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PART I.

PREPARATION OF DISULFUR DINITRIDE, SQN2, AND ITS

REACTIONS WITH LEWIS ACIDS
Robert ILyle Patton "

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

ABSTRACT

The preparation of S by thermally splitting shNh has been examined,

2N2
and the reaction found to be catalyzed by silver sulfide, not silver as was

previously believed. The reactions of SQNé with antimony pentachloride,

‘boron trifluoride, and boron trichoride in dichloromethane solutions.

have been studied and the products characterized. Reaction of SN

22
with Sbc15 (in excess) yields a diadduct SENé(SbCl5)2 which reacts further
with SgNé to form a monoadduct 'SeNéSbC15. Treatment with SbCl5 reconverts

S.N_SbCl. to the .diadduct. With S.N_, S?NéSbCI reacts irreversibly to

272 5 272
form both the previously characterized 5),N, SbC1

5

5
yields only ShNhBFB’ but with

and a less reactive

material (SuNquCl5>x' With BF5, S .
BCl5 any one of the compounds SANLBCIB, SzNé(B013)2 or the apparently

polymeric (SENQBClB)x can be produced as the principal product. The

. i , . o ,
loss of 5013 from S, 2(3:13)2 at 0° to form the simple adduct SENEBCIBv

is reversed by treatment with B:l5 at —78°. Whereas SbCl5 displaées

_I ’ ' . (3
ECLB'from 32N2P_015 to form 32N2(3b015)2, the polymerlg (SQN2E015)X.1S

inert toward both KC1

and SbCl.. The properties of S_N.SbCl_, S N2(8b015)2,

5° 22 5 "2

3)2 indicate that the 82N2 ring remains intact.

3
SéN28015, andESQNe(BCI

A single crystal X-ray diffraction study has yielded the structure

ofvSENe(SbCl5)2. The tetragonal space group is Il24 with Z = 8.
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signals. The s1gnal from the cationic Qpec1es produced in sulfurlc acid
wéé‘similar to that from syN,. In 1966, Warn and&}apmmﬁ publlshed their

determlnatlon and analysis of the infrared spectrum of S.N,., with the

22

1nterest1ng conclusion that 82 5 exists as a planar L-membered ring with
alternatlng sulfur and nitrogen atoms. This was the first evidence sup-

portlnrr the existence of any X,Y, molecule in this coﬁfiguration-

22

As part‘of a ccntlnulng 1nterest in fhis-laboratory in sulfur-nitrocen

rlng compounds, further study of disulfur dinitride was begun w1th partl-

cular interest 1n its reactions with the Lewis acids antimony pentachlorlae,

boron trifluoride, and boron trichloride. Our-lnterest was two fold:

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

T

these Lewis acids' in which the nitrogen atoms act as donors in donor=

aéceptor complexes and to study the effects of this coordination on:the-
stgbility and structure of the S N' ring, and (2) we hoped to iéolate

an adduct involving an 1ntact SN, molecule stable enough to allow con-

22

firmation of theiproposed SgNé ring structure by X—ray crystallography.
The results of this study follow. Section IT describes an investi-

gatiou into the preparation of SENé and 1ts behavior. Section III con-

s;sts of two papers as submitted to Inorganic Chemistry: "Reaétions'of

;sulfur Dinitride with Antlmony Pentachloride" and "Reactions of Disul-

fur Dinitride with Boron Trifluoride and Boron Trichloride" with an-
apbendix containing infrared spectra pertinent to these paperé. "Finally,

Séction v containq the paper submitted to Inorganic Chemistry "The

Crystal and Molecular Structure of S (SbCl which i$ the result of

5)2’

an X~-ray crystal structure study of a canpound whose preparation is des-

_cribed in Section ITI. & -
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II. THE PREPARATICN AND BEHAVIOR OF DISULFUR DINITRIDEl

"A. Introduction

The preparation of SeNé was carried out uslng essentially the method

described by Becke-Goehring in Inorganic Syntheses. b Although an S N2

yleld of 80% from ShNh was clalmed by this method the same author re-.

/:

- ported 50-58% yields - in earller papers,l’e' and.Warn and Chapman,f using

this method, stated that "yields of S2Né were low at all tunes _Iﬁ
hopes of optimizing the SENé'yield and gaining further insight inﬁo the
rature of this thermal splitting of ShNh’ a quantitative inveétigation

of the preparation was made giving particular attention to the effect

of varying the amount of silver wool used.

~ B. Experimental

‘ l:vaeneral

The apparatus used to prepare 82 > is'shown in Fig. 1. After ShNh’

: prepared by the method of Villena Blanco and Jollm . and_fine‘silver-n"
wool (Englehard Industries Inc.) were weighed and placed in the appropri-

‘ ate parts of the reactor and trap 1 evacuated andiweighed, the parts were

assembled and the system evacuated All joints and stopeocks were lubri-
catedw1th Kel-F No. 90 grease (3-M Co. ) except ‘the stopcocks of trap 1

whlch were sealed with Kel—F polymer wax to allow its repeated use as a

'tared vessell A° heatlng tape wrapped around aluminum foil agalnst the

glass tube was used to malntaln the zone containing the sllver wool at

3%290-305 (as measured by 8 copper-constantan thermocouple placed be*ween

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

finger and the traps were cooled with liquid'nitrogen.to —1961 after
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' which the preparatlon was started by ralslng an 011 bath at 80-95 around

the ShNh' The apparatus differs from that of,BeckerGoehrlng,h in that the

feacter is pyrex,'not quartz; the furnaces and traps are different in

design; and trap 1 is held at -196° instead of ~80°.

. 2. Preparation of szyg Using Ag Wool

0.178 ¢ Of'ShNh and 4.390 g of silver wool were placed‘in“thevreae—

'tér and the heating begun. . The line'pressure'(normally 0-21) EOOn.fose to

~251as Né was evolved, then slowly dropped to ~ l5u7through the coﬁrse

of the reaction.. After 1- 1/2 hour a blue-black film began formlng on the

‘cold f;nger and a whlte film appeared in trap l Durlng the 20 hrs requlred

for the Sh L to subllme, the blue-black fllm thlckened and became bronze-
colored in places and spread over the cooler walls of the reac#or as well

és the celd finger. .The‘white film in trap 1 increased, and(a{blue—glack
riﬁg forhed at itsrwarmer edge. After ;11 the ShNh had sublimed, the system
reihrned to its‘beSe pressure. The reactor was then opened, and the
blue—black~bronze film was scraped out and weighed (33mg); the silVef‘wool'
plﬁg, covered‘ﬁith black silvef sulfide,-was carefully removed aﬁd“weighed '

(wt galn =391 mg) end trap 1 was weighed (wt galn 123 mg). Traﬁ 1 was

‘then opened on a vacuum llne and,’ at 20 E all of the white materlal qlowly

dlstllLed 1ntoaa.closely placed —196 trap. . Only the blue-black r;ng, which

increased inksizevwhﬁle the‘ﬁaterial was at 20° , remained (wt. = 11 mg).. From

Q’Aethe material on the cold foot and the

the descriptiohs of Becke-Goehring,
whi%e and blﬁe-black-conﬁents'of trap 1 were assumed and later projed to be

(sN) + SN, 8 Ne, and‘(SN)x respectively. Considering all of the trap 1

r'econtente to be S N, a yield>baeed on the original SuNh of 17.1% was ootalned

22

" the (SN)X + §)N) accounted for 4.6%; and the weight gained'by the silver wool




. .

