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ABSTRACT

The reactions of active nitrogen (nitrogen atoms ) with several’
sulfur compounds have been investigated to determine the feasibility
of their use in preparing sulfur-nitrogen compounds. .

. Reactions of N Atoms with 829;2

Vif _Agtive hitrogen reacts with 82012 tovform NSCl,‘CiE, SCie,TSSvahd
traces of (SN)x'and S)N,- The rate of formation of NSC1 incréases
linearly with increasing SECl flow rates at low S Cl‘ flow rates and
becomes constant at high 8,C1, flow rates. Only sbout 5%.of the avail-
able nitrogén atoms react. to form NSCL, the rest recombine to form N27
The observed reaction i1s a competition between the NSCl-formation reac-
tion and the N atpm recombination reaction. - The rate of formation of

NSC1 atrhithSECl flow rates increases linearly with increasing N atom:

2 .

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

atom and 82012 dependences. The rate of formation of NSC1 increases

with increasing temperature as expected.

The third order rate constant for the recombination reaction assuming

a{N,, ) :
the rate law -d-% = k(N,)2(32012), is calculated to be 1015-10l6 £

-2 . ‘ ) .
-mole =~ sec . . Normal recombination reaction rate constants are sbout

109f1010 EQ mole_2 sec—l. The increased rate 1s attributed to the
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formation of é_relatively stable intermediate complex (i.e. [NfSECig]).

Thé data can be explained by the reactions:
nY .
N+ 8,01, & [N-5,C1,]

. *
N + [N-52012] - N, + 32012

C1l, — 2NSCl

N + N + 8,01,

. % ' ‘
82C12 g 82 + C12 5 o

* c *
82012 + M SE l2 + M.'

Reactions of N Atoms with Compounds Having Internal Sulfur Atoms

_SClg; Hgs, and 88 vapor react with N atoms to form sulfur-nitrogen -

»

“compounds: SCl, yields NSC1 and Cl,; H,S yields,(SN)X, H, and small

o1 Hp

amounts of NH3 and.S7NH; and Sg vapor yields S)N,, SN, and (SN)X.

SOCl2 reacts with N atoms, but not with sulfur-nitrogen bond formation.

The identified products are NOC1, 802, N2

O{ 802012 andﬂc;e. -SO2 is
éssentially inert to N atom attack. .

, + \
-Reactions of N Atoms with CS, and OCS

.CSQ and OCS, compounds having extefnal sulfur atoms, both react
with N atoms to form (SN)X. The other products are (CS)x and CO respective-
1ly. | »

A difference in the reactivities of the studied sulfur compounds is
. observed. Those compounds which react with sulfur-nitrogen bond forma—f
'tion all contain sulfur atoms having two lone pairs 6f electrons. This

suggests that the nitrogen atom is an eleétrophilic reagent.

TR A Westburgy and C. A. Winkler, Can. J. Chem. 38, 334k (1960).

-

%



I. INTRODUCTION

In the pést few years, coﬁsiderable interést'has_been shown in the
reactions of active nitrogen wiﬁh various compounds.l Studies of these
reactions generally have been designed to ascertain the nature of the spe-
cies which contrlbute to the reactivity of active nitlogen andlto obtain

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

. type been studied from a preparativé,standppint. - Yet, reactions occurring

in such high‘ehergy systems often lead to.compounds which cannot he con-
veniently made by other methods.

Active nitrogen was first observed by Wa?burg in l88h,2 when he dis.---«‘~
covered that nitrogen gas éxhibited.a charécteristic yellow-orange glbw
after being sUbjected t§ an electrical discharge. In l9ll,.Strutt named

n3

the glbwing gas "active nitrogen' and was the first to suggest that many
of its properties could be attributed to the presence of niérogen atoms.
Considerable evidence‘now exists wﬁich shgws the reactive species in active
nitrogen to be ground-staté N atoms (N(hS)).h’5’6

The spectrum of the yelloﬁ—orange afterglow (Lewis-Rayleigh after-

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

system, N (B3H - A3Z+). 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 dbse;ved.,

The currently‘accepted theory of the aftergiow involves the recombi—
nation of N atoms along the NQ(SZ;) potential energy level. The NQ(SZE)-
level, a weakly bonded state, crossesithe B level at v = 12.7 An inverse

predissociation (préassociation) occurs at the cfossing of the ?Zé.and

~
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B3Hg levels, resulting in N (B3ﬂg) v = 12, 11, 10 being formed. The

>
N2(B3ﬂé) then radiates to the NQ(A3z:) level givingithesobserved. afterglov. -

: N(us).+-N(hs) + M'——éa N (52+)_+ M

(52 Y+ Mo N (B3n , v =12,11,10) + M

2
N2 (B3Hg, v = 12 11 10) -> N (A3Z ) + hv. (N lst.-Positive)

| This is neﬁ the COmplete mechanism now propoeed" %ut;iﬁ exﬁlains.

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 reactiv1ty of active nitrogen appears to be

due mainly to ground—state nltrogen atoms, recent work indicates that

excited molecules, which appear most likely to be Né(A3Zu), may'be important . |

in at least s0me active nitrogen reactions.9 Reactions:invelving,the

excited.molecules as a reactant are, however, fewjg hence, reactions of
active nitrogen are now regarded mofe or less as reaetionsvinvolving N |
atoms.

Reactions of active nitrogen with sulfur-coﬁtaining compounds were
first reported:by Strutﬁ-ih»l9l3,lo when helstudied.the reactions of N

atoms with_sulfur, 82012, ng and<HéS. Moldenhauer and.Zimmerman;l later

studied the reaction‘with sulfur in more detail.

5 .
Recently, studies of the reactions of N atoms with HES = 13 CS 13

and sulfur12 1,15 have been reinvestigated, and,COS has been added to-.

the list. (Results of studies of the reactions of N atoms with 'S, 1h and

COS;l2 were reported while our work was in progreSs.)_ In most of the . !

}studies, the products were not completely characterized; most emphasis i

was put on the initial steps of the reactlion sequences.
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New and ihdepenﬁent methdds for préparing'éulfur—nitrogeﬁ'compouhds ,
.are desirable;? Until.recenfly, the preparétionsbof moét'sulfur-nitrogen
compounds have‘required SHN4 as-a starting material.l6 But, ShNh itgelf‘
is not readily available nor easilj prebared,l7, (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

A \nitrogen with‘shlfur.compounds and to detefmine thq féaéibility of their

-use in preparing new sulfur-nitrogen -compounds. In the course of this
study we became interested in one reaction (N + SQCle).in particular and

investigated it in det?il.



. :II. GENERAL EXPERIMENTAL

~

All the reactiéns in thié study'weré carriedﬁout'in-a conventional
flow system. The pump was a Dﬁo—Seal Model«lhO%B vacuum pump. Two reaction
'veésels wefe used. They were of esseﬁtially the éamé design, but differed‘
in diameter, and in the positions of the reéctant-inlets;

Reaction vessel (A) is shown in Fig. 1. The two reaptanté'were in-
froduced thfbugh the .inlets designated (a) and (b). The reaction occurred
immediately following the nozzle in the region (f).'"Non—volétile reactibn
products were collected on the Pyrex inéert éube (e), which’ﬁas removable
-in order to facilitate préduct removel and cleaning; The entire apﬁaratus,
with the exception of the tube where the dissociation (discharge zone,
labeled (g)) was carried out, was consﬁructed,of ordinary Pyrex glass.

The discharge tube was Quartz (quartz has a much lowér dielectric loss

, aﬁd_can withstand higher temperatprés‘than ordinafy;Pyrex). The insert','v
tube was 18 mm I.D. by 33 cm long and the reaction vessel wés 24 mm 0.D.

" by 60 cm.in length. The two thermometers (h) were added aftercseveral

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

_ Reaction vessel (B) is shown iﬁ Fig. 2. The points gt which the
reactants were introducéa.are the reverse of reaction vessel (A) (atomic
nitfogen entered throughithe central jet). The Qessel was also larger
in diameter; the insert tube measured.3l"mg I.D. by 30 e ip length and -
the reaétioﬁ vessel 35-mm 0.D. The discharge tube (g) was, as in (A),
quartz. | -' .

The reaction vessel (éithef (A) or (B)) was followed.by‘three U-
tube trapé, fitted.with(ﬁ-@m vacuum Stopcocks and ground glass joints vii

S0 fhat they coﬁld be removed for weighing. The exit of the third trap

v
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o (c)\J () | R
{h) = = - o
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(a)

MU.34899

” - Fig. 4 ‘Reaction Vessel (A) o
| . . (a)  Nitrogen inlet, (b)$,Cl, inlet, (c) NO inlet,
- (d) Exit to traps, (e) Insert éube, (f) Reaction zone,
(g) Discharge zone, (k) Thermometers, :



Lo

-2‘6_}; T . ’ ‘ y
(f)

z(e)

b) bd)

‘MU.34898

Fig., 2. Reaction Vessel (B)

(a) Nitrogen inlet, (b) S Cl, inlet, (c) NO inlet, ,
(d). Exit to traps, (e) Inse % tube, (f) Reaction zone,
(g) Dmcharge zone, - - _
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led directly to the.vacuum‘pump.b The éntire system;couldvbe evacuated to f'
'lO—ummHg.'-' -
High purity dry nitrogen from a cylinder pa ssed through a purifica-v
- tlon train con51st1ng first of a Mg(Cth) and Drierite drying tube, |
followed by a tube containing activated copper (prepared by reducing Cu0O
.with hydrogen) at 400°C and finally a trap packed with glass beads and
cooled to -78°C. The gas then passed through a flow heter and 'a needle
g valve into the discharge tube. The entirevsystem from the cylinder to the
needle valve was meinteined under a positive pressure of-approximately
3 lbs/sq in. to insure that anyvleaks'were to the outside. The molecular
nitrogen flow was always held constant et O.98X10—u'moies/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»lOO'watt'diathermy unit (Baird
Atomic, Ine., Cambridge Mess;) producing QHSO Mc.microweves, the other a‘.
. ‘Raytheon QK-60 magnetron coupled to an 8 cm cavity Satisfactory resuits

_(about 1% di35001ation) were obtained with either The microwave is not
the most efficient way of dissociating nitrogen, but is much simpler and
cleaner than condensed or pulsed discharges.

The nitrogen atom flow rate vas determined by titration with nitric

. oxide.l9 The three traps were cooled with liquid nitrogen, thevmolecular
nitrogen flow adjusted and the discharge established. The nitric oxide .
was 1ntroduced from a constant volume source, into the nitrogen stream
'Vduntii the nitrogen atom flow rate was matched. -The_rate of NO addition wes
’ thenvmeasured by‘measuring the change in pressure of the reservoir system5
The "end point” (i.e. the point at which the NO flow rate equals the *

nitrogen atom flow rate) is easily dbservable visually. The end point reaction
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DN

'isz R - . N Yy N .
N+NO>Ny+O " *‘”,*«t;f?j* 7~"ﬂjfi?:ff‘(II¥l)*'
No light emissionuaccompanies this reaction. I however less NO is added
than required the reaction of the excess nitrogen atoms with the oxygen f'

atoms produced 4n reasction (II- l) occurs:
NO' - NO+hv .rorgi,,.= ' .~_';a- (11-3),

. 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 ) green—white light according to ’
' the reactions:j_'
o (TIAB)

N 4:0 - no *
- 2 -

Mo oty S sy
‘ The‘end point is then the point at which no light emission occursii sé-77'"‘
'cently, doubt has been raised as to the validity of the NO titration for

determining nitrogen atom flow rates, and the HCN production from ethylenehiCV'
suggested as an alternative (See Appendix, Sec..E) | |

When possible, ‘products were first identified by infrared spectro- e;d'

' scopy. Spectra of volatile products were recorded using 8 5 cm gas cell,,_ﬂ

2.5 cm 4in diameter fitted with NaCl or KBr windows. Sollad products,'> -

lai‘which .collected in the insert tube were treated in two ways. First, followaff’,nr
' ing & run, the insert tube was removed and the solids washed with carbon di-jﬂVJ

sulfide. Infrared spectra of the 082 solutions were recorded. The bulk

of the solids, however, failed to dissolve 80 a second method was’ used. _.:i

KBr pellets were made and placed in the insert tube immediately prior to :
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running- the reécfion. .The solids then formed on the pellets as well as .

