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PART I. 

PREPARATION OF DISULFUR DINITRIDE, S2N2' AND ITS 

REACTIONS WITH LEWIS ACIDS 

Robert Lyle Patton'" 

Inorganic Vaterials Research Division, Lawrence Radiation Laboratory 
and Department of Chemistry, University of California, Berkeley 

California 

ABSTRACT 

The preparation of S2N2 by thermally splitting S4N4 has been examined, 

and the reaction found to be catalyzed by silver sulfide, not silver as was 

previously believed. The reactions of S2N2 with antimony perrtachloride, 

boron trifluoride, and boron trichoride in dichloromethane solut ions. 

have been studied and the products characterized. Reaction of S2N2 

with SbC1
5 

(in excess) yields a diadduct S2N2(SbC15)2 which react's further 

with S2N2 to form a monoadductS2N2SbC1
5 

. Treatment with SbC1
5 

reconverts 

S~N2SbC15 to thediadduct. With S2N2' S2N2SbC15 reacts irreversibly to 

form both the previously characterized S4N4SbC15 and a less reactive 

material (S4N4SbC15)x' With BFy S2N2 yields only S4N4BFy but with 

BC1
3 

any one of the compounds S4N4BC13' S2N2(BC13)2 or the apparently 

polymeric (S2N2J:?C13)x can be produced as the principal product. The 

loss of BC~ from S2N2(B:::l3)2 at 0
0 

to form the simple adduct S2N2EC~ 

is reve,rsed by treatment with BC1
3 

at _780
• Whereas SbC1

5 
displaces 

BC1
3

from S2N2BC13 to form S2N2(SbC1
5

)2' the polymeric (S2N2BC~)x' is 

in:rt toward both BC1
3 

and SbC1
5

• The properties df S2N2SbC15' S2N2(SbC15)2' 

S2K2 PC1y and ,S2N2(:lr:l3)2 indicate that the S2N2 ring remains intact. 

A single crystal X-ray diffraction study has yielded the structure 
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signals. The signal from the cationic species produced in sulfuric acid 

vias similar to that from S4N4' In 1966, Warn and ClEpman6 publishe~ their 

determination and analysis of the infrared spectrum of S2N2' with the 

interesting conclusion that S2N2 exists as a planar 4-membered ring vlith 
h.

i: 

alternating sulfur and nitrogen atcms. This was the first evidence sup-

porting tl;le existence of any X
2

Y2 molecule in this configuration. 

As part' of a continuing interest in this laboratory in sulfur-nitrogen 

ring cClmpounds, further study of disulfur dinitride was begun with parti-

cular interest in its r'eactions with the Lewis acids antimony pentachloride, 

b9ron trifluoride, and boron trichloride. Our interest was two fold: 

(1) we wished to make a comparison with the known reactions of Sll4 with 

these Lewis acids 7 in which the nitrogen atoms act as donors in donor.:.. 

acceptor complexes and to study the effects of this' coordination on the' 

st~bility and structure of the S2N2 ring, and (2) we hoped to isolate 

an adduct involving an in'tact S2N2 molecule stable enough to allow con

firma t ion of the propos ed S2N2 ring structure by X-ray crys ta llography . 

The results of this study follow. Section II describes an investi-

gation into the preparation of S2N2 and its behavior. Section III con

sists of two papers as submitted to Inorganic' Chemistry: "Reactions: of 

Di·sulfur Dinitride with Antimony Pentachloride" and "Reactions of Disul-

f'lJr Dini tride with Boron Trifluoride and Boron Trichloride" with an' 

appendix containing infrared spectra pertinent to these papers .. Finally, 

Section rv contains the paper submitted to Inorganic Chemistry "The 

which i~ the result of 

" 
an X-ray crystal structure study of a compoUnd whose preparation is des-

.cribed in Section III • 
. , 

.' ." 

{-1 " 

,,' 
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II. THE PREPARATION AND BEHAVIOR· OF DISULFUR DINITRIDE 

. A. Introduct ion 

The pr.eparation of S2N2 was carried out using essentially the method 

described by Be~ke-Goehring in Inorganic syntheses.
4 

Although an S2N2 

yield 'of 8C1/o from S4N4 was claimed by this method, the same author re-

. ported 50-58% yields· in earlier papers, 1,2. and Warn and Chapman,6 using 
r 

this method, stated that "yields of S2N2 were low at all times" . In 

hopes of optimizing the S2N2 yield and gaining further insight into the 

nature of this. thermal splitting of S4N4' a quantitative investigation 

of the preparation was made giving particular at~ention to the effect 

of varying the amount of silver wool used. 

B. EX}?erimental 

1. General 

The apparatus used to prepare S2N2 is shown in Fig. 1. After S4N4' 
. 8 

prepared by the method of Villena-Blanc0 and Jolly,. and fine silver . 

wool (Englehard Industries Inc.) were weighed and placed in the app~opri-
. . 

ate parts of the reactor and trap 1 evacuated and weighed, the parts were 

a,ssembled and the system evacuated. All joints and stopcocks were lubri-
... .... 

cated with Kel-F No. 90 grease (3-M Co.) except the stopcocks of trap I 

which were sealed with Kel-F polymer wax to allow its repeated use as a 

tared vesseJ:'. A:'heating tape wrapped around aluminum foil against the 

glass tube was used to maintain the zone containing the silver wool at 

'\ 290-305° (as measured by a copper-constantan thermocouple placed between 

the glass and the foil). Cold water was then passed through the cold 

f'inger and the traps were cooled with liquid nitrogen to -196°, after 
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trap 2 
(-196°) 

XBL 693-297 

Fig. 1 Apparatus for the preparation of S2N2 

(Section II) 
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" 

which the preparation was started by raising an oil, bath at 80-950
, around 

, " 4 
The apparatus differs from that of' Becke~Goehring, in that the 

reactor is v,yrex, not quartz; the furnaces arid traps are different in 

q.~sign; and trap 1 is held at -196° instead of -80°. 
/:' 

2. Preparation of S2~2 Using Ag Wool 

0.178 g ofS4N4 and 4.390 g of silver wool were placed ~n'the reac

t6r and the heating begun., The line pressure (norzmlly 0-2J.1.) ~oon,r:ose to 

-21J.1.8S N2 was evolved, then slowly dropped to l5J.1. through the course 
, 

of the reaction. ,After 1-1/2 hour a blue-blaokfilm began forming on the 

cold finger and a white fiJ.l¥ appeared in trap L " During the 20 hrs required 

for the S4N4 to sublime; the blue-black film thicken~d and became bronze

colored in places and sprea~ over the cooler walls of the reactor as well 
, 

11s the cold finger. The ,white film in trap .1 increased, and a : blue-black 

ring formed at its warmer edge. After all the S4N4 had sublimed, the system 

returned to its base pressure. The reactor was then opened, and the 

blue-black-bronze film was scraped out and weighed (33mg); the silvet wool 

plug, covered with black silver sulfide, was carefully removed and weighed 
. ' l: 

(wt~ gain =391 rog) an~trap 1 was weighed (wt~ gain = 123 mg). Trap 1 was 

then opened\. on a vacuum line; and, at 20°, ail of the white materi{il slowly, 
," ; 

distilled into"a: closely placed .. 196
0 

trap. , Only the blue-black rin~, which 

incre/ised in",size whi'le the ~aterial was at 20° ,remained (wt. = 11 mg). From 

the descriptio'i1sof BeCke-GOehring,2,4 the material on the cold foot and the 
:f;:· 

white and blue-black contents of trap 1 were assumed and later proved to be 

(SN)x + S4N4' S2N2' and (SN)x respectively. Considering all of the trap .1 

'contents to be S2N2-' a yield based on the original S4N4 of 17.1% was obtai.ned: 

the (SN)x + S4N4 accounted for l~.6%; and the weight gained by the silver wool 
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(attributed t'o, 'far~ation of Ag
2

S by the reaction; . S4N4 + 8 Ag -+ 4 Ag
2

S + 

2N2) accounted ~or all the remaining 78.4% of the original S4N4 (6Cfjo of the 

silver was converted to Ag
2
S). 

, ' 

, A second preparation was attempted using 0.744 g of S4N4 and a much 

smaller plug of Ag wool (1.129 g); Again the pressure rose to - 20 ~ 

but (SN)x on the cold foot and S2N2 in trap 1 appeared after o~ly 5-10 

,mi'nutes. ,After several hours the pressure steadily dropped toO-5~ and 
. , 

remained at this level until the S4N4 had all sublimed (21 hrs). The 

weight gain of the Ag wool (155 mg) cor~esponded to a 92.4% conversi.on 

of th~ Ag to Ag2S~ which together with the (SN)x + S4N4 (57 mg) and the 

S2N2 (460 mg) aCcoimt~d for the original S4N4 asr,Ag2S, 30.Cfjo; (SN)x + 

S4N4' 7.110; and S2N2' 61.8% (total = 99.5%). 
>, " 

The plug of Ag
2

S + Ag from the above reaction was then used as the hot 

zone material through which 0.927 g of S4N4 was sublimed. Disulfur dinitride 

began appearing immediately and although the pressUre rose briefly to 

20~it returned to base level after one hour. At completion"the plug 

had been completely converted to Ag2S, and an 86% yield (0.797 g) of 

'SFN2 had resulted. other runs performed in the same manner foilowed, each 

The results of these and of the 

above preparatiqns are tabUlated in Tab.le I. 
"if 

, 

" . In some runs, the effect of varying the temperature of the hot zone 

was noted. Below 2800 a SUbstantial amount of unreacted S4N4 passed 

through the hot zone to the cold finger. If the temperature was raised 

o 
above 305 , the line pressure rose and a red-orange tint appeared in 

tne S2N2 trap. This is presun:ably S4N2 which Becke-Goehring observed 

2 
as a normal by product, although enough never appeared in our preparations, 

r'1 
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TABLE I. REsr . .JLTS FRON S2N2 PREPARATIONS USING SILVER WOOL., 

---------'---
Run "S4N4Silver 
No. ,''';001 

a molesAg m. gained ." "Silver 
nmoles S~, through Ag2Sc",. converted 

S"N1, Accounte9- For As":'" . . 

1 
..... ' ....... ,!:~ 

2 

3 

4 

5 

6 

7 

Ag2S+N2 (SN)x+S4N4 S N 
(g) (g) 4 4 ' .. ,'... ( ) to Aa S 2 2 

forma tl.onmg (~) °2 
(mg) (ra) (mg) era) (g) (ra) 

0.718 4.390 1.360 391 59.9 561 78.4 33 4.6 0.123 17.1 

0.744 1.129 0.324 155 92.4 221 30.0 57 7'-7 0.460 61.8 

0.927 (0.086)b (0.020)b 18 100 26 2.8 85 9.2 0.797 , 86.1 

2.012 0.707 0.075 96 91.5 139 6.9 172 8.6 1.689 84.0 

.1.570 0.642 0.087 '85 '89.3 123 7.8 116 7.4 1.325. 84.4 

1.341 0.624 0.099 78 84.4 112 8.4 127 9.5 1.08881.0 

1.414 0.622 0.094 90 97.5 130 9.2 110 7.8 1.161 82.2 , 

a. this ratio represents the amount of silver used compared to theamoQDt needed for complete 
,_"~reaction of all the S4N4 via the reaction 8 Ag+ s4N4 --. 4 Ag2S + N2 • 

b. In t~is ru,,'1 the plug of silver wool .... TaS used which had been converted to 92.4% Ag2S in the 
prev1.ous run. 

.') 

Unfound 
S4N4 

(mg) (%) 
---.... -.-

1 0.1 

6 0.1" 

19 2.0 

12 0.6 

6 0.4 

14 1.0 
I 

-.:j 

13 0.9 I 
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to be separated and positively identified. In fact, the small amounts 

we observed usually disappeared slowly when the S2N2 trap was Warmed to 

20° . 

The (SN)x + S4N4 mixtures scraped off the cold finger were examined 

by washing with carbon disulfide; several leachings Were required b~fore 

yellowing of the solvent ceased. Evapora ti~n, of the CS2 yielded S4N4 

crystals ,as ide:t:ltified by ,its infrared spectrum and melting poillt of 182° 
. 8 "I'" , 

(ltt : 18t); small am~mnts of sulfur were also occasionally found. After 

this extraction only papery' blue-black flakes or thicker bronze particles 

remained. A sample (43.l:mg) was sealed in a tube and held at 250° for 

1 pr whereupon it decomposed to sulfUr and 0.466 mmole of nitrogen 

(Calcd. for (SN) : 0.468 mole). 
)( 

3 • Examina t io n of S 2~ 

The S2N2 was stored in trap 1 at _196° and withdrawn as needed by 

room temperature vacuum sUblimation into another vessel at-196°. The, 

amount of black :(SN) in the trap increased with each warming to 20° 
" x' 

.f
t 

and, as SUblimation was slow, also increased steadily during this process. 
,," 

Fina~ weighing of trap'l after removal of all the volatile S2N2 usually 

mowed. that 5-1;t/o of the original S2N2 had polymerized. In one case 

11 mg of (SN) left in the trap was treated with 0.5 atm. of chlorine 
x 

. for' 8 hrs. at 0° which resulted in complete disappearance of the black 

solid and formation of a gas, identified by its infrared spectrum as NSC1, 9 

, . 

by the reaction 2/x (SN)x + C1
2 

-+2 NSCl. The' indentity and purity of 

S2N2 prepared and transferred in this manner were determined by its 
; " 6. 1 

' 

infrared spectrum (as a Nujol mull and in carbon',disulfide), its mole-

cular weight by vapor pressure lowering of ,dichloromethane (observed, 
~' " 

.' 
93; calcd. 92.1), and by an analysis performed by heating a sample (59.5 

,I 

.. 
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mg,: 0.646 mmole) 1 hr in a sealed tube at 2500 during ",hich it decompo:Jed 

to suli'ur and 0.646 mmole of nitrogen. When heated slowly (1-2°/min) after 

distilling into and sealing off in a melting point capillary, the cover

sion rate of white S2N2 to black (SN)x Visibly .increased with tempera

ture until only (SN) was seen at 80°; no detonation occured, but at x . 

1600 the (SN)x rapidly decc:mposed to gaseous sulfur ani nitrogen. Also, 

0.077 mmole of S2N2 reacted for on,e day at 25° with 0.786 nnnole of (h
2 

produced NSCl and (NSC1)3 as identified by their infrared spectra? and 

used 0.078 mmole of C12 in agreement with the equation S2N2 + C1
2 
~. 

2NSCl. 
'l. 

To examine the thermal stability of S2N2 vapor a tube of S2N2 was 

connected to a U-tube, heated with an oil bath, containing a gUi,ss wool 

plug and evacuated through a ~196° trap. Repeated passes of several 

milligrams of S2N2 through the glass wool at temperatures from l20~ 

3000 were made. At each temperature only white S2N2 collected in the _196° 

trap; no nitrogen evolution or formation of (SN) occurred. The experi-x 

ment was then repeated with the glass wool replaced by silver wool. Above 

1500 nitrogen evolution was detected by a vacuum gauge and became quite 
'f· , . " ° 

substantial above 200 '. Silver sulfide was formed and a blUe ring of 
k 

. (SN)x as well as white S2N2 collected in the _196
0 

trap. 

4 •. :heparation With,: other Hot Zone Materials 

The .usual preparation of S2N2 was altered by replacing the silver wool 

or silver sulfide plug wi~h pyrex wool. No nitrogen evolution occured 

and no S2N2 resulted. Approximately 5-10% of the original S4N4 was collected 

on t.he cold finger as (SN)x along with the remaining unreacted S4N4 as a . 

partly crystalline bronze layer. In a separate experiment the water cooled 

cold finger was replaced with a liquid nitrogen coolei coldf'inger at -196°. 

'" 
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As S4N4 sublimed over the 300
0 

glass wool a dark" red-orange layer f':lrmed 

on the closely placed cold finger. When slowly warmed in, vacuo to r':lom 

temperature, a rapid color change to yellow (S4N4) and blue-black «SN)) 
I 

occurred while a minute amount of the red-orange material sublimed to a 

closely placed _196
0 

cold spot (this also formed S4N4 and (SN)x when 

warmed). Nb nitrogen was evolved unless the glass wool was above 3350 
• 

A normal S2N2 preparation was then attempted with a plug of lOCf/o Ag
2

S 

from a previous run placed on top of the glass wool plug and both heated 

to 3000
• The ,run proceeded' as if only Ag2S had been used with lZ{o, of the 

origi~al S4N4 found as (SN)x + S4N4 and 87% as S2N2. 

The silver wool was, a:lso replaced with fitle coppe! turnings (10.77 

'IllIUoles): at 3000 and s4N4 (1.01 mrnoles) sublimed through it. The pressure 
/' 

~"'quick1Y rose to ~40 I-l. and remained with no (SN)x' S4N4 or S2N2 appearing 

until - 40% o~ the S4N4 had sublimed. The pressure then dropped slightly 
, ' 

and leveled off with attendant appearance of some (SN)~ and slilfur at the 

cold finger and slight formation of S2N2. At completion, the black crumbly 

copper turnings were weighed (observed, 1.007 g; calcd. for 10.77 mrnoles 

of CuS, 1.029 g) which corresponded to removal of 5Cf'/o of the S4N4 via 

thE:!, reaction S4N4 + 4Cu -+ 4Cus + 2N2 • The remaining S4N4 was decompos ed 

to a slight amount of (SN) mixed with a large quantity of sulfur coated , x ' 

on the cold finger, walls;·and outlet tube of the reac,tor and to 76 mg of 

impure S2N2 (reddez;:ted presumably with S4N2) in trap 1 c'orresponding to a 

yield of -Pffa. 

C. Results and Discussion 

It is seen from ~he descriptions and the results of the S2N2 prepara

tions (Table I) that the use of a large amount of silver wool resulted in 

nearly complete decomposition of the S4N4 of the sort 
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(1) 

and onq a small amount of S2N2; whereas the use of small amounts of silver 

wool resulted in nearly complete initial conversion of the silver to 

silver sulfide via reaction .1 followed by convers,ion of the. r~maining 

S4N4 to s2W2'and small amounts of (SN)x. Thus, it is silver isulfide, not 

silver, which catalyzes the thermal splitting 

, (2) 

That any S2N2 results at all while silver is still left is due to the 

layer of Ag2S whi~h slawq builds' up and protects more and more of the 

S4N4 from the buried silver. This also explains why total conversion of 
'" 

Ag to Ag2S was usually not attained. We cannot, in fact, deny that,silver 

might also catalyze the splitting of S4N4 to S2N2but this is academic 

as we have seen that S2N2 itself reacts with hot silver via 

The Ag2S surface is needed to catalyze the splitting to S2N2' however 

as no S2N2was produced when glass wool was us~d at t~e same temperature; 

thus the splitting is not simply a thermal reaction. The side reaction 

may however 'be simply a thermal reaction as ,5..;lCl/o conversion to (SN). . . ' . x 

was note~ with both glass wool and Ag - Ag2S surfaces. Further, the' Jack 

of decomposition to sulfur'and nitrogen of either S4N4 or S2N2 over 300
0 

glass wool shows that the decomposition is the result of the direct reac-

tions 1 or 3 and not the thermal decompos it ion 

.-. 
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followed by the reaction 
.}" 
<, 

The red-orange unstable volatile material trapped on a _1960, cold 

flnger after passing S2N2-1hrough glass wool at 300
0 

may have been a form 

of SN radical or short chain. This interestil,'g species together with 

the mechanism of the thermal splitting of S4N4 and the effectiveness pf 

Ag2S as a catalyst in comparison with other materials couldcerta1nly be 

the worthwhile subject of a future thorough study. , 

It was reported2J4 that only small yields of S2N2 were obtained 

using copper in th~ hot zone. Considering the possibility that copper 

sulfide might be a catalyst but that previous researchers had used too 

much copper and converted all the S4N4 to copper sulfide and nitrogen, 

we attempted a preparati'6n using an S4N4/CU ratio such that all the copper 

WOUld, be conve:r.ted t~, CuS by the first 5Cf/o of the S4N4. Indeed, only 

nitrogen emerged from the hot zone during the 'first hali' of the SUblimation 

'a:f}jer which S2N2 began appearing and the final weight of the plug indicated 

cOlnplete reaction of the sort 4 Cu + S4N4 ~ 4 eus + 2 N2 • However, the 

principle reaction after this conversion was the decomposition of S4N4 

to sulfur and nitrogen. The red color in the S2N2 trap in this and in Ag2S 

reactions above '3d5Q 
was presumably S4N2 possibly formed in the vapor 

'phase reaction 

" , 
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our observation that this r.ed color disappeared slowly at 20° is consis-

tent with a report that ~4N2 decomposes to sulfur~and S4N4 under the influ

. enceaf light. 10 

In preparing S2N2 we normally used smali plugs of silver wool just 

large enough to provide a good Ag
2

S surface after most of the silver had 

q,een used in reaction 1. Allowing for this initial reaction and the usual 

formation of a 5-1Cf/o yield of (SN):x + S4N4' all further S4N4 was converted' 

to S2N2. Reuse of old Ag2S plugs was, troublesome as th is matcirial vias very 

brittle and easily c:r;:umbled when handled, making it difficult to efficiently 

suspend in the subliming S4N4 vapor. For this reason, we also recommend 

a small wad of glass wool be placed between the silver and the S4N4,(glass 

wool having been shmm to have no effect on the. yield); S4N4 is kncn:m to 

explode violently at'temperatures above 150° and the prospect of a ,vibration 

jarring a brittle piece of 300° Ag2S into the S4N4 is frightening~ 

The thermal stability of S2N2 was pleasantly suprising in view of 

previous reports that detonation occurred o~ warIiling above 30°'. Not only 

were the vapors unaffected by glass wool at 300°, but in the ~everal times 

we warmed the solid above 30° only a faster polymerization, not detonation:, 
I' 
.~ . 

.0 

was observed: The previous work, however, had been done using crystals 
" .. 

of S2N2 after r~crystall~zation from ether; the added constraints of the. 

crystalline state or the possible presence of ether residUes may have 

added to its instability. 

The quantitative decomposition of S2N2 to the elements and the quan-
; 

titative reaction of S2N2 with chlorine to produce NSCI are noteworthy as 

. 2 9 
filrther correlations with known but slower reactions of S4N4.' . 

Being convinced that slow but reasonably safe quantitative transfer 

of pure S2N2 to a desired reaction vessel was possible by room temperature! 
; 
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vacuum sUblimation from a tared storage vessel, we proceeded to the in-

vestigation of its reactions with Lewis acids described in the next section. 

" • 

l:. 
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III. REACTIONS OF DISULFUR DINITRIDE WITH LEWIS ACIDS 

A. Paper: "Reactions of Disulfur Dinitride 
With Anitmony Pentachloride ll 

~) :". 
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Contribution from the Department of Chemistry of the 

University of California and the Inorganic Materials Research Division of 

the Lawrence Radiation Laboratory, Berkeley, California 94720, 

Reactions o,f Disul~ Dinitride with Antimony Pentachloride 

By R~ ~le Patton and William L. Jolly 

ABSTRACT 
, .,' 

/ 

f' 

Solutions of S2N2 in dichloromethane react with antim~nypentachloride 

," (in excess) to form adiadduct S2N2(SbC15)2which can further react with 

"S2N2 to form a mono adduct S2N2SbC15. The mono adduct can be reconverted 

to the diadduct by treatment with SbC1
5

• ,The physical and chemical 
" .,' I 

properties oft~ese compounds indicate that the S2N2 ring structure is 

maintained intact. The mono adduct S2N2SbC15 reacts irreversibly with S2N2 to 

"form both the previously characterized S4N4SbC15 and" in lower yields, 

a less .,reactive material (S4N4SbC15)x. Antimony pentachloride acts as a 

catalyst for the dimeri~ation of S2N2. 

