•. ' .. ·, , •.. ~- . 
~:· .. ' .. 

.· 

. 
,, .. 
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. -~ t '' 

.. "' :. 
or·numerically~- ~l equa:Ls (x 

.. · . .:.2 
= ~45(N ), t. =:10 ~ set.) 

:· . 0 ; 
... 

. ' . . " . 

. (when X 

. . .·4 .. 9 -1· -1 
.. k

1 
= 1: xlO .£mole .· sec 

. .. '- .· - \ . 

= .49(N); k .. 
1
. ,_= 2.4x1o9.e mole-l sec-~).: 

. . 0 

.... , .. 

} : '· .. -: ~. .. 

' . . .~. 

. ' 

. ... : 

;.· •' . 

j • .. - ·:.: 
__ , 

. . ·-~ .... 
,· .. ~ 

· · rx· · · -1 . -1 ·· 
However, ~ coUl~Lbe .approximately 10 .£ mole . sec . _, _ sin.ce rate con- ,-,_ 

,·· 

· stan~s _for re~~tio~s' such_ as radical recombinations (e~g •. CH
3

+CH3, .... c2H6) 
- ··-. -• · - · -. · - Il . -1 · · -1 -·-. : _:- · . · · - 29'" 
or radical-molecule reactions of 10 t mole sec . have ~been- observed. , . . . . .. . . . ' ' ' . 

The observed rate-is thus approximately 100 times slower_than might be 

' ·· expected were the ~eaction first ord.er in (N) • 

. ·,'· 

. ·,, .. 

' ~-

• Secondly, we c_an calculate reasonable values for k2 and k/N) for 

reaction .(III~2a) which suggest the reaction to,be-second order i'n (N) • 

Assuming that -.the J?edombination reaction in which N2·sertlles~~ .a third. - -­

body also proceeds by a two step mechanism such {l.S. (III-2a), the rate 

_ expression for _N2 . formation will be 

~k3(N)2(N2) 
'.- dt · ·= k2. + Ie}N).-

·_:_."~ _~··.> ' . 
. ::.' .. : r/. - . ,_. _· .', ·- ·-. ' . - - .-.. :. 28' '-' .. -- ,' . - - . - '"' .- - -.... 

Since the. re~ct7on--i~ .ob~erv~d to,besecond order in, (N), ){2 ::-> k
3 
(N)~· >:. 

'.,, - - -_ .. - ' -_ . - - ~k3 . ) . - . 9 2 ;.2 --1 
and.the observed :rate constant~-- =---k- = 5·7.:icl0 £ ·mole. sec .. ~ By .. 

. . . -· '11 -1 2 -1 2 . -
assuming -~ "'- k3 = 10 ~ mo~e sec (reasonable rate constants for ·--. 

~"' ., . 

.... 
-' 

··.··• 
•' : ... t 

· .... 

• - this type of _bimolecular- reaction, see- above), .a value for k2 can be • · · 

calculated 

. . . 1022 sec":":;L __ ' "' 12 se·c· -1' .. 
k2 = 6xl09 = 10 . - . • . . . . , 

lr • ..-- -:- '-; .. -.. '.· .. _·- . ·,: ,,-; _.- -

. -;; If l]__and k
3 
rem~inunchanged _ili going ·fr~m·N2 'tts, th~ third body to. ,- .. ··:--.,~;: .. 

. '· .:.-. - .. :'' s
2
c1

2
, the <lo5 ":"106 .increase in. ks' Cl : qver · k:N- -can b~ attributed .to ,a·, . 'j ., • 

,,, - 10-$ -~06 decrease. in k
2 

which make~ k~ ."' 106 -1~7 . s~c.:.1 -for. rea~ti~n rriiP~a)-;:·. 
', :-·:· 

.·.· . 

-... : .. 

. ·.·. 

.. 

.. 

..l 
·.1 
-! 

• I 

'1 
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... · ,' 

~-:.r 

.. '· . . f:, . ~:o-: .. · ·' -~ ~ .: .. ~~. •: . ",· '• 

With the. conc~ntration. of N atoms 
5 - 1 . - -,· . -. -· '.· -

= 10~6 ~m~~e i 1 , _ k
3 

(N)_-equals .lo,1i_(l0-6 )- =· >-

.10 · sec- , and' k2 : ~ .~q-100~3 (~). · Tlie_refore,. the reaction could_. still be 
,' : ' ,'.'I • ', ~~~ 

.second ord.er :in'; (N)~ 1 ~-
- ; \ . . . , __ ,- i / . . \ . .· 

D. -Effect of Surface on the Reaction 

·: .·. 

-. -
)'•' 

The· same ~SCl. versus s 2c12 behavior would be expected if· the reaction 
. . 

were surface-cont_rolled, with .only the s 2c12 absorbed on the surf~ce subject. 
. : ' . ' , . 

to attack. In order to check this possibilitY reaction vessel (B) wa~ 

_assembled. 

·.·. Since the reaction is accompanied by a blue flame, the reaction zone 

-. 
can be easily observed. In reaction vessel (A), the blue flame does iri 

fact touch the walls. In reaction vessel. (B),_ the nitrogen atoms are 

introduced through the center jet and the s2c12 along the outside. At 

high s
2
c1

2 
flow rates, no nitrogen atoms would. be expected to reach the 

-.walls of the reaction tube! . Thus, any NSCl which would form would have 

to be due to gas phase reaction. - In actuality, even relatively low s 2c12 . 
. . ' .. 

;f'low,_re;j,_§S3 c~used the f'lame to shorten and. be confined to a small volume 
·; .. ~: ' . 

right at the end of the nitrogen jet. 

The results obtained. with reaction vessel (B), are shown in Table II. 

(fN and fs Cl are the flow rates of N atoms· and. s2c12 respectively; 
2 2 . . . . . . . 

FNSCl is the rate of f()rm~tion of NSCl.). The data presented in Table II 

cannot be correlated directly with the data in Table I, since the two 
. -

reaction vessels (A) and. (B) were of·d.ifferent desig!J, and. no' attempt was made 

to duplicate the condition~·. (i.e. gas velocity, amount of reactant per 

c'ross sectional area). However, it can be readily seen that appreciable.-
- ' ( . 

).'J'SCl yie1d.s are .obtained. from a gas phase reaction. This· indicates that 

the reaction is not surface controlled • 
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TABLE 'II :~·Data· from 'Reaction Vessel (B) 
'' ...... ··:.:,J~:..:.:'' ·: '• '. . \ ·' : .·, . . ' 

. -1 ,. 
fN(ti moles sec ·. ) 

-1 
· fS Cl (11 moles se9:- ) 

' ' 

....... ' 2' 2 J 

. >" 

'.· 

.L5 
1-53 

'0.76 
·--~ 

10.0 
0.304 
0.167 

·0~09-

, 0.099 

o.o48 

E. The Nitrogen Atom Dependence of. the Reaction 

The effect of the.nitrogen atom flow rate cin the ratec0f:l.f.orma.t:ton 

of NSCl was determined. by measuring the rate of formation of NSC1 at 
I• ~ ' ' 

:.; 

several N atom flow rates. The flow rates of s2c12 ~sed w~re large enough 

to be in the ~,'p~ateau" region (s
2
cl

2
-independentregion; see Fig, 3), and.· 

can be consid.ered ·constant. The molecular nitrogen flow was also held 

constant. The nitrogen atom concentration ·was varied. by varying the power 

output of the microwave source. The results are shown .. in Table III. A. 
. ' 

plot of the NSC.li rate· of formation versus the nitrogen atom flow rate is·. 
• . . ' t 

· shown in: fig. 4. The' rate ·of formation of. NSCl. is observed to. increase 

linearly with: an incfease in t]1e atomic nitrogen flow rate. This indicates 
"' 

that the rates of th~ NSGl formation reaction and. the recombination reaction 

have the s~e •. d.ependence on the flow. rate of N. · 

:' -,1 

F. Mechanism Discussion 

·.It must. be noted that the· data relating the rate of formation of 

•·· NSClto the s2c12 flow rate (Sec. c) and the atomic. nitrogen,flow rate 
. . ' ' . ' 

:. (above) may not be. conc;Lusi ve evidence for. the. true kirl:etic dependence 
'' ;., '. 

on these two reagents. , I 

The kinetics will deP;end ·on the nature of the flow in the reaction 

..... ' . 
'. 

'•' 

·.• 'j.l" 
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TABLE :III. > !'litrogen .Atom Dependence. of .the NSCl Rate· of<:Formation 
' ~ ' ' .. : : .,-, . ' ' ' '· ~ ; 

,·· .. 

·-r)· 
fS Cl (11 mole~. sec -l) ~N~Cl(ll.mole 

. J . < ; . _,. ------'---------___;2:;;,._...;;;2;..._-'--___;-__,\...;..' ----· ------------,---
\ 

sec · .. 

~ ' . :\ 

.· .. •/. 

O.jO 
0.47 .· 

0.13 

0.11 

0.16' 

0.18 

0.19 ·. 

0.11 

0.26 . 

1.20 

0.020 

0.027 

0.038 

y 0~050 

· o.o48 

. .... : 

.~ -~ . 

. ~ \ 

.·' ·., 

• • J 
' ~.. ... ' .~ 
.· .. · ... 

'( : .. ' 

.~ ~ ... 

,0.78 

0.82 .. · 

1.02z:···., 

.1.17. 
•·' 

·'. 

. . 
.... 1 ~ 27·~· ' ~ :',~. • 'I. 

... .... 