"the glass of‘thé insert tube. After the run, the pellets weretremoved

. and the spectra recorded. ' '\

|

»
o
-
- [2
w i
¥
[
¢
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"
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III. THE REACTION OF ACTIVE NITROGEN WITH DISULFUR DICHLORIDE

R.jJ..Sﬁrutt;oﬂinvestigated.the réaction of.active nitrogen with
disulfur dichloride (82012) in 1913. He report%d, "Vapour of chloride of
sulpnur,fed.inﬁo active nitroéen, yields a bright yellow.deposit,nwhich
consists, at all events in part, of ordinary éulphide of nitfngenﬁ.\ Nothing
further was reported . about the reaction ofher thnn that a blne luminqsit&

' accompanied it.

‘Since 82012 is one of the more common and important sulfur compounds,

we felt it worthwhile.to investigate its reaction with nitrogen atoms

further.

A. Experimental .

| EaStman Kndak Sé012>(practical)‘was disﬁilled‘nndef high-vééuﬁm,v{
-(lO-3 mm Hg)‘intoAa -45% cold trap followed by a frnp aﬁ;-l96°C.v The
-45°C fraction wes then redistilled into aVStnrage bulb fitted with a
) , :
.h-mm Delmar—Urfyigreaseless stopcock, (Delmar Scientific Laboratories,y{'
Inc., Maywdod,iillinois). The infrared‘spéctrun éhowedithe common_impnri{J
SOCl ‘ ‘

ties (SCL , and S0,Cl,) to be absent.

22 2
'52012 wasvintroduced into the reaction‘vessel through a needle nalve
(Fischer and,Porter Co., Hatboro, Pennsylvania). (SEClé nas.a vapof |
pressure of abpnt 10 mm af room temperature (25°C) and can be fed into »;
the nitrogen stream without heating). The flow nas adjusted to the dé—.ﬁf
N éired rate and'left unchanged until the reaction was terminated. The |

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

nthe reaction, 

Reaction vessel (A) was used for most of ﬁhe study. Howeﬁer, o .ii -

reaction vessel (B) was used briefly in the studykof surface effects
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(see Sec. D); In all. runs, the three cold traps were cooled with liquid

nitrogen. The quantlties of products were measured by weighing All

other experimental details were discussed in Aiticle II (General Experi-

mental).
- B. Products

‘When the S Cl vapor was fed into the active nitrogen stream, a blue _

2

‘flamego was produced; . sollds deposited on the insert tube immediately

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

E series of llquid nitrogen cold traps. The solids Wthh formed in the
l-insert tube ranged in color from yellow to black ‘and appeared as a thin o

“;film over the 1ns1de of the tube.

A portion of the material collected in the cold traps could. be

;removed from the . trapsfby warming to room temperature, however, a yellowf

brown crystalllne solid always remained. This solld turned dark upon

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

) dark solid and finally to a yellow powder This behavior is identical »;

- to that of S.N Cl under - similar circumstances.zl

37272 , , o
‘When the volatile material‘was transferred, immediately after‘warming'

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

* sorption bands attributable to'NSCl,QQ,SCla, and S Cl were observed.-

2
Some chlorine was also identified.by'itsrreaction with KI,_and its physi?

. cal properties. - - s'”

Infrared spectra of the solid in the insert tube showedctetrasulfur,*l‘

- f_tetranitride (ShNh)’ along with some polymeric sulfur nitride (NS) 5 T bej.o
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'presént. The bulkiof the solid appeared, however, to be_sulfur.+

When the volatile products of the reaction were allowed to stand in

A

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

-ternately condensed and warmed several tﬂhes, the amount of S3N2C12 was

observed to increase. The infrared‘spectrum of the remdining vapoi no .
longer showed the NSCLl absorption, indicating that the NSCl.could be

quantitatively converted to S NEClE' The conversion reaction takes place

23,24

3

only in the presence of S,CL

oClys otherwise, the NSC1 will trimerize to

25
A(NSCl)37

The conversion reaction is probably

NECl

ENSCl + 82012,* S o

3 f SCl, v o (I11-1)

S
When an excess of S2C12 is present, all'th¢ NSC1 can be removedﬁaé
S3Né012._ This 6ffers‘a convenien# mgthod for measuring the NSCl yield
since the S3N2012‘is,the qnly.ﬁon-volatile.material féf&ediin the tfaps.
Thus, at thé completion of a run, the three ﬁraps wére allowéd tb warm
to room temperature aﬁd stand for at least one hour until' all the NSC1
.had.been conveited‘to S3N2012.
and the traps weighedJ The NSCl yield.was caléulated on the basis of

‘The volatile products were then removed

reaction (III-1).

Attempts were made to dissolve the solidgin‘niﬁricvacidJ 'Most of thé~
solid failed to dissolve, and the residue had the appearance of sulfur.
Addition of silver nitrate to the solution gavé.no precipitatei Heating
of the solid in KOH solution gave very little ammonia indicatingAthe
nitrogen content was low. -Allowing the solid to sit in thé air for ex-

- tended periods (several days) caused no appreciasble change in wéight.r



L ECln Dependence of the NSCl Rate of Formation : 5
5 Since NSCl is the principal nitrogen—containing product in the ;“jgf“

.‘;\

V_reaction, and since the amount produced can easily be determined a study
t*-of the mechanism leading to its formation was undertaken.;~7ﬁ'

The dependence of the rate of formation of kSCl on'the 82012 floW N;_;stp, o

*;rate was determined byvrunning the reaction at.several S Cl flow rates
?l;ﬁkﬁwhile keeping the total nitrogen and atomic nitrogen flow rates constant;h“;ti
;_(The pressure of the system was. essentially that of the undissociated
i.nitrogen., The flow rates of, nitrogen atoms .and SQCl were less than l%

ijf;of the molecular nitrogen flow rate. Thus, varying the nitrogen atom-f'

f flow . rate and/or the 5,C1, flow rate had.essentiallyvno effect*otherfs:_f
f;ithan changing their relative amounts. -This allowed the effect of either

w'f;on the NSCl rate of formation to be studied independently of. the other.)ii?ffhf_

'f%,?-The results ‘are shown»in Table I.T (£, and f._ are the flow rates of
e 32012 e |
8 012 and N atoms respectively, :FhSCl is the rate of formation of NSCl )

h»A plot of the rate of formation of NSCl versus the flow rate of S Cl is ;,[

‘ "shown in Fig. 3_ 'f vv~>ﬂ', x:-';j;“' o '.. R o »_'; ;'7::¢
. S 'd' At low SECl flow rates, "the rate of formation of NSCl increases

.*linearly with the S 012 flow rate. When however, the rate of formation of

NSC1 reaches approximately one twenty-fifth (l/25) of the’ nitrogen atom

:}flow rate, a leveling-off occurs.g Increasing the S Cl flow rate above

this. point leads £0 no. further increase in the rate of formation of NSCL.
‘Since the leveling occurs at such a low percentage of the available nitro-a5fl”x'

fiﬁ,gen atoms, the reaction forming NSCL is apparently not the primary nitrogen

Tf'atom removal reaction.: -

It will be noticed that & slightly different plateau value was obtai

':when inserts were changedJ ‘We ‘have no definite explanation for this. ;
.However we feel that it is probably due to a change 1n the flow character-k;ffl‘
‘1stits of the. system.<:‘ L . L S : o
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of 82012 increases and is completely replacedﬁby a shortxblue flame at

'this point, all the nitrogen atoms are reacting.. Since no other nitrogen

282012 flow rate., The leveling of the NSCl rate of formation occurs when

.the 82012 is in excese._ (Excess 82012 18 recovered at SQClaﬂflow‘rates

'greater than O Oh umole aec l;)fu N
A check of the reaction at.the low SQClé flow rates revealed that

the solid,that»formed in the traps was (NSCl)3 and not S3 2012

'(NSCl) is canary yellow, a8 opposed to the yellow-brown of S3Né012




'-f on the basis of:

ﬁas Cl flow rate at the higher flow rates. indicates that the two reactions ‘

"molecule.’v

S present. (Typical flow rates were ‘10 =h moles sec l ey and lOD

jfkﬁ 5 T x 109£ mole 2

Tj'instead of S Cl serves as the third body.28' The rate constant for

Ji;reaction (III 2) is easily derived.‘ The rate of formation of N will be'

’;;}l$?y

'-LZThe NSCl rate of formation in the S Cl —dependent region was calculated

3NSCl -, (NSCi)

The fact that the NSCl formation rate becomes independent of the ”?3 S

3{.rf(NSCl formation and recombination) have the same s, 012 dependence.r Other—-‘~'lTv
.gwise, the NSCl formation rate. would be expected to £0 either up or- down'vg g‘fo?“

f‘at higher S Cl flow rates, depending on which reaction had' the higher ,;}@:v'

‘I .

';order in- SgClQ ' Both reactions are apparently first order in S ClE; since ;,-

f;'sall of the known nitrogen atom recombinations are first order in the inert

28

‘The. amount of 82012 required to extinguish the nitrogen afterglow is :

'fffnlvery small compared t0 the amount of undissociated molecular nitrogen

77molesb_ff:_-

l SECl ) The S"Cl must be a - considerably more efficient third body

've for the nitrogen atom recombination reaction than molecular nitrogen.». i
A lower limit for the value ‘of the rate constant k Cl..i‘or,the 3
s S p _ - 2 7~ B
ffpreaction _,-3' _ '
yNaf-N,f;SQClQ.f N, + qu;é..fj.""EQ'flfz.it,i ﬂ(Ilife)w

};f:can be calculated assuming that the reaction rate is second order in (N), . ffj“

.~ and the calculated‘constant can be compared with the rate constant | 5l1 fgk L.f

l for the corresponding reaction in which N2

D"
272

| d(N) o e
- ;b-azf_- 3201 (N) (s2012) T




."HVT}of N

i.(The concentration of S.Cl

2,18;' C?;ﬂ

If W lethv‘be,theJinitial'concentration of nitrogen'atoms andli bé‘%he\--

-

‘a“ﬂi:concentration of N2 formed at any time t minus the initial. concentration o

2, the differential rate equation becomes o SR

S L
at ’k52012((No) 21)" (8,015) T e

»C1o is presumed to remain constant because the ‘:.

;S 012 destroying reaction is slow compared to the recombination reaction

2

A look‘at Fig. 3 .will show that the S 012 concentration does change by
f,about 30%, but this will have little effect on the magnitude of the rate
- constant) The rate equation, after integrating and applying the 1nitial

"rconditions, x O at t =0, 1s

N ' X ' _ L
k32012 (Nb)((_NO)'QX)(SQC_]fe.)t o

i

The time t in the above express1on can be approximately determined

-‘As‘mentioned prev1ously, the reaction of N atoms with 82012 is accompanied
.:by'a blue flame. If we assume “that complete mixing occurs, and that the i
.vblue flame marks the recombination reaction zone, the time of the reaction '
will be the time .required for the gas to flow the length of the flame. The p,?[
'dbserved flame length was 2 cm when the flow rates of N, 2, N and 82012 were'"

_)_‘_ : - ’ .
_~lO : moles sec~l,'10 6 moles sec l, and lO -1 moles sec -1 respectively. The _

velocity of the gas flowing through the reaction vessel is essentially

. 'Lthat of the molecular nitrogen. The»diameter of the reaction vessel-was -
.2 cm, the pressure 3 mm Hg, and the temperature 298°K. -TheVVOlumelof-Némc“

"per-sec. flowing in the,system’is.therefore,-: _A o L e ',&ﬂ_

1 . i . ‘A“
: : : o R |

.