(ettributed to=forpation'of AgQS'by the reactiop;‘ ShNh + 8 Agg—* 4 Aggs +
’2N2) accounted for all the remaining 78.4% of the original S),Nj, (60% of the
silver was converted to,AgQS). |

.e'A ‘second preparation was attemptea using O0.744 g of Sh 4 and a much Y
'smaller plug of Ag wool (1. 129 g). Again_the‘pressure rose to ~ 20 u
but (SN) on the cold foot and SQNQ 15 trap 1 appeared after oply 5—lO
~mihutes _After several hours the pressure Qteadlly dropped to .0- 5u and
| remalned at this level until the SN had all sublimed (21 hrs) The
welght gain of ‘the Ag wool (155 mg) corresponded to a 92.b% conversipn~_
of tne Ag to Ages- - which together with the (SN) + suNu (57 mg) and the |

(h6o mg) accounted for the orlglnal 5N, aszgQS 30, O%, (SN) +

Su o T 7%, and SN, 61 8% (total = = 9. ).

1 The plug of AgES + Ag from the above reaction was then used as the ho*
zoke materlal through which 0.927 g of ShNh was sublimed. Dlsullur dlnltrlde
beéap appearing immediately and although the pressure rose briefly to
EGEfit.returned to base level after one hour. At completion,cthe plug
had been completely converted to Ag,S, and an 86% yield (O 97 g) of
'S2N2 had resulted. Other runs performed in the same manner followed, each
us1ng a fresh: plug of silver wool. The results of these and of the
above preparatl?ns are_tabulated in Table I. o

éf‘In some runs, theveffect.of varying the temperature'of the hot tone

Was noted.’ Below 280° a substantial amount of unreacted Sh L passed

through the hot zone to the cold flnger If the temperature was ralsed

¥ o

above 305 , the line_pressure rose and a red-orange tint appeared in
the'S N trap Thisvis presumably ShNé which Becke-Goehring observed
as & normal by product,2 although enough never appeared in our preparations ,

.
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TABLE I. ' RESULTS FROM' §_N, PREPARATIONS USTNG SIIVER WOOL.

22
A.II\?I;;UL_.Suh’-br -V;l;:r‘ fgmg;esAg o :zroizéezg ‘*a"iiiZ:;ted L SN, Accoun ed For Ast, . e - gngound
y (@) () 3"(moiessuNu5 | b Ag.S Ag,SHN, (SN) +Su“u ’ Sehe 4L 5
. _ " forination (mg) @) 2 . (mg) (%)
: (mg) (%) (mg) (%) (&) (%) 5 n
1 0.718 390 . 1.360 391 159.9 561 8.4 33 6 0235 17.1 1 0.1
o o.7h 1.129  0.32k 155 o2.b 221 30.0 57 7.7 0.s60_61.8 6 0.1
3 0.927 (0.086)b (o.oeo)b 18 . 100 26 2.8 85 9.2 0.797 86.1 19 2.0
4 2.012 0.707 °  0.075 % 91.5 139 6.9"172' 8.6 1.689 840 12 0.6
5 . 1.570 0.65%2  0.087 -85 89.3 125 7.8 116 7.4 1.325 84k 6 - 0.k
6f' 1.3#1 0.62% 6.099 78 8h;h_' 112 8.4 127 9.5 1.088 81.0 1 1.0
7 1.4k o0.622 0.094 " 90 97.5 130 9.2 110 7.8 1.161 8.2 13 0.9

a, this ratio represents the amount of silver used compared to the .amount needed for complete

.reaction of all the Sh ), Via the reaction 8 Ag + SMNM - L Ages + N,

b. In thlq run the plug of <1lver wool was uced whlch had been converted to 92. hp AgQS in the

p*'ev10u= rune.
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to be separated and positively identified. In fact, the smll amounts

we cbserved usually disappeared slowly when the SgNé trap was warmed to

20° . ) . . - -«
The (SN) + Sh L mixtures scraped off thevcold finger were examined o
by washing with carbon disulfide; several leachings were required vefore

yellowing of the solvent ceased. Evaporation of the C82 yielded S#NL
crystals as identified by 1ts 1nfrared spectrum and meltlng point of 182
(llt : 187° )5 8 small amounts of sulfur were also occa31onally found After
this extraction only papery blue-black flakes or thicker bronze particles
“{remained, A sample (43.1 mg) wes sealed in a‘tube and held'at 2506’for
viﬂbr'whereupon it'decomposed to sulfur and O.h56vmmole of nitrogen |

(Calcd. for (SN)#.: 0.468 mnole) .

_2

The. SgNé was stored in trap 1 at -196 and w1thdrawn as needed by

room temperature va cuum subllmatlon into another_vessel at 5196°. The.

3,_ Examination of S, N

amount'of'biack:(SN)X in the.trap increased with each warming,to EQ°

and, as sublimation Q@L sldw; also increased STeaddly during this process.
.Flnal welghlng of trap 1 after removal of all the volatlle S2 2 usually
snOWed that 5-15% of the orlglnal S had polymerlzed. In one case

.ll mg of (SN) left in the trap was treated with 0.5 atm. of chlorlne

“for 8 hrs. at 0° which resulted in complete dlsappearance of the black
' 9

solid and formation of a gas, identified by its infrared spectrumvas NSC1, ' ‘ -
by the reaction 2/x (sN)_+ C1' - 2 NSCl. The indentity and purity of

SeNé prepared and transferred in this manner were determined by its

1nrrared spectrum6 (as a Nujol mull and in carbon: dlsulflde), its mole-~ -

cular weloht by vapor pressure lowering of . dichloromethane (observed,

K]

.93, calcd. 92 l), and by an analysms performed by heating a sampre (59.5

Y]
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mg, . 0.646 mmole) 1 hr ih a sealed tube at'250° during.which it decomposed
to sulfur and O. 6h6 mmole of nitrogen. When héated slowly (1-2° /mln) after
dlstllllng 1nto and sealing off in a melting point capillary, the cover-

~ sion rate of white SQNé to black (SN)X visibly increased with tempera-
tcre‘until only (SN)X was seen at 80°; no detonetion occured, but a£

160° the (SN)x rapidly decamposed to gaseous splfur ard nitrogen. Also,
0.077 mmole of 8,N, reacted for one day at 25° wdth 0.786 mmole of élé

9

produced NSCL and (NSC1), as identified by their infrared spectra’ and

5
used 0.078 mmole of C1, in agreement with the equation SyN, +Cl, =
oNSC1. | k

To examine the thermal stablllty of SgNé vapor ; tube of SQN2 was
connected to a U-tube, heated with an oil bath, containing a. glass wool
plug and evacueted through a —196 trap. Repeaced passes of several
milligrams of SQNé through the glass wool at temperatures from 120-
'EOOé were madef Atdeach temperature only white SQNé collected in the -196°
trep; no nitrogen.evolutdon or formtion of (SN)x occurred.  The exoeri-
ment was then repeated with the glass wool replaced by gsilver ﬁool Above
; 150 nitrogen evolutlon was detected by a vacuum gauge and became qulte E

substantlal above 200 . Silver sulfide was formed and a blue rlng of

o A(SN) as*well as white SQNé collected in the -196° trap.

h; Preoaratlon'W1th Other Hot Zone Materials

The usual preparatlon of SN was altered by replac1ng the silver wool .

22

or 51lver sulflde plug with pyrex wool No nltrogen evolutlon occured

22

and no S.N, resulted. Approximately 5-10% of the original ShNﬁ wa.s collectedv
~on the cold finger as (SN)x along with the remaining unreacted SMNM as a -

partlydcrystalline bronze layer. In a separate experiment the water cooled

T

cold finger was replaced with a liquid nitrogen,cooled cold finger at —196°.
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As SuNh sublimed over the 300° glass woo; a'cerkyred—oienée ieyer formed ~
om the closely placed cold fimger. When slowly‘warmed igiyggug_to room
temperature, a rapid color change to yellow:(SuNu) and oiue—b;ack((SN)X)
occurreqfwhile a minute amount of the red-orange material subiimed to a
closel& placed.;l969 coid spot (this also formed ShNh and (SN)* when
warmed). No nitrogen was evolved unless the élass wool was above 555°.