'· .. ·. 
,, 

/ .. 

o.o6o ,- : · · .. ' 

0.059 ., : 

····': 

'iii~·ssel., .·Reactions carried out iri .flow systems of. the type used here· (no 

preliminary mixing) may be. diffusion reactions, ;~e:n ·the reaction is fast 

compared. to the rate of mixing, . homogeneous reactions, ·when the . reaction 

is slow compared to the rate of mixing; or intermediate when the . reaction 

and the mi¥ing have .comparable rates •. 

. The' reaction was clearlY: not apure diffusion reaction because the 

. :_ operating pressure was J. o..,mm Hg . (simple diffusion reactions. only occur 

·at·· row pressures (o.oor.::o~or .. .r:nm Hg)). 29 ·Furthermo~e, •for reaction vess~{. 

·;·' ·,··~ ... 

~ .. 

· ·. (A), the fl8me, .if it were a simple d.iffusion flame, would be spherical in 
·'' . 

.. .. . shape and centered on the s2c12 inlet nozzle .. (diffusi~n should occur · 
. • t ., ' 

. .. 

···equally in .all d.irections.) The observed flame was by no means spherical,, 

.• .· but. was elongated and pointed. downstream •. Thus, treating the reaction as 

a siniple diffusio~ reaction would be meaningiess. 
~ ·~: -~. : . . . . .. . .. . . 

. . . : ,~· 

. ··. Since, no rigorous treatment. can be applied to a> C<?mbination .• ...... 

·diffusion-homogeneous reaction, we ha\re ·used. a homogeneous reaction: · 

.· 
_·; ., ·.·· .' ··. <·.· 

. ... ;,t . 

. : l, 

:. ; ... 

, .... ,· .. 
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treatment for th·e mechanistic interpretation. For the rea~tion to be 

homogeneous, .complete· mixing of the reactants .• should t~ke place before 
-\ 

···. reaction~ The flow. rates .of the reactants. would thEm .be proportional to 

. .· . . \ . . 
· concentrations, since the molecular nitrogen flpw rate remained constant .... 

(changing the ~low rate of ei t~er the atomic nitrog~n or the' s2ci2 woul~· 

be equivalent to changing its concentratio~n .. In add.ition, ~e have appiied · 
' - ' . . . 

the steady-state a~sumption to the ·intermedi~te .~omplexes (i_.e. [N·S2C12 ]) •. 

The application of this type of,kinetic treatment.for active nitrogen 

reactions is not without precedence. 
27 . . . 

Forst; et.a+· applied a similar. 

treatment to the reactions of active nitrogen with methyl chloride and 

.. . .. . with methyl cyanide. 
'• . 

. .Several mechanisms can be proposed which will explain the data. · 
. . 

These mechanisms can be divided into three generai. categories,· designated 

here as Case A, Case B,, and Case C. In all three Oases, the recombination 

reaction will be reaction (III-2a). In Case A, the competing reactions · 

· . hav~ a common intermediate compl~x [N· s~ci2 l. The NSCl formation reaction· . 

is theneither,a unimolecular decomi>osition of the.[N·s2c12 ] complex formed. 

in the recombination reaction, 

k .·· 

(A-1) · [N·S
2

C1
2

] - 4->· NSCl + SCl , ... 
·.; 

,. 
or an attack of a second riitrogen atom on the complexrto form either 

one or two NSCl's,· 

. __ ,,, k4 
· (A-2) ·.· N.+ [N."S Cl ) .-· -> 2NSC1 .·._, - 2 2 

. ~ .. _ .. · ... _, ' ' .• 

'. ~. . t d;_, ~.-

- ' . 
. ·_:. (The :Pr.oducts NS + Cl were chosen over NCl + S because the former· 

' .• .. : .. 

·. ' 

- .·, 

.. 
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. · are more ·stable·. ) · ·. Prod,uct ·formation reactions, shal'ing a common. inter.-

.. mediate with the nitrogen atom recombination re~ction, have. been proposed .. · 

.. , . 13,26,27· . . . . . , .. 
on seyeral previous occasions .. to. explai~ .active nitrogen reactions. 

·. I . . 
Case B assumes that both reactions (recombin~tion and.product forma-

tion) proceed via complex formation.,. but with each having a different 

complex (separate complexes). The NSCl formation reactions will then be 
. ·' 

.... 
k5 

) (N·S C!l ]·· 
<. •• ,·, k6 2 2 

; . 
! '.' 

. : >~ .. ,.: _·.·. . 
. . . ·~ :'.{ ' 

. f· 
. ;.· 

.· ~ . _. 

··.· 

.. · 
·· .. · .. ' 

*t .• 

; . 

. , 

~B-1)~ .[N•S Cl ]' 2 2 ,. 
k7 

> NSCl + SCl 

(B-2): 
k . 

N +. [N·S· Cl ] '·-7-> 2NSC1·. 
2 2 

'· 

'k ·. . .. 

. . , N + [N·S2ca2 J' ~> NSCl + NS_+:Cl, .. 
( . ,. 

·. ' .' ~ ·". 

-~. 

wh~re '[~·.s2cl2 ]' is some. complex other ·than the one forn{ed in reaction 
·.··, .. ·' 

(III-:2a); Mechanis~s, as in Case B, have ,not ·yet been proposed in. ex-, · . ; 
plaining active nitrogen reactions, but we see no .. :t:eason why they are· 

not equally as probable as Case A • 
.. ' 

· Case C· is the simple case in which the NSCl formation reaction is 

,assumed to proceed without complex forma.tion. 'Jih:is corresponds to Case 

B when.the lifetime of the complex [N·S2ci2 ]' is very small. The NSCl 

formation reactions are 

k 

:.;· 
' ~. . , ... 

- ..;' 

NSCl· +· · SCl· 
·,.· 

2NSG1. . .· 
','' ~: . •. ~< 

• ~~ l .• 

. , ', ::·' 
. '· . ...,. ;.·;:'] 

.. '' 
'.,· ' l ' 

": .. • . 
,-.· . 

~·. ·~ . ·N + N + S Cl ~> ,.. 2 2 NSCl + NS + Cl · 1 . . 
. .. 

·~. . . ,'_I·· • .. , ' . ... ·.: .... 
.. '.{ . 

'· •. , 1 •• 
• k·,' 

. ·.t 

' i .... 

... ·. 

':· 



-28-

·Some of the above mechanistic possibilities can be eliminated·because 

.. they. fail to predict the observed nitrogen atom dependence. For Cases 

B and C, the rate of formation of N2 for the. relombination reaction 

kl 
N + S2Cl2 "k2 

is (assuming a steady state in the complex) 

· (rrr..:2a) 

. The rate of N
2 

formation has two possible nitrogen atom dependences, d.e-. 

pending on whether k
2 

is greater or less than k
3

(N). Therefore, the 

. nitrogen atom dependence predicted by each of the mechanisms in Cases B 

and C will also depend on the magnitudes of k2 and k
3

(N). For Case B, 

reactions (B-2), the nitrogen atom dependence predicted will also depend 

on ~ and k
7

(N) since 

··~·-

Case A is somewhat unique since the NSCl formation reaction also requires 

the intermediate complex from mechanism (III-2a). 

of N2 for Case A reaction (A-1), will be 

. . 2 
d,(N

2
) k

1
k

3
(N) (s

2
c12 ) 

dt . =. k2+k4 +k3 (N). 

* 

The rate 6£ formation 



. " ·_,., 
·.·· 

and for (A-2) 

. .' ,; 

,•I' 

d:(N
2

) 

. dt 

I 
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Table IV is a tabulation of the mechanif;lms and, indicates which ones 

. ·can be eliminated. on the basis of the observed ~nitr~gen atom dependence. 

It also shows· what conditions (as regards rate constants) the remaining 

mechanisms require. (The calculations made -in preparing Table IV are 

given in Appendix_Sec. F.) 

SeveraLmechanisms are consistent v:ith the observed nitrogen' dependence. 

It is iffipossible, on the basis of the observed data to determine exactly 

·which of the mechanisms is most probable. It -is, however, possible to 

draw some conclusions. 1f the mechanism is .Case.A, that is, a common inter.-

mediate is shared by the competing reactions, the _NSCl formation reaction 

is (A-2) regardless of the relative magnitudes of k
2 

and k
3 

(N). Further­

more, if the recombination-reaction is second_order in nitrogen atoms 

(k2 >> k
3

(N)), the NSCl formation reaction must also be second order in 

(N). Only for k2 << k
3

(N), w~en the recombination reaction becomes first 

order in (N), can the NSCl f'ormation reaction be first· order in (N), and 

then only for Gase B or C. 

As mentioned previously (Sec. C) it is possible for k2 to be greater 

- than _k
3 

(N) and. still have the observed. r?-te of recombination ... (Whether <;>r. 

not k2 is in.fact_greater than k
3

(N) cannot be dete~mined witho~t actually 

measuring the nitrogen atom dependence of. the. reco~bination.) Assuming 

this to be the case, the NSCl formation reaction.is second ·order-in (N) . 

.Since there is no way to distingufsh among react.:1ons.(A-2),((B-2), 

k6 >> k.r(N)), and (C-2), the NSCl formation reaction can only be 



·· ...... 

Mechanism 

-· 
Case A 
Common Intermediate 

... 
- . 

.. 
~ 

Case B 
._-Separate Intermediates 

-. 

·-

.. 
.• 

·- ·. -

Case C 
No Intermediate 

,. 