' ’iw g,

;4“aaiés . 760mm 298° '# 22,4 4 (STB)
oposeco, 3mm 273K T mole

'X'lo

»f_ The;welocity(w ofithe:gas-istthen . o

R

N

. __ 2 Cm‘u_ R
Toosee T Ao X 3 lhcm . 2 O * lQ sec e o

X .62 4 lO3cc_:‘b 1
v = X
"' Ard the time .t required for theAgas'to,travel]étcm:is::iﬂfgf

[

t = - .2 e =107 sec.

) 2.0 x lO2 cm
e _ ' sec’
' » Before numerically calculating ks Cl( it 1s necessary to calculate

S 272 N
B ;;w1the N atom and S Cl initial concentrations. This can be done know1ng .

kﬁ”f?that 62 B sec‘ of gas.flow through the system-i-The-initi&¥hconcentrat1°n

. »ot N-and»SEClE.will‘be B

() _do moles/sec ,=‘l!6~x'lof§ moles |

-7, moles_ f';,t';
,4 ’“v?ﬂ'f
The only remaining unknown is x. We can assume that the reaction

(s 012) 10

‘1s complete when 90% of the N atoms have recombined that is when 1.i.j:

hs(N ) k le

is then equal to
: 2 2.

o

A plot of the rate of recombination ) vs. t, for the reaction shows ffj‘ SR
, v':immediately that the assumption is validJ, At the point where X -,.45 N );4ii,;v?f3
" the rate has- dropped to- lO times its original value and decreases very R

o “slowly from then on.




Selo T e0-

-ié, T T R Y _
Ko 14 —l 7XlO '——5——. )

w2 RoaN
(1.6x10" T "‘°le)(1 6 107 -7 m"le)(lo ')‘ S _32012 1 mole“sec

"¥(The value of ks Cl is probably 8 lower limit Lince the observed time is dff

‘“'7°?jj¢*i';,:an upper llmit,and the 82012 concentration decreases slightly during the -

?.‘reactlon) If one calculates the rate constant kg o when x = .h9(N )
' 2 2
-1

(the reaction is 98% complete), ‘the value 1is 9.6x10%2 Z mole ?, ec

L 16 -
cor approximately lO B mole sec l.

2 - "‘ : ° . .
A rate constant: of 10 5 Ol-6 Z_ mole,e' ec =1 for a normal trimolecular ot

‘5ﬂlrecombinat10n reaction is not possible; Kinetic theory predicts11L2 tri-mlp,ﬁl

'V;ﬁlmolecular rate constants of 109-10 © ﬂ? mole -2 c-l well below the

.'3310,? l £2 mol 2 cvl observed for reactlon (III 2) (The'rate~v»--

.constant for the recombinatlon reactlon with Né as the thlrd body can
f‘be.con51dered a typlcal trimolecular rate constant. ﬁIt_has the,value

5. 7xlO9 l mole T se l) In order to explaln the‘increasedcrate of "1'

reactlon (III 2), it is necessary to propose the formation of an inter;'
li.medlate complex such as [N SQCl ] | The mechanism for reactlon (III 2) can:

"be formulated as’

N+SCl ‘.____"—A [N-s 01]
2 2 k2

N+[Nsc:L] ,N2+SCl e (IrI-2a)

. ‘The rate. of formation of Né will now vt

:

Cl molecule/

¥
, Excited S

L CE
v L E 3

The steady state assumption ‘has been applied to the complex [N 82Cl ].r,‘-

o
e
LY



“‘haS<the'value -;fix

':fjthe rate constant k is equal to’ kl’ which is the rate constant for the {.'Hi

"E];following reaction,

L?l:as earlier (e.g.,x = (N ) (N ) ); 15

S oo

( 2) k k (N) (s 2) vh
& k 23 (N) |

r.we have neglected the product forming reactiong) There are two limitingiﬂﬁwf~

I

'fevcases for the rate of N formation, k2 >> k (N) or. k << k (N) When S

:hﬁk >> k (N), the reaction is second order in (N), and the rate constant

203 T Rk

If however, -k, << k3(N); the reaction (III 2a) be-ﬂitﬁ"v -

Tkt

"icomes first order in nitrogen, the rate law becomes o =_kl(N) S Cle), .fit*ﬁ

’-ltvfjvv

v*;oand therrate constant is kl’ a bimolecular rate constant'in'ﬂ mole ;;'ec. .

The question that- now arises is whether ‘the reaction is. second order

l"fin nitrogen atoms like normal recombination reactions, or is. 1t first order?
.The nitrogen atom dependence ‘cannot be determined from the data. However,

“"there are two reasons why the reaction is probably second order in (N)

First if we. consider the reaction to be first order in nltrogen

with a.rate"law,of ' ;I; o - »
L )

' hfﬁaag__r=jk(w)(szclg),miiﬁéﬁiﬁgbN,;‘;

5
2 .

N + s 01 E SN [N s 012]

-The*valne of ki'necessarytto.give the observed rate can be?calculatedvfrom'f

v_the integrated rate expression, which using the same notation and conditionsiVlﬁr

1n(N ) --1n((N ) = 2x)
)t ,




AT - T [~ I T
. T ey

" or numerically, k, equals (x = .b5(N ), t.=10% sec.) 1L

h‘fﬁkij=él;hx169£:mole?lfsec' IR, fffiﬁ

1.

I{Tg.’(whéhjx = 549(N§551k1*?“234x1993 mole_}‘secj}).n,

‘..j'rHoweve:r',,_k:L could be approx1mately lOll E'molé'lgsec-l, since rate con—‘f_fu

«,

ff*stants for reactions such as radical recombinations (e.g CH3+CH3 C H6)
29"

a.ff The observed rate is thus approx1mately 100 times slower than might be
'i}flexpected were the reaction first order in (N)égd

. Secondly, e can calculate reasonable vaIues for k and k. (N) fOT ei}
{;:reaction (III 2a) which suggest the reaction to be second order in (N)
'IvAssuming that the recombination reaction in which I\T2 serves as a thirdui;:::‘”‘

E body also proceeds by a. two step mechanism such as. (III Ea), the rate

' “;expression for N2 formation will be

Ay "HKB(N)Q(NQ")

X, >>Mk (N)H

(N),
-’..and the observed rate constant kN - = 5 TXIO 2 mole wgy;Byv~:;u
s . 2 2 - "" ) Dl

. assuming kl ~ k IO 1 mole l_se -1 (reasonable rate constants for ’

'fzifSince the reaction is o‘bserved28 to be second order in

s this type of bimolecular reaction, see above), &, value for k2 can be '

'3i:calculated- S e T '

. k 9 sec™ = 1075 sec .. | L o ,

-iIf kl and.k remain unchanged in going from N2 as the third,body to

30
’F:S 012, the lO -lO increase in kS c1 over kN can be atbributed to a,v

22

L.or radical-molecule reactions of lOll Z mole ?'séu l have been observed.;hv_'a*. [

05—106 decrease in ks which makes k ~ lO -107 for reaction (IIIFQa) 3,??-sfﬁ



1
1
{
1

'”:esecond order in (N)

”_aSSembled.

‘}’F

‘13;¢the reaction is not surface controlled.

;'rd;23-.'

'« ok

'€'W1th the concentration of N atoms lQi6 ole z s k (N) equals lO (lO ) = .~-f

,105- ’l, and k 1o lOOk (N) Therefore, the reaction could still be o

S

jg}D.ngffect of:Surface on the Reaction

'.The'same NSCl.versus 8,01, ‘behavior would be expecteddif'the'reactioﬁ"J
&fi-nwere surface controlled with. only the S Cl absorbed on- the surface su‘bJect ;.__

to attack. In order to check this possibility reaction vessel (B) was'b

I4

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

Ucan.be eaSilyvdbserved; In reaction vessel (A), the blue flame does 1n
dfact touch the walls. In reaction vessel .B),‘the nitrogen atoms are
4 eilintroduced<through the center Jet and “the: SQCl along the'outsidee-lAt
lth‘ii'fhigh S 012 flow.rates, no nitrogen atoms uould‘beleXpected to reaCh_the
]walls of:the'reaction tube.éfThus,vany NSCl which wouldvform-wouldnhaveilt
lto be due to gas phase reaction.- In actuality, even relatively low SQClgt:
.°__gflow rat683 caused the flame to shorten and be confined to & small volume(,“

L right at the end.of the nitrogen jet. :

The results obtained with reaction vessel (B), are shown in Teble IT.

82012

(f and f ' are the flow rates of N atoms and 52012 respectively,.
is the rate ‘of formation of NSCl ) The data presented in Table IT

NSCL

g_ cannot be correlated directly w1th the data in Table I, since the two '
"reaction vessels. (A) and (B) were of different design and no attempt was made .
'biffhiﬁto duplicate the conditions (i e. gas velocity, amount -of. reactant per |
?Tncross sectional area) However, it’ can be readily seen that appreciable

37&'NSCl yields are dbtained from a gas phase reaction 'This_indicates that




ol

TABIEQIIJEDataiTromﬁReactiongVesselL(B) ;"h' ‘

ST,

- fylk moles sec™) fs 01, (“ mies ° =f s Tscn (- mole sec”™)
S LS 10000 'i.’;“«‘039'9'“"
CL.s3 030k 00099 7
“0.76 T 0.167 § D - 0.048 R

‘E,* The Nitrogen Atom Dependence of. the Reaction

', The effect of the nitrogen atom flow rate on the ratetof formation if:'
lfof NSCl was determined by measuring the rate of formation of NSCL at
,several N atomvflow rates. The flow rates of S Cl used were‘largevenoughi:;'}f:n.

“to be in the plateau" region'(S c1 -independent;region, see- Fig. 3), and N
’can be considered constant. The molecular nitrogen flow was also held
- ’constant.v The nitrogen atom concentration was varied by varying the power ,':
. output of the microwave source. The results are shown in Table III. .A diis
v;:fiplot of the NSCl rate of formation versus the nitrogen atom flow rate is:

ft'shown in-Fig.-h The rate of formation of NSCl is observed to increase'%f

"7; linearly with ‘an increase in the atomic nitrogen flow rate._ ThiS'indicatesla1iCI"
u-that the rates of the NSCl formation reaction and the recombination reactionﬁfﬁl;'

"fhave the same dependence on the flow. rate of N.:

-TF. Mechanism Dlscussion :

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

‘"IfNSCl to the S Cl flow rate (Sec. C) and the atomic nitrogen flow rate fcf_]f:;!'

s

: 7W15(above) may not be conclus1ve evidence for the true kinetic dependence ;g '

*W”w on these two reagents. : _{'Q v ':i'lh“‘i‘i

' The kinetics will depend on the nature of the flow in the reaction‘;
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”Z,compared to the rate of mixing, homogeneous reactions, when the: reaction

and the mixing have comparable rates.1 -

The reaction was clearly not a pure diffusion reaction because the 3,',

'f»operating pressure was 3 O-mm Hg (simple diffusion reactions only oceur

1“;fat low pressures (O OOl 20, Ol -mm Hg)) 9 Furthermore, for reaction vessel

3*,shape and centered on. the S Cl inlet nozzle (diffusion should,occur

"equally in all directions ) The observed flame was by no. means spherical,

‘R"¢a simple diffusion reaction would be meaningless~_,‘g~;h'5¢ o
Since no rigorous treatment can, be applied to a combination }i;h'

4diffusion-homogeneous reaction, we have used.a homogeneous reactionvi._

o.19_ffé‘?i~?f,i5flﬁ;!5° ou8.iix?f}r:“"" ”

15l?o.o69¢fjffj7,fgh =

| ;Vessel., Re&CtlonS carried out in flow systems of the type used here (no DR

””Tf preliminary mixing) may be diffusion reactions, when the reaction 1s fast fffr

is slow compared.to the rate of mixing, or intermediate when the reaction ]Zl‘

"(A), the flame, if it were a simple diffusion flame, would be spherical in S

-ﬁf;;out was elongated and pointed downstream.. Thus, treating the reaction aSjiiyl,.