_A normal S N preparatlon was then attempted w1th a plug of- 100% Ag2

from a prev1ous run placed on top of the glass wool plug and both heated

to 300°. The run proceeded'as if only AgQS had been used with 12%- of the fl

272"
The s1lver wool was &also replaced with fine copper turnings (10 77

orlglnal SN 4 found as (SN) + 5N, and 8T% as SN

mmoles) at 300 and ShNh (5 01 mmoles) subllmed through it. The pressure
5qu1ckly rose to ~ 40 p and remalned with no (8N) < Sh ), °F S, N appearing
untll ~ Lot o? the Sh ), had subllmed. The pressure then dropped slightly
and leveied off with attendant appearance of some (SN)& and sulfur at the
-cold flnger and sllght formatlon of SeNé At completion, the black crumbly
copper turnings were welghed _(observed, 1.007 g3 calcd. for 10;77"mmoies
of CuS, 1.029 g)' which corresponded'to removal of 50% of the shNh via
Vthe‘reaction ShNh + LCu —» LCus + 2N2. The remaining SANA was decomposed -
to a sllght amount of (SN) mixed with a large quantity of suifur coated
_on the cold flnger, walls, -and outlet tube of the reactor and to 76 mg of
;mpure_S22 (reddened presumably with SANQ) in trap 1 corresponding to a
yield of ~8.

C. Results and Discussion

It is seen from‘the4descriptions and the resuLts ‘of the 82N2 pfepara-

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

nearly complete decomposition of the ShNu of the sort
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5,5, * 8Aag > LAgS+2m, | (1)

and onLy a small amount of SENé, whereas the use of small amounts of silver

wool resulted 1n nearly complete 1n1t1al convers1on of the silver to
81lver sulflde via reaction l followed by conversion of the remalning

' Sh ), Bo 8.1, ‘and small amounts of (SN) Thus, it is s1lver[sulf1de, not

s1lver, which catalyzes the thermal spllttlng

AgQS

suNu =557 2 5N, - (@)

That any SQN2 results at all while silver is stlll left is due to the"

layer of Ages which slowly buildS‘up and'proteots more and more of the

ShNh from the buried sllver. This also explains why total conversion of '
:Aétto'AgQS was usually not attained. We cannot; in fact, deny that‘silver H
mgght also catalyze the splittdng of Sh L to SQNé ‘but this is academic |

as_we have seen that SeNé 1tself reacts w1th hot silver via

. _ L B
SN, hAg.v - 2Afges ,  (3)
The AgQS surface isneeded to catalyze the splltting to 52 2, however
as no SN, was produced when glass wool was used at the same temperature,

22

thus the spllttlng is not simply a thennal reaction. The side reaction
. \
' Shmh-_) b/ (SN/X

may however”be simply & thermal reaction as 5-10% conuersion to (SV
'was noted with both glass wool and Ag - Ages surfaces. Further, the lack
of decompos1tlon to sulfur and nltrogen of elther ShNh or SaNé over 300

- glass wool shows that.the decomposition is the result of the dlreot reace

-’tions 1 or 3 a.nd not the-themal-decompositi_on
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S hNA hs + .2N2

>

(or SN, Z 28+ N2)

. followed by the reaction

S +2Ag— Ag,S .

The red-orange;unstable volatile material trapped on a rl96°‘cold

ﬁmger after passing S,N through glass wool at 300° nmy'have been a form

22
'of SN radlcal or short chain. This interesti:g species together with

the mechanism of the thermal splitting of ShNﬁ and the effectiveness of
Ag2
the worthwhile subject of a future thorough study.

S ag a catalyst in comparison with other materials could certainly be

o it was reportedgfu that only small yields of 82N2 were obteinea
nsing copper in the hot zone. Considering the possibility that copper
shifide might be ; catolyst but that previous researohers had used too
vmuch copper and converted all the SMNA to copper sulrlde and nltrogen,
we attempted a preparatlon using an SMNL/Cu ratlo such that all the copper
would be converted to CuS by the first 50% of the 8,0, - Indeed, only
nitrogen emerged from the hot zone during the first half of the sublimation
‘after which SN, began appearing and the flnal welght of the plug 1na1cated

22

complete reaction of the sort 4 Cu +_Sh L ~ L4 Cus +2 Né. However, the

principle reaction after this conversion was the decomposition of ShNh

to sulfur and nitrogen. The red color in the S N trap in this and in Ages~

reactlons above 305 was presumably Sh 5 possibly formed in the vapor
'pnase reactlon

- sl Y250 S

or QS N _’SMN + N2
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Our observatlon that this red color dlsappeared slowly at 20° is consis-

tent'w1th a report that SAN decomposes to sulfur and shNh under the 1nflu-
10 :

‘ence (If light.

In preparlng SQNé we normally used small plugs of silver wool Just

. large enough to provide a good Aggs surface after most of the silver had -

been used in reaction l; Allowing for this initial reaction and the usual

tformatlon of a 5~-10% yield of (SN) + 5N, all further § N wes converted
to S2N2 Reuse of old AgQS plugs was troublesome as this materlal was very
rittle and}easily crumbled when handled, making it difficult to efficiently
suspend'ln the sublining SMNL vapor. For this reason, we also reconmenq

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

~ wool hav1ng been shown to have no effect on the yleld), hNﬁ is known to

*explode v1olently'a;temperatures above l50 and the prospect of a v1bration

garrlng a brittle piece of 300° AgQS into the Sh L is frlghtenlng.

The thermal stablllty of SgNé was pleasantly suprising in v1ew'of

previous reports that detonation occurred on warming above BOq. Not only
were the vapors unaffected by glass wool at 300°, but in the‘several times

we warmed the solid above 30 only 8 faster polymerlzatlon, not detonatlon,v

]
kR

was observed. The previous w0rk however, had been done uslng crystals

of SgNé after recrystalllzatlon from ether; the added constralnts of the

crystalllne state or the poss1b1e presernce of ether residues may have
added to its 1nstab111ty.

The quantltatlve decomposltlon of S to the elements and the: quan-

22

tltatlve reactlon of SeNé with chlorlne to produce NSCl are noteworthy as

further correlatlons with known but slower reactlons of Sh 5" ’9

Belng conv1nced tnat slow but reasonably safe quantltatlve transfer
Of pure S » toa desired reactlon vessel wa.s pos31ble by room temperauure
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vacuun sublimation from a ‘tared storage vessel, we proceeded to the in-

vestigation of its reactions with Lewis acids described in the next section.
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ITI. REACTIONS. OF DISULFUR DINITRIDE WITH LEWIS ACIDS

A. Papert "Reactions of Disulfur Dinitride
With Anitmony Pentachloride’
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Contribution from the Department of Chemistry of the
University of Callfornla and the Inorganic Materials Research Division of
the Lawrence Radlatlon Laboratory, Berkeley, California 9h720

Reactions of Disulfur Dinitride with Antimony Pentachloride

By R. Lyle Patton and William L. Jolly

ABSTRACT

Solutions of SyN, in dichloromethane react with antimony pentachloride
(in excess) to form a diadduct SENQ(SbCls) which can further react with

4‘32N2 to form a monoadduct SéNQSbClS. The monoadduct can be reconverted

to the diadduct by freatment with SbCl_. The physical and chemlcal o

5

. properties of these compounds indicate that the SENé ring structure is

reacts irreverSibly with S N “to

: maintalned 1ntact. The monoadduct S N, .SbCl oo

22 5

form both the previously characterized SMNLSbCI and, in 1ower yields,

o 5
& less reactive material (S,N,SbCl_) . Antimony pentachloride acts as a
. e . Ly 5%

_vcatelysf for the dimerigation of SQNQ‘ o ,
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Tetrasulfur tetranitride reacts with many Lew1s acids such as‘
antimony pentachlorlde,l boron trichloride? and boron trlfluorlde2 to
'iform 1:1 adducts in which the Lewis acid is coordinated to a nitrogen .
‘atom of ShNh Although a chatge in the configuration of the ShNﬁ results;

L

"the basic 8-membered ring structure remains 1ntact 3 Of the dozen or

. §0 known adducts,‘only two have two molecules of Lewis acid associated
with each molecule. of SuNL These are S& h(SO3)é fsand BCl3 8), M, SbCl5 ¢
t(whlch may have the ionic structure [BCIQSuNu]+ [SbC16] ). Apparently
when -one of the nltrogen atoms of shNh is coordinated, the donor ablllty >
of the remalnlng nitrogens rs markedly decreesed.' In thls-lnvest}gatlon,
we have studied the reections of disulfur dinitride, a planér fourémembered
i_ring with alternating S-N atoms,6 with antimdny pentachloride.‘ of -
l_partlcular interest to us was the ability of the SzNQ nitrogens tb act as
donor atoms. and the effect of this donatlon on the stability and structure
- of the S2N2 ring.