:-

TABLE ~V. Mechanisms for the Reaction of Active Nitrogen with s
2

c1
2 

Product· 
Formation 
Reaction 

(A-1) 

(A-2) 

(B-1) 

(B-2) 

k6>>k~ 

(B-2) 

k6<<k~ 

(C-1) 

(C-2) 

d{NSGl) 
dt-

k4~ (N)(s2cl2 ) 

k
2

+k
4
+k

3
{N) 

2 2k
4

k
1 

(N) (s
2

c1
2

) 

k2+k
4 

{N)+k}N) 
. - .. 

k.yk
2

(N)(S2Cl2 ) 

k6+k7 

2kTk
2 

(N)
2 

(s2c12 ) 

.k6 

2k
5

(N)(s
2
cl

2
) 

k8 (N)(S
2

Cl
2

) 

2 
2k

9
(N) (S2Cl2 ) 

dt 

- 2 
k

3
k

1 
(N) (s

2
c1

2
) 

k
2

+k
4
+k

3
{N) 

. 2 
k

3
k

1 
(N) (s

2
Cl

2
) 

k2+k4 {N)+k}N) 

2 .. 
k3~ (N) (s2c12 ) 

k
2
+k

3
{N) 

2 . 
k

3
k

1 
(N) (s

2
c1

2
) 

k2+k3_(N) 

. 2 -
k

3
k

1 
(N) (s

2
c1

2
) . 

k
2

+k
3

{N) 

2 
k

3
k

1 
(N) (s

2
c12 ) 

k
2

+k
3

(N) 

- 2 
k

3
k

1 
(N) (s2cl2 ) 

k2+k
3

(N) 

d(NS81) 
d:(:~2) 

k4 
k

3
{N) 

2k4 

·k 
3 

k2k7 (k~+k3 (N)) 
kl k

3 
{N) (k6+k

7
) _ 

2k
7

k
5 

(k
2 

+k
3 

(N)) 

k6k3kl 

2k:2 (k2 +k
3 

(N)) 

k
3
k

1 
{N) 

k8 (k
2

+k
3

(N)) 

~k3 (N) 

2k
9

(k2+k
3

(N)) 

klk3 

.•• :;JJ· 

Recombination Reaction 

t t ·-
·Inconsistent Inconsistent 

Consistent Consistent 

Inconsistent Consistent 

.. 

Consistent Inconsistent 

... --
Inconsistent Consistent 

Inconsi"stent Consistent 

... 
Consistent ·Inconsistent 

t Indicates whether the mechanism's predicted nitrogen atom ·dependence is consistent or inconsistent with experiment 
when. the ind_icated relative_ values of ~ and ~ (N) ~:re ~J2~1:1!.¥S:~· 
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represented by one· of the 'general reactions 

\:. 
(III-6) · 

'· (III-7) 
.' .. • 

G. The Reaction at Elevated. ·Temperatures 
~ . ' : 

. . ~ ~ 
.• 

The: NSCl rate of formation would be expected to increase at higher 

temperatures. The nitrogen atom recombination reaction surely has a very 

·low activation energy whereas the NSCl formation reaction would. have an 

appreciable activation energy since bond breakage must occur. 

Reaction vessel (A) was modifi~d by adding the two thermometer::? (h) • 

. The decision to use thermometers for measuring the temperature· instead of 

thermocouples vras due primarily to ease of modification of the· reaction 

vessel. 1 . 

The two reactants were preheated with ordinary heating tapes wrapped. 

around the. tubing leading to the reaction vessel. It was found necessary 

to insulate the reaction·vessel in order to prevent the reactants from 

again reaching ambient temperatures due to collisions with. the cooler 

walls. 

The reaction' vessel was heated to the proper temperature by allowing 

the heated nitrogen to pass for several mi.nutes before starting the reac­

.' tion. · The reaction was then carried out as usual except at the higher.· 

temperature~ ·The results are shown in. Table v. ·(The symbols. fN and 

f re.fer to the flow. rates of nitrogen atoms and s
2
s12 respectively, s2c12 

FNSC!l is the rate of formation of NSCl .• ) The expected results are ob-

. · .tained, 

' 
. It would have been interesting to have gone to increasingly higher · . r . . . 

• I 

'· 
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TABLE V. Temperature Dependence. 

-1. 
fN =0.9 ~oles sec 

T ( Sec-l)r fs Cl ~oles 
2 2 

R.T. (30°C) 

· 100°C 

.120°C 

320°C 

320°C .. 

0.19 

0-37 

0-33 

1-29* 

0.24* 

.·., 

-1) FNSCl (~ole sec · · 

0.037 

0.073· 

0.077 

0.135 

o.o88 

.Considerable decomposition of the s2c12 takes place at temperatures 

above 180°C. 

temperatures until the limiting yield of NSCl was found, particularly to 

see if total nitrogen incorporation was possible. However, such a. study 
: 

was not possible since s
2

c1
2 

decomposition began at 180,~C, and was quite· 

significant at ·.320°C. 

H~ Mass Balance 

··. In two separate runs, the quanti ties of all products were determined. 

The NSCl, ast:msual, was determined by weighing after conversion to 
. I • 

The remaining product~ were weighed directly. Unreacted s2c12 , 

SC12 and Cl2 were separa;ted by fractional condensation-, through a series 

·. of three cold traps. The s2c12 could be removed at -63°G,. the SC12 at 

-ll2°C, and the chlorine at -l96°C. The products, after separation, were 

transferred to a tared bulb and weighed. The solid products, which formed 

in the, insert tube, were also weighed. 

The results of the two runs are shown in ,':Cable VI. The "s2c12· used" .:, . 

is, of course, that which is added to the atdmic nitrogen.stream during. 

.. 
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.• 1 
I 

TABLE VI.'. Mass Balance for the Reaction of Active Nit}'ogen :. 
. . with s 2c12 

. fN(~oles/sec) ·. 

·Run #11 RUn #2 · 

0.9 
I 

1.02 

· fs Cl(!Jmoles/sec) 
·, . 2' 2 ' ' 

o.o68 0.11 

., ... s
2

c12 used (moles· X 104) · 6.9 9·3 

'. 

. .' . 4 
' s

3
N2Cl2 (moles X 10 ) 

.'::: _- .. · · SC1
2 

(moles X'l04).. observed 

. ; . ~ 

·from Reaction (III-1) expected 

. Cl2 obs~ (moles X 10
4) 

. · s 2c1_2 unreacted (moles X 10
4) 

Solids obs. · (gms) 

a 
. . . s 2c12 accounted for 

. . . ·. 4 
(moles X 10.) 

. . ~ 

. Sulfurs added (moles X 1o
4) 

.. ' . . · .. 4-.b . 
·. Sulfurs recovered (moles X 10 )· · 

. . 

2.0 2.6 

'1·9 2.1 

2.1 2.5 
"· 

1. 7 . 3·2 

0.5 o.6 

0.013 0.028. 
..• 1. ;.,:· 

a.· s 2c12 accounted for is the sum total of the s
2

c1
2 

unreacted plus that 

required in the following reactions:. · · 

. : -; (III-6) 

2NSC1 + s 2c12 -+ s
3

N2c12 + SC12 ., ' 
(rrr~l) 

. ' •. · <. :,8~Cl2 -+ s 2c12 
, .. 

(III~lO) 

(The substitution of reaction (III-7) for reaction. (rrr-6). leads to 

. exactly the same results). 
'•. ·. ··~ ': . ' 

' . . ~~ 

·b._ Recovered as s
3

N
2
Cl

2
,,_ SC1

2
, unreacted s

2
c1

2
, and solids (sulfur _or .(NS\)· 

:c Assuming the solid in.the insert to be sulfur. 

d i 

Asiuming the solid in the insert to be (NS)x, 
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the run. The "unreacted s
2

c12 " is that which is, recovered unchanged ·in 

the traps. The remaining s2c1
2

has then reacted to form either NSCl, or 

other products (i.e.,· SC12 , s
3

N2Cl2 , _S-8 ~nd, Cl~)~ It is important that · 
. . . . \ 

· eit~er all the: s
2

c1
2 

be accounte.d for, or that ~·sulfur balance be obtained. 

The Table gives both an s2c12 balance and -a, sulfur atom balance. 

Run #2 gives a very good sulfur balance •. In Run #l.the ·"sulfurre.,.. 

covered" is lower than 
II · If . 
sulfur added , but .the difference is within the 

limits of experimental error (10%). Run #2 is also consistent with the 

fact that a portion of the solid. in the insert ~s s4N4• 

The amount of SC12 observed in the products corresponds to that 

·expected from reaction (III-1) alone. Apparently, SC12 is only a secondary 

product and not .formed in the initial reaction of- nitrogen atoms and 

s
2

c1
2 

•. 

It is not possible to determine anything further about the mechanism 

from these data. Two reactions were proposed ((III-6), (III-7)) for the 

NSCl fomation reaction. They 'differ in the amount of NSCl that can be:_' 

obtained from ope s2c12 molecule.. . The data in Table VI will not allow us to 

distinguish between the reactions. 

NS is a principal product of (III-7) and not (III-6). However, little 

NS (as (NS)x' s4N4) is actually observed in the product~. ~is· is partial 

evidence against r~action (IIl-7). NS apparently reacts with nitrogen 

·. 'atoms_:L4 : 1 ~o form nitrogen and sul:fur: 

N + NS """-'--~> N + S. 
2· 

(III-8) . 

Sonie of the NSmight be destroyed before appearing as products if reaction 

· (III:-8) were fast compared to reaction (III-2a). 
. . . ' b 

But, _in the reactions ~f 
1·" 

active nitro~en, with_ H2s, COS, or cs2 (see Article IV), essentially the; 
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-· 
same conditions exist_ as .far as the recombination -reaction is _concerned, 

-~ : 

and (NS) is found _in appre6iable·yields. ii1 .spite:of reacti~n (III-B). 
- X - -. . - - . , - - . , - --

Reaction (rn>t) is not necessary to expliin: the presence of the 

small amounts o.f s4N4 and (NS)X' A small .amourl.t of NS can easily be formed · 

by reaction (I·II~ll). 