. ~" 
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Tetrasu1fur tetranitride reacts with many Lewis acids such ~s 

antimony pentachloride,l boron trichloride2 and boron trifluoride2 to 

form 1:1 adducts in which the Lewis acid is coordinated to a nitrogen 

'atom of S4N4. Although a change in the configuration of th,e S4NIl results, 

·the basic 8-membered ring structure remains intact. 3,4 Of the dozen or 

. so known adducts, only two have two molecules of Lewis acid associated 
. . '., "5" 2 

with each molecule of ~4N4. These are S4N4(S03)2 and BC13·S4N4·SbC15 
'( which may hav~. the ionic structure [BC12S4N4 ]+ [SbC16 r). Apparently 

when one of the nitrogen atoms of S4N4 is coordinated, the donor ability 

of the remaining nitrogens is markedly decreased. . In this investigation, 
. \ 

we have studied the reactions of disulfur dinitride, a planar four-membered 

ring with alternating S-N atoms, 6 with antimony pentachloride. Of' 

particular interest to us was the ability of the S2N2 nitrogens to act as 

donor atoms and the effect of this donation on the stability and structure 

.~. ExperimentB.l. Section 

General.- ; The moisture-sensitivity of the materials required their 

manipulation in a vacuum li~e or in a polyethylene glove bag flushed with 

;:iiitrogen or argon. Infrared spectra were recorded in the 400-4000 cm-l 

'range wi~h Perkin Elmer Infracord spectrometers (Models 137 and .137B). 

S.0lid samples were prepared as NUj?l mulls pressed between KBr plates; 

solution spectr~ were run in a Ool-mm KBr cavity cell. 

Melting pOints were obtained in argon-filled, seBled capillaries. 

Analyses for N, S"and·C~ were performed in the microanalytical laboratory 
1 . • ). 

of this department by V. Tashinian. .' 

~I 
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Ant~ony pe~tachloride (J. T. Baker Co. ), was purified ,by vacuum-line 

fractional condens'ation and was found to melt at 3° (literature,7 2.8°). 

Dichloromethane,~as ref1uxed over P205 for 6-10 hrs., distilled, and 
t' . 

stored in a nitrogen atmosphere. Disulfur dinitride was prepared by 

subliming S4N4 through a plug of silver wool at 300°' using a tech'nique 

like that described by Becke-Goehring.8 It was found that the best 

results were obtained using a 0.5-g. plug of silver wool in a 10-mm. i.d. 

glass tube. Initially almost all the silver reacted with S4N4 to form 

silver sulfide and nitrogen; the silver sulfide then acted as a catalyst 
. '1 

for the conversion of;,S4N4,:,to S2N2 and small amounts of (SN)x' The 

S2N2 was identi,fi:ed bYits'infrared spectrum6 and its molecular weight 
t·: 

in dichloromethane (ob~'erved, 93; calcd. 92.1) ~ The material, was observed 

to slowly polymerize to (SN)x and. small amountsofS4N4 at room temperature. 9 
j,"' . I 

,.~, 

A sample of S2N2 (0.059 g, 0.646 mmo1e) was held in a sealed tube at 250° 

for 1 hr,whereupon' it decomposed to sulfur and 0.646 mmo1e of nitrogen~ 

The SbC1
5 

and S2N2 were stored in tared bulbs equipped with ;stopcocks 

: lubricated with Kel-F wax. Disu1fur dinitride was measured out from its 

';tared storage bulb by room-temperature vacuum sublimation into a ~eactiori 
.:j". • 

'';'esse1 held ,at -196°. This method of transfer also served as a pUrific~tion 

'method for S2N2' because ,the common contaminants, ' (SN)x and'S4N4' are 

nonvolatile .at room temperature. Enough CH2C12 was distilled into the 

reaction vessel to dissolve the S2N2 when~warmed to 20°; then the solution 

was transferred to a glove bag. The formation of flocculent b1ue~b1ack 

,particles of (SN)x (always less than 1 mg) on disso1utionn~cessitated 

, 'filtration of these S2N2 solutions ~ediatelY before use. Because 

': S2N2 polymerizes, appreciably in the solid state at 20° and is reportedly 
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shock-sensitive, direct handling of the solid in the glove bag was avoided. 

Solutions of known amounts of c:bC1
5 

were prepared in a similar manner. 

Products were normally characterized by their infrared spectra and physical 

properties. 

Formation of StJfJ,SbC1
5

• - Antimony pentachlori~e (4.7 lJmloles) in 

,'10 ml of CH2C12 was slowly dripped into a SOlut~on of S2N2 (3.16 mnloles) 

in,4? m,l of CH2C12• The reaction mixture imnlediately becaniered-black 

and opaque, and remained so throughout the SbC1
5 

addition. After 1/2 hour 

~t 20°, the suspension slowly cleared and ligh~ened to a deep red solution 

,over a dark red-brown solid. Filtration of this mixtur7 yielded almost 

pure crystals of S4N4SbC1
5 

as identified by its infrared spectrum
2 

and 

melting point (observed, 160°; literature,2 160-2°). Evaporation of the 

solution to dryness also resulted in S4N4SbC1
5

• The total yield was 93%· 

. Formation of Sa!!2(SbC1
5

)2. - The dropwise addition at 20° of a. 
solution of S2N2 (1.72 mnloles) in 25 ml ofCH2C12 to SbC1

5 
(7.8 mnlbies) 

.in ,}-O ml of CH2C12 fesul~ed in the imnlediate formation of fine yellow-white 
• .~) '0' 

crystals which increase~ in quantity with continued S2N2 addition. Filtration 

of the mixt}1:re yielded 272 mg of extremely m~isture-sensitive yellow-white 

crystals which quickly turned yellow, then black in moist air. Anal. Calc'd., 

for S2N2(SbC15)~: N, 4.06; 'S, 9.29; Cl, 51.37. Found: N, 3.96; s, 9.17; 

Cl, 51.36. 

Cooling the filtrate to _15° yielded a further 522.mg of S2N2(SbC15)2; 

t~e total yield was 67%. 
. . I .' 

Eva.poration of the final filtrate to dryness 1:!! .. 

vacuo produced only this diadduct; no S4N4SbC1
5

, ¥ observed when the 

reactants were ~ixed ,in the reverse order, was found. The diadduct is 

alsq, formed (in 95-100% yields) when a frozen mixture of SbC15, S2N2 and 
., 
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,CH2C12 is slowly warmed to and held at 20°, followed by vacuum removal of 

th~ solvent a.n:d excess SbC1
5

" The glove bag preparation; however, is 

more convenient • 

The SOlubi~itYOf S2N2(SbC15~ in dichloromethane is ca. 1.5 g/IOO ml 

at 20°, and it ,may be readily recrystallized by cooling a saturated solution. 

No decomposition on long standing in solution was detected; provided moisture 

was carefully exclucied. ' The crystals slowly become opaque and'red'-black 

above 120°, before melting at 130-1319 with decomposition. The infrared 

'; spectrum of S2N2(SbC15)2 shows absorpt~ons (in em-I) at 461 (s), 818 (s), 

and 898 (vw). 

Formation of S~2S~C15.- Disulfur dinitride (1.95 mmoles) in,30 ml 

of CH2C12 was slowly dripped int9 a solution of SbC1
5 

(2.? mmolesr: in io ml ' 

of CH2C12• After addition of 4 ml of S2N2 solution, fir>:~ yellow-white 

crystals appeared which increased in quantity until half of the S2N2 solution 

had been added. As, the remaining S2N2 was added, the crystals slo~ly 
, , 

d.issolyed,and the solution changed from light yellow to light orange 'in 

color. Complete'addition of the S2N2 resulted in complete disappearance 

of the crystals. Concentration of this solution to 10 mlbydistilling 

off CH2C12 in vacuo followed by cooling to _15° yielded long (up to 1 cm), 

'clear, light orange needles ' of S2N2SbC15' of which 100 mg wa.s filtered off" 

Further concentration and filtration, followed by final evaporation to 

dryness, yielded a total of 700 mg of this product which contained slight 
, 

S2N2(SbC15)2 contamination. Anal. Calcd. fOr S2N2SbC15: H, 7.16; S, 16.39; 

Cl, 45.32; mol wt, 391.2. Found: H, 7.26; S', i6. 08; Cl, 45.38, mol wt 

(by vapor.,pres.sure lowering in CH2C12), .402. 

. ! 
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) 

The mono adduct S2N2SbC15 is very soluble in CH2C12 at 20°: ca. 10g/100 rol. 

These solutions may be heated briefly to 40° with no apparent de~omposition. .~ 

Darkening of solutions is observed, however, even at 20° on long standing. 

In a seaied c~pillary, S2N2SbC15 crystals turn black at 100°, then melt 

, with decomposit~on at 108-109°. The crystals immediately blacken ,:in moist 

,air •. The infrared spectrum shows the following peaks;' 1005 (m), 922 (vw), 

SoO (s), 723 (mw), 627 (w), and 459 (s) cm-+.' 

ksample of S2N2SbC15 (0.8} romole) was placed in a vacuum sublimator with 
" . .,: 

'a water-cooled cold finger and heated while evacuatirig thro~h a -196° trap 
\ . . ' .. 

with a Toepler pump. Above '55° a white mat ert al ,collected ori the cold 

finger. After 4 hours at 70°, the products were examined. Anorange-brown 

residue of S4N4SbC15 (0.12 romole) remained in the sublimator. Nitrogen 

(0.008 romole) was found in'the Toepler pump buret, SbC1
5 

(0.02 romole) was 

found in the -196° trap, and a yellow-white solid was found on the,cold 

finger. The infrared absorptions of this material corr~sponded to~. 

90% S2N2SbG15 ,~nd 10% S2N2(SbC15)~f A Slower sublimation at 60°' produced 

~ropo~tionatel!~inuch less S4N4SbC15 and'S2N2(SbC15)2. 

Pyrolysis of S~2(SbC15)2.- When S2N2(SOC15)2 (0~25,mmOle) 
.I ~ . 

was heated 

at 90° for-l hour in a vacuum sublimator with'a 20° cold finger, SpC1
5 

(0.22 mmole) was evolved, arid yellow-white S2N2SbC15 (with slight ,S2N2(SbC15)2 

contamination) collected on the cold finger. A slight residue of S4N4SbC15 

(0.01 romole) remained iin the sublimator •. 

Addition of S~2 to S~2SbC15 and S~2(SbCl~2' - Addition:of ;S2N2 to 

S2N2SbC15 solutions in equimolar ~ounts yielded an opaque greenish-black 

suspension; precipitation began with the first drops of S2N2 added~ On 

~ta.nding at 20° for 1-2 hours, the suspension gradually cleared and lightened 
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to an orange-red solution above a dark red-orange solid. Examinat,ion of this 

solid and that left after evaporation of the solvent showed it tQ be ' 

S4N4SbC15 slightly contaminated with a greenish-yellow substance. The 

S4N4SbC15 was identified by its infrared spectrum and melting point of 

;1.60° (literature,2 160-2°) after recrystallization from CH2C12• No S2N2 

or S4N4 was recovered. 

Addition of S2N2 to S2N2(SbC15)2 solutions resulted in an ini~ial 

color change corresponding to formation of S2N2SbC15 which; ':Tith :t\rrther 
, . 

, . , 

r 

S2N2' again became dark and opaque followed by slow clearing to a red-orange 

~olution and precipitation of S4N4SbC15. Addition of S2N2 in excei;s of the 

·~ount required to convert all the S2N2SbC15 to S4N4SbC15 resulted .in a 

mixture of S4N4 and S4N4oSbC15 in the relative amounts expected from 

conversion of the excess S2N2 to S4N4. Tetrasulf'ur tetranitride was 

recrystallized from dichloromethane and identified by its infrared spectrumlO 

and. melting point of 182° (uterature,ll 187-187.5°). To test the catalytic 

e~fect of S4N4SbC15 on the dimerization of S2N2' 1.02 mmoles of disulf'ur 

dinitride was slowly added to a solution' of 0.15 mmole of S4N4SbC15. The 

solution remained orange-red. Infrared analysis indicated that after 2 hrs 

approximately equal amounts of S4N4 and S2N2 were in t~~ solution, and that 

after 15 hours only 10% of the original S2N2 remained. 

A small amount (5-10%) of the greenish-yellow substance was always 

formed as a by-product of these reactions in which S4N4SbC15 was formed. 

The characterization of this material is described below • 
. , 

The small amo~t of greenish-yellow material -formed 

in the, above reactions was found tO
I 

be ins~luble in CH2C12 and. could be 

isolated free of: contamination by ~4N4SbC15 and S4N4 by using enough solvent 

\ 
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to keep a;l:l the expected S4N4SbC15 and S4N4 in SOlutio,n. When tHe opaque 

suspension; cleared,. as muCh as 50 mg of this microcrystalline sub,stance 

remained ani'was filtered ,off. Although the' color of different samples 
.~, : 

--" 

,varied,-from yellow to a dull green, each sample melted at 193-194,° (the 

green samples becoming ~ellow at 100-110°) and exhibited the same infrared 
. , . 
-' . 

absorptions at 1160 (m), 1115 (m), 975 (vw), 725 (w), and 535 (m) cm -1. 

In an atte~pt to prepare' a large quantity of this material; S2N2 (3.64 

mmoles) in 45 ml of CH2C12 was added with a dropping funnel during 1 hr. 

to a rapidly stirred solution Of SbC1
5 

(1.58 mmoles) in 5 ml of CH2C12 • 

When half of the S2N2 had been added, the solution became dark and opaque; 

it cleared to a, deep red solution abOve an oz'ange-yellow solid only after 
,.' , , 

the addition was complete. Several overn~ight leachings of th,e solid with 
i/' ~ : ;. 

~H2C;L2 removed all :he S4N4SbC15 and left 200 mg 'Of yellow s.?lid ~aving 

only the above' infrared absorptions and a 193-193.5° m.p. Anal. Calcd. 

~or (S4N4SbC15)x: N, 11.6; S, 26.5; Cl, 36.7; Sb, 25.2. Found: N, 11.8; 

S, 26.1; Cl, 37.0; Sb(by difference), 25.1. 

Approximately the same amounts of S2N2 and SbC1
5 

as above, each in 

:40 ml of CH2C12, were mixed during 1 hr in the same manner as above 
't 

but with the SbC15 slowly dripped into the S~N2 s'Olution. In this' r.eaction 

\~n1;}f ~ 1% yield of (S4N4SbCi5\ was obtained, in c'Ontrast, to the 26% yield 
N' 

resulting ,~rolfl,the addition perf'Ormed in the 'Opposite 'Order. 

Like S4N4SbC15' (~4N4SbC15)x is stable to short exposure to moist air; 

however, its in~ared spectrum,melting p'Oint, and insolubility in CH
2

C1
2 

do not correspond to S4N4SbC15 'Or to any 'Other known comp'Ound. When heated' 

~ vacuo, n'O sUblimati'On 'Of (S4N4SbC15)x 'Occurred; slow dec'Omp'Ositi'On began 

at 162°, and after severalh'Ours at 1700 N2, S4N4' SbC1
3

, NSC1, and S3~2C12 
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. were f<>und, among the decomposition products. The infrared spectrum of the 

remaining residue shoW~d only (S4N4SbC15)X' with no evidence of thermal 

, !earrangement to S4N4SbC15~ (S4N4SbC15)X was also unaffected by treatment 

with liquid SbC1
5 

at 20°. 

Several attempts were m~e to filter the opaque suspensions which formed 

,~ediatelY after mixing solutions of S2N2 and S2N2SbC15. In each case, 

regardless of order or speed of mixing, a dull green-black powder ,was 

'isolated wl'ios,e infrared s~~,.ctrum showed only weak. bands due ,to (S4N4SbC15)x. 
'J" • 

When he~ted in vacuo above 100°, this material became orange-yell~w and 
\ . 

evolved nitrogen and su~:rUJr~ 'In moist air, the green color slowly changed 
',' 

t,p y~llow. N~ither treatment significantly changed the infrared spectrum. 

All these properties indicate that the isolated solid was a mixture of 

Results and Discussion 

Reactions of S~2 with SbC1
5
.- The additi?n of disulfur dinitride 

>.~. 

to excess antiplony pentachloride in dichloromethane results in rapid, 

complet,e '~ormation of the diadduct S2N2(SbC15)2. When S2N2 is added 
t ... 

to an,;e~qUimOlar amount of S~C15' S2N2(SbC15)2 precipitates during the first 

half of the addition. This S~2(SbC15)2 then reacts ~ith the S2N2' as it,' 

, ~s added during the second half of the addition to form the mono adduct 

S~2SbC15. The reactions may be written: 

, ... i 

(2) 

" '! 
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" ~ 

Addi tion of' S2N2 to an equimolar amount of S2N2SbC15 in dichloromethane 

yields ~he previously-character.ized adduct S4N4SbC15' 

A relatively insoluble greenish-yellow material, having the empirical 

f'ormula (S4N4SbC15)x but possessing physical properties entirely dif'ferent 

f'ro~ those of ordin~y S4N4SbCi5' f'orms as a significant by-produ6t of 

reaction 3. This incompletely characterized,material is' definitely worthy 

" 
of further study. During the course of reaction 3, the f'ormation of' a 

" 

dark-colored intermediate is apparent. Inasmuch as attempts to isolate 

this. intermediate. yielded only the (S4N4SbC15)X by-product contaminated, 
'. 

with what appeared to be (SN)x' we tentatively suggest that the intermediate 
.". 

is an open-chain isomer of' S4N4 or S2N2' perhaps coordinated to SbC1
5

• 

,This intermediate may be a precursor of (S4N4SbC15\' 

When S2N2 is added to S2N2Sb~15 in greater than a 1:1 ratio, the 

excess S2N~ is quickly converted to S4N4' Obviously some species in the 

reaction system catalyzes the dimerization of S2N2' ' The adduct S4N4SbC15 
" 

does catalyze ,the dimerization, but relatively inef'ficiently. Possibly 
I ' 

'the dark intermediate discussed 'above is involved in the rapid dimerization. 
<' 2 

The adduct S4N4SbC15 is inert toward SbC1
5

; consequently this adduct 

'is f'ormed whenever SbC1
5 

is added to a solution of S2N2' regardless of' 

the final S2N2: SbC15 ratio~ The f'act that S2N2SbC15 in dichlo~omethane 

solution does not decompose to S4N4SbC15 proves that the following equilibria 

lie far to the left. 

(4) 

.. , 

~. 
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. Otherwise S4N4SbC15 would form irreversibly by reaction 3· Thus we 

"C?nClude that S2N2 is a strong base toward SbC1
5

, and that S2N2SbC15 

is considerably weaker base. The principle reactions observed in 

dich~oromethane solutions are 'summarized in the following diagram. 

. The inertness OfS4N4SbC1
5 

toward SbC1
5
, the interconvertibility 

, 

of S2N2SbC15 and S2N2(SbC15)2' and the observed molecular weight of 

S2N2 SbC15: support the formulation of the latter compounds as adducts 

of S2N2' nO.t S4N4. 

Thermal Stability of S~2 Adducts.- The adduct S2N2SbC15 sublimes 
c 

'1.!! ~ at 60-70° with slight decomposition corresponding to reaction 6. 

(6) 

The sublimed S2N2SbC15 is, c~mtaminated ~i th S2N2 (SbC1
5

) 2 which forms by 

reaction 7 on t~e cold finger • 

. ' ~~ 

The adduct S,2N2(SbC:l5)2 d~ssociates l!!. vacuo at 90° via the reaction 

(8) 
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Tl1e slight impurity of S2N2(SbC15)2 found in the condensed S2N2SbC15 p~obably 

resulted from recombination of S2N2SbC15 and SbC1
5 

on the cold finger 

r~ther than from direct sublimation of S2N2(SbC15)2. 

The low sublimation temperature of S2N2SbC15 supports the formulation 

as': an S2N2 adduct, because an S4N4~bC15) 2 adduct would be, expected to be 
" ' 

much less volatile. " 
"t' 

Cryst~ls of S2N2SbC15 are stable indefinitely at -15°, but slowly 

darken at 20°, becoming black after 1-2 weeks. Crystals of S2N2(SbC15)2 

undergo no change on standing at 20° for several months in sealed alnpules 
... '". 

after an initial surface yellowing,presumably from reaction with traces of 

moisture present on the glass. The stability of these adducts, ,comPared 
";: I 

to'the appreciable polymerization of S2N2 above -30°, indicates that the 

" S2N2 ring is stabilized by coordination with Lewis acids. The rapid reaction 

Of'S2N2SbC15 with S2N2' however, shows tha~,this coordination somehow 

increasesi;he,reactivitytoward attack ,by S2N2. 

Infrared Spectra.- The "infrared spectrum and chemical properties of 

S2N2 have led to its formulation as a four-membered planar ring wit~ 

alterna.ting S-N atoms (D2h point group).6 The prediction of three infrared

active modes agrees with the observed absorptions at 795 (s), 663 (w), and 

474 (s) em-I In the adducts, modes due to' the donor SbC1
5 

groups are expected, 

to:lie below 400 em-l • Therefore structural changes in the S2N2 caused . ... 

by coordination should be reflected in changes in the spectrum above 400 em-I. 

The two strong bands at, 818' and 461 em-I in the infrared spectrum of 

S2N2(SbC15)2 corre~pond closeiy in shape and position to the two strong 

S2N2 bands. The very 'W~ak hand at 898 em-I is possibly an ovett one of, the 

barid at 460 cm-
l 

The similarity of the absorptions to those of S2N2 and 

tile number of modes (2 or 3) observed indicate that the S2N2 ring remains 



· ~ 

" 

- -29'" 

intact and planar (puckering of the ring to C2v symmetry should ~esult 

in five observed modes) with symmetric arrangement of the two SbC1
5 

groups. 

S2N2SbC15 e~ibits strong absorption at 800 and 459 cm-l and a weak 

band at 627cm-l corresponding closely in intensity, shape, and position to 

the S2N2 modes. The additional observed bands at 1005, (m), 922 (vw) (possibly 

an overtone of the 45~:cm-l band), and 723 (mw) cm-l are expected from the 
, " 

low.ering of symmetry resulting from the non-equivalence of the ni.trogen 

atoms. Distinction between the possible configurations of the S2N2 group: 

"planar ring (C2), puckered ring (Cs ), or chain (Coov' Cs or Cl)'iS not 

'"possible inasmuch as five or six infrared-active modes are predicted for 

each configura~ion. That the ring is broken (chain), however, is unlikely 

because of the ease of interconversion of S2N2SbC15 andS2N2(SbC15)2' 

the similarity to the S~2 modes, and the lack of higher frequency bands 

expected for terminal N-S groups. The 1005 cm-l ; band can be reasonably 

• . 2 
ass~gned to. an S-N ring system, because bands have been observed for the 

S-N ring system in S4N4SbC15 in the same region (at 1060 and 9'68 cm-l ). 

The possibility that the compounds S2N2(SbC15)2and S2N2SbC15 are 

tetra- and diadducts of S4N4 was considered. However, the Observ~d bands 

showed no correlation with those of S4N4or S4N4SbC15,and the fO~s of 

,,"highest symmetry for S4N4 (5bC1
5

)4 (planar .ring, D4h) and S4N4 (SbC1
5

)2 

(planar ring D2h ), predict fo~ and eight observed modes, respectively. 

The lack of correlation in frequency and number of observed modes :makes 
f. _ ~ 

these fbrm1ilations unlikely. 

The infrared and chemical evidence support the formulation of 
.' 



S2N2 with the structures: 

S 
,,', /" 

C,15Sb-N N-SbC15 
" , " / S 

(puckered or planar ring) 

(planar ring) • 

:-A recent x-'ray diffraction study of' S2N2(sbC15)2 confirms the second 

of these pre4icted structures. 12 , 
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Reactions of Disulfur Dinitride with Boron 

Trifluoride and Boron Trichloride 

by R. ~le Patton and William L. Jolly 

Abstract .. ; 

DisulfUr dinitride reacts with boron trichloride in dichloromethane 

, .' to form the following compounds (each of ~hic9- can be obtained as the 

principalp~oduct by suitable choice of reaction conditions): S4N4BC13' 

S2N2(BC13)2' and an apparently polymeric material (S2N2BC13Jx. At 0°, 

S2N2(BC13)2 loses BC1
3 

to form a simple adduct S2N2BC13 which can, be 
, 

reconverted to the diadductby treatment with BC1
3 

at -78°. Wher,eas 

, SbC1
5 

displaces BC1
3 

from S2N2BC13 to form S2N2(SbC15)2' the polymeric 

. material (S2N2BC13)X is inert toward both BC1
3 

and SbC1
5

" The properties 

of S2N2BC13 and S2N2(BC13)2 indicate that the S2N2 ring structure remains 

intact. Reaction of S2N2 with BF3 yields only S4N4BF3. 
~. ., 

,\. 