';f;is then either a unimolecular decomposition of the [N S,

‘-gs_f'-

N treatment for the mechanistic interpretation. For'the reaction'to héi

homogeneous, complete mixing of the reactants should take place before

, '%]reaction The flow rates of the reactants would then be proportionai tovff;f

“concentrations, since the molecular nitrogen flow rate remained constantf__g;t

K.

.'(changing the flow rate of either the. atomic nitrogen or. the SQCl would;ffx

2

be equivalent to changing its concentration)) In addition, we have applied

the steady—state assumption-to the. intermediate complexes (i es'[N S, 012])

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

reactions is not without precedence.- Forst, et. al.27 applied a similar ;.5,
o treatment to the reactions of active nitrogen With methyl chloride and

'“5‘iwith methyl cyanide.-vi'i

Cow

Several mechanisms can be prOposed.which Will explain the data
These. mechanisms can be divided into three general categories, designated
. .here as Case A,_Case‘B,yand Case»C;n In;all three.Gases, the recombination.

v reaction‘will be:reaction'(III-Qa) In Case A the competing reactions'

"-vhave a common intermediate complex [N S Cl ].' The NSCl formation reaction~=-

27

'in the recombination reaction,‘

(A-i.)' [N +5,C1, ] ——-—> NSCL + SCl ,’ :

"gor an attack of a second nitrogen atom on the complex[to form either -

- one or two NSCl s,‘.q

el (A 2) N + [N 5 Cl } —-—l—‘-> 2Nsci_

SEREE n : ik ﬁ%" i e
v*t; N + [N S Cl ] h > NSCl + NS +- Cl. E

A

PR

fj(ThetprodnctsiNS +'Cldwere chosen'over'NCl.¥ S.hecanse'the'fOrmerh_j:L

Cl ] complex formed

S



" on- seyeral previous occasions

.’;27;‘:.

’f'are more stable ) Product formation reactions, sharing 8 common inter-“”.

gpmediate w1th the nitrogen atom recombination reaction, have been proposed

6
pst378 e 21 to explain active nitrogen reactions

o Case B assumes that both reactions (recombination and product forma-v:t

;o tion) proceed via complex formation, but with .each having & different 3

ﬁf-complex (separate complexes). The- NSC1 formation reactions will then be }{ﬂ;: o

: .
N+ s2012 ——6—> [Nes 012] -

> NSCL + SCL . -

) ey

Cly]' '——>amscy .~ o

L '_'(1‘3-‘2')?“ N +. [N s2

N +---[N-82'C12]' —T > wsc1 + NS+ 0L,

T

| 3wherem[N°S'Cl-]' is some complex other than the one’ formed in reactiOn SR

(III 2a) Mechanisms, as in Case B have not yet been proposed in ex-nff1\T

- plaining active nitrogen reactions, but we see no reason why they are’
';‘_not equally as probable as Case A.fig,.f | 3
Case C is the simple case in which the NSCl formation reaction is ;;i.{.vi
.;assumed to proceed without complex formation. This corresponds to Caserﬁf’"%lw”f
. B when the lifetime of the complex [N S 2]".is‘_very‘small._ The‘NSle:‘pf:;;:

'“'formation reactions are L

N + 8 21y ——> NSCL + SCl‘

) Nk N 52012—2-> owscl

CNE N+ 8,01, —2> NSCL+ NS +CL. .
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" Some of thefabove mechanistic possibilities-can be eliminatedrhecanse.v

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

~ Band C, the rate of formation of N, for the re?ombination reaction'

N+ 52012 S [N~82012]
N.+ [N-S.C1.] —2> N, + S.CL. " (ITI-28)
ovp - 2" Povo N
'i”is_(assuming a steady state in the complex)',
agny) k k (N)? (s 1,)
at k + k (N) '

, 2. 3

| ‘.'The rate of N formation has two poss1ble nitrogen atom dependences, de-.

rpending on whether k2 is greater or less than k3( );_ Therefore _the
,nitrogen atom dependence predicted by'each of the mechanisms_in Cases B

‘and C will also depend on the magnitudes of k, and_ks(N),' For Case B,

reactions'(BAQ), the nitrogen atom dependence predicted wili also depend .

on k6 and k7(N) since

d(NSCl) koK, (N) (s, 2)
dt,_:'. 6 ()

Case A is somewhat'unique since the NSCl formation reaction also requires
the intermediate complex from mechanism (III Qa) The rate oﬁ formation

. of N, for Case A reaction (A-l), will' be

, d&Né)_ X k, (n)® (82012). R
& ke*ku+k3(N)‘ Lt

“Excited 82012 molecule



29~

ft and:for (A-E)f,,bt?
afw, ) klk ()2 (82012)
@ = e, (W) (W)

’ Table IV is 8 tabulation of the mechanisms and indicates thich ones f;

'"fvcan be eliminated on the bas1s of the observed nitrogen atom dependence

It also shows what conditions (as regards rate constants) the remaining -
‘mechanisms require.v (The calculations made.in preparing Table IV are
given in Appendix Sec F j

Several mechanisms are consistent: Vlth the observed nitrogen dependence
It is impoésible, on the basgis of the cbserved data to determine exactly
-which of.the mechanisms is most probable. . Itfis,‘however, possible'to
- draw some conélusionss ir the mechanism is Case. A that is,ta common intera
: mediate is shared by the competing reactions, the NSCl formation reaction
is (A 2) regardless of the relative magnitudes of- k "and k (N) Further-
_ more,.if the_recombination'reaction is second:order in nitrogen atoms
.j(k2:>> ké(N)),'the NSCl formation‘reaction'mnst also be.secondlorder'in:
(N).. Only for k, << k3(N);_when the recombination reaction becomes first
order in (N); can the NSC1 formation reaction be first order in (N), and
then only for Gase B or C. A
. As mentioned previously (Sec C).ittis pOSSible for'kgvto bevgreater o
“than k.,(N) and still have the observed‘rate of recombination.;.(Whether'or:f'

23
.:fnot k is‘inffact greater than k (N) cannot be determined‘without actually;'

'_,measuring the nitrogen atom dependence of.the recombination.) Assuming

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

Since there is no way to distinguish among reactions (A—2) ((B 2)

kg >> kT(N)),'and (Ce2),‘the NSC1 formation'reaction-can onlY'be. : _."fiﬂ



TABLE IV.

Mechanisms for the'Reaction:of Active Nitrogen with 82012

Mocha: Product éESCl) d&g2)7, - almseL) Recombination Resction .
~ Mechanism .Formation i faﬁﬁ“j— - L o
: Reaction dt L2t k2 >k3(N) yk2<Kk3(N)
' Case & - ‘khkl(N)(SQCie) (N) (s 012) :ku » LU A L :
Comgon Intermedlaee (A-l) X +kh+k ) k +kh+k ) "EgTﬁT -Inconsistent Inconsistent
3 2k, l(N) 5,C1,) kb, (v)? (8,C1,) 2k ' . N ‘
. , (A—?) k2+ku(N)+k (N)' > +ku(N)fk (N) fE; Conslseent Con51steqt
Case B ' Kk (W) (s c1 ) kl(N) S5 c1 ) | ok k. (kgtk (W) N IR
. . ' 2 2 5723 - .
Separate Intermediates (B-1) 2 Inconsistent | Consistent
° A _ kgtk, k+k (N)_ klk3(N)(k6+k7)_ A T
. . 2 . : .
(B-2) 2k k_(N)“(s.C1,) Kok (N) (s c1,) 2k, k_(k tk.(N)) S T .
() 22 31 2 5.2 3 Consistent | Inconsistent
| kPN ke X +k3(N) kgk k) IR
| (-2 o)  P(s,01,) | e Gegae ) | T
) 2k (M) (s, C1 Inconsistent | Consistent
kg <k N 5 272 k2+k3(N_)f k, () :
Case C : N : ' Kok ()% (s -C1,) vk8(k2+k3(N)) o .
No.Iptermediate: (C—l) kS(N)(SQCle) k2+k3( ) : klk'(N) Ipconsistenﬁ _Cegeisﬁent
o 2,0y k (07(5,01,) | By licte ay | L
(c-2) ?k9(N) (32012) - 2 2 - 3 Consistent - | Inconsistent
' : kot (N) k Ky . T Rl

Indicates whether the mechanlsm s predicted nitrogen atom dependence is cons1stent or 1ncon51stent w1th experlment -

when.the 1nd1cated relatlve values of k, and k3(N) are assumed.




B walls.'

‘i~315

,‘" represented by:one-Ofnthe°general reactions,: - ”r “h_‘l;_fp"‘

- oN 4 8,01, > BNSCL . . S (1TI-6)

" oN'+ §,.C1, - NSCL + R R L (III-T)

“%_G{ The Reaction at Elevated-Temperatures

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

d:'tenmeratures._ The nitrogen atom recombination reaction surely has a very‘

: sflow activation energy whereas the NSCl formation reaction would have an

'vappreciable activation energy since bond breakage must occur. -
" Reaction vessel (A) was modified by adding the two thermometers (h).
"_.The decision.to usevthermometers for measuring the temperaturefinstead of
",thermocouplesvwas due primarily to ease ofvmodification of the'reaction:
.veSSel; .e""ty>'. R g ,’l .\f“ I 'L:’ ;-
The. two reactants vere preheated.with ordinary heating tapes wrappedf
aroundlthe tubing leading to - the reaction vessel It was found necessary
to insulate the reaction vessel in order to prevent the reactants frmn f .
- again reaching ambient temperatures due to 0011151ons with the cooler'

4

The reaction vessel vas heated.to the proper ‘temperature by allow1ng

-the heated nitrogen to pass for several minutes before starting the reac-

'(tion. The reaction was then carriedlout as usual except at the higher
-'temperature. ' The results are shown in Table v. " (The symbols fN and

' refer to the flow rates of nitrogen atoms and SEGl respectively; -

8,01, 7
NSCL is- the rate of formation of NSCl ) The expected‘results are ob-

;ffjtained._lf”“

It would have been interesting to have gone to increasingly higher



. was not pos31ble since S Cl

_ }f3éi'

- TABLE V.‘Temperature Dependence - 7

fNr=o.9-umoles sec™t o .

“T'.:gj L i 'fséCle(pmoles secf;)ii - FNSCl(unoieiSecfl)vi
" R.T. (30°C) - 0.19 . 0.037
. 100 0.37 o073
. asoc : 0.33 0.077
320 . 1.29% : o ©0.135
320°C . B o.ehx . 0.088

Con81derable decomp031tion of the S C1
above 180°C.