· The reaction- of active nitrogen with s2c12. may be represented by. the 

~ _. •- ,- mechanism• . ' '_, 
! '· .. ~ :.. ' 

.· .... ; •' :.··, . * ' _ N ~ . [N.·~~~C~ -+ N2 + s2c12 , __ _ (III-2a) -
·:> -_ ,• 

,·_ ,-
r ,•1 · •.. 1 

-·' /, 2N-+ S2Cl2 -+ 2NSC1 ~ (III-6) 

.• ;' '• ._, * 
The electronically excited s

2
c12 produced in reaction' (Irr..:2a) probably 

,-. 

';; und~rgoes two reactions '' 

', .. 

* * S2Cl2 ' + M -+ __ S2Cl2 I+ M 
... .. _-:·. 

(rrr ... 9) 
~ ... ~, 

·- .·._ 

(III-10) 

Reaction ··:(III-10) is q~ite probable since the amou~t ~f. :energy available 

from the rec'6mbination (225 kc~l) is more than sufficient to decompose 

the s2c12 .molecule. This is probablyanother principal s
2

c1
2 

destroying 

·reaction. 

: Smail amounts of NS are possible from th_e reaction of nitrogen atoms 
---_ 14' ' 

· with the s2 formed. in reaction (III-10), 
:.:_::.<_,.·:· . 

~ .... ' . ' 

:" . 
. -. < . 

.•; :· 

. ~- ~ 

,::.::· .. ·. ,\··; .. 

. .. ,• 

. ~. . . . ~ .. ' 
.. ,., 

_ ... ,, __ _ 

.:,_ 
¥•. 

N + s
2 

-+- NS + S · • . .. 
'.,' _.,. '•·-

:~ --~ .~ .. -:. 
.... .' ~ .. -. . ... ' 

. . ' . . . 
,;1 -

i· . ' . 
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; ··,;.' . _·:_.-_.' 

··-. •··· .· , . ..- ·.·. 

. ' 
~- · .. ', 

(<' 

'. ;,.· 
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.·. IV. REACTIONS OF ACTIVE NITROGEN WITH COMPOUNDS 
' 

HAVING INTERNAL SULFUR ATOMS 

A. Sulfur 

The reaction of N atoms with sulfur has been investigated on· several . 

occasions. · Strutt10 sublimed sulfur into a stream of active nitrogen and 

obtained a yellow product) suggested to be s 4N4J and a blue compound) 

suggested to be (NS) • He reported that a blue flame accompanied the 
. X 

t · M ld h d z· . 11 d 1 t · 1 d' h reac ion. o en auer an . DTimerman passe an e ec rlca lSC arge 

through a heated. tube containing nitrogen and sulfur• Th~y separated 

three products from the excess sulfur) 
·.. 41 . . 16 

s 4N2 ) and (Ns2 )x (probably (N~))· 

s 4N4J ~5N2 (later: shown to be 

12 
LiutiJ et.al. J recently reported 

that solid. sulfur failed to react with N atoms. Reaction to form "NS 

polyiners" (detected by mass spectrometryL was observed howeverJ when the 

sulfur was heated. A rather complete mechanistic study of the reaction 

of N atoms with s
2 

was recently completed by Bett and Winkler
14 

in which 

they also observed s 4N4J (NS)x and s 4N
2 

as the ultimate products. 

We have focussed our attention on the reaction of N atoms with s 8 . 

sulfur molecules). by working at lower temperatures (< 250°C). 

Initial experiments were performed in a crude apparatus not previously 

described in this work. The apparatus consisted of a straight quartz 

discharge tube which had .been sealed at right angles to a vertical tube . 

of similar d.iameter ("" 15 mm O.D.); the· latter served as a reflux column 

for the sulfur. The N atoms.passed through the refluxing sulfur to a 

series of liquid nitrogen traps. 

Spectroscopic grad.e · ( 99· 999+%) sulfur (American Refining and Smelt- ·, 
.~., 

ing) was used. for this study. The reaction was accompanied by a blue 
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flame. · Afte:r:- .operating. for several minutes, the· solid.s which collected 
·, 

in the reaction. tube varied in color from orange-brown near th~ .reaction 
. ' . 
· zone to blue in the tube above it. The volatile materials which formed 

' ' 

in the trap were .bro"Wn to orange in color. 

' \ ' ' 

Upon warming the traps, the . 

orange material melted to a dark red. liquid... This liquid behaved. much· 
~ 

like oil {beaded on the glass, etc.) and. decomposed. to solid.s on standing 

at .room temperature. It was found to have. a very strong iodine-like odor •. 

16 
These characteristics are the same as those of s4N2 . . The red material 

was also found. to decompose to sulfur and a non-condensable gas upon 

heating to a temperature greater than 100°C. The material was apparently 

s4N
2

• The s4N
2 

was found to be the only volatile product formed. in the 

. ' 
reaction. The vapor pressure of s4N2 is, however,. quite low, and it 

.cannot be distilled. easily on· a . vacuum line at room temperature. · In fact, . 

on occasions, s4N2 condensed in the walls of the :reaction vessel before. 
. . . ' . -

reaching the traps. The reaction was found to be non-reproducible as far 

as the yield of s4N2 was concerned. Reactions apparently performed uhder 

the same conditions gave different results.· Sometimes only traces· of 

· s4N2 were observed (visually); other times rather large amounts were ob-. 

served. (In one excellent run, the rate of formation of s4N
2 

was deter-

. -1 
mined. by weighing and. found to be 0.22;.f-J,rnoles sec The flow rate of N 

' -1 
atoms was not measured, but can be presumed to be about l-2 f-J,lnoles sec • 

SulfUr was in excess). Difficulty was experienced in determining the 

·s4N2 yield because s4N2 d~composes readily. at room temperature, and several 

minutes were required to transfer it to a vessel to be weighed. 

s4N4 .was also found .to .be present. It was .. identified by dissolving 

a portion of the solids in cs2 and. examining the infrared spectrum of 

the solution. (NS) was observed (its blue color was easily recognized 
X . . 
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in this system). 

Several ru.p.s were performed. in reaction vessel (B), in which. a 

chunk of sulfur had. been placed. immediately -.in. front of the N atom inlet 
\ . - - . . 

nozzle •. The sulfur was heated with a heating tlape to the point where_ 

sufficient sulfur vapor existed to create a sharply defined blue reaction·. 

flame. Essentially the same results were observed as before, except that . 

s
4

N
4 

was discovered in the traps along with the s
4

N
2

. This s
4

N
4 

probably 

came ·from the decomposition of the s
4

N2 to sulfur and s
4

N
4 

(some sulfur 

31. 
was also detected, by its reaction with mercury in cs2 solutions j s

4
N

4 
--

gives a negative test). In runs of 51 and 60 min. rates of formation of 

-1 ( s 4N
2 

?f 0. 02 and .0. 04 J.Jmole sec , respeoti vely were observed the actual 

yields were probably a little higher since some_of the s
4

N
2 

probably de-

composed). -1 
The N atom flow rate was approximat~ly 1. 5 IJ,moles sec . The 

s
4

N
4 

was never accurately determined, but it was never large enough for 

the reaction to be considered as a preparative method. Were it not for 

the difficulty-in separating the s
4

N2 from the. reaction products (the time 

required_to transfer it coupled with its instability), the reaction might 

be a preparative method for this product. 

B. -'Sulfur Dichloride 

Since .NSCl was found as a product of the re!lction of N atoms witP. ·· 

s 2c1
2

, it,was only natural to expect that it would also. result from the 

reaction of N atoms with SC1
2 

by a reaction such as: 

N + SC12 ... NSCl + Cl • (IV-1) 

The reaction was .studied. in reaction vessel.(A)~ SC1
2 
wa~ prepared.· 

by the reaction;~ of s
2

c1
2 

with chlorine on a vacuum. line; Fifty milli:metE!rs of 

purified. s
2
c1

2 
(see Sec. III-A) was distilled into a bulb of about 200 ml' 

·. 
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capacity. Chlorine, which had. been puri['i~d. by passing through a trap 

at -ll2°C. and condensed at .:..160°C, was int~oduced into i:;.he bulb ·to a 

pressure of about one atmosphere., The bulb was. allowed. to stand at room . -- I' . . 
temperature for several hours. (The chlorine aiJ.dition was repeated three 

times.) .The resultant mixture (s2c12 , SC12 and Cl2 ) was fractionally 

condensed in a series.of traps (.-63·5°C,-112°C, and -196°C). TheSC12 
' ' ' 

was collected at ~ll2°C. It was then redistilled. into a storage bulb. 

The bulb was weighed before and ·after each run •. 

The reaction, as in the case of s2c12 j was accompanied by a blue 

. flame. The intensity (visually) appeared less than that for the s2c12 

reaction. Very little solid formed in the insert· tube. The volatile 

" products were yellow-orang(;! in color. The infrared. spectrum of the . 

'' 

. volatile prdd'l+cts indicated the presence of NSCl and SC12 . Chlorine,.. 

identified by its reaction.with.KI, and itsphysical properties (color, 

approximate melting point) was also observed to be present. 

Yield d.eterminations were made in three runs. The products were 

separated. by fractional condensation through cold. traps of -63.·5°C, 

.:.ll2°C, and -196°C. The bulk of the NSCl was removed by the -63. 5°C 

trap •. A slight amount carried over to the -ll2°C trap where the SC12 was 

collected. The chlorine was trapped at -196°C. The yields were deter-

-· . . 
mined by weighing each product separately. The data are shown in Table 

VII . 