In a study of the reactions of S2N2 with SbC15 we h~v.e shown that 

S2N2 forms the adducts S2N2SbC15 and S2N2(SbCa5)2' in which the S2N2 ring 

remainsintact.,l To further explore the reactions of S2N2as a Lewis base " 

and the effects of coordination upon its stability, this study he.s been 

, extended to include boron trifluoride and boron trichloride. 

Experimental Section 

General. The methods for the manipUlation and characterization of 

volatile and moisture-sensitive materials and for the preparation of 

S2N2 h~ve been"described. l Boron trichloride. and boron tr~fluoride 

(Matheson) and antimony pentachloride (J. T. Baker Co.) were purified by 

vacuum-line fractional condensation. The observed 0° vapor pressure of 
I . 2 

the BC13 was 477 rom (literature, 477 rom). The observed -111.6° vapor 

pressure of BF3 was 310 rom (literature,3 312 mm). Bo~on trifluoride was 

',measured by pressure-volume methods, and BC13, SbC15, and S2N2by 

weight loss of t~ed storage bulbs after distillation in vacuo into reaction ' 

vessels. " 

Reactions were normally carried out in a vacuum-line reactor consisting 
, 

of a small Erlenmeyer flask'attached by a 14/20 ground joint (sealed with 
." 

Kel-F w~) to a Delmar-Urry 0-4 mm O-ring stopcock. The absence of grease 

prevented absorption of solvents and allowed use of the reactor as a 

tar,.:ed vessel for determining solid product weights. In a typical study, 

',$2N2 and CH2C12,were.distilled into the reactor and warmed to 20° to dissolve 

the S2N2' and then rapidly frozen ,at -196°~ The volatile Lewis acid was 

then distilled in, and the reactor was warmed to the desired reaction 

i 



, I 
" " 

~emperatUre. The solvent ,'and volatile products were removed and' separated 
. . , 

, ' 

. in vacuo, and the remaining non-volatile,solid~ were weighed and then 
"~ j 

removed in the glove bag. Antimony pentachloride and BF3 could be cleanly 

,fractionated from,CH2Cl2 and directly measured, whereas BC1
3 

could not 

, and was determined by hydrolysis and titration of the boriC acid with 

standard NaOH in the presence of mannitol. 

Reaction of SaN2 with BF
3

.';' Disulfur dinitride (0.71 mmole), BF3 

(3.175 mmoles), and CH2C12 (4 ml) were distilled into a reactor at -196°. , 

Upon warming to-78°, a white suspension formed which became, yellow at· 

_45°, brown at 0°, and slowly formed an intense ~urgundy solution at 20°. 

The,CH2C12 an~ excess BF3(2.817 mmoles) were pumped off, leaving 84 mg. 
,,.' 

of a burgundy solid which was identified as, S4N4BF3 'on the basis of its 

infrared'i~:i:,'~ctrum,4 its melting point of 145° (literature, 4 145-14+°) and 
" .'. 

its characteristic of slowly losing BF3 when pumped on at room temperature. 

C.omplete conversion of S2N2 to S4N4BF3 requires 0.~55 mmoles, of BF3 (observed, 

,0·358 mmole), forming 83 mg of S4N4BF3. 

~~2-BC13 Reaction at 0°. - Disulfur, dinitride (1.55 mmoles), ,BCI
3 

~4.97 mmoles), and CH2Cl~ (10 ml) were frozen together in a reactor at 

-196°. The mixture was held at _78° for 2 hrs. while the C~C12 melted and 

the soiution above the" white solid became slightly yellow. Themixture 
: ~" 

was then warmed Sldw~y to 0° while stirring. Only slight darkening of the 

suspension'occurred until the temperature reached -35°, above which the 

suspension turned, in rapid succession, yellow, grey, grey-green, black, b!own, 

and yellow. Then with brief effervescence, a dark red solution formed. 

During one half hour at 0° this solution slowly turned light orange, and 

a slight film of an orange plastiC material appeared. The appearance 

't 
,I 



of the solution was then,unaffected by warming to 20° or cooling to -7Bo. 

:.~he reaction mixture was held at -7Bo while BC1
3 

was distilled off in vacuo 

: and then warmed to 0° while removing the remaining CH2C12 , A slight amount 
\ 

of N2 (0.017 mmole) was evolved in the reaction. No precipitation occurred 

during the solvent removal, but as the last of the CH2C12' distilled off, 

the solution darkened to orange-brown and finally left 0.314 g. of a 

solid plastic-like layer. (Calculated for'1.55 mmoles (S2N2BC13)X: 
, 

0:324 g.) Repeated cooling to -196° and warming to 0° broke up this solid, 
>. 

but no further gases were evolved. 

Several similar reactions were run with variations in the time held 

at _Boo, the rate. of warming, and the time held at 0°. The visual 

:, observations of the reactions and products were the same. All the results 

are summarized in Table I. Only N2, CH
2

C12, BC1
3

, and slight traces of 

j. Table I. Reactions of S2N2 with BC1
3 

at 0° 
"' .. ' 

S2N2 
BC1

3 N2 evolved Product Calculated for 

(mmoles) S2N2 (mmoles) wt (mg) (S~P2BC13)x(mg) 

0.54 5·1 trace loB 113 

0.77 4.B 0.003 161 161 

1.16 2.6 0.011 240 242 

1.42 3·2 0 • .015 300 297 

1. 55 3·2 .0.017 314 324 

'2·90 
~ 

3·2 trace 607 607 

.. 
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. S2C12 were distilled from the reactions, leaving a product of composition 

(S2N2BC13)X' 

Nujol mulls of these products all absorbe~ strongly throughout the 

region 670-1350 cm-l with prominences on th~s general broad absorption 

occurring at 1300, 1240, 1080, 970, and 730 cm-l • Broad absorptions also 

occurred at 640 and 510 cm-l • These absorp.'ti.on maxima differed slightly in 

different samples in position and relative intensity. 

After removal from the reactor, the product did not redissolve in 

either CH2C12 or CC14 at 20°, although some darkening of the sQl~ent '. 
/ 

, and S2C12 evolution occurred. Distillation of CH2C12 back into the reactor 
" , 

once resulted in slight coloring of the solvent and release of S2C12 

and, i~ another case, in Vigorous N2 evolution at _10°. 

In a sealed capillary the (S2N2BC13)X remained solid on heating to 

360° - becoming brown above 120° and shrinking with evolution of a yellow 

li"quid ab~ve 160°. When (S2N2BC13)X was held at 20° for 4 weeks or at 

55° for 4 days, considerable decomposition occurred, with formation 

"of BC1
3

, S2C12' N2 and traces of SC12• Pyrolysis at 90° or higher. 

yielded S2C12' SC12, N2, and only traces of BC1
3

• The relative amounts 

of the volatile products and the empirical composition of the residue did 

'l not corresP9nd to any unique stoichiometry. 

Liquid boron t~ichloride (10.70 mmoles) was distilled onto 161 mg. 

of (S2N2BC13)X' and the, mixture was held at 0° for 2 hours, then cooled 

I to _78 0 and held for one hour before pumping off the BC1
3 

at that temperature. 

Exactly 10.70 mmoles of BC1
3 

was recovered, indicating that no BC1
3 

uptake 

by (S2N~C13)x occurred at _78°. Antimony pentachloride (3.11 mmoles) was 
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,: then distilled onto the (S2N2BC13) x' and the mixtUTe was twice held at 20 ° 

for 30 min. followed by cooling to _78° and pumping. No gases were removed. 

The reactor was then warmed to 20° while pumping to remove a~lthe free .' 

SbC1
5

• No BC1
3 

or other gases were removed and the product weight remained 

161 mg. Antimony pentachloride obviously did not'displace BC1
3 

from or 

add to the (S2N2B9l3)~. 

'2.2!!2-BC13 Reaction at -78°. - When suspensions of S2N2' CH2C12 and 

excess BC1
3 

were held for extended periods at _78° and then subjected to 

:pumping at that temperatUTe to remove the CH2C12 and excess BC1
3

, measUTement 
j 

of the 'IlIll'eacted BC1
3 

showed that products approaching the composition 

S2N2(BC1
3
)2 were obtained. The reaction times and calculated BCliS2N2 

f' 

ratios for the products for several runs were: 6 hr., 1. 67; 15 hr., 1.83; 

2.5 'days, 1.865; 5 days, 1. 96; 6.5 days, 1. 83., When the product of the 
..... 

'6.5-day run (conta:i~ing 0.86 mmole of S~N2 and 1.57 mmoles of BC13) was 

warmed slowly while pumping, the creamy white solid evolved 0.70 ~ole of 

BC1
3 

between -35 and 0°. Further pumping at 0° for 2 hrs. evolved 1 mg 

OfS2~12 and no BC1
3

• These data correspond to an empirical product 

,~omposition S2N2·1.0l BC1
3

; the product weight (178 mg) was also ~n 

good agreement with that calculated for the formation of S2N2BC13(179 mg). 

'(In each of the above runs, similar evolution of BC1
3 

on warming to 0° 

,,.left a product composition of S2N2BC13.) The remaining solid was ,treated 

with a measUTed ex<;:ess of BC1
3 

in CH2C12 at.-78° for two hours, and then 
1J' t 

the reaction mixtUTe was evacuated at that temperature. Theproduct 
;" 

retained 0.625 mmole of the BC1
3

, but all of this BC1
3 

was evolved. when 

. '0 ' 

the product was again warmed to 0 in vacuo. In a repetition of this 
'~, 

'" 



.. 

procedure without CH2C12, 0.615 mmole of BC1
3 

was retained at _78 0 and then 

evolved at 0°. In a second repetition of the procedure, 0.56 m~ole of 

'BC1
3 

was retained at _780 and then evolved at 00
, Then the remaining 

product,was treated with 3,90 mmoles of antimony pentachloride at 200 for 

1 hour. After cooling to _78 0 for one half hr., the reactor was evacuated 

at _78 0
, and BCi~,was,removed. The reactor (still containing the SbC1

5
) 

was twice warmed t.o 20 0 and returned to _78 0 for further BC1
3 

removal, 

then warmed to 20° to pump off the SbC1
5

, The total BC1
3 

removed, (0.55 

mmole) corresponded to the BC1
3 

reversibly absorbed in the previous 

~reatment (0.56 mmole), The weight gain, corrected for the BC1
3 

lost, 

.,'corresponded to the absorption of 1.08 nnnoles of SbC15~ 

A similar sequence of experiments, in which BC1
3 

was absorbed at _78° 

and removed at 0°, was performed on the product of the 15-hr. run mentioned 

above containing )~~iginally 1.30 mmoles of S2N2' ~e final BC1
3 

treatment, 

in which 1.03 mmolesofBC1
3 

was evolved at 0°, was again followed by 

treatment with ~xbess SbC1
5

• 0.99 mmole of BC13 was evolved whi,~e 

~bC15{2.05 mmoles) was retained. ~e infrared spectrum o:fthe products 
,~' . • I 
after treatment with SbC15 showed the presence of S2N2(SbC15)2' Extraction 

of the product with dichloromethane yielded a solution from which': pure 

S2N2(SbC15)2 was obtained (identified by its infrared spectrum1) and left 

some residue with the appearance ·and infr~ed spectrum of (S2N2BC13)x' 

The creamy white, products of composition S2N2BC13 yellowed slightly 
, 

when warmed:a~ 0° during the course of sUbseq~eI;l~ BC1
3 

treatments~ and 

<,slowly darkened to orange'with evolution of !S2C12 when warmed above 0°, 
" . 

However, ,at _15° in sealed tubes the materi~ ,remained stable indefinitely 
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without ~arkening or change in its infrared absorpt'ions. In a sealed 

capillary it turned red-orange at 50° before melting at 55° with 
. I 

decomposition. 

When dichloromethane was distilled onto S2N2BC13 at -196° and 

. warmed to _78°, the conversion of S2N2BC13 to (~2N2BC13)xoccurr~d relatively 

~,rapidly, with rapid darkening of the solution. Whenever excess BC1
3 

was 

present, darkening of the solution did not occur until around -35°. 

In Nujol mulls, the infrared spectra of fresh samples of S2N2BC13 

showed the following peaks (in em -1): 1115 (ms), 950, (w), 840 (m), 

788 (Wl), 728 (s-broad), 682 (mw), 610 (ms) '. and 467 (m). An S2N2BC13 
", r" 

; sample was allowed to st~d 24 hours at 20° and a Nujol mull taken; 

. the S2N:flC13 absorptions: were gone and absorptions characteristic of 

., (S2N2BC1}x had a~peared. 

Addition of BC1
3 

to S~2 at 20°._ Slow addition ofa BC1
3 

(2.20 

mmoles) solution to S2N2 (1.58 ~oles) in CH2C12 at 20° in the glove 

bag resulted in a black, opaque suspension which cleared after several 
. . . 

. ~: minutes to a dark red solution which finally turned orange-red. Concentr,a-

tion and cooling of this solution yielded pure crystals of S4N4BC13 

as shown by its infrared spectrum 4 and me~ting pOi~t of 136° (literature, 4 

i;. 

137-138°). Infrared spectrometry' indicated that the residue from evapora-

tion of the remaining solvent consisted of S4N4BC13' with.no S4N4 or 

S2N2BC13 impurity. 



'. 

(SN)~ - BC13 Reaction.- A sample of (SN)x was obtained as a by

product frolJl several S2N2 preparations. It was separated from S4N4 ,and 

sulfur impurities by repeated extraction ,with carbon disulfide uhtil no 
. . 

further yellowing of the carbon disulfi~e occurred. This (SN) was then 
x~ 

" 1 . , 

weighed into Ii tar:edreactorconsisting of an O-ring stopcock attached 

to a 50 ml Erlenmeyer flask bya joint waxed with Kel-F wax. In one. 
. , 
experiment, 1.1B5 g. of BC1

3 
and 3 ~ of CH2C.12 were distilled onto 172 mg 

of (SN)x in a reactor and held for 2 hours at 0°. No evidence of reaction 

<'was observed. The suspension was then warmed to 20° and held 4 days to 

yield an orange-yellow solid and orange solution together with approximately 

,10% of the original black particles of (SN)x. The yellow solid was filtered 

off and the orange filtrate was Subjected'to pumping at 0° for 1 day to 

remove the solvent, after which only an orange plastic film remained. 

Both this orange plastic film and the yellow solid exhibited infrared 

'absorptions ~very similar to those of (S2N2BC13) x. Upon heating in a 

s.ealed capillary the yellow solid behaved like (S2N2BC13)X- :J:t d.id not 

'p1elt on heating to 360°, but darkened above 100 0 and shrank with evolution 

of a yellow liquid above 160°. 

In a second experiment, 70 mg of (SN) x and 1. 0445 g of BC1
3 

were~ 

. '. placed in a tarJd reactor and held at 0° for 2 days with no reaction., 

. Dichloromethane (5 ml) was distilled into the reactor, and the suspension 

was held with occasional stirring for 7~days, during which only slight 

yellowi~g of the solution,occurred. The sUspension was then stirred at 

20° for 2 days, after which it appeared that all of the black (SN) 
~ x 

particles had been consumed, leaving an orange solution above a yellow 

solid. The solvent and excess BC13 were removed by pumping, first at 

_BoO and then while warming to 0°, until all volatiles had been removed. 



Ni~Togen (0.080 mmole) was collected in the Toepler pump buret, and 

124 :mg of an orange-yellow solid remained. If we assu..."ne that the small 

aJwunt of evolved nitrogen corresponded to the decomposition of some 

(SN)x to the elements and that the principal product viaS (S2N2BC13)X' 

we calculate that the residue should have vleighed 147 mg. The infrared 

spectrum of the solid was the same as that of the product, of the first 

reaction. 

Results and Discussion 

Reaction vii th Boron Trifluoride. - When disulfur dinitride is added 

to excess boron trifluoride in dichloromethane, only S4N4BF3 is formed, 



{ 
.'t 

'; . 

i.,' 

whereas the,analogolis reaction with SbC15'yie~ds an adduct of S2N'2" We 

.: believe the difference maybe explained by the relative weakness of BF3 . 
..... 

as a Lewis acid compared with SbC1
5 

and by the assumption that the S4N4 

acid adduct is forme.d by a second-order reaction: 

. ,.::. ~ 

In the qase of S2N2SbC15' the equilibrium concentration"of S2N2 1's too 

'low for this reaction to proceed at an appreciable rate'unlessan excess 
, 

'of S2N2 is added to the system. In the case of S2N2BF3' the equilibrium 
'. : 

concentration of S2N2 is high enough for the reaction to proceed and ·to 

' .. prevent the isolation of S2N2BF 3. 

Reactions with Boron Trichloride at 0°._ The results of the reactions 

'in which S2N2 and BC1
3 

were warmed to 0° in dichloromethaneshow that' a 

,Produc,t of ~omposition (S2N2BC13)x was formed. However, the bro~, diffuse, 

varying infrared spectra qf these products sho~ed no correspondence to 

known S2N2' S4N4' or'BC1
3 

adducts. Also, it was not possible to displace 

" ... BC13 :from (S2N2BC13)x with SbC1
5 

as might have been expected for a s~ple 

adduct inasmuch as SbC1
5 

is a stronger Lewis acid than BC1
3 

:and does effect 

this dispiacement on S4N4BC13.2 Thus it appears that (S2N2BC13)x is not 

"'i 

,an af.....d.uct involving inta.ct S:f2 aLd. :aC~ units, but rather teat SCr:le c.e6l'ee 

of chlorination of the sulfur atoms and some polymerization has occurred. 

The ina.bility of the product to dissolve after removal of the dichloromethane 

suggest~s that the degree of polymerization increased in the solid or 

highly' concentrated ·'state. 

The ~eaction of polymeric sulfur nitride, (SN)x' with boron trichloride 

gives a' material .. having the same properties and approximately the same 
." -

! . 
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the (SN)x-BC13 reaction must be carried out at temperatures aroUnd 20°, 

and at these temperatures side reactions take place, precluding the 

isolation of a pure product. 

Reactions with Boron Trichloride at _78°._ The data for reactions 

~ormed at _78°, in which the solvent and excess B01
3 

were removed 

at that temperature, indicate the formation of a simple labile diadduct 
,~ . . 

S2N2(BC13)2 and a "small amount of (S2N2BC13)x' The S2N2(BC13)2dissociates 

" reversibly-on warming to 0° to BC1
3 

and a monoadduct S2N2BC13' The 

ability of S2N2BC13 to add BC1
3 

at low temperatures dis.tin~ishes 

(S2N2BC13)x' which is inert to addition of a second mole of BC1
3

, 

'slight decrease in the BC1
3 

re;versibly absorbed after each successive 

it from 

Tne 

, BC1
3 

replacement was probably caused by a, slight amount Of, the irreversible 

rearrangement (polymerization) S2N2 BC1
3 
~ (S2N2BC13)x occurring at 

temperatures near 0°. This latter reaction occurs readily in dichloromethane 

solution whenever excess boron trichloride is absent, even,at low 

temperatures, Apparently the polymerizat.ion is blocked when botil ni trogens 
'I, 

',Of, S2N2 are coordinated to BC1
3

• The amount of BC1
3 

reversibly absorbed 

is, a measure of the monoadduct S2N2BC13 present in a mixture of S2N2BC13 

and (S2N2BC13)x' as evidenced by the displacement, on treatment with SbC1
5

, 
" 

,of BC1
3 

in only the amount equal to that reversibly absorbed in the 

, previous BC1
3 

treatment, 

'disulfUr dinitride add~ct 

" 1 
This displacement of BC1

3 
to form, the known 

S2N2(SbC15)2 is in agreement with the relative 

Lewis acid strengths of SbC1
5 

and BC1
3 

and supports the formulation of 

,S2N2BC13' and S2N2(BC13)2 as adducts of S2N2" The residue of (S2N2BC13)X 

left after washing ~Y,-t the S2N2(SbC15)2 furthe'~ confirms its p~es:ence 

as the inert material, The data presented correspond quantitatively 

" 



/ 

to the reactions': 

(4) 

.\ 

Formation of S~BCI3"- The formation of S4N4BCl3 by the ~dition of 
. " ' I 

BCl
3

to anS2N2 solution is analogous to the formation of S4N4SbC15 and 

S4N4BF3 from S2N2" In,each of these reactions, the mechanism is probably 

the initial formation of an adduct of the type S2N2"Acid, followed by 

reaction 1. 

In adducts in which the boron atom of BC1
3 

is bonded directly to the 

central atom of a Lewis base molecule, a broad infrared absorption envelope 

characteristic of the BC1
3 

portion of the adduct is found with m~ima 

in the 700-800 -1 5 ' cm region. Also, sulfur-nitrogen compounds usually 
6 

, For example, S2N2' have strong:ibsorptions in and near this region" 

at 795 and 663 em-I, 
1· . I' 

S2N2SbCI5" and:S2N2(SbCI5)2 have absorptions 
, , 

800 and 723em-1,~d 818 em-l , respectively. It seems likely that all 

of the ''infrared absorptions of S2N2BC13 near this region (at 840 (m)" ',' 

788 (wm)', 728 (s-broad) and 682 (mw) em-I) may result from combinations 



of S-N and BC1
3 

modes..The remaining S2N2BC13 absorptions ( at 1115, 

950, 610, and 467 cm -1),;, correspond closely in position and shape to 

absorptions in S2N2SbC15:' Thus the infrared and chemical evidence 

support formulation of S2N2BC13 and S~l2(BC13)2 as a.dducts of the same 

type as·those of S2N2 with SbC15 with th~ structures: 

and 
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C. Appendix 

The infrared spectra of compounds prepared in parts A and B 

are }Jrcsonted • 

. Tne spectrum of each compound was taken int,'lo overlapping ranges 

encompassing the eIttire range of wavelength from 3.0 to 24.5)1. The 
\.1.:" 

spectrum of each compound was taken on the solid suspended in a Nujol mull 

and also shm'ls the absorptions resulting from the Nuj 01 which occur 
.\ 

at 2900 (vs), 1460 (vs), 1370 (s), and 722 (vw) cm- 1 

The infrared spectra presented are: 

Fig. 1: S2N2 and S2N2(SbC15)2' 

Fig. 2: S2N2SbC15 and S2N2BC13' 

Fig. 3: (S4N4SbC15)X and (S2N2BC13)x' 
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IV. Paperz "The Crystal and Molecular structure 
( )

' II of S2N2 SbC15 2 

(Note I The 'W'ork described in this section was 
performed under the guidance of Professor 
Kenneth N. Raymond of this departmen~) 

I" 
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by 

R. Lyle Patton and Kenneth N. Raymond 

The crystal structure of the antimony pentachloride diadduct of 

disulfur dinitride S2N2(SbC15)2 has been determined from three dimen~ional 

X-iay diffraction data. Intensity measurements were made on a manual 

GE XRD-5 diffractometer using the stationary count method out to a Bragg 

angle of 50°. Two equivalent forms for each independent reflection were 

corrected for absorption and then averaged. The material crystallizes in 

space group I42d of the tetragonal system with 8 molecules in a unit cell 

° ° of dimensions a = 14.933(3) A and c = 15.547(3) A. The calculated 

density of 2.64 g/cm3 agrees well with the value 2.70 g/cm3 measured by 

·flotation. Refinement of the structure on F2 by least squar~s methods 

resulted in a final conventional R factor for F of 3.8%, for 768 

independent reflections above background. 