5 takes place at temperatures

temperatures until the limiting yield of NS5Cl was found, particularly to

see 1f total nitrogen incorporatlon was. p0551ble v However, such. g, study

o decomp051tion began at 1802¢C, and was quite

significant at 320 C.,

H. Mass.Balance

.*In two separate runs, the Quantities'of'all products were deternined.
The NSCl, as‘usual - was determlned by weighing after conver51on to
S3N2012 ’lThe remaining-products were'weighed directly.‘ Unreacted 82012,
;SClQ and Cl 5 were separated by'fractional condensation, through a series
5'ofﬂthree cold traps.' The S Cl could be removed at 63 C .the SCl2 at
. =l112°Cc, and the chlorine at —196 C._ The products,_after separation, were:

' transferred to a tared bulb and weighed _fhe solid products, which formed pi

- in the: insert tube, were also welghed

The results of the two Tuns are. shown in Table VI. The "S Cl used

-is, of course, that which is added to the atomic nitrogen stream during



(fthABLE VI} Mass Balance for the Reaction of. Active Nltrogen “f;"'a

With SECl

|

; _‘fﬁ(um‘oles‘/s’ec)f; D o -- 0.9 | k '. - _v - '1.0'2‘ S

1 Cl;(umoles/sec) - : ch68_j oo

e e

i !trs 01 'useé'(moies\xvlo“)” o 6.9";" ""ﬂijf;, 9.3“f1;f

2

3.2 o

”fg?501 (moles X'10 ) observed 1.9 LT ea

from Reaction (I11- l) expectedv v 2.l';A,_ %;ffﬂ.b. 2;51‘1

2
5,01, unreacted (moles X 10 ) “.‘:f 0.5 'I, ;_ff; 0.6

. Soltds obs.'(gms) © .1 0 0.0037.. - DY 0.028 C

‘_32 o accounted for® S
(moles- X 10 ) “1(;-1'.'5f :f. 6 2

'l.LZQSulfurs added (moles X lO ) 13 8 (c:{fff;ﬁiijgﬁdi8'6

'>;;Sulfurs recovered (moles X lO ) 13, O ';ff o ’.;?7119.80

S .?5“V§$fiifli53(16;8d

; required in the following reactions

-”S Cl accounted for is the sum total of the S Cl unreacted plus that .”_'

2

2N + 8 01 - 2NSCl - ’:{;a,377 .15.’f~‘_. (III 6)

2NSCL + 82012 83 2012 +. 301 ERE w'; (III 1)

82012 5,C1, - __.‘_ o ,\‘f;;r;; . - (I11-10) .

""i‘(The substitution of reaction (III 7) for reaction (III-6) leads to

';»sexactly the same results)

hiRecovered as. S N Cl SClg, unreacted S ClE’ and solids (sulfur or (NS) )

32 27

¢ Assuming the solid in ‘the insert to be sulfur.

Assuming the solid. in the insert to be’ (NS)
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the run.'rThe unreacted S Cl is that which is recovered:unchanged'in
the traps. vThe remaining S Cl has: then reacted to form either NSC1, or .

.other products (1 €., SCl S3N2012’ 88 and Cl ) It is important that~

‘either all the S Cl be accounted for, or that & sulfur balance be obtained.

2

. The Table gives both an S, Cl balance and a. sulfur atom balance.

fRun»#é gives a very ‘good ‘sulfur balance.. In Run #l;the sulfur re~ .

" covered" is lower than "sulfur added", but the difference is within the

-limits of:experimental error (10%). Run.#é.is also consistent_with‘the.
..fact that a portionlof the solid in the insert is SMNM' .
..‘ The amount of SCl2 observed in the products_corresponds to that -
:.:erpected:from reaction (III—l) alone. Apparently, 8012 is only a secondarydv"
product and not formed. in the initial reaction of. nitrogen atoms and -
- 52012’ _1 , _ | v' _

It is not possible to determine anythingdfurther about'the-mechanism'
fromvthese data. Twonreactions.ﬁere.proposedv((III-6)?,(III—7)) for the
NSC1 formationlreaction, They‘differvin the_amount-ovaSCl that'can ben
s obtained from one S,CL ‘molecule.j'The datapin.TableVI,Will:not allow us to
distinguish between the reactions. ' | p | YL;
.,- NS is & principal product of (III 7) and not (III 6). However;'little
| NS (as (NS) s h h) is. actually observed in the’ products. This is partial.
ev1dence against reaction (III—T) NS apparentlyvreactS-with nitrogen :

atoms to form nitrogen and sulfur:

> Nél+’s)_'f o v(lII—B);-

_ ;N + NS'
Some of the NS might be destroyed before appearing as products if reaction
(III 8) were fast’ COmpared to reaction (III-Ea) ‘But, in the reactions éf"'”

" active nitrogen with HQS, COS or CS (see Article IV) essentially the'
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same conditions ex1st as far as the recombination reactlon is concerned,
and (NS) is found in apprec1able yields in splte of reaction (III 8)

Reaction (III 7) is not necessary to explTin the presence of the'ivt; -

L small amounts of shNh and (NS) A small amount of NS can. easily be formed: '

'{, by reaction . (III 11)

The reaction of active nitrogen w1th SQCl may be represented by the

"mechanism:~

N + 5,1, v_[Nsecigj o |
. ‘(.. . | '. * o ,' .
= f‘[N*§é¢%£ Ny #8501, 0 - (III 2a)

- 32012 - 2NSCL ., . . fb;fﬁ”;' (III 6) o

The electronically excited S

2Cl2 produced in reaction (III 2a) probably

il'undergoes two reactions o

o Ko e

11?2 L =8+ Cl, 7. .2“‘;3_.s»:*1 o III—loi,,

Reaction (III lO) is quite probable since the amount of energy available
from the recombination (225 kcal) 1s: more than sufficient to decompose

Cl destroying

-

the 82Cl2 molecule. This is probably another principal S

»reaction. o

Small amounts of NS are possible from the. reaction of nitrogen atoms

h

; f‘with the 8,7 formed 1n reaction. (III 10),-
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”?fV; REACTIONS OF ACTIVE NITROGEN WITH COMPOUNDS
. HAVING INTERNAL SULFUR ATOMS
A. Sulfur
‘ Theﬁreaction:of N atoms with sulfur-has been.investigated onLSeveral,

occasions. "Struttl sublimed sulfur - into a stream of active nitrogen and

obtained a. yellow product, suggested to be Sh % and a blue compound

- suggested to be - (NS) -He reported that a blue flame accompanied the

- reaction. Moldenhauer and.Zimmermanll passed an electrical discharge
through a heated,tube_containing nitrogenvand sulfur; They separated

"three products from the excess sulfur, Sh h’

v yh

S5 5 (Later: shown to. be B
and (NSE)X.(probably (N%)X). Liuti, et.al. ,12 recently_reported
Athat solid.sulfur failed to react with N atoms. Reaction to form "NS .
polymers" (detected by'msss spectrometry),,was observed'however, when thev_
bsulfur-wss heated. - A rather complete mechanistic study'of the reaction ‘
ova atoms with Sé was recently completed by Bett and Winklerlu in which
they_alsoiobservedehNu, (NS)x and § N 5 88 the wltimate products
WevhsVe;focussedfour attention on the reaction of N atoms with Sg-
sul fur molecules,.hy working at lower temperatures (< 25096).
.Initial experimentsvwere performed in a crude apparetus not previously

described”in this work. The apparatus cons1sted of a straight quartz.

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

. of 81milar diameter (~ 15 mm O D. )5 the latter served as a reflux column B

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

jhlseries of liquid nitrogen traps. o _'
Spectroscopic grade (99. 999+%) sulfur (American Refining and Smelt- .

ving) was used.forvthis study. The reaction was accompaniediby a blue
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'SANQ.

.. reaction. The vapor pressure of ShN is, however, guite low, and it

‘: a portion of the solids in CS and. examining the infrared Spectrum of

L the solution. (NS) was observed (its blue color was easily recognized

Se TEST AN AN aTvnn s B O, et
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t'r'.‘”flvl.larne...~lf-x;t"l",eri'o'vper'atingv_fo‘r‘"'st—:d-verval minutes, he solids which collected
'“ih_fin the reaction tube varied 1n color from orange-brown near the reaction

1i{zone to blue. in the tube above it. The volatile materials which formed ‘5.
:'“[-in the traplwere brown to orange invcolor <.Upon warming the traps, the

orange material melted to a dark red liquid._ This liquid behaved.much- S

like oil (beaded on the glass, etc. ) and decomposed to- solids on standing

‘ at.room temperature. It wa.s found to have a very strong 1od1ne-llke odor.

16

These characteristics are the same as those of ShNQ' _The red materiasl

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

" The ShNE was found to be the only volatile product formed in the

: ﬂl,cannot be distilled eas1ly on-a vacuum line at room temperature “In. fact

~ . on occasions, SMN condensed in the walls of the reaction vessel before

reaching the traps. The reaction was found to be non—reprodu01ble as far

as the yield of ShN was concerned v Reactions:apparently-performed'under e

o Lthe same conditions gave different results. Sometimes'only-traces;of E
' SAN were observed. (v1sually) 5 other times rather large amounts were ob-

: rserved. (In one. excellent run, the rate of formation of SAN was deter-

»mined by weighing and - found to be O 22; umoles sec l,. The flow rate of N . -

atoms was not measured, but can,be presumed.to be about 1-2 pmoles sec_;."

Sulfur was in excess). Difficulty was experierced in determining the

‘fu'ShNQ‘yield_because_SuNQ deCOmpoSes‘readily,atdroom‘temperaturey,and several

7’,minutes'were.required'to transfer-it to a Vesselxto be weighed.

SMNM was also found to. be present. It was identified by dissolving L
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in this system)
. Several runs 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 éfpe to the p01nt where
sufficient sulfur vapor. existed to create a sharply defined blue reaction
flame. Essentially the same results were observed as before, except that
'V-Sh h was discovered 1n the traps along with the Sh ot This SM L probably
.p came from the decompos1tion of the SMN to sulfur and SuNu‘(some sulfur
©owas also detected'by 1ts.reaction with mercury in CS solutions;3l'ShNu'
"»givesba negative test) In Tuns of 51 and 60 min. rates of formation. of
v.l AN of 0. 02 and. 0.0k Hmole sec™t reSpeotively_were observedv(the actual"‘
yields were prObably a‘little higher since some‘of'the:SuNg probahly'de—
composed). The N atom flow rate was approximately 1.5 pmoles sec—;.'lThe
ShNh: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 SMNE from the\reaction products (the time
required to.! transfer it coupled with its 1nstability), the reaction might

be a preparative method for this product

.B, Sulfur Dichloride

Since NSCl was found as a product of the reaction of N atoms with
. S Cl o 1t was only natural to expect that it would also result from the

reaction of N atoms with SCl by a reaction such ast
N + SClé ~ NSCL + C1 ;i:' .:d o ,'i (1v-1)
: The:reaction wasdstudied‘in reaction‘vessel.(A) v 8012 vas prepared
Cl with chlorine on a .vacuum. line. Fifty millimeters of

272

by the reaction:of S
1,_ purified.82012 (see Sec. III-A) was distilled into a bulb of about 200 ml;
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'capacitv:: Chlorine, which had been purified by pa551ng through a trap
ti;at -112°C and condensed at —160 C, was introduced into the bulb o a :
::pressure of about one atmosphere.t The bulb-was allowed to stand at room

temperature for several hours . (The chlorine addition was repeated three

2 2’
condensed in & series.of traps (- 63 5°C, -112°C, and -196° C) The . 8012

 times.) The resultant mixture (S cl SCl ‘and Cl ) was fractionally

.was collected attfllE_C. It was then redistilled.into a storage bulb.
_;The bulb was weighed before and'after each run..
The reactiorn, as in the case of SQCl2, was accompanied by a blue .-

-5flame;‘vThe.intensity (visually) appeared less than thatlfor-the_SQClgr

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

'h'{ products were yellow-orange in color. The infrared spectrum of the.