. A look at the chlorine :yield shows immediately.that :an excess of­

. chlorine was. obtained •. This. indicates· that. some of the. material added 

··_ to the nitrogen atoni stream was chlorine instead of SC12 • ·. This is not 

surprising in view of the fact_ that SC12 disproportionates to s 2c12 and 

·.:.~· ·. c:_; .,:~ 
1 •. : 

... ;' 
. : .. 
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.TABLE VIL .·Data for the Reaction of N. Atoms with SC12 

Run # 1 2 3 

fN (J.Jmoles sec -1) 0.89 1.03 1.03' 

t 
-1) fSCl (f-l,lnoles .0.17 0.16 2.32 

·. 2 
sec 

t 
SC12 added. 

' 4 . 
(moles· X 10 ) 10.5 9·7 67.0 

.FNSCl· ( f-l,lno~e sec -1) 0.037 0.045 0.23 

4 
SC1

2 
recovered. (moles X 10 ) 2.33 1.94 30.0 

· · S observed 
' 4 

(moles X 10 ) <O.J <0.3 

Cl
2 

observed 
' 4 

(moles X 10 ) 8.45. 8.05 .42.0 

t 
a portion of the material added was Cl2 instead. of SC12 · 

The reaction of active. nitrogen with SC12 may, pr~ceed by a mechanism .. · 

such as: 

(IV-3). 

(IV-4) 

N + SC1
2 
~ NSCl + Cl · (IV-5) 

* * ·.· SC12 .+ M -+ SC12 + M .(IV-6) 

With the.excess Cl
2 

around, one would,not ~xpect much sulfur or NS 

as products. This does not rule out reactions. such a:s: 

N + SC12 -+. NS + Cl2 

* .SCl~ -+. S + C1 ,;;; 2 
(IV-8) 
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Higher yields of NSCl can .apparently be obtained from· SC1
2 

than 

from s
2

c1
2 

at room temperature . 

. . . . ~ c. Thionyl Chloride I 
· We have briefly studied the. reaction of active nitrogen with thionyl 

. chlorid.e (SOC12 ). 
' . t ~. 

Crude SOC12 was·purified by distillation (in vacuo) through a -45°C 

. trap into a trap at -78°C •. The -78°C fraction was then redistilled into 

a tared storage bulb. 

The reaction was accompanied. by a blue .flame, whose. intensity appeared. 

to be considerably less than, for example,. that of the s2c12 reaction. 

(The. flame is possibly due in part to s
2

, since· s
2 

is observed when SOC1
2 

is passed through a microwave discharge~ 30 The 82 would probably arise 

from the d.ecomposition of the SOC12 after serving as the third body for 

the nitrogen atom recombination). 

The products of the reaction were found. to be unreacted SOC12, NOCL, · 

N20,. so2c12 , Cl2 and small amounts of 'Sulfur. The chlorine was identified.· 

by its physical properties, and. its reaction with KI. The NOCl, SOC12 , 

so2c12 , and N2o were identified. by infrared spectroscopy. In addition to 

the identified products, a very small amount of. an unid.entified red 

material was observed.. This red solid· formed in the traps as a thin film 

on the glass. It was insoluble in .all the ·common organic solvents, but 

dissolved with decomposition in 95% ethan~l. The yield. of the solid was 

typically never more 'than one or two milligrams in a· 90 min. run. 

t ' 
Th,e SOC12 used in this study caine from the Chemistry Department of the 

University of·California, Berkeley, and bore no manufacturers label. 
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Evidently; little ·or no reaction occurs between the N atoms and the sulfur 

of. the. 80Cl2 , even if the unidentified material contains a nitrogen-

suJ:;fur borid. - \; . 
The reaction may involve an initial attack! of the N.·atoms on .the 

oxygen.of the 80Cl2 to for.m NO. The NOCl, 80
2 

and N20 would then res~t 

. -~ t 
from the reaction of NO with 80Cl2 . 

D. Sulfur Dioxide 

. . 12 
Liuti, et. aL , · recently reported that when 802 is fed. into a stream 

of active nitrogen, the nitrogen afterglow is extinguiShed and no other 

-·emitting species is formed. They indicated, however, that reaction may 

have taken place but failed to elaborate. We therefore included so2 in 

the series of sulfur compounds studied here. 

_Reaction vessel (B) was used. as the reactio~ vessel. Addition of .the 

so2 caused the nitrogen Lewis-Rayleigh afterglow_ to decrease, but.a rela­

tively large amount of so2 was required to ·completely extinguish it. No 

flame was observed, and no significant decomposition of the so2 occurred .. 

. 6 -1 
A run of 61 min. at a nitrogen atom flow rate of 1. 7 1-lffioles sec and an'· 

-1 . so2 flow rate of 1.2 1-lffiOles sec .gave 'no measurable products other than 

the unreacted. 802 • (A slight trace of white solids formed in the -insert 

tube,· but the .amount was not even measurable.) 

'In one experiment, the amount of 80
2 

required to extinguish the 

nitrogenafterglow was determined. 
-1 

An so2 flow rate of 120±10 ~oles sec 

·~ 
In a controlled experiment, unmeasured quantities of NO and SOC12 were 

mixed. in a trap and allowed to stand. at room temperature for approxi­

mately one hour. An infrared spectrum -of the mixture showed NOCl, so2 , 

. N2 0 and unreacted NO and 80Cl2 to be pre sent. , . 
~-
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was .needed. t9 ·extinguish the af'terglow . of' a nitrogen stream · who'se nitrogen 

~tom flow rate was 0.95 ~ole sec-l (This can be roughly compared to 

. s2c12 for -~xample, whi~h under the satne condit,ons, requires only o.o4 

J.ll!lole sec ·to recombine all the nitrogen atoms·. so2 must be approximately 

· 103 time~ less ef'f'icient as a third body for the. nitrogen. atom recomb ina-

tion.) For all practical purposes, so2 is inert to nitrogen atom attack. 

' ~ .. E. Hydrogen Sulfide 

,The reaction of N atoms with H2S had. been studied previously on two. 

a;o 
separate occasions. · Strutt in his early work on the reactivity of active 

nitrogen reported that the reaction gave a yellow deposit which he concluded 

·was s4N4• He proposed the initial reaction to be:• : . 

(IV-9) . 

. 13 . 
more recently,.Westburgy and Winkler made a rather extensive. study· of 

the reaction and proposed a more detailed mechanism. ·They also reported. 

"'.that a .large. fraction of the solid. which deposited was probably polymeric 

(NS) .. ··~ the remainder being mostly sulfur. Small quantities of ammonia 
. X . ·. ' 

were obtained .• 
. . 

We have investigated the reaction to characterize.further the products 

. and to d.etermine if the reaction can be used ·as a :preparation for any. 

specific sulfur-nitrogen compound. 

Matheson's hydrogen sulfide was purified by distillation through a 
. . . . . . . 

. ,..130°C trap. int~ a -l96°C trap.. The H2S was then transferred to the 

reservoir system.· The flow rate was d.etermined by measuring the pressure 

. change in the constant volume reservoir. · · 

Reaction vessel (A) was used for the study; · the traps were cooled · --., 

. tr) 
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. . ·. 20 ·" 
The reaction was accompanied by the usual blue flame. · The· 

solid, which deposited on the insert tube, was. nearly black in color. 

Yellow and white volatile substances were obtained. . When the traps were \ . . . 

warmed to room temperature, a yellow solid .formJd which gradually disappear-

ed. The solid was found to decompose on slight_ w.armin:g to give'. NH
3 

and 

H2S and was apparently NH4Hs. A small amount. of. solid always rema.ined in 

the traps and was identified as sulfur (the solid. was insoluble in water' 

but; dissolved in cs2. When a drop of. mercury.was ~dded to the cs2 solution, 

'the mercury su;face became coated with a layer,of black. sol~d)·. 31 The· in­

frared spectrum of a.KBr pellet which had been.placed in the insert tube prior 

to the. run showed bands corresponding to. s
7

NH. 32 , _The heptasulfur imide 

· (s
7

NH} had· not .been previously reported as a product qf the. reaction •. 

The s
7

NH could be separated from the ~emainder of the solid products 

. . 31 . . 
( (NS) ·, S .) by chromatography. The insert tube was placed in an air· 

X . X .· _ .· _ . 

condenser which was mounted on a 250 ml .flask containing approximat'ely 50 
' ' ' ·. . . 

ml carbon tetrachloride which had previously. been dried. over·. "drieri te" ~---· 
. The CC14 was then refihiltxed over the insert tube. for. 3 hours .. · At the .end 

of the refluxing,. the CC14 was light yellow in color •. ·A small amount of. 

sulfur remained in the insert tube.. The cc14 solution was allowed to cool 
. . 

and then was poured onto a 1.6 by 20 em cylindrical gilica gel column which· 

. had previously been washed carefully' with dry CC14• The products we~..e eluted 

. with cc14. Three distinct bands were observed. The first consisted of 
. . t 
sulfur followed closely by the s

7
NH.: ·.The third ·was yellow in color arid 

:t The material was presumed to be sulfur... It was yellow· in color and· 

· preceded the _SfH off the column. 

riot. more than 1 or 2 mg. 

The amount-however, was very small, 
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was· identified by infrared sp.ectroscopy as s 4N4. A portion ·of the material 

remained on the column and was dark brown in. color. It could be removed 
·~ . . ·. 

with acetone. and was found to be s 4N4 (identified by its infrared spectrum). 
.. I 

The amount of each product was determined by weighing . 