The structure consists of a planar S2N2 ring with alternating sulfur 

and nitrogen atoms. An SbC1
5 

group is bonded via the antimony atom to 

~ach nitrogen of the ring. The two antimonys,-two nitrogens and two axial 

chlorines all lie on a crystallographic two-fold axis which passes 

through the molecule. The two crystallographic ally independent S-N 

° distances of 1.616(7) and 1.623(8) A are equal to within th,e estimated 

° error ~ as are the two Sb-N distances of 2.281 (10) and 2.285 (11) A. The 
'/-

S2N2 ring is nearly square with S:-N ... S angles of 95.4(6) .and 94.8(6)° and 

N~S-N angles of 84.9(4)°. 

r;. • 
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Introduction· 

The compound S2N2 is obtained as an unstable crystalline material 

1 from the thermal cleavage of S4N4. On the basis of the infrared 

spectrum of S2N2' a planar ring structure of alternating nitrogen and 

2 sulfur atoms was proposed. This was the f~rst example to our knowledge 

of a ·tetraatomic mole'cule of this kind. An x-ray diffraction study of 

S2N2 has !'not been attempted, however, as the crystals polymerize to (SN)x 
\.' 

when warmed above -80PC. In a recent study of the reactions of S2N2 
" 

with Lewis aCids,3 a crystalline diadduct of S2N2 with antimony penta

chloride, S2N2(SbC15)2' .has been prepared which is thermally stable at 

room temperature. From the chemical properties of S2N2(SbC15)2 and 'the 

similari ty of its infrared spectrum to that of S2N2' it was proposed, 
! 

,that"the S2N2 ring remained unbroken and planar after coordination, by 

SbC~5'. To confirm this proposed structure and s~ow that a planar S2N2 
r 

ring does indeed e~ist, the crystal structure of S2N2(SbC15)2 has been 

determined 'by three dimensional X-ray analysis. 

Experimental 

Yellow c~ystals of S2N2(SbC15)2 were prepared as describ~d previously.3 

The crystals had moderately well developed faces and exhibited sharp 

extinction under the polarizing microscope. As the crystals were 

extremely moisture sensitive and blackened immediately in room air, 

several were stuck to the inside of thin-walled quartz capillaries with 
, ' 

Kel-F grease in a nitrogen~flushed glove box and .the ,capillaries were 

sealed. These crystals were then examined under thepolarizirig micro

scope and the one whose size, clarity, extinction, and shape seemed most 

suitable was chosen for further study. 
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Precession phqtographs of the hOQ, OkQ , lkQ , hhQ . and h2hQ zones, 

and a Weissenberg photograph of the hkO zone showed 4/mmm symmetry \Ti th , 

the systematic absences: hkR, h + k + Q '" 2n; and hhQ, 2h + Q '" 4n. 

These absences are consistent only with the two space groups 142d arid 

l~lmd. Preliminary,'cell constants were measured from the films. The 

density measured by flotation in a dibromomethane-carbon tetrabromide 

solution was 2.70(8) compared with the calculated density of 2.64 for 

eight molecules in the unit cell. Slow decomposition of the compound 

.occurred during the density measurement, herite the large assigned err()r 
- f 

estimate. Since both possible space groups have sixteen general positions 

in the cell;' the molecules must lie in special positions. 
',,c.. 

The crystal was mounted on a eucentric goniometer head with the 

crystal c axis parallel to the spindle direction (</> axis) of a Gene~,al! 
; 

-.' ! 

Electric XRD-5 manual goniostat equipped with a scintillation counter, 

pulse height discriminator and a scaler. Molybdenum radiation (KCl.p 

° .A = 0.70926 A) at 45 kV and 21 rnA was used. The diffracted beams were 

filtered through 3 mils of Zr foil. The receiving aperture was 10 mm 

high" 3 mm wide and positioned 

dimensions, a = 14.933(3), p = 
\. 

. 
15 cm from the crystal. The cell 

l 

° 15.547(3) A, were determined by careful 

measurement·at 22°C of the Bragg angles for high-index reflections of 

the type hOO)' OkO and OeQ • The Cl.
l 

andCl.2 peaks were well resolved in 

..... these measurements and were satisfactorily narrow. The standard 

deviations in the least significant digits are given in parentheses. 

These were determined from the estimated error in the 26 angles. 

Data were collected by the point count method. The intensities of 

all 1670 space-group-allowed reflections in the +h +k +Q octant were 

measured out to 26 = 50° by 10 sec counts at the peak maximum with the 

crystal and counter stationary, and a.t·a.teLk~bff angle of 4°. For all 
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hhQ, hOQ , O~ 'and OOQ reflections, all h~ reflections with 26 ~ 209 , and 

about one third of the reflections with 20° :.: 26 ~ 50°, individual back-

grounds were measured by seeking a minimum on the low 26 side of the 

peak. The remaining backgrounds were taken from a plot of backgrouhd as 

a function of 26 for various values of the orientation angles, ¢ an~ X. 

A";set of arbitrarily chosen standard reflections which were monitored 

approximately every 100 measurements showed no trend or change through-

out the course of the measurement beyond that expected, from counting 
: : 

statistics. The intensities, I, after subtraction of background, were 

assigned standard deviations according to the formula a (Ih~ ,[I + 0.75B 

. 2 1/2 . 
+ (0.051)] where the background, B, was not the actual background 

measured for each peak, but instead was estimated by the expression 

B ,= 650 -10(26) + 0.02 I, which was a reasonable representation of the 

actual background coUnted. Values of I were then reduced to values of 

2 . 4 
F' by application of Lorentz-polarization corrections. 

The measured reflections consisted of two. sets: the first with 

h'~ k and the second with h ~:k. These two sets are equivalent forms in 

both I42d and I41md since both space groups c~ntain diagonal mirror· 

planes; Comparison of the measured intensities for equivalent reflections 

~n the two sets showed systematic differences due to absorption effects. 

The dimensions of the crystal were carefully measured with a micro-

meter eyepiece attached to a microscope. Each bounding plane of the 

cfYstal was indexed and the plane to plane distances determined. The 

approximate dimensions of the crystal are 0.15 x 0.26 x 0.45 rom. The 

longest dimension is along c. An absorption correction ~as then 
. 4 

applied to each reflection. Fora linearabsor~tion coefficient of 

'49.7 cm -1 th~ transmission factors of the measured 'reflections ranged 

from 0.474 to 0".587. The two forms were then averaged to give 859 

-, 

I 
, I 

, , 
• I 
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independent reflections of which 761 were greater than three times their 

standard deviation. 

I 
Solution and Refinement of the Structure 

An unsharpenedPat:terson function was calculated using the data set 

which was uncorrected for absorption and had h < k. An initial solution 

was attempted in space group I41md wh~ch contains vertical mirror pianes 

a~x = 0, 1/2 and at y = 0, 1/2. Special positions on the mirror planes 

could be foUnd for two independent Sb atoms separated by tJ.z = 1/2 for 

which peaks corresponded to all predicted Sb-Sb interactions. However,' 

further search for chlorine atom positions from the weaker Sb-Cl vectors 

always gave some disagreement between predicted and observed peak' 
. .. r, }:' 

l2ositions and intensities.'M9reover, chlorine positions determined from 

the Patterson map required chemically unreasonable Sb-Cl bond lengths or 

01-C1 van der Waals contacts. For this reason, space t?;roup I41md was 

rejected. The subsequent choice of the remaining possible space group 

Iti2d was confirmed as being correct by the successful refinement of the 
't' 

crystal structure. 

Analysis of the Patterson map in space. group 142d led easily to two 

u~ique sets of antimony, chlorine and sulfur positions for which all 

predicted positions and intensities of Sb-Sb, Sb-Cl, an9. Sb;..S peaks were 
'i 

found in the 88 Patter~on peaks with greater than 0.7% of the origin 
u' 

height. Both sets corresponded to the predicted molecular geoinet~y of . 

S2~2(SbC15)2' This expected geometry has three'different possible two

fold axes. The two solutions of the Patterson function corresponded to 

two of these. In both cases the long axis of the molecule (the Sb-Sb 

vector) lies in the xy plane, with the x and y coordinates of the Sb atoms 
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very nearly 0, 1/4; and 1/2, 1/4, respectively. The' first solution' 

placed them at z = 3/8. The antimony atoms then occupy the general 

position 16(e) and are related by the two-fold axis passing between 

them at 1/4, y, 3/8. As will be shown later, the two N-SbC1
5 

groups are 

very nearly related by a non-crystallographic axis in exactly this "fay. 

'/ 
In the second solution the z coordinate is 1/8 and the two N-SbC1

5 
groups ' 

.> 

occupy8(e) with the two~fold axis at x, 1/4, 1/8 passing through both 

groups,' which are then crystallographic ally indepe:p.dent. These two 

solutions differ significantly only in the position of the sulfur atoms 
" 

of the S2N2 ring. ,In the first case these atoms must lie on t,he two-fold 

aXis, in the second case they are in a general position and the S2N2 

ring need not be parallel to the xy plane. 

Trial parameters for the first solution were refined by least, 

squares techniques using initially the 761 reflections with h < k arid 

F2 ~ 30'(F2) before correction for absorption. In this and suc'ceeding 

refinements the function minimized was I: w (I F I - I F 1)2,. in which o c 

I F I and I F I are the observed and calculated structures factors and 
o ',' c 

the weight s, w, were taken as 4F 2/0'2 (F 2). The atomic, scattering 
o 0 

fac,tors for neutral Sb, Cl, Sand N tabulated by Ibers 5 were used 

together with the values of 6f' and 6fH for Sb, Cl, and S given by 

Cromer6 to i~clude the effects of anomalous ~ispersion.7 Four cycles' 

,of least squares refinement, in which only the Sb and Cl atoms were 

assigned anisotropic temperature factors, gave values of Rl = 

I Fc l 1/ I: I Fol and of R2 = (I: w( IFo - Fe l )2 /I: WFo2)1/2 

34%, respectively. 

I: I I F I , , 0 

'Of 22 and 

At this point a difference Fourier
4 

was computed. Although the 

highest peak was only 2.1 electrons A 3, consid~rable fluctuation of 
: I 

I 
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electron density appeared in the circle containing the equatorial cb.lorines;/ 

also, the sulfur atoms were smeared out around the two-fold axis which 

pass~d through them. It appeared that ei thersome free rotation or disorder 

was present or that the trial solution was incorrect. Assuming the latter, 

the second solution to the Patterson map was tried. All of the atoms 

were shifted a small distance along x to destroy a false mirror plane 

which is otherwise generated. The extra pseudosymmetry of the structure 

(the source of the ambiguous interpretation of the Patterson map described 

earlier) also caused singularity problems in the refinement when theSbC1
5 

groups were rotated so that the Sb-Cl bonds were coincident with the eq 

. crystal axes. 

After the correct orientations of the SbC~5 gro~ps were determined, 
., 

the refi~ement was straight-forward. Twelve reflections were discarded
L 

., . 

because of data colleetion errors or because their very high intensities 

gavecoincid~nce losses. Several cycles of refinement on F with all atoms 

assigned anisotropic thermal parameters brought Rl and R2 to 4.2 and 6.5% 

respectively. 

The error in an observation of unit weight was 3.06 and was found 

to' vary linearly with F b as approximately E = 3.19 - 2.53 F IF • The . os o max 

staildard deviations were then revised by multiplying them times this 

quantity. Of 847 remaining reflections 768 had F2 > a(F
2

) and these. 

were used in the final refinements on F2. After convergence, the final 

!2 
values of Rl and R2 on F, are 5.6 and 9.7%, respectively, with an error 

in an observation of unit weight of 0.89. 8 The final values of Rl and R2 

on Fare 3.8 and 4,.9%. A final difference Fourier showed a maximum 

electron density of O.37/A 3. Final values of IFol and 1Fcl (in electrons 

x 5) are given in Table I. The final values of the atomic parameters 
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along with their standard deviations estimated from the variance-covariance 

matrix are given in Table II. 

Description and Discussion of ',j;he structure 

" 
The unit cell contains eight discrete S2N2(Sb915)2 moleeules, each 

lying on one of ' the horizontal two-fold rotation axes in the cell. The 

bulky SbC1
5 

groups appear to be the main factor controlling the moiecular 

packing with the S2N2 rings fitting into spaces between these groups. 

None of the intermolecular distances observed are short enough toi~dicate 

any unusual association. Several chlorine-chlorine contacts are slightly 

, ° 
less than ,the sum of their van der Waals radii (3.~~ A): Cl12-C122 , 

° ° 3.337 A; C121-C121 , 3.397 A; CIII-Clll' 3.425; and Cl13-C123,3.5~9. 

These may be compared with some close intermolecular. CI-Cl contacts found 

'in previous ·structures irvolving SbC1
5 

groups such 

° 10 ' . ' ° 11 
SbC15~SeQC12' 3.33 A; and SbC1

5
"POC13 ,,3.,41 A. 

as: , ° 9 SbC1
5
,3.33 ~; 

All intermolecular 

° distances less than 3.8 A are listed in Table III. 

The molecular structure consists of an ~2N2r.ing formed of alter

nating sulfur and nitrogen atoms ('Figures 1 and 2). Each of the nitrogen 

atoms is coordinated to an SbC1
5 

group, and the N-SbC1
5 

groups are then 

. roughly octahedral. Each molecule lies on a crystallographic two-fold 

axis which passes through the axial chlorine, antimony, and nitrogen 

atoms. This two-f?ld symmetry constrains the S2N2 ring to planarity.· The 

S-N bond distances, given in Table IV, are equal to within the experimental 
\ 

~. 0 

error. Their,~eighted mean is 1.619(5) A. The internal a~gles of the 

ring a~e 84.9(4)° and 95.1(4)° for the N-S-N and averaged S-N~S,angles, 

respectively. These values are in remarkable agreement with those 

predicted from the infrared spectrum for the planar S2N2 ring itself.
2 
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° The predicted bond length and angles were 1.62 A, 85° and 95°. In fact, 

it is reasonable to assume that the coordination with SbC1
5 

has not 

significantly changed the dimensions of the S2N2 ring. This is supported 

by the apparent weakness of the N -+ SbC1
5 

coordinate bond as evidenced 

by the ease with which an SbC1
5 

can be removed,3 by the similarinfr~red 
, 

23' , 
absorption frequencies of ?2N2 and S2N2 (SbC1

5
)2 ' ' and by the relatively 

long Sb-N distance. The ~ucp stronger S4N4oSbCl5 adduct is very dif~icult 

to dissociate12 and has a significantly shorter Sb-N bond. 13 " However, 

even in this case the average S-N distance in the eight membered. puckered 

ring remains the same as in S4N4 itself.
14 

The S-N distance in S2N2(SbC15)2 is the same as that determined for 

.. ° 
S4~4' 1.616(10) A. Using a recent correlation of bond order vs. bond 

, ~ 15 
length in S-N compounds, this corresponds to a bond order near 1.3. 

The most reasonable resonance structures which explain a fractional 

double bond character and are consistent with equivalent S-N bonds are 

the set: 

-
./N\ IN\ /!!.\ I!!.\ 

Is , Is I • ,. lsi sl • ,. Is lsi 41 • lsi 'si 

\/ \-1 V V Ii 

These resonance forms correspond directly with a molecular orbital 

description which uses only the valence s and p orbitals of nitrogen and 

sulfur. The basic features of such a description are the filled sigma-

bond.il,lg network (ag , B2u , bIg, and b3u ) and the non-bonding unshared 
";'. 

electron pairs (2a , b2u and b3u ). In addition, there is one filled 
.,,' g 

'IT -bonding orbital (b
l
) and two filled, rigorously non-bondinglT orbitals 



-62-

(b2g and b3g ). Although there is possibly some involvement of the sulfur 

3d<orbitals in the bonding, similar to that proposed by Craig16 and by 

Dewar, Lucken and Whitehead17 for other 8-~ and P-N ring systems, this 

does not fundamentally alter the bonding scheme ju.st described. 

Attempts to determine the importance of different resonance forms 

by correlating them to the indicated bond order must be tempered by the 

recognition that 'the bonds .are obviously strained in the four-membered 

ring. This four-membered ring is the smallest in a series of compoUl}ds 

containing rings composed only of sulfur and nitrogen atoms. Examples of 

h" , Cl 18 . b' d ot er ring sizes are: a five-membered ring in S3N2 2; a s~x-mem,ere 

r~ng in (N8Cl)3;19 a seven-membered ring in 84N
3

N0
3

;20 and an eight-

b d · . S N ' 14 mem ere r~ng ~n 4 4' 

, Coordination with nitrogen has changed the configuration around:the 

antimony 'from the trigonal bypyramid in crystalline 8bC1
5
,9. to" a distorted 

oc'tahedron with four equatorial chlorine atoms surrounding a. linear 

Cl-8b-N axis. Althou,gh crystallographically'independent, the two N8bC1
5 

groups are chemica~lY equivalent. The 8b2-C12l bond is the only one: 
0' 

, :Whic'h appears to deviate significantly from the average of 2.305(3) A. 

However, this deviation is very dependent on corrections for thermal 

motion. 23 These bond length corrections and the rms amplitudes of 

vibration are in Table V. 

The S2N2 ring is rotated 10.59(21)° out of the xy plane. This and 

other dihedral angles are in Table VI. By averaging two dihe~al angles 
:.:'1' 

one can obtain a measure of the rotation of the 8bC1
5 

groups out of,the 

xy plane. ' This rotation (where 0° :would correspond to the equatorial 

~8b-Cl bonds bei~~ in the xz o~ xy ~lanes) is, 6.7 (2)° around Sbl and 17. 8(2)0 

around 8):>2' These dihedral angles are shown in Figure 3. The ease of 
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vibrational or librational motion around the long mOlecular axis can be 

seen in the shapes of the thermal ellipsoids for the equatorial chlorine 

ato~s, shown in Figures 1 and 3. 

The octahedral geometry of the N-SbC1
5 

groups is distorted by a 

shift of the equatorial chlorines toward.the nitrogen donor atom such 

that the Cl -Sb-N angles are all less than 90° whereas the Cl -Sb-Cl eq eq ax 

angles are correspondingly larger than 90°. This tendency of the equa-

torial chlorines to move in toward the donor atom is char~cteristic of 

. . 10 13 
SbqS adducts •. ~or example, SbC15·SeOC12 , SbC1

5
oS4N4, andSbC1

5
0 

CH
3

CN
22 

exhibit' average Cl .-Sb-donor atom angles of 86.2°, 89.0° an~ eq , ' . 

84.9° respectively. The average Sb-Cl bond,lertgth in S2N2(SbC15)2' 
"0 

2.30S(3) A , falls at the short end of the range of distances previously, 

. . ° 10 
reported for similar adducts. Some of these are SbCl

S
oS02 (CH

3
)2' 2.32 ,A; , 

° 11 ° 10 ° 11 
Sb~lSoPOC13' 2.33 A; SbCl

S
oSeOC12 , 2.34 A; . SbCl

S
oPO(CH

3
)3' 2.34 A; 

° 10 ° 22 i ° 13 SbCl
S

oSO(C6H
5

)2' 2.35 A; SbC1
5

·CH
3

CN, 2.36 Ai and SbC1
5

oS4N4 , 2.39 A. 

Th~SbC1S bond lengths reported for solid antimony pentachloride at ~300 

° ° a~e 2.29 A for the three basal ch10rihes and 2.34 A for the two apical 

° 9 chlorines (average = 2.31 A). 

We find,then, that in comparison with known structures of similar 

donor·~ SbCl
S 

adducts, S2N2 (9PC1
5

) 2 contains the longest Sb-N bond', the 

shortest Sb-C~ bOl)ds, and the greatest displacement of the equatorial 

chlorines toward the donor atom (smallest average Cl -Sb-donor atom angle) • . ' eq , 

It appears that all three properties are functions of the strength of the 

addl:lct, and the data summarized in Table VII show that S2N2(SbClS)2 is 

then the weakest such adduct reported to date. This correlation is 

apparently a general property of electron donor-acceptor cOIilplexes~ .In a 

recent review of this type Of' complex, Prout and Wright23 presented an 

analogous table of these properties for a series of N ; BF 3 adducts which 
y 



-64-

showed the same trends with increasing donor strength that we describe 

here for N-SbC1
5 

adducts. 

o 
N-Sb dist. A 

" ".1. 

o 
Sb-Cl dist. A 

.' (0 ) Cl -Sb-N , eq 

a) Reference 13 

b)' Reference 22 

,-

Table VII 

S4N4' SbC15 
a 

2.17 

2.39 

89.0 

C)CN'SbC1
5 

b 
S2N2 (SbC15)2 c SbCl d 

5 

2.23 2.283 

2.36 2.305 2.31 

84.9 83.04 

c) This work 

d) Reference 9 

,I 

',., 

, I 
I 



.~ 

Table I. 

"0 foe 
•••• ~ II' Q ••••• 

" " urn Il un 'CtO. '0 I..... .t. 
, ..... 

I .z n 
J .(.~ .oI~' 
:. .. cu ••• 

• ., •• '10 

" " .(2 U 1.4 ,.Z 
I. u .. 1. U ... 
& 'IoU \Ill 

tC ,... u. 
." I.~l ll' 

, " 1101_ .n 
c " y!t. 990 
C •• ,,/J 62J 
( Ul ".HO Ilin 
C II. .n.. " .. , 
c 1. U" lol .. 
C 11 ,ton JU 
• , <116, l~ 

.1 J 1.1.. .tSt 
I ~ .In UI 
I , •• /. '.l 
, U ". 1~' 
i .. oU6 1" 
1 • lh4t lon 
• 1.1 " .... IClo' 

•• Ul "'6 ....... 
U • .J IQOI 
-0. J'II' 

." ." u. "I.!Io · .9. .)) .&. 'II. f) 

,. i'" /.., '" .~ .. " U 10, H 
I l,U U7 .. 1.. z.o 
!II ,,,, tt.(' 
~ Jet" ''11 
II " , .. 
U .". I. 
,4 U _" 

I. ""'" __ , .. .... .,l 
Ie of'" In 
I. ".. ..e 

1 .. 0 UCt 

"H '0/' 
• ••• ),,7 
• lUG LI16 

" .. ,.. ",1 
U IIH un 
I" 1.0. ",,0) ,6 _II .n 

I JIt) .... ) .. , 
.91 ;"9 
J6J J.I!I 

'" 10. III 
II 101 ... 
U u.. /. •• 
I. l ••• 16",'" 
'" JU Z'ill 
.1..01"" tU.r, 

'" 

Observed and calculated structure amplitudes (in electron X 5) 
for S2N2(SbC15)2 

'. .... ..01 191 
I. II.U .o!ac 
,. .1. • .. 0 
'6 "0 .aJ 

I UI ,H J .,' _l_ 
S ,IJ ,,, 
J ..... 101 .. l.' .e.,., 

U 10' a., 
C 1,,,et 1",,9 

'>I 
10'" .., .. .. 101. 

.• H ••• 
loi: l(j. 
10 ,u~ 

, .. ... .. .1. 
U 1:" 

.: U)O 

" 1109 
• , • .011 
• !o." 

" oi'ol, 
Ii Jlc, 

Ull 

'" , .. ... .,. 
1:..) 
!~1) 

lit" 
iO~l ... , .. 

lit ,~" ~"I 
10 U. Ul 

, J.l J)9 
J ,,,,, Il' 
~ .01 "1 
f 110 .,,' 
" 9';: 101 

U 19. "9 
U III In 
U U9 I,. 

G "'oil: lUO 
l Ul 1,1 

/j'l o)!» 
J'IolI HI' 

e U.' I~Q) 

" UI Ull 
loi 10,.. 0,1 
I. lOll 106 
h lO. ll1 

I .HI Ul 
) U' III 
, log ':0) 
f Joit 0/9) 
Ii' 1810 0/11 

II lOO lOl 
U UOj ~o/I 

U o. i. 
l l)U loi.O 

• 11011 hoi) 
10 , .. 0 lI". 
,. >01 ~n 

'.,51 
':0/16. 
llh 
I'll,,, ... ,,, ,.". 

I';: Ju 
lit 11. , 

I'''' o/Jl. 

U" 
j,'illllll ... 
I .... ' ,,. 
'" -J .:" ~., .