 Experimental Section

General.- :The me;sture-sensitivity of the materials reQuired their
vmanipuletion iﬁ a vacuum lipe or in a polyethylene gleve baé flushed with
ihitregen or argon. Infrared-spectra were recorded in the th-ﬁOQO em™L
}range with Perkin Elmer infraeord spectrometere (Modeis'l37 and.1373)
vSolld samples were prepared as Nugol mulls pressed between KBr plates,
-solution spectra were run in a O l-rm KBr cavity cell.

Meltlng points were obtained in argon-filled, sealed caplllarles.

Analyses for N, S, and Cl were perfbrmed in the mlcroanalytlcal laboratory

of this department by V. Tashinian.
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Antlmony pentachlorlde (J._T. Baker Co ) was purlfled by vacuum-llne_
fractlonal condensatlon and was found to melt at 3 (llterature,7 2.8°).
chhloromethane ‘was refluxed over P205 for 6-10 hrs., dlstllled,land
d stored in a nltrogen atmosPhere. DlsulfUr dlnltrlde was prepared by
nsubllmlng Sh L through a plug of 51lver wool at 300° u81ng a technlque
,:llke that descrlbed by Becke-Goehrlng.8 It was found that tne best"
:vresults were obtained using a Q.S-g. plug of silver wool in & 10-mm. i.d.
'_élass tube. Initially almost all the silver reaoted with SuNu.to form
rs1lver sulfide and n1trogen, the silver sulfide then acted as a catalyst:
,.for the conversion of ShNh to 82N2 and small amounts of (SN) _The
S N was - 1dent1f1ed by its 1nfrared spectrum6 and its: molecular welght

22
© in dlchloromethane (observed, 93; calcd. 92 1) The materlal was observed

L'

9

-.t0eslowly polymerize to (SN) and small amounts of ShNh at room temperature.
" A sample of SN (O 059 g, O. 6&6 mmole) was held in a sealed tube at 250°
for 1 hr,‘whereupon it decomposed_to sulfur and 0.6&6 mmole of nltrogen.

_ 5 272
jlubrlcated with Kel-F Wax. Disulfur dinitride was measured out’from-its

The SbCl and S.N, were stored in tared bulbs equipped with;stopcocks

;ﬁtared storage bulb by room-temperature vacuun sublimation 1nto a reactlon
-v‘vessel held at -l96° This method of transfer also served as a. purlflcatlon

Tmethod for~ SENQ, because the common contaminants, (SN) and Sh s aTe

o nonvolatlle at room temperature. Enough CH 012 was dlstllled 1nto the

Vreactlon vessel to dlSSOlVG the SzNé when.warmed to 20°, then the solution

wes transferred to a glove bag. The formation of flocculent blue-black
:partlcles of (SN) (always less than 1 mg) on dissolution necess1tated
jfflltratlon of these 82N2 solnt;ons lmmedlately before use. Because
'3SEN2 polymerizes.appreciably in the solid statelat 20° and‘is reportedlyv
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”shock-sensitiye, direct handling of the solld in the glove beg was avoided.
Solutions of known amcunts of SbClS were prepared in a shnilar manner.

Products were normally characterized by their infrared spectra‘and physical
‘properties. | | |

Fcrmation of ShyLSbCl += Antimony pentachlorlde (4.7 mmoles) 1n

5

10 ml of CH.C1, Wwas slowly dripped into a solutlon of SN (3 16 mmoles)

2772
: 1n hO ml of CHacl2 The reaction mixture 1mmed1ately became.red-black
and opaque, and remained so throughout the SbCl' addition. = After 1/2 hour

)

ﬁtgg 20°, the suspension slcul& cleared and liéhtened to a deep fed}solutioh
,ouer a defk red-brown solid. Filtration of this mixture &ielded dlmost
pure crystals of Su thCl as 1dent1f1ed by its infrared spectrum? and
;Tmeltlng point (observed, 160 3 llterature, 160 2°). Evaporatlon.of the
v'solutlon to dryness also resulted in SuN'b'SbCl5 The total yleld was 93%-{

. E

Formation of SQ_G(SbClE) .~ The dropw1se addition at 20° of a

solutlon of S N (1.72 mmoles) in 25 ml of CH2C12 to SbCl:.(7.8 mmoles)

~in lO ml of CH C1, resulted 1n the immediate formation of fine yellow-whlte

ee
crystals whlch 1ncreased in quantlty with continued SgNé addltlon Filtration
of the mlxture yielded 272 mg of extremely m01sture-sensxt1ve yellqw-white
crystals which_quickly‘turned yellow, then black in moist aif; égél.vCalcd;
YA;S‘o-rv S_QNQ(SbCIS);: N, 4.06; §, 9.29; Cl, 51.37. Found: N, 3.96 S, 9.17;
€1, 51.36. 4.
: Coollng the filtrate to -15 ylelded a further 522 mg of S (SbC15)2, -
‘the total yield was 67%. Evaporation of the flnal flltrate to dryness in
vacuo produced only this diadduct; no ShNquCls, as observed when the !

reactants were mixed .in the reverse order, was found. The.dladduct is

also formed (1n 95-100% ylelds) when a frozen mixture of SbClS, 8,1, and

i+
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CH,C1, is slowly warmed to and held at 20°, followed by vacuum removal of

the solvent and excess SbCls. The glove bag preparation, however, is

more convenient.

The soluﬁlllty of 8, (SbCl ) in dichloromethane is ca. 1.5 g/lOO ml
at 20°, and it may be readlly recrystalllzed by coollng a saturated. solutlon.
No decomposztlon on long standlng in solutlon was detected, prov1ded m01sture

was_carefully excluded. The crystals slowly become opaque and red-black

-above 120°, before meltlng at 130-131° with decomp051t10n. The 1nfrared
'?spectrum of 84N (SbCl ) shows absorptions (1n cm 1) at 461 (s), 818 (s),

vand 898 (vw).

Formatlon of soyﬁsb01 .- Disulfur dinitride (1.95 mmoles) in 30 ml

‘of CH Cl, was slowly dripped 1nto a'solution of SbCl (2.0 mnoles)?in 10 ml

272

-fof CH Cl,. After addition of 4 ml of SN solutlon, flne yellow-whlte

2 72" 22

:crystals appeared which 1ncreased in quantity until half of the S N solutlon

22

'had been added. As ‘the remalnlng S N, was added, the crystals slowly

22

' dlssolved, and the solutlon changed from llght yellow to llght orange ‘in

22

'color. Complete addltlon of the SN, resulted in complete disappearance
,gof the crystals., Concentratlon of this solution to lO'ml'by‘distilling
‘>off CHECl in vacuo followed by coollng to -15° ylelded long (up to 1 cm),

'Elear, light orange needleq. of SN, SbCls, of whlch 100 mg was f11+ered off.