'~-;volatile products. indicated- the presenceiof<NSCl and:SCle. Chlorine,

identified'bypits reaction with.KI, and its physical properties (color,

.'_'tapproximate'melting point) wes also observed to be»present.

~“"fto the nitrogen atom stream was chlorine instead of SCl . This is. not

 Yield determinations were made in three Tuns. The'products were.s"

‘.fseparated by fractional condensation through cold traps of ~63 5°C,
'-112 °c, and -196 c. The bulk of the NSC1 was removed by the -63.5°C

trap. A slight amount carried over to the -112 c trap where the SCl was '

‘collected. The chlorine was trapped at —l96°C. The yields were deter-

- mined by'weighing each product separately The data are shown in Tablev.v
vaI-_ L _ -

| A look at the chlorine yield shows immediately that -an excess of

o chlorine was.obtained. This indicates that some of the material added *‘i

vﬂ_,surprising in view of the fact that SCl disprOportionates to S Cl2 and: ??‘

Gt e T
A (‘

”y
T
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/TABLE VII. Data for the Reaction of N Atoms with SCL, .

L Ey (pmoles,sec'l),_-_ - - 0.89 1.03  1.03
- 7801, (mmoles sec™™) . 0.7 . 016 - 2,32

501;‘addea (mb1es;X 1o§)f' S 10.5 . 9.7 "'_57,0

--ENSC]_' (

mmole sec™™)  0.037  0.045 = 0.23
i SClé.rec0vered.(molest lOu) . 2.33 1.94% 30.0
s observed (moles X lOu) ) <0.3 . <0.3 -

- Cl1, obsefved (Qoles X'th) o »'8.45.‘7'  8.05 L2.0

t o L e | =
. a portion of the material added.was.Clerinstead‘of.SC12f“ B

- Cl

2801-2 - S,

2 2.

CL,+Cl, - o (1v-2)
‘*'”The.reaction'@f-actiVe,hitrogen;with”SCle‘may,proceed:by a mechani sm L

~such as: ...

‘:_.N + sC1é~;=i ;[N?SC%Q P _',f ‘;>4 o (1v-3)

S o e o .
S +‘[N¢SC}Q famé-+v5012‘ N (Tv-L4)

‘ . )} . * - - . . _‘ ' .v : N ) .v
L USCLy 4 M SCL, 4 M Lo ~ (1v-6)

¢ With fhe$eXcess_Cle'arouhd, one would{notvgxPecf'much sulfur or NS

' asipfbdﬁéts;v_This ﬁoes not rule out feactiqns;such ast

oy

RN

N+ 8CL,~ NS+ ClLy, - (T



",from S Cl at room temperature.

”a'tared,storage bulb.

b1~

Higher yields of NSC1 can apparently'be obtained from SCl than

Kl |
o

. ":Cg Thionyl Chloride" \ ,

We have briefly studied.the reaction of active nitrogen with thionyl

-chloride (SOCl ).

. Crude soclg- wasipurified by distillation (in vacue) through a -45°C

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

The reactionwnasaccompanied by a blue flame, whose. 1ntens1ty appeared.

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

22

-',(The flame is possibly due in part to SQ, since- S is observed.when SOCl

30

is passed through a microwave discharge. The 82 would prdbably arise

from.the decomposition of the SOCl2 after serving_as the third.body for

" the nitrogen atom recombination).

' The products of the reaction were found to be unreacted SOClE, NOCL"

' N O SO c1 012 and,small amounts of sulfur The chlorine was identifiedf'

272’

by its physical properties, and itS'reaction with KI.- The Noc1,~50012,

vSO Cl oI and N O were identified by infrared spectroscopy. In addition to.

2

“the 1dent1f1ed products, a vexry small amount of: an unldentified red
: material was observed. This red solid- formed in the traps as a thin film'

~on the glass. Tt was insoluble in all the common organic solvents, but

dissolved.with decomposition in 95% ethanol. The y1eld,of the solid.was-'

v typically never more than one or two milligrams in a- 90 min. run.

i

The SOCl used in this study came from the Chemistry Department of the

2

University of California, Berkeley, and bore no manufacturers label.

P
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Evidently;Tlittiecordnocreaction occurs‘betveendthefN atomsrand.the sﬁifﬁf'
"of the SOClQ, even if the unidentified material contains a nitrogen-'.
"sulfur bond. .l”';‘ |

The reaction may involve an initial attack of the N atoms on the

: oxygen,of the SOCl to form NO. The NOCl SO and NQO would then result |

from the reaction of NO with SOCl

*

" D. Sulfur Dioxide

Liuti, et al ’ recently reported that when SO is fed. into a stream
d‘fof active nitrogen, the nitrogen afterglow is extinguished and no other
fﬁemitting sp801es is formed. They indicated, however, that reaction may -
have taken place but failed to elaborate. -We therefore included SOQ.in
the series of suifur compounds studied here. | |
'Reaction vessel (B) was used as the reaction vessel._ Addition of the
SOQ caused the nitrogen Lew1s Rayleigh afterglow to decrease ‘but .a rela—
tively large amount of SO was required to completely extinguish 1t No
Zflame'was-observed, and no significant decomposition of the SO2 occurred,
A run_of Oi min. at a nitrogen atom flow rate of.l;6T umoles sec-l and an -
SO2 flow,rate of 1. E.umoles sec -1 gave no measurable products other than 4h.
ithe unreactedﬁSO (A slight trace of white SOlldS formed in the .insert
.:tube;‘but the .amount was not even measurable ) | |
‘In one exPeriment the amount of SO2 requlred to extinguish the

,nitrogen;afterglow was,determinedJ An SO flow rate of 120+lO Mmoles sec -1

' In‘a controlled~éXperiment unmeasured quantities of NO and‘SOCl'2 were
mixed in a trap and allowed to stand at room temperature for approxi-
mately one hour. An infrared spectrum of the mixture showed NOC1, SO

» ;Neo-and unreacted NO and SOCl to be present. - "- . .
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Was.needed,tofextinguish the afterglow;of_a_nitrogen"stream'whoSe nitrogen
gtom flow rate was 0.95 mmole sec—l.. (This‘can be roughly compared to

L «S Cl2 for example, which under - the same'condit%ons; requires only 0.0k

pmole sec g to recOmbine all‘the nitrogen atoms;. SO must be approximatelyl,.

3

ilO imes less effic1ent as a third body for the nitrogen ‘atom recoMbina--'

tion.) For all practlcal purposes, SO is inert to nitrogen atom attack.

E. Hydrogen Sulfide

The reaction of N atoms with H S had been studied previously on two

L 0 :
;‘separate»occasionsf’ StruttJJ in hlS early work on the reactivity of active

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

'twaspSuNh. He proposed the initial reaction to be::
N+ H,S ~ NS + HQ_:]. o :“'-»tlﬁ' o (1v-9)

‘more recently;.Westburgy and Winklerl3'made a ratherlextensive.study‘of

the reaction and proposedla more- detailed mechanism. They also reported

A F{,that a. large fraction of the solid which deposited was prdbably polymeric

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

';,_Were obtained,

vWe'hawe inrestigated thevreaction to characterize“further‘thevproducts'.'
H'fand to determine if the reaction can be used as.a preparation for any
specific ‘sulfur- nitrogen compound. : _ | ..

, thheson 'S hydrogen sulfide was purified‘by distillation through a -H:
f hf-l30 C trap into a -196 C trap.. The H S was then transferred to the .

reservoir system.a The flow rate was. determined.by measuring the pressure

'."“jchange in the constant volume reservoir

| Reaction vessel (A) was-used for the'study;"the-traps were cooled



.' tot;l§6;C}_'Thedreaction5wasiaccombanied'by'thexusual blueiflame.?odiihet'

. solid;vwhich deposited.onjthe‘insert tube,.was.nearly,blach'in'color,'
Yellowvand white volatile substances were obtained.v§When the'trabs were
_warmed to room_temperature, a yellow solid,formed which gradually disapbear-.
ed. The s61id was found to decompose on slight warming to”give NH3 andv

‘iH S and was apparently NHMHS. A small amount of. solid always remained in

L the traps and was identified as sulfur (the SOlid:was 1nsoluble in water, n

When a drop of. mercury -was added to, the CSE»solution,

ffnbut dissolved in csei

b”:the mercury surface became coated with a layer of black, solid) 31‘ The - in

frared spectrum of a. KBr pellet which had been placed in the 1nsert tube prior
“to the run showed bands corresponding to. STNH 3 . The heptasulfur imide
i"(S NH) had not been prev1ously reported as.a product af the. reaction.,

The S7NH could be separated from the remainder of the”solid products :
((NS) 5 S ) by chromatography.333 The 1nsert tube was placed in. an air d

condenser which was mounted on & 250 ml flask containing apprOXimately 50

oml carbon tetrachloride which had previously been dried over drierite .

- The ce1y vas then refmmxed over the insert tube for 3 hours. At the end

yduf of the refluxing, the CClh vas light yellow in color. A small amount of

'ﬂ-j sulfur remained in the insert tube. The CClh solution was allowed to cool L

and then was poured onto a. l 6 by 20 cm cylindrical silica gel column which
‘had previously been washed carefully with dry CClh The products were eluted '
- with ccil+ Three distinct bands were cbserved. The first conststed ot

- sulfur followed closely by-the STNHa',The'third;was_yellow in color and .

The material was presumed to be sulfur. It-was'yellow'in”color andf.
preceded the SqNH off the column. The: amountﬁhowever,‘waslvery'small; R

not more than. l or 2 mg. o R



nffare present react to fonn the NH

'>S4tor form NH or reacts with the sulfur to form S

.g'us;.,-

B was'identified by;infrared spectroscopyias_ShN;r A portion of the material
‘remained on the column and was dark brown in. color It could be removed
"Lwith acetone and was - found to be SMN (1dentif1ed by 1ts 1nfrared spectrum).

The amount of each product was determined by weighing

The ammonia, was separated from the unreacted H 3 by fractlonal

?”;ﬁtcondensation The‘NH3 could be trapped Bb. ~130°C and the H, S at -196 c.
":Tailnfrared spectra of each fraction showed the absence of the other product'
T;(i,e. no NH3 was observed in the -196° C fraction) Some H S smay . have been .j
ﬂzl;;(present in the -130 C fraction because H S has a. low extinction coeff1c1ent_,'
'ai.and small amounts _could not be detected. Any retained in the —l3O C trap
‘fﬁfwould come . from NHhHS formation. The yield of ammonia‘was determined by»

}}g weighing The results are shown.in Table VIII.

' STNH accounts for approx1mately 30% (by weight) of the solid produced

._Sg (poss1bly 88) accounts for about 3&% and the (NS) the remalning 36%

'The S_NH probably results from the reaction of the imine radical (NH) w1th

T

"sulfur fragments (1 €. S.and S )(nitrogen and hydrogen atoms, both of which

34 which either 1s hydrogenated further

3. 7

:,observed initially in the solid in the insert tube, that which is separated o

v f;# by chromatography must come from the (NS)

NH) Since no Sh y is S
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TABLE VIII. Data for the Reaction of
| ’N'Atoms'wiﬁh‘ﬁésT.-j'f
~ Run # - | f F F S F, B N
ano N H,S i fsoxH L s
2 3.4 T :
1 _ - 1.00 2.74% - 0.39.., ~o0.01  —
2 .00  1.08 0.1 ' 0.012  0.08L

All units are ‘pmoles sec-l; f = flow rate; F = rate of formation.