~ -11 l'OI 
IJ 11. 
I, , .. , -~"o .-

,., .. , 
'" '" ., 
.;0 

.:l\)9 ... 
'''lit 

l 10 "" 
I.: II~' 11'1 
,. ", Illt 
h HS 

I ~;" ~", 
.Sl c,lIl 
~oJ ':"lI 
J.J J.) 

., ~." 11) 
II 9", ,"'2 
lJ III .:1I 
U U ••• ) 
o .'0 to", 
l 1~1 H,,9 
" SJl ~'6 
II IU_ loilS 
• oi •• o/U 

10 "1 1)9 
" •• V "oS 

1 100 1:.1 
I "1 J;9 
5 nl III 
I ,He ,,,,0 
9 l19 41. 

U d'i HI 
U III 1111 

U 10 ". I. U1f1 U'. 
" 11/' 111' 
d 1(1.9 "," 

1.2 lI)'Io lI:" 
10 l06 

lIJ'" 0'. 
"'1119 • .,l1li 

.c,' ."" 
),0 ", 

.. l'JOj hI 
II III U 
1, 1)1 
is uf 

o '''lll 
''''''''' ... 

II UU 
1:1 acJcJ 

10 ISl 

'" ". '''19 He) , .. 
lue ... ... 

I.: ')(i' "'''lI 
,. ",.old .. 09 
10 0/,. "'J. 

1 IlIJ ')S 
"c,. oi.oll ... ." 
, .. , )J' 

.. lh lo'> 
11 0/0' .: .. , 
U U .. 1)1 
U ill UJ 

I. 1/)111 1/&1 ,., 
ltollll ,., 

It b.O 
Ii o/ill 

>I' ,. 
10 ... ,,, 

.. 
llll.' ,,, ... 
'" ,., .., 
'" .1." ... , ,.' '" ")fI .l8 . 

" 
',~ . JcJ8 
it. .. ,,0 

lJ ",,'" U' 
1) "0 1 .. 0 

t "J90 

100" ", 
II '''Ill 
" 

I."JI. .. , 
111,.1 

Il Idl loti 
I. ,lCl "" 
16 lYe 1'0"" 

I I)l HI 
J lJl U. ) e,. 60. 
, :til) )0' 

9 """ ld'i 
11 l"J "loa 
U l,9 .r:,O 
U hi I.' 

, l).' ")Jfo 
II Ull IhO 

10 d'" I'~ 
'<II ,.c 

1l9) 
II. 

llU ,,, 
10/) 
lio 

I" 1,1 
.. lh 
10 J~" 

, "'0 
J J •• 
) J'oI1 

I Ho 
., 11,1' 

11 ldo/ 
1J IJ 
I) ol 

I,. lI"" l""'. 
.. "Ja 
o 1~le 
o Ul 

110 d' ~ 
l.i lloJ .. 

I~) 

~ " .. , -llU 
~ 
HI ,n 
~ 
,n --... ~ 
"' .~ -~ 

"~I) -11.~ 
~ --~ " , ., 

.... l .. ,, 
"ow .. II .. 
m 

'" llCl 
II "04: 
lJ flO 

" 10h . , 
" 

... 
10.1 

". 
" 

" HI 

". II. .. 
lvU 

'" lte. .., 
", 
'" • .;: .ll ,.. ",.) 

1 ld~ 

, 
" .. .. , 

, .. 
m .. , 
" 

..~o 

." 

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

'"~ 
.. " .. >'0' 

t 0'101 ol'" 
, Jlto 

1" , ... >JI 
,..: 1)0 I .... 
,.. ~)8 

I .. I, 
j .... > 
) )H Jol 
, .. ~ 1 
'old) 

11 ~ ... , l,I; 
1J 1r.1 111 

, ,CoO 

.. ".'11 .. j) 
, ,eo JlO 

I.. U' l"S 

. 
" 

n. ... 
.1II'Jo .. e~ 

l"" ~'I 
~ .. " , .... .. , ,,. ". ", I" l', ", 

l .. dl " lHI 
l "'r. . '" ," 

h' 011 
'111' >Il 

h. '0' J.' 
I.: l~" ':Jl 
"" , .. , Joe 

1 )''0 , •• 
1".. uO 
lIl' 0'" 
IH '00 
~,. "I. 

II ..... 'oil 
U l'J l)l 

" , 
hoi 
>I, 

". 
'" .. , , .. ... 

eo.) tloe 
1" lfn U8 

...t.: ...... .... I 
1 .. I", ,II 

1 ,,1 
J 'Ooi h •• 

, ... , 'll 
i.l' "U 

.. ,Uo) ",. 
11 10' 

l! ",,' I, 0 .. 0) 

" IIi o.a 
t cJOI oil 

I.. ,ov .... I 
!Co Col, J"''' 

t i "H .. , .. 
t'. U) , .. 2 

'"' '!,I' .1 .... 
'0 .I",,> ",>1 

11 hl i'~ 
IJ ,,," 'bt 

t 10 .... IIoo0C 

",,' "Jl "''I "'.11 
I', II" ... 

iG U .. ,,,'10 
I, 'b' )J" 

"0' ,,110 
il.l 111/ ." , .. 

.. .0:\1 .... III 
Ii i' .. lUj 

" lIJ' 1.'10 
ho "' .. 

C b"" 041 

Ie; >JI )ul 

, ....... I,J "'." 

" IJ"" ... 
, .... ,,1)1 ,,, 

e I", S"o .. ,) 
t ,.. , .. 0 
1 , "'I .118 
i I 1I1 '::I/oS 
I 1 l,v .I ... 
I .. ... 'I, 
111 lOl .. S 

"4 (; ...... 0 
J'I.r: JI) 
SlIJ )fl8 

oJ. 
C J ... J,} 

it Jtoo ld9 
I.: l.... ~'O .. 
, .. .1)10 llllC 

1 hI 1)J 
I to" .. 1 
:. l:ol/o 1.1c, 
1 I. ,"'I , ... 

" . , .. 
or " .. , " I..J ". 

I.r:" lie 
lild .. 1.1 
''''I "10 .. , 

I... ..,'" "1.9 
t.;: llli " ... 8 ,. , , '" '" " 

,>0 
'" ., 

'01 0/",1 '" '" II lib 

IV 

" , 
, , .. 
" , 

., . , 

~:! 
". ". 
'" .. , .. , 
'" 

~f: .. , 
'" .. , U. 
l"'Ji .. , , .. ,., 

'II>. ltoo 
I"'d I<oJ oJ" &£6 ... 
"'II .. ,. 
.,>i <0,9 .. , 
lG. " .. ) 
U' Ul 
,Ill 1 .... 

.. I 0& 

'" 
.. I'::" IJl 
\ "1. dl 
~ • ..,1 
<; H ,"II 

H " " .. " HI 
1C .. 'n iJ~ 

" 10 Ii 

,., 
10':' lo~ 

oh "It 
.. 11l .. 10\ 

Ii " .. , .: .. 0 
1J II" 1.1<; 

I; I" 1&'10 
1.(.0'> .. '>8 
.... I .. I. ,., 
i&v lie; 

I~ ,i .. b ;,,1 ,. 

... 1 "09 
)OJ "d 
,~.. Jl8 

JIG ''''' 
'0 l$"1 l"O 

II 1.1.1 "lG 
lJ '''fI , .. 50 

III Il' 
~., ", "I.' .... 'II 
ol. ell J",. "til 

,.; $ ...... ,' 

" h ..:11 
, ),s ,., 

" .. " "09 
.. )9 ")1 ... 

II 4:..... "lO 
IJ loa 11. 

t 'O,.. .." 
..: 1'01,' I'd 
• hH,. '''01 
o 9" u. 
t ,,,, t ... 

loi .':0 .'0 • , .. , "l" ... 
,~ 

." 
Ii If!, " ... 

11 lh li.l 
iJ ,.1 IdO 

t .ll/ol lol 
".It. OJ" 

'" loe; 
o ft. .. ' .. 'I 

It '111 UO 
1 .l) , ... 
J j." ) ... 
) JlcJ ,18 
1 Jl'Ji .. "') 

II "oJ .. 1"" 
~ h, ''''" 

.. 101> 10J 
<; ecJ Jl 
<; .... 'II ,<tOo 

t( "' .. i'<O 
Ie , .. 1 
I( hI 
It " .. , 
It 0" lJ 

II " .. h .. 

." 
! '~:~ '" 'viZ 

:~! Ie .. ,) .. , 
d' 

,., 
," ... ... 

" , 
'" ., 
1,,11 e'Oe ,,' ... 

'" ,J"; ,ll 
",, ",.'11 ,,' ... . , 

.. 1)1 UO 
U 01 III' 

t ", 
1 o~o b,l 

Hl .. U 
'l~ IU 
IJto 10 

l~ '''0 .. ,. 
Il 90 ,,,r 

I Jil 
J " ... JI' 

" 

" " · , , , , 
" 

"b .... . 
1.10" 1"" 
101 .,1 

>.'11 '''I 
h,l .,(: 
.. 111 ... 1 
lU "IS 
Hit JU 
I ... , l",r 
"' .. 0 ll-I 
Jal W' 

",tol 
loy. 1.1.0 
l •• "' •• ", !'>, 

· . ," 
Io. 
U. 

.. , 
." 
,It .. ... 
,.;y , .. ... , .. 
." ., 

· . , " · < , 
, 
" " " " " " II 

" " .. 

, 
11 , 

· 11 

· · , 
" " , , 
, 
" 

<0' 
lilJ .. , ... 
:11 .. 
'" . " 
III 

'" .. , 
I.!;'t 

,:~ ... ., ... 
,,' .. 
.u ., 

0'" .dl .. , 
.. 0" ,,'d 
JOC .. ." 

H .. "If 
,'>1 ,.1 ... 
, .. , JIO 
.... l o,,~ , .. 
... ... 
... .. , 
oJ, ... ... 

... .. , 

." .. , 
... 'OJ 

>0' ... 
.. c .. , . .. 
,.. 

" .. , .lIb ,,,1 ",i 

... ,., 
... 
,,' ," 

oi.v ~ ... 
llJ,' I1..l0 

11111 a. 
t "J I ... 

I'; .... .,. 
I ,.l .al' 

lOl ld' 
o/fl. l.' 
H. III 
l"c; ..: ... 
.wl )" • ,.. .. 
0)" ... J 

I • ..:1 
.. ,,, .:;t9 

.. '" .. loll 
.. ,,, Jl' 
JO.. l"~ 
JOI )010 
IU i.u 

Ii fl. 11J 
~ »)6 

It ,ii'll JVO 
Ie .2:91 "V) 
Ie UJ III 
Ie "".. ll' 
ii .1111"1:114 
H 1.," hi 
" _lV ... , ,. j,~' 2 .. 8 

. 
: , , 

< 
< , 
" " 

, lIlil "'., 
:o~1 ),. 
.... OJ) 

e. .:"" ,,_I 
" ~fI" ~o. 

it- 4"1" 

" , 

,iii" . $.' 
UJ Ul 0/., " .. ~ 
l~J l)' 

'" ... , ig8 
011 o':C 
l~cJ ue 
'lot .. ,ll: ... 

m 
U": 0\ 
I)l h'9 
llO ,,'~ 
olt h'" 
Jel Jll 
",cJ .. ,. 
110 I". .. , 
II, 

m 
JI' m 

J 1 ... '" ." '" ilJ 

'" h 

ol' ... 
l'~ .. " 
il .. lin 

,-
.10 
.:10 .. , .. 
'" 
<CO 

h 

... 
" ~~: , .. , .. 

m ,u, .. , .. 
l, .. l .. J 
till , .. 0 

. . . 

1) ••••• 

, ... I)' 
itool 111) ," 'i.. .,,0 
lSi ll. 
lid 197 
"1:11 III 
ltoa I.' 
".J "I. 
H" lOl 
lu" lO' "., l_' 
"II 16' 
~_J ,.~ 

$O~ J'Jo' 
l.: .. ,11 
I."" III 

,., lOS ... ... ... 
10' I •• 
.. 90 ~U 
.... 0 .. ,. 
lfl. ~.9 
0/9, 1,,0 
III ,lo 
lit loiS 

"101 U' hS Il_ ... 
,,,' .. l9 
1."0 " .. , 
llloy l)S 
"ltoo at 
""'I .10 .. 
l'JoIII ._) 

Ho/ ,IU 
.Ill l'. 
lcJ, ",,:. 
I, .. '01 ., .. 
.: .. ~ ll. I 
hl , .. 0 
l.1J l~' 

• " .. 1 I.~! 
.1l .. I.l) 

1J "' • 
Ito' '~I 
do .Il " ... 
U .. hl 
oid' I.IIIJ 
l'il hO 

.oJ ., 
J ......... 
.. , .1 , ..... h" 

"IJ ll) 

., 

"' 

" '" " 
,,, ~ 'Jt 
ill 119 

.. 
'" 

". ., , .. 
XBL 693-302 

I 
0' 
\Jl 
I 



Table II 

5 . 
Positional and Thermal Parameters (x10 ) for Se N2 (SbC15 )2 

a: '.' 

Ato:n Position x y z 1311 1322 1333 1312 

Sb1 tid 03348(6) 1/4 1/8 305 ( 4) 487 ( 7) 420( 6} 0 

.Sb2 8d 48558(6) 1/4 1/8 319( 5) 402 ( 6) 457 ( 6) 0 

Cl
ll 

16e 05877(33) 40153 (33) 14122 (66) 842 (26) 4ll(21) 2294(76} 154 (20) 

Cl 12 16e 04539(27 } 23087(71} 27216(28) 547(17) 2097 (69) 476(17) 70 (40) 

Cl13 8d -12118(27) 1/4 1/8 306 (17) 1476(57) 708(27) 0 

Clel 16e 46035(33 ) 39338(40) 16963(55) 648 (23) 647(31) 2559(97) 1(20 ) 

C122 16e 47346(35) 20357(71) 26555(40) 742 (28) 272 9(126) 710(31 ) -273 (37) 

C123 8d 64049(26 ) 1/4 1/8 299(16.) 776(35) 1053(37) 0 

S 16e 25907(21) 32866(18) 13913 (28) 387 (12') 369(13 ) 973 (25) 8 (12) 

!11 8d 18623 (70) 1/4 1/8 307(48) . 353 (70) 424(51) 0 

N2 8d 33258(72 ) 1/4 1/8 303(48) 375(73) 500(69) 0 

~'he form of the thermal e1l1psoid is exp [- ((311 h
2 + t322

k2 + 1333
1.
2 + 2t312 hk + 2t313h1 + 2t323kl) J; 

. -- - -.-.-.. --~.--.. -----

1313 

0 

0 

113 (45) 

17(14) 

0 

36(3'2) 

-106(20) 

0 

7 (21) 

0 

0 

'~23 

17( 8)' 

21( 7) 

7(36) 

181 (~~ ) 

51(S~ 

-798(42 ) 

657(49) 

- 74(51) 

-139(13 ) 

- 33 (82) 

-170(89) 

0'-
0'-
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Table III 
0 

Non-Bonded Distances Under 3.8.A 

. a 
Intra~o1ecu1a~ Dist~~ Intermolecular DlstaDces 

C113-C111 3.522 ( 6) C123-C121 3.507( 6) Cl13-C1c3 (l)b 3.559( 6) 

C113-C112 3.392 ( 5) . C1c3- C122 3.388( 6) Cl13-S '(2 ) 3.745( 4) 

CI11-CI12 3.268(11) C121- C1c2 3.209(12 ) Cl12-C123 (3 ) 3.703( 5) 

CI11-C112 
, 

3.225(12) C121-C122 
, 

3.228(10) Cl12-C121 
(4 ) 3.758 (ll) 

Cll1-N1 
2.968 ( 8) C121-N2 - 2. 951( 9) Cl12-C122 (5 ) 3.337 (ll) 

C112-N1 3.121( 8) C12~~N2 3.111( 9) Cl12-S (4 ) 3.521 ( 6) 

C111-S 3.183 ( 6) C121-S 3.193 ( 6) C111-C111 
(6 ) 3.425 (11) 

Sbl-S 3.574 ( 3) Sb2-S 3.587 ( 3) Clc l-Clc I (7) 3.397 (11) 

N1-N2 2.186(15) S-C1c2 (8 ) 3.568 ( 6) 

S-S' 2.390 ( 5) 

a) Primed atoms are related to those in Table II by the crystallographic (and molecular) 

two- fold axis. b) These numbers correspond to the following transformations of the positions 

given in Table II: 

1 x - I 

2 Y - ~ 
3' ~ - Y 
4. Y - ~ 
5 ~ - x 
6 -x 

y 

x 

x - % 
%..: x 

Y 

-y + 1 

z 

z - 7G 
.% ...; z 

~ - z 
3/4 - z 

z 

7 

8 

-x + 1 

~ - Y 

-y + 1 z 

1 - x z ~ ~ 
'" -J 



Table TV 

Bond Distances and Angles in S2N2(SbC15)2 

Distan.ce (i\) Distance (ft.) 
Atomsa Angle (Deg) Angle (Deg) 

BO:1d Sb1 Sb2 . S.b1 Sb2 

S-N 1. 616 ( 7) 1. 623 ( 8) . S-N-S' .95.39(59) 94.85(61) 

Sb-N 2.281(10) 2.285(11) N -S-N 1 2 
84.88(42 ) 

Sb-Cl1 2.308( 5) 2.282 ( 5) Sb-N-S 132.31 (30) 132.57(31) 

Sb-CI2 2.313 ( 4) 2.300( 6) N-Sb-Cl1 
80.58 (12 ) 80.50(12 ) 

Sb-CI3 2.310( 4) 2.313 ( 4) N-Sb-C12 85.59 (10) 85.49(13) 

N-Sb-C13 
180 . 180 

Cll-Sb-C~ 90.03 (37) 88.91(34 ) 

Cl1-Sb-C~ , 88.53(36) 89.60(34) 

a The primed atoms are related to those in Table II by the two-fold rotation. 

b'l'hiS is the nu.rnber of crystallographically independent bonds; the averag:!.ng is over all 10 
Sb-Cl bonds. 

" 
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Table VI 

Dihedral Angles Between Planes Defined by Three Atoms 

, 
Plane 1 Plane 2 Angle, deg 

~ 

C1l1-Sb1-Cl13 Cl12-Sbl-Cl13 90.76 (37') 

I 
89.24 (37) Clll-Sbl-Cl13 Cl12-Sbl-Cl13 

Clll-Sb1-Cl13 N -S-N 1 2 
4.23(34) 

Clll-Sbl-Cl13 x,y plan~ 6.36(26) 

C 112 - S b 1- C 113 C122-Sb2-C123 ' 10.49(43 ) 

C 121- S b2 - C 12 3 C 12 2 - S b2 - C 12 3 89.65(34) 

I 
.90.35 (34) C121-Sb2-C123 C122-Sb2-C123 

N -S-N 
1 2 x,y plane 10.59'(21) 

C 12 1- S 02 - G 12 3 N1-S-N2 7.36(31) 

C121-Sb2-C123 x,y plane 17.96(23 ) 

C122-Sb2-C123 x,y plane 107.60(27 ) 

Cl12-Sb1-C113 x,y plane 97.12 (26) 
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Legends for Figures 

Figure 1. A d~awing of t~e S2N2(SbC15)2 molecule. The horizontal axis 

is ~; the vertical axis is b. The SbC1
5 

groups on the left and right 

contain Sb
l 

and Sb2,.; respect i vely. The thermal ellipsoids in this and 

the follOWing drawings represent 50% probability contours. 

Figure 2. A perspective drawing of the S2N2 ring in S2N2(SbC15)2 as 

viewed normal to the plane of the ring. 

relative orientations of t~e S2N2 ring and the SbC1
5 

groupfl. The view· 

is down the ~ axis, from Sb2 to Sb
l

• The horizontal ax.is is .:£; the 

vertical axis is!£. 
.' 
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Fig. 1 (Seotion IV) 
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s 

95.4(6) 94.8(6) 

s 
XBL 693-301 

Fig. 2 (Section IV) 
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Fig. 3 (Seetionxv) 
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PART II. 

, STUDIES OF THITHIAZYL TRICHLORIDE, S3N3Cl3 

ABSTRACT 

The depolymerization to NSCl of its cyclic trimer, S3N3Cl3' has 

been studied and a reversible equilibrium found to exist between the 
I 

solid trimer and the gaseous monomer at 31 _,600
• The equilibrium NSCl 

pressure is represented by the equation log P(mm) = ... j360/T + 12.321 

and for the reaction 1/3 S;N
3

C1
3

(S)-""NSCI(g) leads to the values 

o ' I 0 / LUi = 15.4 ±o. 5 kcal mole and ll.S = 43.2 ±-1. 6 cal deg mole. The direct 

thermal depolymerization of S3N3Cl3 has been found to be extremely slow 

. '1 51:0 be. ow ). Depo1ymerization int'o a closed volume shows an initial 

induction period of random length of very slow pressure rise follo~ied 

by a rapid depolymerization rate, that is prevented or halted in the 
, 

,presence of chlorine, w:1ich again diminishes as the equilibrium NSCI 

pressu~e is approached. A reaction sequence explaining these observa-

tions in';,terms of catalysis by a decomposition product is proposed. 

Using a gas-flow saturation method employing a helium/chlorine carrier 

gas r.dxture ~o prevent depolymerization, the sublimation pressure of 

S3N3C13 has been measured at 35 - 50
0 

and is represented by the equation 

.lcg p(}l) = -5316/T + 17.270 and yields the values ~Ho = 24.3 ±1. 5 kcal/ 

, 0 
mole and 6S = 52.1 ± 4.6 cal/deg mole for the sublimation. Combination 

of the above values yields the quantities6Ho "" 21.9 ±3.0 kcal/mole 

and .6$ 0"" ?7. 5 ± 9.4 call deg mole for the gaseous depolymeri za tion 

/ 
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PART II. STUDIES OF TRITHIAZYL TRICHLOR]J)E 

I. INTRODUCTION 

Sulfur-ni trogen compounds are an interesting class of substances 

in which single, double, and triple SN bonds are found; many of these 

contain rings, some of which have delocalized double bonds and maybe 

thought of as inorganic aromatic compounds. (Several good review 

articles concerning this class of compounds are 'listed for further refe-

1 2 3 4 
rence. ' " ) Most of the known halides have been formed in react ions 

involving the eight-membered ring S4N4 or its derivatives; as early as 

1880, Demarcay5 reported the formation of a yellow solid chloride of 

empirical composition NSCl during the passing of 'chlorine through a 

chloroform suspension of S4N4. This compound was first formulated as 

67' 8 S4N4C14' but a later molecular weight determination, as confir~ed 

finally by an X-ray crystal' structure analysis, 9 determined its cor:rect 

formula, S3N3C~., The:molecule consists of a six-membered ring composed 

'of alternating s:ulfur and nitrogen atoms in a chair configuration with 
. 0 

the three n;~trogens 0.18A below the plane of the sulfurs and one chlorine 

bonded to each sulfur in an axial position above the ring. Equivalent 

. SN bond dista~ces of 1.60; 9,10 are consistent with this being ani 

inorganic "aromatic" -compound containing delocalized 7Tbonds. These 

bonds have been proposed to consist of nitrogen P7T - sulfur ~ overlapp

ing delocalized either over the entire ring as in be~zene (as, proposed 
. . 
. ".. 11 . 

by Craig ) or over separate three center S-N-S bonds as proposed by 
'. . 12 
D~war, ·Lucken and Whitehead. The resonance structures best represent-

ingthe bonding in ~3N;c~";are2 
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Trithiazyl trichloride may be prepared by the method originally 

described by Demarcay5 and most recently revised by Schroder and Glemser13 

of passing chlorine through a suspension of S4N
4 

in an inert solvent re

sulting in the reactio~: 3S4N4 + 6Cl~4S3N3C~, or by the more con

venient method recently described by Jolly and ~gUire14 utilizing the 

reaction: 

, 
involving chlorination of the solid S3N2C12,which itself is much easier 

to prepare'than S4N4' 

In 1961 Gleriiser and Perl15 reported that the same greenish:-Yellow 
~, ~ 

g~s which formed when chlorine reacted with .NSF in the gas phase also 

vas 
, ' 0 

produced when S3N'ZCL was pyrolyzed in vacuo at 110 • 
" ~ , - This ~as, 

shown to be NSGlby its molecular weight and analysis, condensed on . .. . { 
, , 

cooling to a green liquid which quickly repolymerized to S3N3C~., Micro-

16 
wave spectroscopy has shown NSF to be a bent triatomic molecule with 

sulfur as the central atom and as the gas phase infrared absorptions of. 