22

Further concentratlon and flltratlon, followed by final evaporatlon to

'dryness, ylelded a total of 700 mg of this. product whlch contalned sllght )

contamlnatlon. Anal. Caled. for SN, SbCl.: N, 7.16 S,‘l6 39;

22 5

a(sp015)2

.C1;_h5;32; mol wt, 391.2.’ Found: N, 7 26; s, 16. 08 c1, 45.38, mol wt

(by vaporwpreesure loweringpin CH 012), hoe.
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The monoadduct SQNESbC15

These solutions may be heated briefly to 40O°® with no apparent decomposition..
- Darkening of solutions is observed, however,'even at 20° on long standing.

In a sealed chpillary, SzNQSbCl crystals turn black at 100°, then melt

>
. with decomposition at 108—109°. The crystals immediately blacken in moist
air. - The 1nfrared spectrum shows the following peaks; 1005 (m), 922 (vw),’

800 (s), 723 (mw), 627 (w), and 459 (s) em™*.

1

A sample of S,N, SbCl (0.83 mmole) was placed in a vacuum sublimator w1th

2’2
"a water-cooled cold flnger and heated whlle evacuatlng through a -l96° trap
‘w1th a Toepler pump. Above 55 a whlte;materlal.collected on the cold
Vflnger. After h hours &t 70°, the products were examlned. An orange-brown
res1due of SuNthCl (0.12 mmole) remalned in the subllmator. Nltrogen
1(0 008 mmole) was found in the Toepler pump buret, SbCl (O 02 mmole) was
found in the -196° trap, and a yellow-whlte solid was found on the ‘cold |
.flnger. The infrared absorptions of this materlal corresponded to ca.
90% SN Sb015 and 10% § (SbC15)2
proportlonately much less SuNthCl and S (SbCl )

A slower sublimation at 60° produced_

Pyrolysis of S N (SbCl Yae- When S N (SbCl (O 25 mmole) was heated _

ompAnxs /o 5)2

at_90f for 1 hour in a vacuum sublimator with?a 20° cold flnger,.SbCl5

(0.22 mmole) was evolved, ard yellow-white SQNQSbCl (with sllght s o(spC1 )2

;contamlnatlon) collected on the cold flnger. A slight residue of SM quCl5
(O 01 mmole) remalned in the sublimator. ' '

Addition of se_; to se_thc1 and S N, SbCl5l2.- ,Addltlon;of,s N, to

82N28b015 solutlons in equrmolar amounts ylelded an opaque green1sh~black

suspension, prec1p1tation began wlth the first drops of SENQ added- On

_§tanding at 20° for 1-2 hours, the:suspension gradually'cleared and lightened

is very soluble in CH,CL, at 20°:  ca. 10g/100 ml.




~amount required to convert all the S N‘SbCl

’mlxture of ShNM and SuNu «SbC1

..23..» v

to an orange-red solution above a dark red-orange solid. Examination of this
‘solid and that left after evaporation of the solvent showed it to be -
'Su quCl slightly contaminated with a greenlsh-yellow substance. “The

ShNthCl was 1dent1f1ed by its infrared spectrum and meltlng p01nt of

160° (literature, 160-2°) after recrystallizatlon from CHCl,. No SN,
or SMNM was recovered.

Addition of SN, to'S N (SbCl solutions resulted in én initial

22 5)2

color change corresponding to formation of SQNQSbCl5 which, w1th further

SéNé, again became dark and opague followed by slow clearingjto a‘red-orange

“Solution and precipitation of 5], S0CL,-  Addition of S.N in excess of the

22

5 to SuNquCl5 resulted 1n a

1n the relatlve amounts expected from

P

conver51on of the excess S N to SMNM' TetrasulfUr tetranltrlde was

recrystalllzed from dichloromethane and 1dent1f1ed by its 1nfrared spectrumlo

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

22 _
dlnltrlde was slowly added to a solution of 0.15 mmole of Sh quClﬁ' The .

Aefzect of S)4 thCl on the dlmerlzatlon of S.N., 1.02 mmoles of disulfur

solutlon remalned orange-red. Infrared analysis 1nd1cated that after 2 hrs

22
after 15 hours only lQ% of the original 82N2 remained.

approximately equal amounts of SMNM and SN, were in the solution, and that

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

formed as a by-product of these reactlons in which S)_FNLSbCl5 was formed.

The chqracterlzatlon of thls material is descrlbed below. -

K_A_JSbCl - The small amount of greenish—yellow‘material formed -

} R

in the: above reactlons was found to be 1nsolub1e in CH2012 and could be

1solated freerof‘contamlnatlonvby ghNLSbCls and ShNﬁ by using enough»solvent

t
t
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fo keep all the expected ShN'u_SbCl5 and SHNM in solutiop.' Wheh.the opaeue
suspehsion'cleared, as much as 50 mg of this microcrystallihe substance
remained and was filtered off. Although the color of different semples
varied, from yellow to a dull green, each sample melted at 193 l9h° (the
green samples becomlng yellow at 100- 110°) and exhibited the seme 1nfrared
absorptlons at 1160 (m), 1115 (m), 975 (vw), 725 (), and 535 (m) nt.

o In an attempt to prepare a large quantity of this material, SeN (3.64
mmoles) in 45 ml of CH2012
to a rapldly stlrred solution of SbCl (1.58 mmoles) in 5 ml of CHQCl .

was added with s dropplng funnel durlng 1 hr.

When half of the S N had been added; the solutlon became dark and opaque;
1t cleared to a deep red solution above an orange-yellow SOlld only after

the addltlon was complete. Several overnight leachlngs of the SOlld with

,‘.v.

CH2012 removed all the Sh quCl5

only the above 1nfrared absorptions and a 193 -193.5° m.p. Anal. Calcd.

and left 200 mg of yellow SOlld hav1ng ‘

for (SuNquCIS)X:. N, 11.6; 8, 26.5; C1, 36.7; Sb, 25.2. Found: | N, 11.8;
S, 26.1; C1, 37.03 Sb(by difference), 25.1. o

| Approximately the same amounts of"SQN2 ahd SbCl5 as above, eech in“-'
fho ml of CH2012, were mixed during 1 hr in the same manner as Apéve

#

‘but with the SbClS slowly dripped 1nto the 82N2 solutlon. In thig reaction
.only a 1% yield of (Sh thCl ). was obtalned, in contrast fovthe 26% yield
‘resultlng from the addition performed in the oppos1te order.
Iajie SMNLSbCl (SHNLSbCl ) is stable to short exposure to m01st alr,

'however, its infrared sPectrum,meltlng point, and 1nsolub111ty in CHECl
;. do not correspond to ShN'quClS or to any other known compounq. When heateq;u

in vacuo, no sublimation of (SuNLShcls)x occurred; slow decorposition began
,'NSél;vand S

N,C1

at 162°, and after several hours at 17O°_N2, §,N,» SbCl 3N,C1,

3
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~>?were fbund among the decomposition products. The infrared spectrum of the
'remalnlng residue showed only (Sh quCl ) < with no ev1dence of thermal
~rearrangement to Sh thClS, (SM thCl ) was also unaffected by treatment

with liquid S6C15 at 20°. | |
: Several attempts were made to filter the opaque suspensions which formed"
‘immediately after mixing solutions of SQNé and S N SbCl5. in each case,
regardless of order or speed of mixing, a dull green-black powder was

1solated whose 1nfrared spectrum showed only weak . bands due to (s NLSbCl )

,‘5

When heated in zggug above 100°, thls materlal became orange-yellow and
evolved nltrogen and sulfur "In moist air, the green color slowly changed
‘tp yellow. Nelther treatment s1gn1f1cantly changed the infrared spectrum
.All these properties indicate that the isolated solld.was a mlxture of

(8,3, 50C1, ), and | ,(sN’)x.