. The ammonia. was separated from the unreacted H2S bY fractional 

condensation. The NH
3 

could be trapped a:t -130°C and the H2S at -196°C. 

Infrared spectra of each fraction showed .the absence of the other product~ 

. (i.e. no NH
3 

was observed in the -l96°C fraction). Some H
2

S;may .have been 

present in the. -130°C fraCtion because H2S has a. low ~xtinction coefficient 

, · . and. small amounts. could not be. detected • Any retained in the :-130°C trap 

·would come from NH4Hs formation. The yield of ammonia wa·s determined by 

··: weighing. The results are shown in Table VIII. . 
; . 

s
7

NH· acco~nts for approximately 30% (by weight) of the solid produced. 

.. ~' . 

•,' 

Sx ·.(possibly SS) accounts for about 34% and the .. (NS)x the rema.ining 36% • 

. Th.~ s
7

NH probably. results from the reaction of the .d:mine radical (NH) with 
. . ' 

· sulfur ~ragments (i.e.S::::and s
2

)(nitrogen and hydrogen atoms; both of which 
. ·. . ·.·. 34 

are present!' react. to fonn the NH · which either is hydrogenated fu,rther 

t·or form NH
3 

or reacts with the sulfur to form s
7

NH). ·Since no s 4N4 is 

·. observed initially in the solid in the insert tube} that .which is ·separated 

. . by chromatography must come from the 

' . 

,'I • 

., \,_ 

. ' 

•,•, ...... · 

·., ;'• 

' ........ , .... 

.... " '. -~- .. ; ;i 

.. 

.,_ '· .. 

, .. -: ~ 

.";. 

·' ', ~ 

(NS) . 
X 

. ,. 

;· '. 
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TABLE VIII. -Data for the Reaction of 

·N ·Atoms with'H~St 

Run # FH S FN~·. '\'- FS NH 
:t: 

fN FNS 
2 3. "' - 7 

1 1.01 2.74 0-39-.' "" o.o1 

2 1.00 1.08 O.ll: 0.012 0~081 

t All units are J.Jmoles sec-l f = flow rate; F = rate of formation. 

* Assuming conversion of NS to s4N4 via 
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V. •. REACTIONS OF ACTIVE NITROGEN WITH COMPOUNDS 

HAVING AN EXTERNAL SULFUR ATOM 

\ 
A. Carbon Disulfide 

Strutt10 reported in 1913 that carbon 
I 

disulfide ( cs2) react~d .-iwith 

active nitrogen to.form two polymers. On~ was a blue solid which he 

.:; concluded was· (NS) ; · the other corresponded to ( CS) which had been 
. X · X 

observed earlier by Dewar and Jones. 35 Westburgy and Winkler13 iater 

studied the reaction more carefully. They found the product,s to be 

(NS) , ( CS) , and sulfur and proposed a detailed mechanism for the 
X X· 

reaction. 

We have only briefly looked at.the reaction and have observed 

·essentially the same results obtained by Westburgy and Winkler:~.l3 

Since the only nitrogen containing product was (NS) , yield determina­x 

tions were not performed. 

B; Carbonyl Sulfide 

The reaction of active nitrogen with carbonyl sulfide (OCS)was 
.. 12 

reported by Liuti, et. al., to give NS and CO presumably via: 

N + OCS ----,;:> NS + CO • (V-1) 

The products NS and CO were detected by mass spectrometry. We 

further investigated the reaction in order. to determine if other sulfur-

nitrogen'compounds were .formed. Matheson's carbonyl sulfide was 

distilled (in vacuo) into a trap at -130°C. It was then redistilled 

into the reaction vessel reservoir system. 

~en the OCS was fed· into the nitrogen· stream the blue flame 

replaced the nitrogen afterglow, and the blue to black (NS)x began 

forming on the.walls of the insert tube. The only volatile products 

observed were unreacted OCS and a tract of CO (most of the CO would be 

1. 
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·. expected: to :Pass 'thr6ugh the three liqU:id,.nitrogEm traps) •. The·. CQ. which-: .. -'·· ''~··> .· 
I • ,': • • • 

·.· wa~ formed was· inert .~~·.f~ther'·nitrogen'·atom attack (no.c~rbo~~n-it;~gen':.;: .. ,·._:~:-;~~-
. . t . . • . : . . . " . , 

compounds. (i.e. (CN)2) ;;ere obse,.;e~; ~d the 
1
cN .•missi.ol\.}~ th~ • f~e .·· ·. , ; c.:_·. •; 

must have been either absent or extrein~ly weak!, . since ... the flanie had the .. · · 
• t ," • • • ' • I ~ • ' • • ~ • l • ' ' . 

:,.< usual bl~e color). . .· ·-~ ' . .. . .. ,' . ' '.. . r 

Several attempts were made to catalyze the dimerization of the NS ' 
' ' ~ ' 

: produ~ed in this. reaction _.to s
2

N2 , ~ The. only· reported ~reparation ·of ' 
. . . . . ' . ' . ' .· '· ... ' . 16 ': .. :,. ' . ' .. 
> s2N2 involves .the pyro~sis of s 4N4 at 300°.C~ . ~~nce1 an independent~.:.: 

.~ -~- :· . ~ 
., 

., ' 

.·., 

, r ! . ~·~~ ' 

method of prepar.ation would be desirable.. ~NS)x is als~-·found as a'·.:_ .. <::::·'-~\·.,· .. ''.,_/'.···.> 
' ' . ' ·16 . . . .·. . . ' ~: .. " : 

~ ; . ~:· 
product ·of the s 4N4 pyr_olysis. ·Goehring also reported that the ... :·.,. 

·.:. . . . ~· .. . ; 

··presence of silver or ·glass wool improved the yields of s 2N2 ~ 
Therefore ~ · · . · ... 

' ' . '1. •:.·:. ·'·i' 
1.' 

···:we attempted to prepare s2N2 from.the:reaction of N atoms ori' OCS us~ng·.·.:: 
. . . . .. . '. ' . ·. . . . ·,:, . ..., •, 

silver or giass wool in the reaction zone •. However, no matel'ial · 

. resembling s 2N2 was ever obtained. ·The silver wool was observed to·· ~:. :- : . .:. 

. t~n bl~ck presumabl~ with the formati.cm .. o:fA~s.;. :.The. U.Sual·da~k, ~·: '. 

deposit of (NS )X was obtained, . . .. . ·• : . ~.:.: 
. ' . 

. The, reaction o:t · N atoms With OCS probably. paraliels. the N atOID: - ·.· · · 

,. 

,-.. ' . ": .. ·.:':_.· ,., . 
·. "·. 

. ' cs2 reaction, because .the :two mole.cules · ( OCS1 cs2 ) are similar~· B~th ··:.' ; 
' . ' . . . ,. :' . . ' ... , 

·were :found to ·catalyze the N atom recOmbination reaction, . indicating :::: ~· · . 

a ~itroge~ atom-~eactant com;lex is pr~ba~ly formed~l3 . (The: · . . .: ' . ' . 
·that 

initial step in theN atomr·CS2 reaction .is .proposed'to~be.complex_r.: .. 

:formation) •. l3 . Th~ rea.ctio~s can be represented .by _the:':~~cha~lsm: · · · ... ' .·· ... · 

.·~ • I~·. • • 
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·. ·:'.· ·· .. N·.f._.[N\Mj·---.;...>·N
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· N + M c! [N:M) 
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.. . .· ... ·~. ~ . ~. 
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may lead to some secondary products . such as sulfur, 

CS* ----> CS + S 2 . . 

OCS* -> CO .+ S • 
\ . . . . 

In both reactions; NS is the only s.\.ll.f\:l:r.·\riitJ?fde:··forme'd ~(the .iNS 

polymerizes immediately upon reaching the walls of the reaction vessel 

and is observed as (NS) ) •. Since the sulfurs in both molecul!'!s are . X 

external, it is not unusual to find NS as a principal product. Other 

sulfur containing molecules with external sulfur atoms might also be 

expected to react similarly with N atoms • 

'.' 
·, 

. , 
·.·. 

\ .. 
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VI.·. GENERAL CONCLUSIONS 

All of the observed reactions of active nitrogen with sulfur 
~ 

compounds are accompanied by a blue flame. (SQ
2 

is an exception, but 

I 
no reaction occurs). This blue flame is probably due to ~2 or NS or 

. . . 
both. The flames for the reactions (N + s

2
c1

2
) and (N + H

2
S) have been 

· ! studied spectroscopically20 and found to be due to NS (B2TI - ~IT) 
'. i; 

and s ( 3z- - · 3z:-.) • 
2 u g' 

It is interesting to note the different reactivities of the sulfur 

compounds studies. 802 is essentially inert toN atom attack •. Little 

or no reaction occurs between the N atom and the sulfur in SOC1
2

. On 

the other hand, 82c12 , sc12, H2S, cs
2

, 88, ~21 and OCS are all observed 

to react with sulfur-nitrogen bond formation •. Those compounds which 

react all contain sulfur atoms having two lone pairs of electrons. 

This suggests that the nitrogen atom is an electrophilic reagent. The 

presence of the lone pairs of electrons would aid the formation of the 

N atom- sulfur compound complex, 26 which apparently occurs in all the 

reactions (the rate at which the recombination reaction occurs reg_uires 

the formation of an intermediate, see sect-ion III-C). ·The electrons 

in theN atom p-orbitals.would overlap the electrons in.the orbitals 

of the sulfur. The case of SOC12 is. somewhat different, complex 

·formation occurs, but N atom attack probably takes place at the oxygen. 