NSCI and NSF are of the same shape and only slightly different frequenGy17 

rfSCl must have an analogous structure. 

The intent of this research has been to car~fully study the depoly-
, 

n1erization of S)N3C13 to NSCI with respect to the NSCI pressure and 

decomposition products obtained at various temperatures in hopes of 

finding and measuring a reversible equilibrium for the reaction 
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and further,. if possible, to determine whet~er a stable species S3N3C~(g) 

exists and,: if so to measure the equilibria 
\. 

over a sufficient temperature Tange to determine the free energy, heat, 

~nd entropy changes of these processes. Thermodynamic data for the class 

of sulfur-nitrogen compounds we have described above is sadly lacking. 

To our knowledge, no thermodynamic measurements of reactions between SN 

cO'mpounds have been made; of the cyclic compounds on~yS4N4 has bee,n 
. ' 18 1 

subjected to calorimetric measurement of its heat of formation; , 9 

heats of formation and bond energies of a few non-cyclic NS compounds 

, 20 
have been determined by mass spectrometry; and recently, the thermo-

. 21 
dynamic functions of NSCl were calculated fran its infrared spectrum. . 

Hopefully the results of our work can be combined with available and 

future thermodynamic data to aid in the understanding and prediction of 
" 

:reactions in sulfur-nitrogen chemistry,_ 
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II. EXPERIMENTAL SECTION 

A. General 

The moisture sensitivity of the materials .required their manipu-

Jation in a vacuum line or in a polyethylene glove bag flushed with dry 
,..' 

ni. trogen or argon. Glass stopcocks and joints were lubrica ted with 

Kel:"F No. 90 grease (3-M Co.) which was inert to the materials handled 

but tended to absorb some of them, and where this was intolerable either 

DeJ.mar-Urry 0-4 rom stopcocks or Fischer-Porter needle valve stopcocks 

employing Teflon plugs seated against glass barrels with Viton o-rings 

were used. 

The intemsit'y· and purity of solids were determined by infrared 

spectrometry with Perkin-Elmer Infracord spectrometers and by' melting 

points taken in argon filled, sealed capillaries on a Mel-Temp appara

tus. Volatile materials were identified and checked for purity by in-

fTared spectrometry, mass spectrometry with a Consolidated Engineering 

c?rporationMass Spectrometer Model 21-620, by vapor pressUre measure-

ments, and by molecular weight determinations. 
.,' 

Frequent pressure measurements of systems con"4El,inlng gases such as 

C12, S2C12,SC~2 and NSCl which react rapidly with mercury necessitated 
" 

the us e of a'glas s spiral manometer (dis tri but~dby Electroni c Space 

Products, Inc., Los Angeles, California) depicted in Fig. 1 with the 

sample chamber constructed for use with it. The mnometer operates 

an the Bourdon Gauge principle, detecting pressure differentials between 

the sample chamber and the case by means of a flat spiral of hollow thin-

walled glass fran which a mirror is suspended. The glass spiral is thin 

enough that an increase in pressure inside the spiral (connected to the 



;.'~ ", 

E 
u 

ex) 

.Ocm 

-82 .. · 

r to vacuum line 

to mercury 
manometer --:--... . 

2.6ci'n -+ 

XBL 693-295 
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sample ~hamber) relative to the case pressure outside the spiral causes 

the spiral to uncoil, thus turning the mirror. This uncoiling is 

detected, and the pressure different ial causing it is measured, :by 

noting the amount of travel along a frosted glass scale of a narrow 

light beam that has been reflected from the mirror. 
, 

The light beam source 

and scale are of the type used to measure the deflection of a galvano-

meter. The apparatus is operable with pressures from high vacuum to one 

atmosphere in either the case or sample chamber_, Regardless of the abso-

lute pressure, equal pressure on both sides of the spiral results in the 

same 'inull " position of the light beam on the scale, and any deflection 

fro~ this null point is proportional to and dependent only on the pres-

s~re differential. In our apparatus pressure differentials of 

~ 30mm of Hg produced linear deflections ~n the scale placed approximately 

one meter from the mirror of -1 rnm./mm of Hg which were readable in,a 

d~rkened, vibration-free room to ± 0.1 mm. The case pressure itself was 

measurable at an accuracy of ± 0.1 rnm.. of Hg with a cathetometer-vie'ved,' 

;, mercury manometer constructed of 10 mm i.d. tubing to minimized meniscus .. 

effects;" thus the sample chamber pressure wa~, measurable to ±0.2 mm of 

Hg. ~ypically, pressure measurements were made by evacuating both sides 

of the manometer and noting the null point on the scale, introducing 

(and measuring with the mercury manometer) a small pressure of dry air 

into either the sample chamber or the case and noting the resultant de-

flection to obtain a calibration factor, f. = rnm. Hg/(rnm. scale deflection), 

placing the sample in the chamber, adding dry air to the case to return 

the liGht beam a.pproxinn tely to its null point, and reading the mercury 

manometer a.nd the scale deflection to determine the sample pressure via 

the fClrmula 
'~, 



-84- 1 •• '" 

• • I" 

p. 1 = P + (_f) X (scale deflection). samp e case 

Remeasurement of ! was only necessary when the lamp or manometer was moved 

or the temperature of the spiral was appreciably changed. 

The'.'manoIIleter has the desirable property that the sample volume does 

not change with pressure and 'that the manometer, including the entire 

sample chamber, can be completely immersed in a constant temperature bath. 

A bath was constructed using a large cylindrical glass jar (8" i.d.x 17" 

high) surrounded by several inches of vermiculite for insulation in an 

open topped box with a cardboard tube inserted in a hole cut .in the 

side to allow the light beam to reach the mirror. Suspension of the mano-

meter. and connection to the vacuum line was from above to enable raising 

of the bath around it without disturbance, and the bath was supported in 

such a way that its raised position, and thus the null point of the mano

meter, was reproducible (movement of the ba~h position changed the null 

point as the curvature of the glass jar wall and the differences in the 

refractive indices of the glass and bath liquid from that of air 

caused the light beam to deviate from its straight iine path). The bath 

temperature (both oil and water were used as bath. liquids) was controlled 

by a mercury contact thermometer connected. to a mercury switch relay 

which turned on and off a knife immersion heater. Adjustment of the power 

input, to the heater and, at temperatures .:s 40° in mineral oil baths, 

.addition of copper coils cooled by a constant flow of cold water" controlled 

fluctuations of the bath temperature to .:s 0.05° as read from a total 

inIDlersion mercury-in-glass thermometer with 0.1° graduations. In a 

system check 113.4 rom of helium at 28.7° was closed into the sample chamber 

of 156.9 cc volume; pressure readings taken at 12 temperatures up to 



... 

~. 

-85-

, 140° showed a maximwn deviation of 0.15 rom from the values predicted from 

the perfect gas law. Introduction of materials into the sample chamber 

was made either by transfer from the vacuwn line through a Delmar-Urry 

o-ring valve or by sealing the materials into breakseal-equipped tubes . 

and glassblowing them onto the cha.mber; the breaksea:j..s could then be 
", 

opened 'by magnetic man~pulation of a break. er to open the sample to the 

.chamber, eyen after' thet man'ometer was in the bath at a desired tempera. ture. 

Carbon tetra,chloride was' refluxed for 6-10 hours over P20
5

, dis-

,till~d and stored under an inert gas. Chlorine (Matheson) and S2C12 

(Eastman Kodak Co.) were purified when necessary by vacuwn line fractional 

condensation. Tetrasulfur tetranitride was prepared and purified using 

the method of Villema-Blanco and Jolly,22 and S4N3Cl, S3N::F12' and ~3N2Cl 

were ig,entified when found during this work by comparing their infrared, 

absorptions, appearance, and thermal properties with those of known 
, . , , 14 

,samples prepared by the method of Jolly and Maguire. 

B. Preparat ion and Preliminary Investiga tions of S3~~' 

Trithiazyl trichloride was prepared once by the method of Schr()der 

and Gl$mser:13 and thereafter by the method of Jolly and MagUire.
14 

> The , 

crude product from the chlorination of S4N4 melted (with decomposition) 

ai/ 77- 78° (lit13 :162.5); the crude product from preparations via the 

chlorination of S3N2C12 exhibited decomposition points ranging from 76_82° 

(lit
14 

: crude, 75°; recrystallized from CC14, 91°). Samples prepared by 

both methods exhibited the same infrared absorptions inclUding the strong-

-1 . 
est band at 1015 cm reported to be characterisitc of S3N3C~ by Glemser 

, and Richert 17 andproduced yellow solution~ 'in CC14 which turned a vivid 

mintgreen color' above 55° but returned to yellow when cooled. Themelt-
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ing points of S3N3C~ recrystallized from hot. CC14 ranged from as 

high as 93° to as low' as 73° (although all samples melted in a 

1_2° range) with the highest melting samples crystallizing from solutions 

that had not been hot enough to produce' the green color and the lowest 

from solutions heated above 60° in which, although the green color dis-
., 

appeared on cooling, an orang~,-brown hue remained to the previously 

yellow solution. 

In one recrystallization the solution was heated to 65° yThich' re-

sulted in a very vivid, green color and, while maintained at 65°, a 

stream of chlorine was bubbled through the stirred solution. The green 

cQ10r immediately disappeared, leaving the original yellow colbr;when 

cooled, S3N3C~ with mp ~ 95~1/4,- 96-1/4° crystallized. All further 

S3~3C~ re-crystallizations were done with the CC14 cpntinually being 

saturat~d by passirig C12 until the solution was hot enough to dissolve 

all the S3N3C~ •. No green color or other darkening of the solution 

occurred at < 70° and the crystallized S3N3C~ consistently melted be

tween 95 and 98°. This higher melting material exhibited the same infrar:ed 

iilisorptions a.s material recrystallized without passage of chlorine.. In 

fac~ all samples recrystallized with or without chlorine passage that 

. melted above 800 .dissolved completely in' CC14 and showed the same pro

perties when sublimed or pyrolyzed. 

, A 100 ml bu1bclo'sed with a Delmar-Urry stopcoc~ was held in an 80° 

oil bath for, two hours durir:ig which the 10.0 fig of S3N3C~ it contained 

completely vaporized to a Si-een gas. When cooled quickly the gas con

densed to a gree:q liquid in' which yellow cryst~ls of S3N3C~ ,< identified 

by 'their infrared spectrum) immediately began growing and soon consumed 

all the liquid. A similar sample was vaporized at 80° and the bulb 
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allowed to cool very slowly to 20°. No liquid phase was visible as the 

green gas.slowly disappeared and yellow crystals grew on the walls.. The 

gas remaining was opened to a KBr gas infra red cell and a spectrum vTaS 

taken which showed N8Cl, 17 8
2

C1
2

, 23 and 8C1
2

23 to be present. The 

~nfrared absorpt ions of the solid in the bulb corresponded to 83N3C~ 

and a small amount of 83N2C12 presumably formed in the reaction 

8
2

C1
2 

+ 2N8Cl -+ 8
3

N
2

C12 + 8C1
2

. 

The 8
2

C12 arose fran -lCf'/o decomposition of the NSCl in the bulb t:) N2 

and. 82C12 as detected by measurement of the n'itrogen wi th a Toepler 

pump. Another,lOO mg, of 83N3C~ was pyrolyzed in the same 'bulb at 80° 

and, while holding at 60° in a water bath, the bulb was opened to a 7 em 

NaCl gas cell mounted on the Infracord while maintaining the cell ~t 60° 

wJth a stream of hot air. Very large N8Cl absorptions were observed but 
I 

I ' 

While maintaining the cell at 60° the bulb 

was allowed to· slowly cool to 20° and then reheated; the NSCl absorp- . 

tions correspondingly decreased and grew in amounts much greater than 
. '. 

simple gas thermal expansion woul~ have caused. The bulb, and then 

the i.r. cell, was cooled to 20° and disconn~.cted. After 1 day at 20° 

the N8Cl absorptions had only slightly diminshed and even after re~eatedly 

freezing the" c6nt"ents of the cell into a side arm with liquid nitrcgen 

. 'and rel'rarming to 20° some N8Cl remained although each cycle decreased ~ 

the N8Cl peak and increased the size of a s~lid 83N3C13 ring where the 

. NSCl had appeared to pass through the liquid state. 

The same 83N3C~ pyrolysis method prepared N8Cl which was quickly 

condensed. onto a layer of frozen, degassed CC14• When thawed, a greenish ! 

yellow solution resulted which showed only large N8Cland no 83N3C13 
. . 

infrared absorptions, but after 1 ~ay an S3N3C13 'peak had appeared and 

. ~ 
tJ:le N8Cl peak ded'eased and after one week the 83N3C~ appeared to be 

. . , 
the predominant species pres ent. When scanned while in a cell heated 

.{ 

/" 
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above 55° a green S3N3C~ solution did not show NSCl infrared abso:r:ptions 

which in fact, did not appear unless an S3N3C13 solution had :been ~eated 

several minutes at 75°. The depolymerization of S3N3C~ in the 100 ml 

bulb, both when the bulb was initially evacuated and 'when initially.filled 
-} 

wtth 1/2 atm. of argon, proceeded slowly ebough that larger (-200ffig) samples 

heated at 1-.2° /min were st'i~l largely present and melted normally to pools 

of yellow-brown liquidat 96-98°, the same temperature they bad melted at 

in sealed argon filled capillaries. However, one sample heated und.er 

1/2 atm. of chlorine showed no change until 116° where a brown liquid 
i 

appeared which wet the solid but went away again quickly at 119
0 

leaving 

a yellow solid which slowly volatized until it disappeared at 175
0 

.' An

otrer sample under chlorine showed no change until 110° wher~ it m~lted 

quickly to an orange liquid and completely vaporized. In both cases NSCl 

and S3N3C13 were recovered despite> 5Ci/o decomposition based ·on the resul

tant N2 . 

'. C. Sublimation of S3~3£1, 

In a continually evacuated sublimator S3N3C13 sublimed very slowly 

at 55
0 

to a water cooled cold finger giving yellowS3N3C~ on the finger 

while only traces, of NSCl were pumped out. With a water-cooled finger 

at higher temperatures substantial decomposition and depolymerization 

resulted but not with a liquid-nitrogen cold finger; even at :80
0 

in 

an evacuated system no N2 was evolved while the -19~ cold finger was 

covered with a blue-green solid which, when warmed to 20°, instantly 

returned to a yellow, completely non-volatile, ~olid with infrared absorp-

t~ons only of S3N3C13' However, '''hem -40 nun ,pressure of nitrogen or 

helium was present during closed sublimation at 70-80
0 

to a -196° finger 

a yellow-white film, and later white-to purple crystals, collected which 
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virtually al'l pumped out when warmed to 20° and proved to be NSCI with 

less than 'J/o of the material remaining as S3N3C~, In the presence of 

nitrogen or helium at 50° however, again only S3N3C13' not NSCl, sublimed 

tp ,the _196° cold finger. When sublimed through 'a 9-inch long, 22° inlet 

t? a mass spectrometer (Consolidated Engineering Corporation Madel 

21-103C) ionization chamber at 200° using 70 e.v. electrons, even though 

a parent S3N3C~+ peak was not detected, an S3N3+ peak 47% as high as the 

largest peak (S2N2+) was found indicating the probable intact presence 

of S3N3C~(g) in the vap9,Tstate. 

.1" , 

Other species found, listed in order of descending mass, with > ~% abun
! 

dance relat ive to S2N2 + were: 

Species 

S4N4 
+ 

S4N2 
+ 

+ 
S3

N
3· 
,+ 

S'N 
3 2 

. SNC1
2

+ , 

S N+ 
3 

% relative 
abuhdance 

1 

86 

47 

5 

22 

7 

Species 

NSC1+ 

+ 
NS2 

SC1+ 

+ 
N Cl 

2 
+ 

S2 

0;0 rela ti ve . 
abundance 

9 

7 

2 

9 

6, 

Species 

+ 
Cl 

S+ 0 + 
, 2 
+ 

N2 

CJ,++ 

+ 
H

2
0 

0/0 re la t i ve 
abmldadc~' 

46 

79 

88 

5 

57. 

14 
+ 

. S2Cl ' 3 NS 
+ 

OH+ 

+ 
;·0 15 

c' 

,+ 
S2N2 . 100 HCl 

+ 

D. Measurement of the Equilibrium S3~Cl:s (s) '~ 3NSCl(g) 

The equilibrium pressure of NSC1(g) above S3N3C13 (s) was, deter

mined. ut various temperatures by static pressure measurements in the 

'. thermostated constant volume, glass spiral manometer described earlier. 

Runs Were started by glas sblowing onto the manometer a breakseal equipped 

•. \ 
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tUbe of S3N3C~ which had been finely ground in a dry bag and weighed, 

raising the temperature bath into place while evacuating the manometer, 

recording the hull point with bo1th sides evacuated, opening the S3N3C~ 

into the sample chamber, and if not already done, setting the bath 

temperature. An initial sample of 84 mg in 160 ml was held at 45° for 

one hour but no pressure developed; the temperature was then increased 

to and held at 55, 60, 65 and 75° f~r short periods vii th corresponding 

pressure rises' observed of 0.3, 1.0, 1.8, and 12.6 nun/min until a f'inal 

pressure of 148 rom was'i,reached ,When all the S3N3C~, had vaporized. Cool- \ 

ing to 22° for 2 days dropped the pressure to 16 mm; reheating to 75° 

returned the pressure to 150 nun; but recooling to 22
0 

lowered the 

pressure only to 23 mm indicating that other gases besides NSC1, presum
i 

ably N2 and other decomposition products, had built up. Another s~mple 

of S3N3C~ wa,s loaded and heated in a similar manner with similar ~,esults, 

and'measurement of the noncondensible gas with a ',Toepler' pump showed 

15% decomposition to nitrogen had occurred. It was decided to work at 

50° or below in ,hopes that, although s19w, depolymerization to an equili-
'.' 

briumv'alue :,would occur without more decomposition .occurring than could 

be corrected for,or ignored. Also we found that cooling of the bath 

caused crystals of S3N3C~ to grow everywhere inside the sample. chamber 

as 'NSCl condensed; some of these grew inside the spiral causing it to 

clog and gi v~ false readings. To prevent this a common infrared heat 

lamp was mounted outside the temperature bath and aimed at the spiral 

down a 15 mmglass tube through the insulating box. This constant. 

bathing of only the spiral in a beam of warm infrared radiation through-

out all future runs kept it sufficiently warmer than the rest of the 

sample chB.mber to prevent"'crystallization of material in the spiral. 
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A new loading of S3N3C~ (0.5 romoles) was introduc.edand held at 

49.9°. After .24 hours the pressure had onq reached 12 rnm and after 
, - ' 

40 hours was only 21 rom, but 10 hours later it had risen to 84 mm and 
j 

remained constant after reaching 84.65 rom in four more hours. The tem-

perature bath was then. lowered; the sa.mple chamber was cooled with liquid 

nitrogen to condense the NSCl and volatile decomposition products; and 

nitrogen corresponding to 0.55 rom pressure in the sample chamber was 

pumped out and measured with a Toepler pump. The chamber was close.d, 

the bath again raised, and in the 30 minutes required to reheat it to 49.9° , 

the pressure had already, risen to 77 . rom. After equilibration for 15 

hours a c'onstant pressure (unchanged in two hours) of 85.16mm was present . 
of which 0.57 Iilm wasN2 as shown by pumping the contents through _196° 

,.: 

traps with tpe Toepler pump. A new loading of 97 mg of S3N3C13 was 

made and, at 55° vaporized completely in 16 hours to 117 rom pressure . ' 

of which 0.97 mID were nitrogen as measured by dropping the bath and. 

fr~ezing the condensible contents into the bottom of the chamber with 

liquid nitrogen and Toepler pumping out the N2 • The chamber was 

then dos ed and the bath raised and reset at a series of lower tempera-, ., 

tures. At each temperature the pressure was followed until no change 

was detected over several hours and the nitrogen then measured by the 

abovE! technique. The temperatures in the .order used where 40.3, 45.1 

35.4, 31.0, 'a;nd 47.2° which in some cases involved the ,equilibrium being 

reached from above and in some cases from below its final pressure.: The 

equilibrium was reached in at most 12 hours at each temperature, but an 

attempt at 26° was aborted when a pressure change of 0.1 mm per hour' was 

still noticed after two'days. The raw data, consisting of the total 

pl'C~S\lre and nitrogen pressure at each temperature, are presented in 
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Ta.ble I together with the NSCl pressure derived from the corrections to 

be described in the discussion. Two molecular weight determinatiOns wez:e 

made by carefully weighing S3N3C~ samples loaded into the manometer 

and allowing them to completely vaporize, one at 45.1° and one at 49.5°. 

Found: mw = 81.9 ± 1.0 and 82.0 ± 0.5 respectively; calc<l:~ for NSC1: 81.5. 

It was 'noted that the depolymerization at 49.9° proceeded very slowly 

at first and then rapidly reached equilibrium. To explore this further 

a series of experiments were made in which fairly large S3N3C~ samples 

were vaporized between 49.4 and 50.0° with the pressure rise followed 

'with respect to time •. ' Reevacuation of the chamber for varying lengths 

of time, sometimes with cooling to 25° and other tmeswhile keeping at 

the bath temperature,' was then followed by closing and beginning another 

timed run. Each vaporization curve obtained when pressure vs. time was 

plotted showed the same general "s" shape consisting of an induction 

period inwhich the -pressure rose very slowly and nearly linearly for 

. a number of hours to somewhere between 1 and 10 rom followed by a period 

of rate increase to a nearly constant rapid pressure rise, followed by 

a ,steady decrease in rate as the equilibrium pressure was' approached, 

and ending in a pressure rise of- 0.1 mm/hr presumably resulting onlY 

from decomposition as, when checked, an equilibrium NSCl pressure could, 

always be .calculated consistent with previous results. It ,was found 

that the II induct ion period" at thebeginni~g was an unpredi eta. ble 

feature of the vaporization in that the same S3N3C~ sample could show 

an induction period which varied from less than one hour .to longer than 
.... 
:, 

20 hours with its length not seeming to correlate reproducibly with any 
" \ 

1(' 

factor of the solid~ history~ One sample was vaporized several times, 

one of which included closing 22 rom of nitrogen into the cmmber .irome-

diately before the run; the only effect observed was a possible slight 
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Table I. Results of static NSCl- pressure meaSUreT:lents 
---------

. Run T . Ptot. P p. ap .. :~'.~ PpSCl=PT t=PC Used for 
tOC) (~ previous ~C12' Pc~ added carr . a orr Lilio - 1 

(mrn) (mm) - . (nITa). (rirrn) (rom) - ca c. 