Results and Discussion

_'Reactions of Soyg,with SbCl .- The addition of disulfur dinitride

"to excess antlmony pentachloride in dlchloromethane results 1n rapld,

complete.fprmatlon of the dladduct_S (SbClS)Q When S2Né is added

A
&

~to an‘ehuimolar amount of SbCl SzNé(Sb01 precipitates during the first

| 57 5)2
- half of the addition. This S2N2(Sb015)2 then reacts w1th the SaNé as it.
' is added during the second half of the eddition to form the monoadduct

'SéNéSbCl5. The reactions:may be written:
S-e“e + 25b01,-5_ - _SQNQ(SbmS)Q (1)

sana + sgne(:ﬂoms)2 - 282N28'5015 , (2)
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Addition of SQNé to an equimolar amount of SQNESbCI5 in dichloromethane

yields‘the‘previously-characterized adduct ShNthClS'

8N, + s2N28b015 - SMNLSbClS (3)

- A relatively insoluble greenish-yellow material, having the empirical
formula (SuNMSbCl ) but'possessing physical properties_entirely different
from those of ordlnary Sh thClS’ forms as a significant byaproduct of
‘reactlon 3. This incompletely characterlzed material is’definitely worthy
of further study. During the course of reactlon 3, the formatlonlof a

' vdark-qolo;ed intermediate is apparenﬁ. Inasmuch as attempts to isolate
'thissintermediate‘yieided only the (shNhébClS)x by-pfoduct contaminatéd.
wi%h_what appeared to be (SN)x’ we tentatively suggest that the intermediate
.ES an open-chain isomer of ShNh or °2N2’
sihis intermediate may be & precursor of (ShNLSb015)x.

perhaps coordinated to SbCls.

When S,N, is added to SQNESb015 in greater than a 1l:1 ratio, the

excess SQNé is quickly converted to SMNM° Obviously some species in the

reaction system catalyzes the dimerization of S N + The adduct SuNth015
does catalyze the dlmerlzatlon, but relatively 1neff1c1ently Possibly
" the dark 1ntermed1ate dlscussed ‘above is involved in the rapld dlmerlzatlon.

consequently thls adduct

The adduct SuNthCl5 is 1nert toward SbCls,
'is formed wheneVer SbCl5 is added to a solution of S N2’ regardless of
5 the final SQNé SbCl5 ratio. The fact that SQN'QSbCl5 in dichloromethane

solution does not decompose to S, N, SbCl_. proves that the following equilibria
i 4

lie far to the left.
.SaNéSbCIS & SN, + SpCly | .(u)

- _
ESQNéSbCls & SN, + SN (SbCl )o o (5)
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 0therwise SuNthCl5 would form irreversibly by reaction 3. Thué we

“conclude that SN is a strong base toward SbCls, and that 82N28b01

22

is considerably weasker base. The principle reactions observed in

5

dichloromeﬁhane golutions are summarized in the following diagram.

o " sbea
: 2 Sb |

:
SNy + SeCly —> S N0Cly sy S?N?( Clg)y

1(1 + x)szne'

. SHNL + SbCl

5 —> §,N,SbCl, +vx/2 Sh“h_

The inertness of 8 NquCI5 toward SbCls,-the interconvertibility

.Qf S2NQSbC15 and SgNé(SbCl5)2’ and the observed molecular welght of

f'SQNé SbClsf. support the formulation of the latter compounds as adducts
of SgNé, n?t SLNh' _ |
Thermal Stability of SN, Adducts.- The adduct 82N23b015 sublimes
-fig vacuo at 60-70° with slight decompoéitioh correspohding to reaction 6.
25, N_sbcl (s) 80=T0° S, N, SbCL (s) + soC1_(g) (6)
22 5 Ly 5 5 . .

The sublimed S,N,SbCl, is conteminated with S,N,(S6C1;), which forms by L

5

reaction 7 on the cold finger.

: Ca 20° o (
‘ + L, :
o SbC}s(g) SeNestls(s) }1 SQNé(Sbc;S)Q(s) ) (7)
The adduct S2Né(Sbbl5)2 dissociates in vacuo at 90° via the reaction

's?mé(Sb015)2(s) f-+> samé§b015(g) +.Sbcis(g) f (8)
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The slight impurity of SENQ(SbCIE)2 found in the condensed 82N28b015 probably

resulted from recombination of S NQSbCl5 and SbCl5 on the cold finger

rather than from direct sublimation of S,N, (SbCl )

The low sublimation temperature of SgNéSbClS supports the formulation

as‘an SQN2 adduct, because an SuNL@bCl ) adduct would be expected to be

much less volatlle.‘"

\

Crystals of S.N_SbCl_ are stable indefinitely at -15°, but slowly

22 5

darken at 20°, becoming black after 1-2 weeks. Crystals of Sé 2(8b015)2

ﬁhdergo no change on standing at 20° for several months in sealed aﬁpules

affer an initial surface yellowing, presumably fromvreaction ﬁith tfaces of .
mcisture present on the glass. The stablllty of these adducts, compared
to “the appreciable polymerlzatlon of SzNé above =30°, ;ndlcates that the

SeNé ring is stabilized by coordination with Lewis acids. The repid reaction

of SeNéSb015 with S N2, however, shows that thls coordlnatlon somehow

‘increases”theireact1v1tyvtoward attack by SNy

i Infrared Sbeétra;- The dnfrared spectrum and chemical propertles of

SeNé have led to its formulatlon as a fbur-membered planar rlng w1th

alternating S-N atoms (Deh point group). The prediction of three 1nfrared-

| acfive modes agrees with the observed absorptions at 795 (s), 663.(ﬁ), and
474 (s) em™ L. In the adducts, modes due to the donor SbC1, grbups»a}e expecfed.
ﬁc;lie below 40O cm-l. Therefore structural changes in the Seﬁé ceused
by,coordinationrshould be reflected in changes in the spectrum above 40O cm'l.”

The two stiong bands at‘818'end 461 em™L in the ihfra;ed epectrum of

ol (Sb015)2 correspond closéiy in shape and position to the tﬁo strong

82N2 bands. The very‘weak_%and at 898 em™? is possibly an overtone of the -

band at h60 en”L, The similarity of the absorptions to those of SN, and

"the number of modes (2 or 3) observed indicate that the SgNé ring remains
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intact and planar (puckering of the ring to Cev:symmetry sﬁould'result ‘

~in five observed modes) with symmetric arrangement of the two SbCl5 groups.

SN 2SbCl5 exhibits strong absorptlon at 800 and 459 em1 and a weak

‘bpand at 627 cm” 1 correspondlng closely in 1ntens1ty, shape, and pos1t10n to

_ the SN, modes. The additional observed bands at 1005 (m), 922 (vw) (possibly
»_an overtone of the h59 ‘em~® band), and 723 (mw) cm -1 are expected from' the
lowerlng of symmetry resultlng from the non-equlvalence of the nltrogen '
‘atoms. Dlstlnctlon between the possible conflguratlons of the 82N group:
;planar ring (C2v)’ puckered ring (CS), or chaln-(Cmv, Cs or Cl)’ is not =
_fpossible inasmuch as five or six infrared-active modes are predicted for
-each configuration. That the ring is broken (chain),:however, isiunlikely
because of the ease of 1nterconver51on of SzN'QSbCl5 and S (SbCls)g,

the 31m11ar1ty to the SENQ modes, and the lack of hlgher frequency bands

'expected for terminal N-S groups. The 1005 cm'lgband can be reasonably

. . assigned to an S-N ring system, because bands have been obsérvedzlfor the

_ 8-N ring system in ShNquCl5 in the same region (at 1060 and 968 cm'l).

are

>

tetra- and diadducts of ShNh was considered. However, the observed bands

~ The possibility that the compounds 82N2(Sb01 ) and §, N Sbcr

; showed no correlation with those of SMNL or SMNLSbCls,and the forms of
- highest symmetry for SMNL(SbCl )h (planar ring, th) and ShNh(SbC15)2 .
(planar_rlng D2h)’ predict four and eight observed modes, respectlvely.
.dThe lack of - correlatlon in frequency and number of observed modes makes
‘these formulatlons unllkely .
| The 1nfrared and chemlcal evidence support the formulatlon of

S NQSbCI5 and S N (SbCl ) as adducts of the dlfunctlonal Lewis base
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-SQNé with the.structures:

\ /

N-SbCl (planar ring) .