80
2 

apparently does not form a complex with the N atoms. The recombina­

tion reaction is catalyzed only slightly by the so
2

• ·The recombination 

is probably,trimolecular with-the so
2 

slightly more efficient than N
2 

or the inert gases
28 

because of its larger size and ~reater number of 

degrees of freedom. 
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A general mechanism can be formulated. for N atom sulfur compound 

reactions (let M represent the sulfur compound). 

N + M ~ [N•M] 

N+M~P· 

or: 

* 

VI-1 (M == s 2c12 ,\ SC12 , H2S, OCS, cs2 , s8 ) 

VI-2 

VI-3 (P == products, M = SC12 , H
2
s, OCS, CS2 ) 

. VI-4 

The excited M either decomposes to give by-products such as sulfur, or 

undergoes collisional de-excitation. 

The reaction involving s2c12 is inte~esting in that it apparently 

involves 2·:N::atoms in the product forming step. This is possibly due to 

the molecules being somewhat symmetric with two identical sites for N 

atom attack. 

None of the reactions studied appear to be.useful as preparative 

methods. The yields are generally too small for the difficulties involved, 

and .all the products observed have been prepared by other method.s. 
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APPENDICES. 

A. Plasma Jet Studies 

. "1 . 
Within the ·last few years,. there ihas developed a strong interest in 

plasma jet chemi::;try. Three possible applications for plasma jet chemistry 

·are the decomposition of compounds to form. the elements, the formation of 

free radicals for use in subsequent reactions, .and probably the most in-

teresting, the formation of thermodynamically_unstable compounds. For 
I 

· .. synthetic· purpose's, the plasma may serye as a heat. source alone (e.g. when 

argon is the plasma gas) or as a reactant (as when nitrogen is used). In-

deed, nitrogen plasmas have been used to·prepare .several endothermic 
. . 

"t . t . . . d 36 nl rogen-con a1n1ng compoun s. 

Normally a plasma torch consists of a chamber containing a water-· 

cooled tungsten-cathode at one end and a water-cooled copper anode at the 

other. The copper anode also serves as an exit .. nozzle. -The plasma gas 

enters the chamber near the cathode and flows rapidly between the electrodes 

and out the nozzle. When an arc is established between the electrodes, a 

fl lik di h II 1 • t II • f d .arne- _ .. e • sc arge or p asma Je · lS orme . The plasma thus formed is 

essentially in the absence of an external electrical field. 37 

The production of compounds with the plasma jet depends on the 

temperature achieved and the .. quenching velocity of the_ compounds formed . . 

at these temperatures. Ortly thermodynamically unstable compounds can be 

prepared at the high pla:sma temperatures, since the chemical equilibrium 

must be favorable to product formation. This of course, does not mean that 

stable products cannot be forme.d. They may, but oniby as the temperature 

decreases. Furthermore, the desired equilibrium must then be frozen 

by rapid quenching. 



. -54-

· Since reasonably efficient yields of' cyanogen· have been reported36' 39 

from the reaction of carbon with a nitrogen plasma, we thought that sulfur 

might also react with a nitrogen plasma. Preliminary studies were there-
\ . ' 

I 
fore made to determine if large scale production of sulfur nitrides could 

• 
be accomplished. 

A Thermal Dynamics plasma torch capable of developing 40 KW of power 

was used. A Thermal Dyanmics powder feed unit was used for introducing 

the sulfur into the plasma. Nitrogen served as both the carr.ier and 

plasma gas. 

Two quenching methods, gas and liquid, were used in the investigation. 

The gas quench system consisted of a steel cylindrical chamber eight inches 

in diameter and. four feet long which was attached to the plasma torch. A 

water jacket allowed the entire metal surface to.be cooled. A stainless 

steel insert (cold finger) extended coaxially through the chamber to the 

' tip of the jet. 

The liquid quench system consisted of a reservoir containing carbon 

tetrachloride, and a six inch supplementary nozzle which was fitted to 

the torch so that the flame could be introduced directly into the liquid. 

The carbon tetrachloride was eva·porated after each run and the residue 

examined • 

. ·Runs were of l-15 minutes duration. No sulfur nitrides were ever 

observed in either case. The solids which were removed from the insert 

in the air quench system were found to·be sulfur. The residue left from 

the liquid quench runs was found to contain carbon tetrachloride pyrolysis. 

products, principally hexachlorobenzene• Small amounts of disulfur dichlor-

ide were also observed. 
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, 

---· -It must be noted that this investigation was by no means exhaustive. 

The lack of evidence for sulfur nitride fonnation does not mean that 

future attempts would be fruitless. 

~ ' . 

' . 

I 
I 
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B. The Gas Phase Reaction of NSCl with S~ 

An attempt was made to study the gas phase reaction of NSCl with 
\ 

. l 8 0 s2c12 by heating a mixture of the vapors at. about 5 C. It was thought 

that s
3

N2Cl might result from the reaction sequence: 

(B-1) 

3S
3
N2Cl2 ~ 2S

3
N2Cl + 2NSC1 + SC12 , (B-2) 

' 
21 s

3
N2Cl2 is known to decompose by reaction (B-2) at this temperature 

and evidence already exists23 for reaction (B-1) which takes place rapidly 

in the liquid state. 

The reaction was tried several times.in sealed tubes at temperatures 

varying from 6.5-100°C. NSCl was made by heating (NSC1)
3 

in a high vaccum 

0 25 at 110 . The tubes were examined after about one hour and in no case 

was solid formation observed. However, when the vapors were allowed to 

condense,. solid formation occurred immediately on the, vessel walls. The 

solid was identified as s
3
N2Cl2 . Infrared spectra of the volatile phase 

after heating always showed. residual NSCl indicating that it was in excess. 

Thus, the gas phase reaction of NSCl and s2c12 is apparently slow. 

,;:,: 

; ' 

. l.;..i.. 
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C.·. The Gas Phase Reaction of N8Cl With Water 

The gas phase re~ction of. NSCl with a deficiency of water was inves­
~ 

tigated. \ 

The NSCl was. made by heating (N8Cl)
3 

to. 1110~ in a vacuum.
2

5 Two 

experimental procedures were used. In one, . .the .wate.r was add.ed. to the 

NSCl and in the other NSCl was add.ed to the water. The reaction appeared 

the same with either procedure. Immediately upo.n mixing, a white solid 
', 

formed on the walls of the reaction vessel. ... 

In order to identify the products, the reactipn was carried out in 
' ; ·' 

an infrared gas cell. The spectra of the products showed them to be 

'· NH4Cl and 80
2

. Excess N8Cl was also observed. 

In one quantitative run, 16.7 ~oles of water.was found to give 

8. 6 f.J.moles of 802 ·for a ratio of 2H20 per ~s~2 , (amount~ of H20 and so2 were 

· determined volumetrically on the vacuum. line) •. The reaction is apparently 

It might be noted that no evidence was found for the formation of HNSO as 

in the case of m3F. 22 
. 

.. ·• ," 

.·-:, 
' .. : 



D. The Reaction of Chlorine With s3~ 

It was discovered by accident that when chlorine is introduced into 

containing s
3

N2c12 that (NSC1)
3 

I 

a vessel and NSCl are formed. The reaction 
\ 

was then carried out in a flow system to dete;rmine if NSClwas the primary 

product. 

Chlorine at atmospheric pressure was passed over the solid s
3

N2Cl2 

·and through a trap at -78°C. The s3N2C~ became moist with a red. liquid 

which was identi~ied as SC12 • The trap was removed from the system and .· 

evacuated while cooled with liquid nitrogen. It was .then allowed to warm 

slowly and most of the chlorine was removed. . A portion of the remaining 

material was transferred to the infrared cell and the spectrum recorded. 

A large amount of NSCl was observed. Furthermore, large amounts of yellow 

solid (presumably (NSC1)
3

) formed in the cell and. in the trap indicating 

that more NSCl was present than actually seen in the infrared spectrum. 
":-. 

No effort was.mad.e to determine the exact quantity. (NSC1)
3 

also remained 

in the tube where the chlorination took place. It was probab.ly formed as 
I 

a result of NSCl p'olyrnerization in the SC12 solution. Jolly and Maguire21 

report that quantitative conversion of s
3

N
2

Cl
2 
to (NSC1)

3 
can be obtained 

if_care is taken to prevent the NSCl from escaping• 

! . 

I 
. ' 

.' 
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. As. mentioned previously, the HCN produC-tion from .the reaction of_; 

.,· .. 
· .... · ... ' ,· 

··,'' 

',' 

' .:.: .. 

. ·.,.,, , ~ . . 

. act:l.ve nitrog~n with ethylene,.2N + c2H4 ,. 2HCN~~ ~' has b~en suggested ', : .. 

' : as a more accurate means of' measuring, atomic nitrogen' 'fi~w r~tes 'than the '·: .• 
'. ' • ' · .. ' ·. 38' ' '' ' ' ' 

-''·nitric oxide reaction. . Since :a ·controversy exists, a com);>~rison:. of .the 
' .. 

): two methods ·was 'made on ;-eacti:on·;ve s sel .(A) .. so that the data ·could be . 
. :~. . . 

interpreted in terms of either method .• ';,•) •. r • · .. ~\ : .. ' 

' ' 

: '' :· The reaction ves~el ·was assembled as' in all. o:ther cases~ The discharge .. 
. . . ' 

·. . . . ,, .. 

was. e ~tablished and the system allowed to. equilibrate. for several minutes. ·.·\. , . 

The three. traps .were cooled with·liquid nitrogen •. The' atomic nitrogen ... 

;flow ra1;e was then determined by the nitric .oxide titration method •. With­

interrupting' t'he discharge, the .. traps were .~armed in order to remove 

_ ..... 
·· ...... "'· .. ·:· 

~"' .. ,• ·. 