C-1 49.9 84;-65 0.55 1.10 83.55 V 

C-2 49.9 85.16 '0.57 0.55 1.69 83.45 v 
D-2 40.3 41.1 0.1 0.92 1.12 40.0 V 

D-3 45.1 59.5 0.23 1;04- 1.5 58.0 V 

D-4 35.4 29.25 0.04 1.24 1.3 27.9 V 

·D,..6 31.0 20.47 0.01 1.26 --. 1.3 19.2 V 

. D-7 47.2 69.8 0.3 0.6 69.2 V 

G-l 49.55 85.3 1.65 3·3 82.0 V 

H-l 49.4 85.0 1.9 3.8 81.2 V 

K':'2 49.9 93.4 3.2 2.8 9.2 84.2 V 

K-3 49.9 102.0 6.6 5.35 '18.5 83.5 V 

L-2 52.1 100.7 1.65 3.3 97.4 V I 

11;-1 58.0 167.7 3.85 7.7 160.0 \0 
\..N 

M-2 63.5 257·2 8.9 17.8 -239.4 I 

tl:.-3 66.7 324.9 . 15:1 -- 30.2 294.7-
1-1-4 70.2 414.9 36.3- . 72.6 342.3 

--- N-l 55.2 129.2 0.95 . 1.9 127·3 
N-2 - 60.0 187-.7 _ 1.65 3.) 184.4 
N-3 60.0 218.7 11.95 ' 23.9 194.8 
N-4 60.0 261.0 25.7 36.4 87'~8 173.2 V 

0-1 65.0 381.0 -22.85 56.3 102 .. 0 279.0 
0-2 60.0 273.5 18.85 59.6 97.3 176.2 V 

0-3 57·5 267.7 29.2 62.6 121.0 141.7 V 

a P= 2P + P. + P .' -cO.rr __ N2 _prevl.OUS S2C12 C12 added _ 

.... - ~ ..... -.,..~..,. 1:1;;.' ~ 0 .. .. ~ ..... i ~ ..... ¥ ... _. 
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'teduction in the maximum vaporization rate. Chlorine, however, had a 

very noticable effect; its introduction (2.3 mm) at the beginning ~aused 

an initial 0.5 mm rise in the first 1/4 hour followed by no increase for 

20 hours after which the system was evacuated for an hour and reclosed 

whence the pressure rose reluctantly to only 8 mm in the first 60 hours 

before beginning the rapid rise portion of the "s" curve. Vlhen intro-
.;, 

duced during th~ rapid depolymerization period (by breaking a breakseal 

tube of chlorine already in the chamber) C12 killed the rapid rise and 
, 
the depolymerization returned to a very low rate; this was done twice 

at 49.9°: once (with 2.8 mm C12 ) the rapid rise eventually returned, 

and the second time (5.35 mm C1
2

) only the slow pressure increase 
., 

occurred for the 15 days it took the pressure to reach equilibrium. Both 

times, initially upon adding the chlorine, the pressure rose by the 

amount added plus an additional 1/2 mm in the next ,few minutes before 

'leveling off,.", :Both of these runs, however, yielded the same equilibrium 
, I ~ 

~SCl pressure after the chlorine and the 4ecomposition prodUcts present 
,'f 

were subtracted out. Several graphs are presented (Figs. 2 and 3), 

together with a description of the sample treatment before each vapori-

zation,' which represent the randomness of the induction pericxi. As . " 

tIt~ runs were of an exploratory nature and only led to general conclusions, 

the data are sufficiently represented by the graphs and long tables of 

t:imes and pressures would be unenlighteriing. 

To complete these experiments a series of runs, some with and some 

wi thout chlprine, was carried out above 50°. All at' these were timed 
',/ 

to determine the attainment of ~quilibrium, as continuing decOl'lposition 

resulted in a constant noticable pressure rise. The final pressure was 

determi~ed by adding to the final reading the result of multiplying the 

final rate by the several minutes required to stop a run by opening the 
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Figure .2 

A 700 mg sample of S3N3C13 was loaded into the glass spiral 

manometer and the pressure rise into an evacuated 200 ml, sample 

chamber at 49~4 °M1S followed with respect to time. 

Curve was started by closing the chamber after initially allowing 

the pressure ,to rise to 13 mm and evacuating for 30 minutes. 

Curve 2 was begun by closing the chamber after evacuating for 6ne' 

hour following curve 1. 

Curve J was begun after 9-1/2 hours evacuati0n following curve 2.' 

(Pinal equilibration was reached but the last of the curve was not plotted 

to prevent clutter.) 

Curve 1+ \Vas started after evacuation following curve 3 for six hours 

at 22° and 1/2 hour at 49.40
. Before starting 20 nun of nitrogen pressure 

wereciosed in~o the chamber ( this N2 pressure was subtracted from 

the total pressure bef~;e plotting). 

(Only a few of the points taj<en have been shown to preserve 

clarity in this and the following figure.) 

.~ . 
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Figure 3 

. Curve was stari..ed after evacuation for two hours following" 

curve 4 of the previous figure. Irnmediately before closing) 2.3 rrm of 

chlorine pressure were added. No change in pressure resulted after an 

initial ~ rmn rise in the first 20 minutes and the run was ended after 

'22 hours by evacuation. 

Curvr.> 2 was begun after one hour evacuation following curve 1. 

loading of S3N3C13 "Jas made and chlorine was sealed into 

br(;akseal tubes attached to the sample chamber. The system was closed 

until 85 nun of pressure had developed and then eV9.cuated. 

Curve ;3 (49.9°) was begun after overnig~,t evacuation.l,'I"hEm the 
!f 

p~essure was 7.8 mm and rising rapidly a break~eal tube was opened 

c¢ntaining 2.3 rnm of chlorine (based on total volume and bnth temper-

ature). The rapid rise stoiJped. (The bath overheated for a short. 

tinle causing some pressure rise which stopped when the temperature 

returned to 49.9°.) The chlorine was eventually overcome as shot1nin 

the graph. 

Curve 4 (49.9 0
) was started after 24 hours evacuation following. 

curve 3 including one hour at 22°. When the pressure was at 27 min and 

., risine::; rapidly a breakseal tube was opened t.o add 5. 1 r~ of chlorine. 

The pressure rose only slo\OJly thereafter and was followed until 

equilibrium i'JaS reached after 400 hours. Only the first 80 hours are 

shown. 'i'hc pressure rise was 0.1 rnm/hr at 100 hours, 0.2 mrn/hr at 

200 hours, and a maxirnurn of 0.4 mm/hrat Joo hours. 
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chamber to the Teepler pump and lowering the bath. In each run the S3N3C~ 

was pretreated with chlorine for several hours at 40° as previous runs 

mdicated that C12 possibly removed some impurity. These results a!re 

alSo presented in Table I. Following the non-chlorine runs above 52.1° 

dark greenish-brown solids, which disappeared if chlorine was intrbduced, 
, 

absorptions corresponding to S3N2Cl and S4N3Cl 

and showed infrared' 

. 't' 14 ChI ' lmpurl les. . orlne 

runs,at $. 60° left a yellow solid which showed on'iy S3N3C13 absorptions 

and non-C12 runs at < 52.1° left yellow or orange-yellow solids wi th 

infrared absorptions of only :S3N3C~ and occasionally S3N2C~" 14 Also 

in non-chlorine runs the vaporization, though naturally faster at 

higher temperatures,. still followed the "s" curve behavior, While 

q12 runs still subdued this behavior except at 65°, allOWing only a 

fairly moderate, steady depolymerization rate. 

E. Measurement of the Sublimation Pressure ,of S3~~ 

The ~quilibrium pressure of S3N3C~ (g) ·above S3N3C~ (s) was deter

mined by a saturated gas-flow method using helium and chlorine as the 
, , 

. carrier gas mixture. The apparatus used finally is diagrammed in Fig. 

l.~. Runs were made by passing a fixed flow of helium (set with a pressure 

regulator and needle valve) through a large tub~' packed with Drierite 

and magnesium perchlorate followed by a liquid nitrogen trap to- remove 

any water; it was then mixed with a stream of chlorine (10.3-12.6% 

of the total flow) from a needle-valve equipped Matheson lecture bottle. 

The He + C~ mixture then flowed through a coiled length of tube for 

te.mperature equilibration and into a saturator tube packed with -50 g 

OfS3N3C~ -in the const!:l.n~-t~perature water bath described previously. 
, . 
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The tube had a Kel-F waxed 24/40 joint at the bottom for loading and' 
. i 

was closed at the exit side by a Delmar-Urry o-ring stopcock whose exit 

led underwater through a 12/5 ball joint couple, well clamped and sealed 

with Kel-F wax, into a tared trap which cooled passing gasses first to 

room temp era ture (_200
),. and later to 00

, in a Dewar of ice water. BOth 

. the trap entrance and a bypass tube leadiri.' to the vacuum line betvleen 
, 

the saturator and the trap were closed with Fischer-Porter 0-1 rom needle 

valves, and both they and the DeJmar-Urry stopcock were positioned such 

that allgas,:f1ow was under the bath liquid while the ~tem openings 

ahd handles were out of. the water. Both sides of thi s and the. two follow-

ing traps, whiqh were cooled to _780 with dry ice/acetone baths, were 

closed with Fischer-Porter needle valves and connected with o~rings 

joints to allow their easy use as tared vessels. The passing gas then 

exited.to the hood through a series of ~196° traps. 
/ 

Th~ gas mixture was saturated with S3N3C~ (g) which then was 'ccmpletely 

trapped out (as shown by 
.;. ° 

no S3N3C~ collected in Trap 2 when a -22 :bath 

was place~ around it for part of a run) in the 22%° first trap; and 

NSCI which formed was collected in the _78° traps (as shewn by collection 

of a large amount of NSCl in Trap ~ at ... 780 
and only some SC12 in Trap 2-

'held at _196° in a run without chlorine); and' the chlorine was removed in 

the _196° trap·s. Runs were started, with stopcock 1. open and vented to 

the hood and stopcock~' c1.osed, by setting the He flow to its desired 

rate by measurerrents with a soapfilm flowmeter attached ~ither before 

the dryipg tube or at stopcock 1. (no difference in flqwrates was detected). 

The chlorine . flow from the preweighed bottle was started and the time noted 
. . 
and ,itsflowrate quickly adjusted to the apprqximate desired value by 

estimating its magnitude from its rate of bubbling through a sulfuric acid 
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bubbler (a previous volume vs. bubbles/mimite calibration had been made). 

When all flOl~rrates had stabilized at desired levels and stopcocks L and ~ 

had been opened to evacuate the S3N3C~, which :was stored betvTeen runs 

under an atmosphere of chlorine, the vacuum line was closed; the sulfuric 

acid bubbler was switched out of the system; stopcock 1:. was closed; 

- - ' 

Swas opened; and the vacuum line was vented to the hood after the He + 

C12 had filled the system to 1 atm. The flow through the saturator by

passed the traps for at least six hours after heating the bath to tem-

perature to purge the saturator and stabilize the system. The evacu-

f 

ated trap system with all baths in place was filled backwards to 1 atm • 
. 

with helium from another tank and vented to the hood, and the actual 

run begun by closing ~ opening 2.. Periodically the bath fluids were 

replenished; the constancy of the chlorine flow cheCked by switching 

in the sulfuric acid bubbler; the drying tube closed and the helium 

measured by momentarily passing it through th'e flowmeter; the back-pres

sure in the line (always ~ '1 rom) checked by opening 1:. to an open backed 

U-tube of mercury; and the room atmosphere pressure measured. 

When a measurable amount -of S3N3C~ (s) had collected in Trap 1:.: 

'lohe run 'Was _ stopped by venting through ~ to the hood and closing 2. and 1, 

opening ~ to vacuum, cooling the bath to _22
0

, closing off, and measur-

ingthe He flow again While Cl2 filled the saturator, and opening 1 

to the hood and closing ~ 2., g, ~ 2, and 1Q. successively before ,re

moving and weighing the chloring tank. Traps b g and L were weighed 

a~ter evacuation (traps g and L took as much as 8 hours pumping at _780 

tD rer.:ove liquid chlorine 'Which ha.~ condensed during the flow) to deter

n;:;'"e the "eights of S3N3C~ and NSCl collected. 

The gas volumes of chlor~ne passed and S3N3C~ and NSCl collected 

were calculated at S.T.P. from their weights by assuming them to be 
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,perfect ~ases. The chlorine flowrate in cc/min. (S.T.:i?~) was then 

calculated from the total time flowed. The helium £lovlrate was also 

converted to S.T.P. and added to the chlorine to obtain the total flow-
, 

rate. After determining the average carrier: gas ~ressure (atmospheric) 

.during the run, 'and assuming the S3N3C~ to have saturated the.flovT

stream at the bath temperature, the sublimation':pressure of S3N3C~ was 

calculated using the formula: 

: " Pressure of He + C12 (mm) 
Volume of He + C1

2 
(S.T.P~) X S3N3C~(g) (S.T.P.) X 10

3 = 

Ps N C1- (microns) • 
33:; 

The average pressure of NSCl formed was calculated similarly., 

Eleven good runs (listed in Table II) were done us ing flowrates 

ranging from 59 to 195.2 cc/min and temperatures from 35~0 to 55.0°. 

,The '~eights of ~~N3C~ collected, ranging from 29 to 42 rng, took as' 

long as 13 days to collect at 35.0° and were weighed in trap 1 to 

± 1.0 mg placing an error limit of ± 310 on each pressure, which ranged 

from :L.O to 8.0 mi.crons. The maximum chlorine flowrate fluctuation 

was ±10% during a run creating a possible maximum total flowrate 

fluctuation of ±1.0% but the several hundred grams of C12 flowed were 

weighted to ±0.2 grams giving a.n accurate average chlorine flowrate. 

The maximum helium flowate fluctuation of ± O.~ and the maximum attno-
'L i': 

spheric pressure uncertainty,', of ± 0.310 are negligible relative to the 

. S3N3C~ weight uncer~aintY"f1hich limits the accuracy.· 

A series of preliminary runs was also performed in which the _196° 

drying trap on the helium line was absent; the chlorine was bubbled con-

stantly through the H2S04 (which was the only flow measurement) from an 



Tab-ie'II:" Results of'gas-floltl satuT.;J.tibn experiments 
----"-_._- .--

total S,N,Cl, NSC1, Run T f10wrate C11 Time flow Ave P 
COC) (cc/min STP) (% . (min) J.(STP) (nunHg) (mg) cc(STP) P(fl)b rug ave P(fl) 

18 45.0 104.7 12.6 . 5739 599.5 755 32 2.94 3.69(12 ) 26 9.0 
2 45.0 132.4 11.5 6365 .842.0 756.-, " 40 ;.67 3.29(08) 30 7.8 
;a 45.0 172.; 10.3 5010 864.'0 75; ;1.5 2.89 2.52(08) 34 8.1 
4 45.0 ' 59.0 11.5 1424; 840.0 755:- 42 ;.85 ;.46(08) 294 72.6 
5 40.0 100.2 10.4 9,06 933.0 755 . 2.6.5 2.4; 1.97(07) 58 ,'12.6 
6 ;5.0 101.6 10.0 8855 899' 756 

101.2 11.0 10085 1021 756 
(2 part run) (101.4) (10 • .6 ) (18940) (1920) (756) 29 2.66 1.05(0~) 27 ;.0 I 

5 
7 45.0 100.4 10.; 7040 706.5 758 ;5 ;.21 3.44(10) 111 3.2.7 ~ 

I 

, 88 . 50.0 101.0 . 10.6 ;745 ;78.0 765 ;0 2.76 5.58(19) 70 . ;9-.0 

9 55.0 100;.9 11.6 2775 ' 279.6 761 . ;2 2.94 8~01(25) 3;2 249.} . 

108 50.0 146.1 11~7 2605 ;80.6 757 36.5 ;.;5 6.67(18) 60 ;;.0 
11 50.0 195.2 11.8 2277 444.0 760 4105. ;.80 6.50(14) 75 ;6.0, 

.. 

8 Denotes run beginning after recrystallization of S,N;C1; bed~ 

b Numbers' in parentheses are errors in last reported dig:ttscorresponding to uncertainties 
of ±1 mg in the S;N;C1; wei~ht 
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unpurified, unweighable tank; and the lead-in tube to trap! from the 

saturator was of larger volume leading out of the bath and was kept warmer 

than the bath by continual flow of warm air. Eight runs at 40_50° ,and 

total flow:rates ofSO-lSb cc/min with chlorine percentages of 2.15-1:;~ were 

performed with the results of two runs being identical to the values from 

canparable final runs but with all of them rang ing fr em 0 to :; microns 

high in calculated pressure. Using an empty saturator, 20-hbur blank' 

, t 

runs followed at 45° and -100 cc/min; only the _SOo trap collected: 

material, mostly water, in amounts of 2.5 mg with helium only and is.5 mg 

with 10% chlorine. To remove the water the system was changed to its 

final form and a lecture bottle of Matheson chlorire was purified by 

vacuum line fractionation qdickly several timel3 through a -li2° trap 
", ; 

(keeping wh~t rems.ined) followed by slowly pumping the chlorine out of 

a bulb held at -7So and discarding the last 10% of the liquid; the chlo- ' 
,,' . 

rine was returned,. to the flamed and evacuated bottle that thereafter was 

used as a tare. Blank 20 hours runs with and without chlorine then gave 

less than 1 mg of ms.terial in following traps. The impurity of the chlo

rine may have accounted for the high results of preliminary 'runs by 

reacting to form impurities non-volatile at 0°; and corresondingly~ the 

two preliminary runs with lowest chlorine percentage were two agree-

ing with later results. In the final runs it was possible to remove all 

the ~trrial in trap l by immersing it ina 55° bath for12 hour periods 

and briefly pumpi~ng out all the depolymerized S:;N:;Cl:; in the form of 

IIl1iCl. 

The earlier runs also showed the correlation thCl.t more NSCI resulted 

wi thboth lower chlorine percentages and lower total flowrates. In fac,t, 

"one run tried without chlorine increased the NSCI production by a 

factor of 200. In the final runs the chlorine percentage was ms.d~ as 
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high as possible without clogging the _800 trap, and the tube leading 

from the saturator to trap 1 was put under the bath to minimize the 

volume and time the S3N3C~ (g) saturated stream~ad to travel after 

leaving the bed before being trapped, hopefUlly to insure the S3N3C~ 
1, " . 

did not depolymeri~e.after it could no longer be replaced~ This volume 
.~ . . . 

was -3 nil while the dead. spac~ within the 93N3C~bed. was -60 ml. The 

NSCl production seemed to increase somewhat. ~s the bed got older 56 the 

S3N3C~ was recrystallized occasiona.lly and the runs with fresh sanples 

are noted in the 'table. 

, . 
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III. RESULTS AND DISCUSSION 

A. Pre par at ion of S:3~~ 

Jolly and MagUire
14 

prepared S3N3C~With a melting point of 91° which 
. . . . . 

a molecular weight determination and analysis showed to be good S3N3C~ 

while SchrO'der and GlemSe~~; reported a melting point of 162.5° for S3N
3

-

C~ prepared differeJ:l.tly. The possiblity that two forms of S3N3C~ 

exist is unlikely as we have found the materials from both preparation~ 

ID have the properties reported by Jolly and Maguir~~ 14 including melting 

point. 

We observed S3N3C~ to melt with deccmposition sharply (.1_2° ranges) 

at tempera.tures from 75 to 98° and even h:igher in the presence of chlorine. 

This is ch~racteristic of decomposition catalyzed by small impurities, ~. 
" ' " 24 ' 

which also occurs in S4N4' rather than a lowering from large amounts 

of impurities.j, As,S3N3t~~epOlymeriZeS rapidly above' 70° to: NSClwhiq~ 

also dec anposes appreciably at higher temperatures toN2 and S2C12 the 

observed melting process is probably the dissolution or reaction of 

S3N3C~ in NSCl or S2C12 rather than formation 'of S3N3C~(£)" and im

purities catalyzing the depolymerization would lower the melting point. 

We observed in hot CC14 solutions a green color, not NSC1, which prQb- , 

.ablycorresponded to some step in the thermal decomposition process and 

add,ed to S3N3C~ recrystallized from these solutions impurities tbat 

likely were responsible for catalyzing d~polymerization. Chlorine in 

the solution,may have resul~ed in higher melting samples by preventing 

formation dfthis green species ,and subsequent buildup of the catalytic' 

impurities.:, 

The very high melting observed1n a bulb of chlorine was possibly 
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due to its removal via reaction: S2C12 + C12 ~2SC12 of any S2C12 which 

b,uilt up through the NSCl decomposition and thus prevented S2C12 fr?m 

reacting with, or in some way catalyzing the depolymerization of, S3N3C~,' 

It's d.ifficult to believe that the nelting point of 162.5° reported by 

"~. , 

Schrod.er and Glemser cou1d have been S3N3C~ heated slowly ip as~aled 

tube;, i-f they actually used a sealed tube it was possibly a compound 
. , , 

such ass4~3Cl they saw melting as we 'have often seen, a~ did VJa.guire, 

Smith and Jolly,25 the appearance of other yellow' solids soon after the 

S3N3C~ melted which, it will be shown later, can decompose to form, S4r;3c;l. 

which,.when pure, melts with decomposition at 180-200°. 

The experiments involving depolymerization in a bulb of S3N3C~ 

and observing the NSC1, both visually and thru infrared spectrometry, 

indicated that the depolymerization is a reversible process, with :or 

:vlithout solvent, in which moderate amounts of NSCl are possible even 
;.: 

near room.-temperature. It was also evident that NSC1(£) is unstable 

Wit~h respect to S3N3C~(s)' and NSC1(g), thus, fl:nyequilibrium pressure 

of NSCl obtained statically would be a measure of the gas-solid equili-

B. Sublimat ion of S;5!'!3C1.3 
The results of sublimations of S3N3C~ show that, thoughitseqUili-

,:-

brium pressure is very low, S3N3C13 (g) is a stable svecies relative :to 

depolymerization even over the time required to pass through an inert 

Gas to the cold finger < 55°. At 70-80° with a _196° cold finger, 

however, vacuum sUblimation gave a blue-green materi~l which changed 

back '~o yellow S3N3C~when warmed, but sublimation in the presence 
, . . 

cif,an inert gas resulted in nearly complete depolymerization to NSC1. 
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~{o descriptions of (1) it is a stable 

species, the green color resulting only from an excited state, with 

respect to a potential energy barrier; and depolymer1zation requires 

further energy transfer froin collision with anoth,er body, ~ to excite it 

'over this barrier; or (2) it is a thermally unstable intermediat~ d.ecom

posing spontaneously to NSCl but with short lifet'ime, ,to Process (1) 

is represented by the sequence: 

,"J 

in which N2 or helium is the species M not available in~. In pro

~ss (2) the depolymerization is merely 'the step 

":{ 

,"S 

but in vacuo the' time req1;lired to reach the cold finger was short com-' 

pared tOi and it was trapped before decomposing while'N2 or He kept it 

fran reaching the cold finger long enough for it to decompose. Since 

very little NSCI formed at 'S.55°, even in'a gas, process (1) seems more' 

likely for if (2) were the case at 70-80°, then at 55° it sho~ld 'not be 

t'oo difficult for a gas :!i to, provide the energy for process (1) to 

occur as the energy difference between the initially vaporized species 

at 55° and at 70° should be small. Regardless of the actual process, 

direct gas phase depolymerization inust have a high activation energy 

barri'er and pe very slow at ~awer temperatures. 

C. Measurement of. the Equilfi?ri~m Press'ure of NSCl 

The data presented in Table I from the vaporization of S3N3C~: 

into a closed system until a constant pressure is reached, and the ob-

serve:tions made during their accumulation indicate that NSC1(g) does exist 
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in a measurable, revers.ible equ:i:librium with S3N3C~ (s) which may be 

reached either from above or betow the equilibrium NSClpressur,e. ,How

ever, those data consist of total pressures and pr~ssures of nitrogen 

present from decomposition. To determine the actual NSC1(g) pressure 

it is necessary to know how much of the total pressure represented gase-, 
! 

cus'deC01Tlposition products. (The low volatility of S3N3C~ a.nd the gas 

molecular weight determinations indicate that any S3N3C13(g) present is 

'. less than the uncerta inty of the measurements and may be ignored} .• 

. Analysis of the decomposition products of NSCl showed, at various 

times, the gases S2C12' SC12 and C12 and the solids S3N2C12' S3N2C~, 

and S4N3C1 with the last two solids only beiri~ foUnd in runs at > 52.1° 

without chlorine present; 'and at > 60° withc~orine. Considering', that 

,the de~ompo$ition r'eaction to form nitrogen has the stoichiometry corre-

sponding to: 

(1) 

we can account for the presence of all the products formed from known 

-react ions of the start ing materials: These 

consist of the, sulfur-chlorine equilibria: 

S2C12(g) ~ S(s) + SC1
2

(g) (2a) 

S2C12(g) ~ 2S(s) + C12(g)' (3a) 
.' 