Sb
C1 N 5

/
o Ng

k)

Ny
s

‘A recent eray diffraction study of SQNQ(SbCiS)2 confirms the second
of these predicted structures.la
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‘Reactions of Disulfur Dinitride with Boron

: .~ Trifluoride and Boron'Trichlofide’

by R. Lyle Patton and William L. Jolly

Abstract

Disulfur dinitride reacts with boron trichloride in diéhlq;omethane

".'to form the following compounds (each of ﬁhiép can be obtained as the

principal‘p}oduct by éuitabie choice of reaction_conditions)t S&NMBCI3,
Y . . - = o .
.S2N2(BCl3)2,_apd an apparent;y polymeric material (SgNéBCl3)x., At 0°,
3)é loses BCl3 tq form a simple adduct SaNéBCl3 which can be

.reconverted to the diadduct‘by treatment with BCl3 at -78°.- Whereas

from SeNéBCl3 to form SENé(SbClS)Q’ thg polymeric .

‘S2Né(BCl

'SbCl, displaces BCL

5 3

é material (SQN'2B013)x is inert toward both BCl, and SbCl.. The properties

3 5

of 82N2B013 and SQNQ(BCI3)2 indicate that the SzNé ring-structurg_;ema?ns

oMo with BF3 yields onlyvsuNhBF3.
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In é study of the reactions of 82N2 with SbCl5 we have shown tnat

SN, forms the ‘adducts SENQS‘DCIS and S 2-(Sb‘015)2

remalps‘intact. To further explore the reactions of SENQ as a Lew1s base

, in whlch the 82 o ring

and the effects of coordination upon its stability, this study has been

3extended to include boron trifluoride and boron'trichloride.
Experimental Section

AGeneral. The methods for the ménipuiation_and chargcterization‘of
volatile and moisture-sensitive materials and.for the préparaﬁion of
SgNé have been descrlbed.l Boron trichloride and boron tr;%luofide
(Matheson) and antimony pentachloride (J. T. Baker Co.) weré.purified by

.vacuum-line’fractionai condensation. The obsérved 0° vapor pressure of
the BC1; was 477 mm (literature,2 477 mm). The observed -111.6° &épor
preséure of BF3 was 310 mm (literature,3 312 mm). Boron trifluoride was
‘Jmeasured by pressure-volume methods, and BCls, SbCi5, and_SéNé~byv
weight loss of tar_ed storage bulbs after distillation in zéggg iﬁtq reaction

i

vessels.
Reéétiong were normally carried out in & vacuum-line réaétoriconsiséing
of a small Erlenﬁeyer flaék;attached by a 1&/20 ground jbiné (seaied wit
Kel-F wax) to a Delmar-ﬁér& 0-4 mm O-ring stopcock. The abéence of grease
,prevented absorptlon of solvents and allowed use of the reactor as a

tar-ed vessel for determlnlng solid product weights. In a typlcal study,,.

J.SENé and CH2012 were dlstllled into the reactor and warmed to 20° to alssolve

'>the SeNé’ and then rapidly frozen at -l96°. The volatile Lew1s acid was

then distilled in, and the reactor was warmed to the desired reaction .
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temperetﬂ}e. The solvent ‘and volatile products were removed andgéeparated.
_ig‘zgggé, and the remaining noﬁ-volatile'§oiids wefe weighed and then;
:-removed in-the glove bag;  Rntimonypentachloride and BF3 could be cleanly |
- and directly measured, whereas BCl3:eould not-

", and was determined by hydrolysis and titration of the boric acid with

,fractlonated from CH Cl

standard NaOH in the presence of mannltol.

Reaction of SN, with BF3.5 Disulfur dinitride (O 71 mmole), BF3

(3.175 mmoles), and CH,C1, (4 ml) were distilled into a reactor at -196°.

Upon Warming to--78°, a white suspension formed which became yellow at.

:-h5 » brown at 0° ’ and slowly formed an 1ntense1burgundy solutlon at 20 .
The . CH,C1, and excess BF (2.817 mmoles) were pumped off, leav1ng 8l ng.
of a burgundy solld which was identified as, SHNLBF on the bas1s of 1ts
1nfrared spectrum,u its meltlng p01nt of 145° (llterature,u 145 1&7 ) and

1ts characterlstlc of slowly los1ng BF. when pumped on at room temperature.

3

Complete conversion of SaNé to SH hBF requires 0.355 mmoles of BF3 (observed,

0. 358 mmole), - forming 83 mg of Sh hBF

SN, BCl Reaction at 0°.- Dlsulfur dinitride (l 55 mmoles), BCl

(h 97 mmoles), and CHQCl (10 ml) were frozen together in a reactor at

3

'-196° The mlxture was held at -78° for 2 hrs. whlle the CHéCl melted and
the solutlon above the whlte solid became sllghtly yellow. The mixture

‘was then warmed slowly to O° while stirring. Only slight darkenlng of the
suspeﬁs1on occurred untll the temperature reached -35 s above whlch the
suspension turned, in rapld succession, yellow, grey, greybgreen, black, bfown,
and yellow. ‘Then with brlefveffervescence, 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
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of the solution was then,unaffected by warming to 20° or cooling to -78°.

..The reaction mixture was held at -78° while BCl, was distilled off in vacuo

3

/ and thgn wérmed to 0° while removing the remaining CHQClQ. A slight amount
éf N2 (0.017 mmole)-was evolved in the reaction. No precipitaﬁion occurred
during the solvent removal, but as the last of the CHQClg distilled off,
the solution darkenéd to orange-brown aqd finally left 0.31k g. Qf a
solid plastic-like layer. (Calculated féi*l.ss mmoles <52NéBC13)x‘
O,éQh g-) Repeated 6ooling to -196° and ;érming to 0° broke up tgis solid,
- but no further.gaéés were evolved. |

Sevgral similar reactions were run with variations in the fime held
at -80°, the rate of warming, and the time held at 0°. The visual

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

2

are summarized in Table I. Only N 5

Cl,, BC1,, and slight traces of

Table I. Reactions of SN, with BCl, at 0°

272 3
BN, < N3 Né evolved  :Product Calculated for
(m@oles) : 22 "(mmoles) . wt (mg) (SQNQBC13)x(mg)
':;o.5u 5.1  trace 108 113
S 0.77 4.8 0.003 . 161 161
1,16 2.6 0.011 2l0 ' ehe
l.hk2 3.2 - 0,015 ’ 300 297 -
1.55 3.2 .0.017 . 31k 32k

'2.90 3.2 trace 607 ' 607
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' SECl were distilled from the reactions, leaving a product of compos1tlon

(s2N BC1 ) _ - \

NuJol mulls of these products all absorbed strongly throughout the
vreglon 670-1350 cm” w1th prominences on this general broad absorptlon
occurring at 1300, 1240, 1080, 970, and 730 cm‘l' Broad absorptions also
. »occurred at 640 and SlO em~1. These absorpinon maxima, dlffered sllghtly in
different samples in p051tlon and relative. 1ntens1ty.