;:.\ 
~· .. 

nitric oxide reaction products.· They:were.9ooled again and a continuous;:/'·· .. : 

·.excess .of ethylene was added to the atomic .nitrogen stream for about fif->:~ . 

· teen minutes (the time. necessary to. get a~ easily measurable amount. of 
. .· .~ ':. 

·:...-

Upon termination or' the. re~ction, the HCN was. distilled into. a bulb' 
·-... · . ..... 

· .J: ·:: containing dilute aqueous · KOH. The ,bulb was· remoVed and shaken well~ ·· 

.· .... ··: : . ... amount of HCN produced· was then ·determin~d,.by titration vith standard_ 
'~- ' 

'. ':i:·. ,.,.' 

.:·, · :silver nitrate. The active nitrogen flow rate was determined on the 
· .. ·. '. ·.'I • 
·,. 

' . ~" ' . :'basis of .the reaction: 
.·, 

.., .,. 

·· .... - .... ; .. 

. .. 

.. 1, 

·.;. '···. 

.··· ... 

:·.f, 

. •' .. , 
'' :;'•t, .'• •• • 

' ... 

·.·· .. 

. The results are. shown in .Table A-I .. -J!'igure .A-1_ shows the plot of 
. . ' . ~ 

' , ato~c ,nit~ogen flow rate (as .cal~ulated: from the NO titration) vers~s 

, .. 
.-,· 

. . . ·. ' . . : . . ... :. ·. i .. > . . . .. ··:: ', .. · . ·: ·_ - . . ~ . . . . . ,· .. -. . 

,, ::. the ·atomic nit~o~en. i'lcJW rate (a~"·cai~,ilated ··rrom.the .ethylene reaction) •.. · . · : ... ·· 
.- . . . . ~ . . ' . . . . . ·. "-: ' ' ': 

-:-· .. 1) •• •• . .. :.>·· .. .. , .. .. ... _-, ... 
. '' .. ,.· . -~ . ' :~ . . .· . . . . ~ . ' · ... . . . . ; . .... . ~-·,": ' :: . ~ ~. ' 

;. ~· 

', ·!· . ,·· 

: ~·· -:. . . . 
' . . \ .• ~ ·. . ·. 

4 / ~··;c .. 

~ ~r: . ·' ,\ . ..... . ·,. 
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Fig. A- i, A plot of the nitrogen atom flow rate as determined 
· . by the ethylene reaction vs the nitrogen atom flow rate 

. as determined by nitr~c oxide .titration. 
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_. The ·ratio· fN(NO~/fN(.c2H4.) :i's approximately2; ._that is, the NO :titration.,;:,·-' 

:.shows the atomic .nitrogen flow rate to be.tw.ice as 'great .as does the· .·. · 

'l 

: .. ~-
.·. '· 

·,; ethylene. reaction.· It is interesting to note that the ratio remains 

.·fairly constarit'·over a wide range: of total nit·rlgen.-flow. r~tes. and pr~ss~~ ::: · :. 
,I l 

.. •. >! '. 

vell as .atomic nitrogen flow rate's. •' .,. 

' . . . ' . 
> · . Even if the NO titration is in error, .. it. is. not invalid. ·.Often in 

'I 

' 

·.:work of this_ ·tyPe,; a factor, of 2 is unimportant.t particularly when quali:-. 
·.·'. r. 

. ' 
results are sought. .. Furthermore, in the ,entire' series of experi-

·_.:·: ' 

. 'menta~ reporte~ hel'e}, the conclusions .are the same vhen the_ atomic. nitrogen:_'·:::< . .:;·;, 
.· . ~~ . .' . i 

:flow >rate ~s determined· by eithe~ method is .. used. .The NO titration remains·. 
.• .· . : . • '. ;,'1' 

'; .... ; 
' .· ., . ., ,, ' . . ~ 

simpler:. and/ easier metq.od .for determining atomic ri1 trogen floW, rates. ·. 
.. , •.··. 

... · ., ·.· 

,·' 

• 0.76 
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F. Calculations of the N Atom De:penden.ces for the N + S2-Cl
2 

Reaction Mechanisms 

It is not necessary to calculate exactly now the yield of NSCl will 
! 

vary as a function of nitrogen atom concentration before eliminating some 

of the mechanisms of Sec. III-E. A mechanism, in order to be consistent 

· with the experimental results must predict the ratio of the rate of forma-

tion of NSCl to the rate of formation of N2 to be nitrogen independent·;: 

That is, the rate. of formation of NSCl, d(N~~l) , and. the rate of formation 

d~~r ) ·2 
of N2 , dt , must have the same depep.dence on nitrogen atom concentration. 

Case A. The recombination reaction and. the product (NSCl) formation . 

reaction have a common·intermediate. Two general mechanisms were proposed, 

the t'eeombinationt reac~ion~ :i.cn;: 

plus the .NSCl formation reaction (A-1); 
k 

[N•S2Cl2 ) --4> NSCl + SCl 

or the recombination reaction plus reaction (A-2): 

k4 
NX+ [N• s2c12 ] --> :?NSCl 

·,. 

(we have used. the reaction in which ~NSCl's are formed instead of 
,, 

NSCl + NS + Cl, the rate of formation of NSCl will d.iffer by a factor of 

2 because of the amount of NSCl produced, but as far as predicting the N 

atom dependence, they will be the same) •. 

\ 
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Consideri~g first,. reaction (A-1) as the NSCl forming reaction; 

d ( NSCl ) = k ( [ N • S Cl ]) and 
dt 4 2 2 

kl (N) (s
2
c1

2
) . 

[N·S2Cl2] = ~ + k4 + k3(N) 

arnsru k4 .dfl9 = · -k
3
...;_(=t\T ...... ) 

The relative rate will change with nitrogen atom concentration, and the 

mechanism can be ruled out. 

When (A-2) is the product reaction, 

( ) d(N2 ) . · 
d ~~Cl ; 2k

4
(N)((N·S2Cl2 ]) and dt = k3 (N)([N•S2Cl~]) 

_<if~= 
d1N;T 

. ~ (N)(S
2
Cl

2
) 

= k
2
+k

4
(N)+k

3
(N) 

' 

a nitrogen atom independence is pred.icted and the mechanism is a possi-

bility. 

Case B. The recombination reaction and. the product formation reaction , 

have different intermediates. The recombination reaction remains the 
d(N

2
) 

same as in Case A,. and becomes: 

d.(N
2

) 

dt 

dt 

The product formationreaction is either · 

(B-1) [N·S Cl.]' 
2 2 

'" 

{ . 
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k . . ' 

[N· S2Cl2] I 
7 > NSCl + SCl 

reaction. Or,. 

k 
(B-2). N.+. [N·S

2
ci

2
Jr - 7-> 2NSC1 (or NSCl + NS + Cl). 

· Consider (B-1) first: . 

. d(N(Cl'=· 
dN 

. 2 

Two possibilities .exist, 

k
7

k
5

(N)(S
2

Cl2 ) 

k6 + k7 

k3k:l(N)2(S2Cl2) 

k
2 

+ k
3

(N) 

.··. 

(a) k
2 

>> k
3

(N) 

(b). k2 << k
3

(N) • 

. Nitrogen dependent 

Nitrogen independ.ent 

(a) can be eliminated. 
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(B-2) 

d(NSCl) = 2k~5(N)2 (S2Cl2) 
dt k6 + k

7
(N) 

2 \ ~ _ 2k
7

k
5

(N) (s2c12 ) 1 

~ - k6 + k
7

(N) 

There are four possibilities 

k
3

k
1

(N)2(s
2
cl2 ) 

k2 + k
3 

(N) 

(c) k6 i>> k
7

(N), k
2 

>> k
3 

(N) . 

(d) k6'>> k
7

(N), k2 << k
3

(N) 

(e) k6 << k
7

(N), k2 << k (N) 
3 . 

(f) k6 << k
7

(N), .k2 >> k
3

(N) • 

(c) d._(NSCl) = 2k2k5~ 
-~ klk3k6 

(d) d(NSCl) = 2k5k7(N). 
. . ' d(N

2
) k

1
k6 

(e) QJN_§_g_lj = 2k5 
·~ kl 

. . d((sc))._ 2k2k5 
(f) d N - k k (N) 

2 . 1 3 

(d) and (f) can be eliminated. 

-Case C.· 

Nitrogen independent 

Nitrogen dependent 

Nitrogen independent. 

Nitrogen dependent 

•, 

J: 

· The product formation reaction involves no complex formation. : The 

recombination reaction is the same as in Case A with 

. 1 .• 

.~· 

I'. 

;._ 

,, 
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The product formation reaction will be either 

(C-1) 

or . I 

· (C-2) 
k \ 

N + N + s2c12 
9 > · 2NSC1 .(or .NSCl + NS + Cl) •. 

(C-1) 

The two possibilities are: 

(g) k2 >> k}N) 

. • (h) k2 << k
3 

(N) 

For ( ) d(NSCl' 
g d(N

2 

k2k8 
= k

1
k

3
(N) 

· (h) d((sc)) 
.. d N2 . 

'ks 
=I]_ 

(g) can be eliminated. 

(C-2) 

d(NSCl) = 2k (N)2(S Cl ) 
dt . 9 2 2 

Nitrogen dependent 

Nitrogen independent 



The possibilities are 

For (i) 

(j) 
2k (N) 

~-~1_)- = 9 
~. kl 

(j) can be eliminated.· · 

'·,· 

..;66-

. Nitrogen independent 

Nitrogen dependent . 

' ' 

1 . 

.J, 

,_. 
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may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