\ 

which may also be written~s: 

(2b) 

and several reactions involving sulfur-nitrogen chlorides. Jolly, Ma-
, .' 26 

L" .. lire, and Rabinovich mentioned tha t vapors of S2C12 and NSCl formed 



S3N2C12in a condenser via in the reaction: 

S2C12(g) + 2NSCl(g) ~ S3N2C12(s) + SC12 (g) (4a) 

for which Smith27 later found evidence. indicating it may on~ occt),rsub-

stantially in condensed phases so it might be better written for our 

system as: 

S2C12(g) + S3N3C~(s) ~ S3N2C12(s) + NSCl(g) + SCI2(g) (4b) 

Furth~r, S3N2C12 reacts with chlorine at room tempera t~re to reform NSC1: 25 

At nigher temperatures" S3N2C12 is reported to decompose in vacu025 (80-1000
) 

via the react ion: 

(6) 

which we have observed actually begins below 70°. With S2C12 in reflux

i'ng CC14 (77
0

) S3N2C12 also reacts to form S4N3Cl via the reaction
14 

' 

which also is report~d' to proceed wi thout added S2C12 and rray actually 

i-pvolve S3N2Cl as an intermediate product which itself decanposes to 

. 0 26 
, produce S4N3Cl at 130-150 • 

Examinat ion shows that all the reactions which occur at lower tem-

p~ratures (S through .:2,) form exactly one mole of gas for each mole of 

,g~s consumed(with the exception of NSCI and S3N3C13 which can reequili

orate). Therefore, once reaction ~ produces two moles of decomposition 

products, al'l further reactions occurring. at lower temperatures result 

in no net change in the moles of gaseous decanposition product,s of which 
, 

N2 is exactly one-half. The' equilibrium pressure of NSCl may therefore 
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he derived from the total pressure and the nitrogen pressure by the 

equation 

PNSC1 = Ptotal - 2PN 2 

provide,d no reactions have been overlooked and the higher temperature 

reactions (§. and 1) to form S3N2Cl'dO not occ';ll' as these reactions pro

duce an increase in the gaseous decomposition products and would result 

in a high ca1:culatedPNSCl. Reactions §. and 1 require S3N2C12 which 

itself" is destroyed by chlorine in reaction Landis farmed in reaction 

~'with S2C12 which also is removed by chlorine in reaction2b; thus, 

chlorine should hinder reactions 6 and 1. 

We have applied the above correction to the data in Table I and 

find) indeed) that (1) the four points at 49.9° (two with and two without 

C12 ), whose total pressures ranged from 84.65 to 1~2,.0 rnm, yieldth~ 

same P NSCl' arid:" (2) when log PNS~l is plotted vs'. l/T(OK) the data fall 

on a good- str~ight l.ine, with the exception of the runs without chlorine 

" 
above 52.1° ~rid with chlorine above 60° which are all t,o high: correspond-

ing, to occurrence of the higher temperature reactions, §. and I as was 

mdicat€d by the presence of S3N2Cl and S4N3Cl in remaining residues. 

This straight line (Fig. 5) can be represented by the equation : 

log P (mm) = -3360 (l/T) + 12.321 

to the accuracy shown in Table III and is a necessary condition for the 
, , 

pressure of a gas in equilibrium with a solid as log P is related to 

l/T by the linear equation 

" 

(to the approx'imation that t:.Ho (va~) is constant and NSCl,is an ideal 

cas in the mea.sured temperature range), and a plot of log P vs. (l/T) 
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Table III 
." 

PKSCl data used to determine the equation 

. log P (nun) = - 3360(1/T) + 12.321 .. 

for the equilibrium S3N3C13(s) ~ NSCl(g) 

T '" P obs P calc 6. = P -P obs calc (OC) ( nun) (~) (nun) . 

31.0 19.2 18.9 + 0.3 
35.4 27.9 27.2 + 0.7 
40.3 40 .. 0 . 40.3 - 0.3 

\, 

45.1 58.0 58.3 - 0.3 
47.2 69.2 68.4 + 0.8 
h9.4 81.2 80.7. + 0.5 
49~55 8~.0 81. 7 +'0.3 
49.9 83.6 83.8 - 0.2 
49.9 83.5 83.8 - 0.3 
49.9 · 84.2 83.8 + 0.4 

49.9 83.5 83.8 - 0.3 
52.1 97.4 98.4 - 1.0 

57·5 141.7 145.2 -3.5 
60.0 173.2 173.0 + 00 2 
60.0 176.2 173.0 + 3.2 

......... -- ..... 
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Fig. 5 P.lot of log PNscivB liT 

.1~ 



--115-

must be a straight line with slope = (-61IO(vap)/(2.303R)~. 

With the additional relations that 6F; = -RT in p 

and = 
T 

we ca16ulate for the reaction 

i 0 
the values; 6H

3l
_
60

0 = 15.4 ± 0.5 kcal/mole 

and 
= 4,.2 ± 1.6 cal/deg.mole 

The uncertainty represents the maximum deviation in slope, from that of 

~~e best straight 1 ine, of the possible lines drawn after applying the 
' .. ~ 

eXperimental un~ertainties of P ± 0.2 mm and T ± 0.1
0 

to all;p~ints. 

D. The Depolymerization Process 
~: .: 

Near 50
0 S,N,C~ depolymerized by a process involving an initial 

indefinite induction period of little pressure rise (O-lmm/hr) followed 

by. a rate increase for several hours to a maximum of 10-15 mm/hr which 

then fell off until the final pressure was reached. Chlorine was f:ound 

to extend the induction per'iod indefinitely and to halt the rapid vapori-
-. 

zation process, while the pressure of an inert gas had negligible effect. -

'The extr~mely low initial rate and the final fall-off are under-

standable: near the equilibrium pressure the rep olymer izat ion process, 

which may be simply 

will beccme most important; while sublimation experiments have shown 

first, that vaporization to S3N,C~(g)- is slow. but much more favo~able 



...... , . 

.. ~ 

than the direct solid depolymerization:. 

3NSCl(g) 

and second, that the thermal splitting: 

~ 3 NSC~(g) 

is extremely slow at ~ 50° which would predict only a very slow depoly-

merization. 

[ The ·rateof gas phase depolymerization· at ~ 50° is too slow to account 

for the fastdepolymerization observed,thu~a se.cond. depolyroeriiation 

mechanism must oc cur. The rate is, in fact, so fast that attack by 

some species ~upon S3N3C13(s), not S3N3C~(g), is involved as the maxi

mum depolymerization rate used ... 10 mg of S3N3C~ per hour whil~ subli

rra.tion int 0 vacuum could only produce - 2 mg per hour of S3N3C13\g) 

i'rom a similar quantity of solid. This second process does not occur 

initially or predictably so X must be initialJ¥ formed in the system 
. - . - . 

. . 

by a random process or its amount be controlled by a random impUrity, .' . . 

i~i1d the nature of the rate increase suggests that ~ is autocatalYti~. 

The chlorine results are enlightening: if added initialJ¥ no measurable 

de~olymerizat:1.cinoccurred over 20 hours showing not only that the ~econd 
.} 

process was·preveI1teQ. but tha. t thermal depolymerizat ion was so sl.ow 

as to be unmeasurable; if8.d.ded later, chlorine almost, but not conipletely, 

) ,stopped the pressure rise which was able to very slowly recover. The 

conclusion drawn is that chlorine reacts with b which is not NSCI (or 

chlorine would not .have stopped the process when added after -large NSCI 

.pressures were present) but is possibJ¥ created from NSCl. 

It .is possible to write a reaction sequence using only previously 
.. 

discussed ~ea,ctions to expiain all these effects.: 

'" 
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S3N3C13 (g) f.3NSC1(g) 

2NSC1(g) -2-> N2 (g) + S2C12(g) 

S2C12(g)< + S3N3C~(s) ~> S3N2C12(a) + NSC1(g) + SC~(g) 

2SC12 (g) ~ S2C12(g) + C12 (S) 
5' 

6 
C12 (g) + S3N2C12(s) -> 2NSC1(g) + SC12 (g) 

. 4 . 
s2C12(g) + s3N3c~ (s:) ->S3N2C~(B) + NSC1(g) +SC12 (g) 

Each of these r~~ctioris has been justified earlier. The mechanism pro-

. ceeds as follows: Land!:. produce a low equilibrium S3N3C~ (g) pressure, 

w~ich very slowly depolymerizes to NSCl (g), which itself very sl~ly 

decomposes to N2 and S2C12 (~) Then S2C12 reacts quickly (~)with S3N3C~ (s) 

to produce NSC1, SCJ.2, and an S3N2C12(a) impurity. Reaction ~ does pro-

duce NSC1(g) from S3N3C~(s), but the sum of L and ~ is 

which is stili lifuited .. by g. However, once sufficient SC12(g) has built 

up, its disproportionation (2)followed by the resulting C12(g) and S2C12(g) 
1 . , 

undergoing ~and~ gives the desired net reaction: 

in which NSC1(g) is produced from S3N3C~ (s) by a process not. involving 0 

.S3N,C13(g) and using S2C12' C12 and S3N2C12 together as a catalyst. This 

proce;:;s explains the observed autocatalytic behavior by the enhanced 
, . 

occurrence of L with buildup of NSC1(S). The observed rapid,' smooth 

rate decrease' to zero at the equilibrium NSCl pressure corresponds to 

the. (NSC1)3 term' in the rate of 2' • 

~,~ .-. . 
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The sequence would be stopped (as observed) by addition of C12 by 

r~'TIoval of S2C12 through d:) addition after sane NSCI had built up would 

~nitially halt the sequence but it would recover (as observed) after enough 

S2C12 had been formed by continuation of L to override the amount of 

chlorine added; addition initially would cause the virtually permanent 

.,halt noticed, as any NSCl for L must then firs't ceme from slow procedure 
. " " 

of 2. (Direct 'decomposition to S2C12 and nitrogen, of S3N3C~(s) is! 

unimportant relative to L as shown by no measUreable formation of nitro-
i . ' 

,genin the 20 hours'the pressure remained constant with chlorine above 

S3N3C~(s)Jwhereas several millimeters of N2 resulted in less time in 

ptessure measurements of NSC1). 

The induction, period, then, is the time required for S2C12 to 

15'uild up ~ Sand b and the randomness. could be caused either (1) by 

removal of S2C12 by small amounts of chlorine occluded in the solidi 

d;uring the recrystallization process, or (2) by the pr~sence of 'slight 

~N2C12 impuri: i~s in the S3N3C~ which, besides enhancing ~ might also 

fbrm slight amounts of ,NSCl and SC12 to start the catalytic process by 

the slow decomposition: 

~is decomposition is not measurable at 50° but. may occur sufficiently as 

S3N2C12 is reported to decanpose even at room temperature o~ long stand

mg.
14 

The presence of S3N2C12 is ~upported by the slight (-1/2 mm) 

pressure rises observed just follow1ing addition of chlorine presumably 

resulting from 6. 

This mechanism is probably not the only one which can qu8.litatively 

explain the observed effects, as the presence and involvement ofsnall 
'{ 
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amounts of many unknown and known species whi'ch would react with chlo-

rine or S3N3C~(s) is possible; however, its use of only kn'oWn reactions 

and species known to be present is in its favoro 

E. The Sublimation Pressure of S3~~ 

He have previously presented evidence that production of NSCl :from 

o 
S3N3C~ occurs only slowly at ~ 50 by the direct thermal depolymerization: 

~ 3NSCl(g), (1) 

and very rapidly by a catalytic process, presumably involving a :direct 

attack od the solid, that is prevented or greatly retarded ,by chlor'ine. 

The gas-flow system was uS,ed in hopes that a con~tant high concentration 

of chlo.rine would suppress tl1is catalytic process enoUgh that any NSCI 
, .~ , 

. .I' 

produced would indi~ate the extent reaction !'had occurred. The eXperi-

mental problem was one of flowing the carrier gas slow enough that it 

became saturated with S3N3C~ (g) over the bed, slow enough that it could 

he trapped efficiently in a small, weighable trap, but fast enough that 

ieaction 1 would not measurably remove S3N3C~(g) after leaving the bed 

and before it could be trapped out for weighing. 

The data presented in Table II all refer to runs with a similar high 

chlorin~ concentration and variations only in 'flowrate and tetrlperature. 

RUpsi - 4 were preformed at 45.00 in hopes of finding a flowrate giving 
" - - ~. ' 

maximum saturation 'arid trapping and minimum depolyermization as indicated 

, ~Y a maximum S3N3C~ (g) content. Indeed a maximum was found at - 100 

~~:/min indicating that the faster flows were not saturated or; less' likely, 

not trapped. The NSCI woo also considered; if only reaction 1 occurred' 

then the NSCI should be inversely proportional to the flowrate. This is 

not the case as highel flowrates gave cOinparable NSCI pressures and the 
! 

i 

1· 
! 

'1 
i 
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lower fIov,rate (Run ~) gave a 10-fold increase in NSCI with only a: slight 

S3N3C~ decrease; thus, a sUbstantial part of the NSCI found, though 

miniscule compared with amounts found without chlorine, still resulted 

from the catalytic process rather then from reaction 1; and a buildup 
~ 

(, 

of catalytic impurities in the bed with its :use. was also indicated. 
,~; 

The ? S3N3C~ a't 59·0 

value (Run 1) arid, in ...,. 

.' 
cc/min is only slightly lower than the 100 cc/min 

.' . . 
,i-:' 

fact, is comparable to a later,lOO cc/min value 

(Run '1); but as' the reactions depolymerizing S3N3C~ (s) might also affect 

S3N3C~ 6g) with a different rate, though to a much snaller extent,' the 

large NSCl pressure makes the value uncertain. 

The 100 cc/min run (l) yielded a PS3N3C~ of 3.69 (12) microns and 

NSCI corresponding to a maximum depolymerization of S3N3C~(g) or:3.QlJ.. 

,If reacti~ 1 did produce all of this then the ratio of depolymerization 

after and before leaving the bed would be the ratio of flow times through 

or vo'rUmes of each area while saturated, ot 1:20; this would imply that 
'," . ' 

the meas~ed :J;'S3N3C~ was 3·0 x (1/20) = 0.15lJ.low (an acceptable error! 

from depolymerization, but pr~sumably was even less affected as apparently 
" 

some of this NSCI resulted from catalytic depolymeriza.tion of the solid • 

. As 100 cc/min seemed to be. the fastest flowrate unaffected· by 

s~turation problems it was used in lower temperature 40.0 and 35~00:runs 

where reaction 1 is presumably. completely negligible. At 50. 00 runs at 

lOl, 11~6, and 195 cc/minwere made with the 101 cc/min result substantially 

lower than the nearly equal faster :!lowrate results. Presumably.reaction 

1 is faster at this temperature an~ proceeded su:fficiently to be' noticable 

so the faster flowrates were used io reduce, this effect. The results 
~' i 

! 
:: indicate the saturation, expected to be easier at higher temperatUres 

1 

VJas achieved. (Glass wool was pa~ed in trap 1 to insure efficient 

; c.' 
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TABLE TV 

" 

log p(~) =. -5316 (liT) + 17.270 

. ,~ 
T 

'p 
obs 

p 
calc 

6 = P -p' • 
obs calc 

(OC) C~) (~) : (~J 

35·0 1.05 1.05 0.00 

40'.0 1.97 1.97 0.00 

45,.0 3.69- .e 3.65 +0.04 ":. 

45.0 . 3.44 3.65 '. 
If: ..;.0.21 

50.0 6.67 6.62 +0.07 
..; , 

.50.0 6.50 6.62 -0.12 

" 

,.' . 

P . 

. ' 
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'~3N3C~ trapping at the highestflowrate~) .. At 55.0° and 100; cc/min a 

substantial dep~lymerization and darkening of the S3N3C~ 'bed inditated 

that reliable data were unobtainable. 

Considering the ioo cc/min results at 45, 40, and 35° and the faster 

flowrates at 50° to be the most reliable, these were plotted (Fig. 6) as 

log P vs. (liT) and gave a quite resonable fit as indicated in Table Dr 

to a straight line of equat ion log p(~) = -5.316 (liT) + 17.270. Having 

passed this test the data were interpreted as representing the equ11i-

brium pressure of S3N3C~(g) above the solid and treated in the manner 

earlier described for the NSC1(g) pressures. 

We thus obtain for' the sUblimation 

. -+ 

= 24.3 ± 1.5 kcal/mole 

= 52.1 ± 4.6 cal/deg.mole 

B,y combining these values with those obtained for the reaction: 

we derive the results for the gaseous depolymerization reaction: 

= 21.9 ± 3.0 kcal/mole 

= 77.5 ± 9. 4 cal/deg. mole 

(The uncertainties represent the sum of the uncertainties of the indivi~ 

dual measurements,')' 

F. Discussion of Thermodynamic Values' . 

The derived results are summarized in the diagram below: 



= 

= 

S3N3C~ (s) 

46.2 ± 1.5 

t:.HO = 2L~.3 ± 1.5 kcal/mole 

t:.So = 52.1 ± 4.6 cal/deg.mole 

• 

129.6 ± 4.8 ~ ,'~ 
, 3NSC1(g) ~ 

= 21.9 ± 3.0 

77.5 ± 9.4 

~he t:.Ho value's are primarily dependent on the strengths of the bonds 

broken, about which little is known, but the entropy changes are d~ter-

mined primarily by the process involved and should be similar to those 

found in depo~erizations of other trimeric six-membered ring compounds. 

The closest analogy to the trimeric solid ~monomeric gas process 

" -for which data are available is the vaporization of the ice-like form 

of s03' ")'-s03' which exists' in the solid as a -trimeric six-membered ring 

composed of alternating sulfur and oxygen " atoms in a chair: :configuration 
, , ',28: 

with two terminal oXygens bonded to each sulfur. Both the structure 

and the' molecular weight of the solid are ve,ry similar to S3N3C~ (s) • 
I 

Measurement ,of the vapor pressure of, s03 (g) above the solid has yield'ed 

'an entropy change of t:.SO = 122.1 e.u. (all entropies' to be referred to 

are in cal!deg.mole = e.u.) for the reaction: 

Not only is this value quite similar to the t:.So of 129.6 e.u. we have 

d.etermined for the corresponding S3N3C~ process; but when these values 

are combined with the spectroscopically determined 25° absolute entropies, 

~ 6 24 29 SO 6 66 21, " Sso/G) = ,1. e.u.and NSC1(g) = '3. e.u., the calculated 

trimeric solid entropies, soC ') ( )':: 61.,6 e, .u. 'and, SOS3N3CL(S) = 61.4 
s033 s 5 

e.u., 

are virtually identical • 

. ,~ ... 

,I 
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It is difficult to. cbtain suitable analcgies for the trimer( s) ~ 

trimer(g) process. Althcugh the majcr ccntributicn to. the entrcpy change 

iJ .. from the translaticnal ccntri buticns cf the resulting gasecus molecule, 

.the greater the intermclecular asscciaticn in the crystalline lattice 

a:hd fDe greater the internal mcticn cr lack cf rigidity cf the gasecus 

fuclec uie the greater will be the entrcpy' change in the prccess. A: sub-

stantial amount cf interacticn in S3N3C~ (s) has been prcpcsed to. explain / 

scme significantly clcse (ccmpared to. van derWaal' s radii) intermolecular 

ccntacts and'the presence cf two. distinct S-CI bcnd lengths fcund in 

its crys'tal str~~ture, 9 but ncthing is kncwn ab.cut the rigidity cf ;gase- . 
. ~ . 

cus S3N3C~" In fact very little sublimaticnpressure data are available 
, 

fcr ccmpcunds cfsimilar structure and high mClecular·weight; cne 

pcssible analcgy is (PNC12 )3 with a 6s0(subl) = 38~o e.u., calculated 

f~cm repcrted sUblimaticn,pressures,3
0 

which is scmewhat lower than cur 

value of 52.1 e. u. fcr S3N3C~ sublimation. However, the ring in (:PNC12 )3 

is planar; ccrrelaticn with the 6So (subl) = 45.3 e.u. calculated frcm 

~he heat cf fupicn (7.6 kcal/mcle)3
1 

and heat of vaporization (15.5 

kcal/mole),bciling point (325.5°), and melting pcint (123.5°)3
2 

of the 

puckered ring ccmpC~d (PNC12 )4 may be more applicable. 

Of ' more applicl:\.bility may be a ccmparison of the entropy changes 

in the trimer(g) -4 '3mcnomer(g) processes for six .. membered ring can-

pounds. The majcr term in the entropy of a gas is from translaticnal 

and rctaticnal ccntributicns; as each depoIymerization forms threemcle-

c'ules with exactly one-third the molecular weight of the parent molecule, 
( 

,the 6S contributed by this term tq any gaseous trimerizaticri reaction 

will be similar. Again there are ccntributions from vibraticn and'. 

free internal rotaticn, or "rigidity", which will not be the same for 

.;:. 
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depol.;ymerization :of different compounds, but consideration only of six

membereQ ring depolymerizations involving breaking of six ring bonds to 

fOl~ three bonds of higher order should minimize the differences.,Calcu-

iation from reported ideal gas S;50 values of .6.S for detrimerizat iom. 

even of markedly different molecules, provided the general six-membered 

ring breaking process is the same, leads to a suprisingly small range of 

values. Some of· these are: 

Trimer(g) SoC e. u.) . 

B...O.;.IL 
:; :; :; 69.733 

". ~06~ . 83.0533 

B303C~ 91.3733 

~03F3 81.8 33 

'. C6H6 64.3434 

(benzene) 

C9H12 92.1234 

(mesitylene) 

'. '. C6H12 7l.Z8?4 
',1. 

(cyclohexane) 

C6F6 91.4 35 

Be
3

0
3 

65.3 33 

Monomer (g) , 

HBO 

HOBO 

C1BO 

FBO 

C2H2 
(acetylene) 

C3H4 

(propyne) 

C2H4 
(ethylene) 

C2F'2 

BeO 

SO (e. u.) 

50.2433 

57.2733 

56.7233 

57.3 33 

48.0 34 

59.3034' 

52.5434 

60.2533 

47.2 33 

t:::.SO for' 

Trimer(g) --+Monomer(g) 

81.0 

88.8 

78.8 

90.1 

79.7 . 

86.3 

This 76-90 I.e,. u. range includes, andtlius adds plausibility to, the. 

77.5 ± 9. 4 e.u.val~.le determined for the depoly)nerization of S3N3C~(g). 
.' . . 

The t:::.lf value bf 21.9 kcal/mole for the reaction S3N3Cl.,cg) --+ 3NSC1(g) 

correnponds to the breaking of six and forming of three SN bonds of 

orders ~omewhere between the two extremes represented by the formsl 



~. , 

! . 

Cl 
I 
S 

./ ~ 
N N 

/I . I 
S S 
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------. 3. N=S . . 
'Cl 

/ '\ /I '\ 
CIN Cl 

20 The most recently published bond order assignments for SN compounds 
) 

listed~~e SN bond order ins3N3c~(s) as 1.4 and that in NSC1(g) as 

2.2, but th~se resulted from a somewhat arbitrary correlation o~ bond 

distances, force constants, and orders of which many were estimated and 

are at best only approximate. Regardless, the order of the bonds 

approximately doubles with depolymerization and the relation .between 

.. their. energies may be approximated by the measured ~H· using the formula 

, 
.. = = 7.3 kcal/mole 

which gives the reasonable result·· that the bond which is twice the 

order of the other is nearly twice the strength, and is valid to the 

extent that the S-Cl bond energy remains constant. 
',' 'I 

A very. approximate bond energy might be estimated from the calori

metrically determined D( S-N) in S4N4 of 73.5 kcal/rilole,19 but this is an 

upper limit as S-S interactions of wh ich there is evidence were ignored 

in thq calculation. The S-N distance in S3N3C~ (s)9 is only :o.ih~ shorter 

than inS4N4
36 

so their bond energies should be similar. As suming this 

in hold in S3 N
3

C1
3 

(g) also, gives an upper limit for the bond energy in 
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NSCl of around: 130 kcal. This value is in the range 'of 115 ± 25 crudely 

cetermined spectroscopically for SN(g),3
l 

which byanalogy with NO should 

have' a bond order of 2.5. 

,J 
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