# Assuming conversion of NS to )N, via

e M(Ns)x,» X SuNuil:7 
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" V. .REACTTONS OF ACTIVE NITROGEN WITH COMPOUNDS
HAVING AN EXTERNAL SULFUR ATOM

A. Carbon Disulfide 'i’

e . ‘ ‘ o - o .
o StruttlQ_reported'in'l9l3 that carbon disulfide (CSE)'reactedﬁWith

‘active nitrogen to. form two polymers. One was a blue solid which he

"5concluded was- (NS) ' the other corresponded to (CS) which had been

35 'Westburgy and W’inkler13 later

observed_earller by Dewar and Jones.
stﬁéieduthe'reaction more carefully. They found the products to be
p'(NS) (CS) ") and sulfur and proposed a detailed mechanism for the -
reactlon.

We have only briefly looked at the reaction and have -observed
‘essentielly the same results obtained by Westburgy‘ana Wlnkler:l3
Y»VSince the only nltrogen containing product was (NS) % yield determing~-

:tions were not performed.-

;B; Carbonyl Sulfide

The reaction of active nitrogen with earbOnyl sulfide (0CS) was _

' reported by ILiuti, et. al:,l2 to give NS and CO presumably via:

W+ ocs > NS +CO. (v-1)
.The products:ﬁs and CO were detected by mass speetrometry. Wev
f further'investigeted the reaction in order to determine if other_sulfurf |
,vnitrogen’compoﬁnds Were.formed.v Matheson's earbonyl sulfide was o »
distilled (in vacuo) into a trep et -130°C. It was then redistilled
': into the'reacﬁion’vessel reservoir'sjstem.;’j" o
| When the OCS was fed into the nitrogen stream the blue flame
replaced the nitrogen afterglow, and the blue to black (NS) began .
{sforming on the walls'of_thejinsert tube. The only volatile products_

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



,.iJ,i;produced in this reaction to SaNé ‘ The only reported preparation of

'igﬁ3pturn black presumably with the formation of AgQS. The usual dark

”"_:7deposit of (NS) was obtained. :

s 5Q'Where M CS or COS. (This is merely a generalization of the mechanism

’ﬂ:expected to pass through the three liquid nitrogen traps) The CO whichf;
f,was formed was " inert to further nitrogen atom attack (no carbon-nitrogen
compounds (i e (CN)Q) were observed, and the CN emission in the flame

'~fffmnst have been either absent or extremely weaH since the flame had the

'ﬁf;usual blue color)

Several attempts vere made to catalyze the dimerization of the NS

e
) %)method of preparation would "be desirable. (NS) 18 also found as a

 product - of the Shhh pyrolysis._ Goehring also reportedl6 that the 3;.

.")S N, involves the pyrolysis of S N, at 3OO°C.%6 Hence an independent
. h )4. -

»*presence of silver or glass wool improved the yields of SeNé Therefore,

.,t*we attempted to prepare S N from the reaction of N atoms on OCS using"f
.”silver or glass wool in the reaction zone. However, no-. material “

- resembling 82N2 was ever obtained._ The silver wool was observed to

The reaction of N atoms with OCS probably parallels the N atom Y
-

"--.;',CS2 reaction, because the two molecules (OCS, CS ) are similar. Both '

£.5were found to catalyze the N atom recombination reaction, indicating
"fthat a nitrogen atom-reactant complex is probably formed.;s ;(Thef

initial step in the N atom, .CS reaction is proposed to be complex"_

2
-formation) 13 The reactions can be represented by the mechanism-:”'"
N + Mg [N M]

N + [NxM] ———> N2 + M*

[NM]-—-——>NS+(M-S)

2

5~;proposed for the N atom --CS

o reaction) 3 The M* (excited CS or. OCS)'

2.




~Lho. -
mey lead to some secondary,prOductsjsuéh as éulfufiﬂ

Cs% > CS + 8

> CO.+ S ..

, 'OCS* k
In both reactions, NS is the_onlyvsulfuréniifidefforméd((theiNSi
polymerizeg:immediately upon reaching thé walls Qf_the'feaction Qessel
: and is observed aS'(Ns)X).  Sincevthé sﬁlfﬁrs in both molecules are
external, it ié not unusual to find NS as a princibal product.  Other

' sqlfur 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.acﬁive nitrogen with sulfur

b

compounds are accompanled by a blue flame. (SO is an exceptlon, but
\

no reactlon occurs). This blue flame is probablymdue to_s2 or NS or
both. The flames for the reactions (N + SQClg) and (N % H2S) have been
| studied spectroscopicallygo and found to be due to NS (B?H - X2H)

. B

: . (3e=  3amy
and S, ( %, - Zé),

It is.interesting to note the different reactivities of the sulfur

“'.compounds'studiés._ 50, is essentially inert to N atom attack. Little

- or no reaction occurs between the N atom and the sulfur in SOCl On

~ the other hand, S 012

“to react with sulfur-nltrogen bond formation. Those_compounds whlch

s SCl' H.S, CS, 88, 82, and OCS are all observed

. react all contain sulfur atoms having two lone pairs of‘electrons.

This suggests that the nitrogen atom ds an electrophilic reagent. ;The ;
presence of the lonevpairs of electrons would eid the formaﬁion of the-
.i-bN atom - sulfur compound complex,26 which-apﬁarently occurs in all the
_reactlons (the rate at which the recomblnatlon reactlon oceurs requlres‘
the formation of an intermedlate, see section TII-C). The electrons

in the.N atom p-orbitals would.overdep the'electrons:in‘the orbitals
{-of'the sulfur. The case of SOCl is. somewhat dlfferent, complex . |

‘ ~formation occurs, but N atom attack probably takes place at the oxygen.
802 apparently does not form a complex with the N atoms The recomblna-
tion‘reection,is cataiyzed only slightly by fhe.SOQ. " The recombihatioﬂ

- 1s probably,trimolecular with the SO, slightly more efficient than N2

2

or thejinert}gasesg8 because of its larger size and greater number of

degrees of freedom.



. .

o _Sl_

vA general mechanism can be formulated for N. atom sulfur compound

reactions (let M represent the sulfur compound).

‘N + M= [N Ml VIl M = 82012, SC1,, Hy8, 0CS, CS,, 58)\
N+[NM]-’N2+M . VI-2
N+M-P . VI-3 (P = products, M = SCl,, 1,8, 0CS, cs,)
OI‘:-. .
BN 80l ANCL . VIWh

. The 'excited M~ either decomposes to give by-products such as sulfur, or

"'.vundergoes collisional de-ekcitation,

The reaction 1nvolving S 012 is 1nteresting in that 1t apparently.

- involves 2 N atoms 1n the product formlng step. This is possibly due to _

the molecules being somewhat symmetrlc w1th two identlcal sites for N
atom attack.
None of the reactions studied appear to be. useful es preparatlve

methods. he yields are generally too small for the dlfflcultles 1nvolved

~and all the products observed have been prepared by other'methods.
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,nitrogen-eontaining compounds.

'vessentially_in the absence of an external electrical field.

_prepared at the high plasma temperatures, since the chemical equilibrium
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APPENDICES

A. Plasma Jet. Studies

Within_the5last few years,.therelhasdeveloped_a strong;interest in

plasma jet>ehemistry Three p0531ble applications for - plasma Jet chemistry

-are the deoomp051tion of compounds to form. the elements, the formation of

- free radicals for use in subsequent reactions,:and probablyvthe most in-

teresting, the formation of thermodynamically unstable compounds.. For -

YsynthetiC‘pufposes, the plasma may serve 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 Plasmss have been used to prepare several endothermic

36

Normally a plasma torch consists of & chamber containing a water--

cooled-tungstenfcathode at one end and,a wster—cooled copper anode at the

other. The copper anode also serves as an exit.nozzle. -The plasma gas

v

~ enters the chamber near the cathode and flows rapidly between the electrodes

and out the noizle. When an arc is established between the electrodes, a .
flame like discharge or plasma jet” 'is formed. The plasma thus‘formed is
: 37 :
‘The production of compounds uith the plasms jet depends'on the
temperature achieved and,thenduenching velocity of the,compounds'formed
at these temperatures. Only. thermodynamically unstable compounds can be

1

must be favorable to‘product formation.j This of course, does not mean thaf

'stable products_cannotlbe formed. They may, but onmy as the temperature

 gecreases. ,Furthermore; the desired equilibrium must then be frozen

'bybrapid quenching.



 '.;5).|...

- Since reésonabl& efficient'yields of cyanogen have been repofted36’39
from the reaction of carﬁon.with a nitrogenlflasma, we thought that_éulfur
might also react with a nitrogen plasma. Preli?inar& studies weré theref
fore made to deﬁermine if large,scale:p£oductio£ﬂof sulfur nitrides cbuld
be-accomplished;

-A Thermal Dynamics plasma torch capable of developing 40 KW of power
wés used. A Thermal Dyammics powder feed ﬁnit was used for introducing
_the sulfur intb'the plasma,' Nitrogen served as both the ca?rier and :
blaSma gas." . | )

Two quenching methods, gas and liquid, were uSed in the inveétigation;
The gas .quench system consisted of a steel éylindfical chamﬁef eight inches
in diameter aﬁd fouf feef 1ong'which was attachéd‘tq_the plaéma torch. A
water jacket alidwed the entire metal surféce to be éooled._»A'stainless
steel insert (qold fingef) éxtended coaxially through the-chambef to the
tip of the jet. | I

..The liquid quench system consisted‘of.a résérvoir coﬁtaining cafbon‘
teﬁrachloride, and_arsix inch supplementary nozzle'Whiéh was fitted to
the ‘torch 50 thét the flame could be introduced directly-into the liguid.
The-éarbon tetfachloride was evaporated after each run and the fesidﬁe
examined.

.Runs were of l;lS minutes durétion. No sulfhr nitrides were ever
observed in éither case. The solids which were removed from thé‘ingert
in the air quench system were founa to be sdlfur. " The residuevieft from
the liquid'qﬁench funs ;as found to contain carbon tetrachloride pyrolysis;

products, principally hexachlorobenzene. iSmall amounts of_diéulfur dichlor-

ide were also observed.

.
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. Tt must ‘.b“e'.noted that this inveétigation was by no means exhaustive.
The lack of evidence for sulfur nitride forrriat_ion does not mean that '
future attempts would be fruitless. = = |

o : !
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B. The Gas Phase Reaction of NSCl'with S CL,

An attempt was made to study the gas phase\reaction of NSCl with
x ;

S,Cl, by heating a mixture of the véporé at.about 85°c. It was thought
that S3N2Cl might result from the reaction sequence:
ONSC1 + 32c12.» 8,NpC1, + SC1, , (3—1)‘
- + : v . . ) -
3S3N2012 283N201 2NSC1 + 5012~ | o (3 2) |

S3N2012 is known to decompose by reaction (B-E)‘aﬁ’this ﬁemperaturegl

. L 2 : . ) ' o
~and evidence already exists 3 for reaction (B-1) which takes place rapidly

in the liquid state.

, Thevreaétion was tried‘several times.in sealed tubes at iémperatureé
vafying from 65-100°C. NSC1 was made by heating (NSCl)3 in a high vaccum
-at lJ_O°.25 The tﬁbes were examined after about one hour and in no case
~ was solid formatibn observed. However, when the Vapors were allowed to
condense, sdlid formation occurred immediateiy‘qn the vessel walls. The
éolid Wasvidentified as S3N2012. Infraréd spéctré of the volatile phase:

after heatihg always showed residual NSCl indicating that it was_in'excess.

Thus, the gas phase reactioh of NSC1l and 82012 is apparently élow.
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C,"Tﬁe Gas Phase Reaction of NSCL.With Water
- 'The gas phase_réactiéh'of‘NSCl with-a déficiency.of water_was'i@yeé-
- tigated. . . - ; A B &

' The NéCl wés,madé 5f?ﬁéating(NSCl)3vt9,l¥éf in a'yacuum.gsl Two
éxperimental pfocédures were used. . In one,.the:water was addéd.toktﬁe. 
v.1NSCl and ih the other ﬁSClrwas added to thé ﬁater; -The reaction‘appeared'
.: the(éaheiwith-eiﬁher procedﬁre;..lmmediately upbn mixing,. a whité sdlid
,,forhed on.thé Wai;s of the reacﬁion vessel;.ﬂ_ R |
_. In éfder to:identify the products, the.reqct;on was carried oﬁt;in 
ah_infrared gas cell. The spéctfé of fhe pfodgcts.showéq them to be -
1‘fNHuCi ahd:802. .Excess'NSCl‘was also dbserved.f.l | |
In -one qudﬁtitaéiﬁé run, 16.7 ﬁmoles.bffwater.was fpund’to give

8.6 pmoles of Sog’for a ratio of 2H20 per;Soeg(amounts of HEO and 802 were

*determined'volumetrically on the vacuum.liﬁe)., The réaction is apparently
NSC1-+ 2H20 - NHhCl + 802.

' It might be noted that no evidence was found for the formstion of HNSO as
in the case,qf NSF.22 ' '
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D. The Reaction of Chloxfli‘.he wﬁn’sé;w_eg_l,e

l,Iﬁ ﬁes discovered.b§>accident that'when.chlorioe is intfoouced into
a veeeel containing S3 2012 that (NSCl) and Néfl are formed. The reaction ..
was then carried out in a flow system to determlne if NSCl was the primary -
’ product. ‘
Chlorine at atmospherlc pressure was passed over the solid S3N Cl
- and through a trapnat -78° C, The S N C%zbecame m01st with a red. llquld |
" which was ideotiéied as,SClg. The trap was removeo fromvthe_system'apdf.
.evacﬁated.while'cooled‘withjliQuid nitrogen. It was then allowed~tonwarm.
sioﬁiy éno mosﬁoof the chiorine was rem0ved,e,A portion“of_the remainingb

i material was transferred to the_infrared.cell'and the speotfum recorded.

A large,amount_of NSCl'waS'observed. Furthefmofe{ large_amounts‘of'yellow l  .v

solid (presumably (NSCl)B)‘formed in the cell and in the trap‘indicating
that more QSCl was present.than actually seenoin the infrared spectrum.

No effortvﬁes.made po detefmine the exact quantity;"(NSCl)3 also remained
in the tube'whefe the o%}orinafion took,@lace.- It wos‘probab;y'formed es.
) result:ofﬂNSCl poiymerization in theASCl solutioht jolly'and Mgguireg;

'report that quantltatlve conversion of S, to (NSCl) ‘can be cbtained

3 2Cl2

if care is taken to prevent the NSCl from escaping.

-y



')Determination'or*the‘Ratiova(No)/fﬁ(Qéﬁu)

g;tAs mentioned previously, the HCN production from the reaction of
_active nitrogen with ethylene, 2N + C Hh - 2HCN\+ Hé, has been suggested
fas a more accurate means of measuring atomic nitrogen flow rates than thei[ﬂ

ynitric oxide reaction.3s

Since a. controversy exists, a comparison of the*'j

"two methods was made on reactionzvessel (A) s0. that the data could be

ﬂinterpreted in terms of either method._“::wfjd}fc‘

The discharge

The reaction vessel was assembled as’ in all other cases._

'was established and the system allowed to equilibrate for several minutes.:

fThe three traps were cooled with liquid nitrogen.' The atomic nitrogen .

?flow rate was then determined by the nitric oxide titration method., With-

out interrupting the discharge, the traps were warmed in order to remove ,J

}the nitric oxide reaction products.

They were cooled again and a- continuous

Lexcess of ethylene vas added to the atomic nitrogen stream for about fif-

teen minutes (the time necessary to get an easily measurable amount of '

- Upon termination of the reaction, the HCN was distilled into a bulb

€

icontaining dilute agueOus'KbH; The bulb was removed and shaken well.-dv

iamount of HCN produced was then determined by titration with standard

\

%silver nitrate. The active nitrogen flow rate was determined on the_f

3;basis of the reaction.

2N + c Hh - 2HCN + H

The results are shown in Table A I Figure A-l shows the plot of
ﬂatomic nitrogen flow rate (as calculated from the NO titration) versus

‘the atomic nitrogen flow rate (as calculated from the ethylene reaction)irfv'
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The ‘ratio f (NO)/f (c Hh) is approximately 25 that is, the NO titration g
;shows the atomic nitrogen flow rate to be twice as great as does the '
fethylene reaction.- It is interesting to note that the ratio remains

fairly constant over a wide range of total n1tr gen flow rates and pressure

'as_well as atomic nitrogen £low rates. >.ﬁf L . _
. Even if the NO titration is in error, it is not invalid.:»dften'in-':)”‘ e
Zwork of this type, a factor of 2 is unimportant, particularly when quali—
;tative results are sought. Furthermore, in the entire series of experi- "h
:ments reported here, the conclusions are the same when the atomic nitrogenw;
'flow rate as determined by either method is used. The NO titration remainsh

he simpler and easier method for determining atomic nitrogen flow rates.g;

-1TABLEfAsI A comparison of the flow rate of. atomic SRR
wf . 4% nitrogen as determined by nitric oxide ”f;”' '
-+ titration- with that determined by HCN S

: formation from ethylene.i; ,

i - o (o)
“»*f.v<N°>(“m9%es> y (C Hu>(“m§ics> | N(cgnh)__;g

el T oig30 i owso8 U 182
Cmo, w3 Ui oeer o f gk
R — o LT
”i};'2.383fff;fffifﬂii;2h _";7f';4u .92
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- of N

plus the,NSClvformation'reaction (A-1);

61~

F. Calculations of the N Atom Dependences for the N+ 322;2

 Reaction Mechanisms

It is not necessary to calculate exactly pr the yield of NSCl will
varyfas a function of nitrogen atom concentration before eliminating some

of the mechanismsvof Sec. III-E. A mechanism, in order to be consistent

:with.the eXperimental results must predict the ratio of the rate of forma-

E tion of NSCl to the rate of formation of N to be nitrogen independent.

That is, the rate of formation of NSCl,d NSCl , and the rate of formatlon

dat

d(NE)’

P ar e must have the same dependence on n1trogen atom concentratlon

Case A. -The.recombination reaction and the product (Nsc1) formation)

. reaction have a common intermediate. Two general mechanisms were proposed,

the rEGombinationﬁreacpiongion:

K
’ ——— . . .
N + 8,01, = (W 82012] |

2 .
IN-S.Cl. ] —> N +ScCL. .,
Wt 801, 3 == Ny + 5,01,

k,
[N-s,C1,) “—f£>_NSCl + 8C1
or,thelrecombdnation reaction plus reactlion (A-2):

o k ) .
Wi [N-S,01,] —2> 2nsc1
, 27e’ ‘
(we have used the reaction in which 2NSCl's are‘formedninstead of

NSCL + NS + Cl the rate of formation of NSCl will dlffer by a factor of

2 because of the amount of NSCl produced, but as far as predictlng the N .

atom dependence they will be the same)

s
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~ Considering first,Areaction (A-l)_as the NSCl forming reaction,

, . a(N ) L
§i§§922 = i, ([8-5,01,1) and _di_'=-k3(N)([N'SQClg])
4 k. (N)(S.C1.)
1 2772 )
[w-s,c1,]1 = TR RN )
a(mscL - X
a(w, k)

* The relative rate will change with>nitrogen atom concentration, and the
mechanism can be ruled out.

" When (A-2) is the product reaction,

, : » dtN ) R o o
'_giggg;lhg‘QkM(N)(LN’SQClQ]) and —- = e (s 0,
o q L M O0G01)
[N'Sggle] BESTIOEAOR
a(Nsc1) _ ‘gkh . L o ,
a(Ny) kg ’ N

a nitrogen atdm\independencé is predictéd and_the.mechahismfis a_pdssi—
bility.
. Case B.'Thé recombination reaction and the product formation reaction .

_have different intermedigtes. The recombination reaction remains the
' a(w,) B - : o
2

dt

same as in Case A, and becomes:

a(my) g (W)F(s,01,)
EIN NN )

The product formation. reaction is either -

5 I
——aa . .
[N SQClE]

- (B-1) A 80y

&
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v - .[N'SQC]'Q]' 7>NSCl+SCl5

[N-SQCIE]' = a complex different from [N-52012]Vin the recombination

" - reaction. Or,
o k7 : , '
(B-2) . N.+'[N~Sé012]'_———+> 2NSCL (or NSCL + NS + C1) . -

' Consider (B-1) first: .

. = . . |
R ok (N)(s.c1.) o
"2 [NeS.CL.] = 220
c' = [N-501,1" = % *
Cammscr) | BRe(M(8,C1,)
' at. kgt ko, :
a(nsc1) k7k5(N)(SQCle)__‘. ST
ANy) " kgt R, e
. ,k3kl(N) (s,C1,) o
N k, + k3(N)

Two possibilities exist, .
; v(g);vk2_>> k3(N)
B < k) L

gy
(VTG T

o amscr) T
. 3(a): i) ¥ .'NitrOgeﬁ.qépendenp S

13

< C _ o , S
= ——(2——17y? . Nitrogen'independent f
k6+k7 o o R L

(a) can be eliminated.
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(B-2
| a(wsci) 2k735(N) 5, 012)
vdt —_'k6+k(N)
| a(nscr) _ 2k7k5(N) (8,01,) %"
aiN,) B ke + k7(N) .
k, (M)2(s,01,)
k, + k, ()

2 3
There'ére-four possibilities

(e) ke >>.k7(N), X, >>‘k3(N) 

()

,‘:;(d) kéi>> kT(N), Ky <<-k3

 ®>%«Mmg«gm 

(£) k6 <k, (N), k $>'k3(N) 

- a NSC"-f 2k s
“(e) é(NQ%) = 5k§

. Nitrogén_indépendent

d(NSCl)‘; 2k5k7('y

= (a) . = : | Nitrogen éeﬁéndent
A a(N,) ke kg DR
ey 2Ke o s ER
(e a(nsc1) =2 ~° .. Nitrogen independent
4a(n,) k o . : :
2 1 : . . .
| - 2kk e o
() .dé?;C%) = = i %N) © . Nitrogen dependent

'(d)'and (£) can be eliminated. .

;Case C;'
The product formation reaction involves no complex formatlon 'fThe”

recombination reaction is the same as in Case A with

d(N ) 'k k) (N) (82012)
©at ke + k3(N)




_65_

¥
y  The product fbrmation reaction will be either ..
0 (c-1) N + 5,C1, > NSCL '+ SC1 ,
' = . - | g con L
" _ . (e-2) N+ N+ 8l > ' 2NSC1 (or NSCL + NS + C1).
c-1). .
dQNSCl}
Franal k8(N)(S 012)
N d(NSCl) kB(N)(SQCl )
‘ N,) k ko (M)2(8,C1,) -
AR ky + kg (N)
The two p0351b11ities are:
(8) ky 2> kg (N)
(h) ky << kg (N) .
k k S
| d(NSCl) - »
For (g) d(N = klk3(N) Nitrogen3dependen§ /
a NSCl kg . | o
(h) = — '« . - . Nitrogen independent
) TR D
_ (g)‘can be eliminated.
(c-2)
- a(Nsc1) _” : 2
s 21‘9(1\7) _(‘52012) “
»' ek (MB(s,01,)
| - ood(nscyl)  Shg Mt \Pavhal
' A Tk k 2 Ty T
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The possibilities are

(1) x, >>_k3(N):

(3) k, < k3(N) .

For (1)
| ©oamscr) Pk
Ca(mg) k, kg
@ S

(3) cén‘be eliminated. .

a Nitrogeh_independeht

Nitrogen dependent
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