After removal from the reactor, the product did not redissol#e in
~ either CH,Cl, or CCl, at 20°, although some darkening of the soltbnt

~and 52012 evolution occurred. Dlstlllatlon of CH2012 back 1nto the reactor

once resulted in slight coloring of the solvent and release of 82Cl2

/
/

“and, 1n another case, 1n vigorous Né evolutlon at -10°. '

“ In a sealed caplllary the (S BCl ) remeined solld on heatlng to
366- - becomlng brown above 120° and shrlnklng W1th evolutlon of a yellow
liquid above 160 . When (S2 2BCl3)x was held at 20° for 4 ueeks or at
55° for U days, considerable decomposition occurred, with formation

> of BCl3,‘82C12, N, and traces of SCl,. Pyrolysis at 90° or hlgher

2 2
ylelded S Cle, SCl 2, and only traces of BCl3 The relatlve amounts

',of the volatile products and the emplrlcal composxtlon of the res1due dld
. N :
not correspond to any unlque st01chlometry.

quuld boron trlchlorlde (lO 70 mmoles) was dlstllled onto 161 mg.
" of (SQNéBClB) , and the mixture was held at 0° for 2 hours, then cooled
" %o -78° and held for.one hour before pumping off the BCl3 at that temperature.

Exactly 10.70 mmoles of BCl3 was recovered, indicating that no BCl uptake

: _ 3
by (32N2B013)xfoccurred at -78°. Antimony pentachloride (3.1l mmoles) was
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“then distilled onto the (s N 1301 ) o 8nd the mixture was twice he';ld at 20°
for 30 min. followed by cooling to -78° and pumplng. No gases weré removed.
The reactor was then warmed to 20° while pumplng to remove all the free ..
SbCl... No BC1

5 3
161 mge Antimony pentachloride obviously did not displace BCl3 from or

or other gases were removed and the product-welght remained

add to the (s N 13013)
'S, N,-BCl. Reaction at -78°.- When suspensions of S.N,, CH.C1, and
2oty phpr MHotia _
excess BCl3 were held for extended periods at ~78° and then subjected to

;pumping at that temperature to remove the CH2012 and excess BCl3; measurement

of the unreacted BCl3 showed that products approaching the composition

NQ(BC13_)2 were obtained. The reaction times and calculated BClé/SzNé
ratios for the products for several runs were: 6'hr., 1.67; 15 hr., 1.83;
”2@5fdays, lf865; 5 deys, 1.96; 6.5 days, 1.83.A When the product of the

6.5-day run’(containing 0.86 mmole of SQNQ and 1.57 mmoles of BClg) was .

warmed slowly while pumpiﬁg, the creamy white solid evolved 0.70 mmole of

BCl3 between -35 and 0°. Further pumping at 0° for 2 hrs. evolved 1 mg

of 82C12 and no BCl,. These data correspond to an empirical product

3

Gomposition S,N,°1.01 BC13, the product weight (178 mg) was also in

good agreement with that calculated for the'formation of 82N2B013 (179 mg).

;(In each of the above runs, similar evolution of BCl. on wafming to 0°

3

ileft a product composition of SgNéBCl «) The remaining SOlid wes treated

with a measured excess of BCl3 in CH Cl2 at -78° for two hours, and then
» the reactlon mlxture was evacuated at thax temperature. The -product

retalned 0. 625 mmole of the BC1 ; but all of thls BC13 was evolved when

' the product was again warmed to 0° in vacuo. In a repetltlon of this
5 A . — ‘
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procedure without CHQClQ, 0.615 mmole of BCl3 was retained at -78° and then’

“evolved at 0°. In & second repetition of the’procedure, 0.56 mmole of ‘

~.BCl, was retained at -78° and then evolved at 0°. Then the remaining

3
product was treated with 3 90 mmoles of antlmony pentachlorlde at 20° for

'1 hour. After coollng to -78 for one half hr., the reactor was evacuated

at -78°, and BCl3nwas‘removed. The reactor (still containing the SbClS)

was twice warmed to 20° and returned to -78° for further BC1,

5+ The total BCL, removed (0.55

reversibly absorbed in the previons

removal,
then warmed to 20° to pump off the SbCl

mmole) corresponded to the BCl3

treatment (0.56 mmole). The weight gain, corrected for the-‘BCl3 lost,

_corresponded to the absorption of 1. 08 mmoles of SbCl5

A smmllar sequence of experiments, in which BCl was absorbed at -78° .

3 ,
and removed at 0° , was performed on the product of the lS-hr. run mentioned -

{ebovercontaining-originally 1.30 mmoles of SQN2 The finalzBCl3 freapment;

in which 1. 03 mmoles of BCl., was evolved at 0°, was again followed by

3

"treatment with excass SbClSs 0.99 mmole of-BCl3_was evolved'whrle

SbCl {2.05 mmoles) was retained. The infrared spectrum of the products
after treatment with SbCl5 showed the presence of SeNé(SbCl5)2 1 Extraction
of the product with dlchloromethane yielded a solutlon from: which, . pure
2(8b015)2 was obtalned;(ldentlfleo by its infrared spectruml) end left
some residue with the appearance and infrared spectrum of (SeNéBCi3)x. |
The . creamy whlte products of composition S N BCl yellowe&usiightly

272773
‘when warmed;ex-o during the course of subsequent BCl

3
.slowly darkened to orange with evolutionvofESéCle-when warmed above 0°.

treatments; ana

However, - a% -15° invseeled tubes tne materiel‘remained stable indefinitely
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_ S
without darkening or change in its infrared absorptions. In a sealed

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

decompos1t10n. ’ S L
When dichloromethane was distilled onto SQN'QBCJ.3 at -1966‘and
warmed to -78°, the conversion of 82N2B013 to (SQNéBCl3)x'occurréd relatively

;:rapidly, with rapid derkening of the solution-. Whenever ercess 3C13‘uas
present, darkeuing of the solution did not occur‘until around -35°

In Mujol mulls, theAinfrared spectra of fresh samples of SQN2B013
showed the following peaks (in em™1): 11315 (ms), 950 (w), 840 (m),
788 (wm), 728 (s -broad), 682 (mw), 610 (ms), and u67 (m). An SN,BCL,
ésample was allowed to stand 2h hours at 20° and a Nugol mull taxen,
the SeNé3013 absorptlons:were-goue and absorptlons characterlstlc of
(S2NéBCl )x had appeared. l

Addition of BCL, to SN, at 20°.- Slow addition of a BCl (2.20

| mmoles) solution to S,Np (1.58 mmoles) in CH,Cl, at 20° in the glove o
.bag'resulted in a black, opaque suspension which cleared after several:.
ﬂfmlnutes to & dark red solution whlch flnally turned orange-red. éoncentra—
?tlon and cooling of this solution yielded pure crystals of SuNuBCl |
- as shown by 1ts 1nfrared spectrum1+ and meltlng p01nt of l36° (ILJ.teratu:r‘e,)"L
7u1;l37-l38°)f Infrared spectrometry 1nd1cated ‘that the re31due from evapora-
tlon of the remaining solvent con51sted of ShNﬁBCl ’ wlth no SHNH or |

82N23C13 impurity.
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jSN)x - BCl, Reaction.- A sample of (SN)x vas obtained as a by-
&.product from several SENE preparations. It was separéted from SLNh.and
‘sulfur lmpurlties by repeated extractlon -with carbon dlsulflde untll no
 further yellow1ng of .the carbon dlsulflde occurred. This: (SN) was then
“welghed into a tar _ed reactor ‘consisting of an O-ring stopcock attached
.,fto a 50 ml Erlenmeyer flask by a JOlnt waxed w1th Kel-F wax. fIn;one;
v‘experlment, 1.185 g. of BCl3 and 3 ml of CH 012 were distilled onto 172 mg'
Cof (SN)x in a reactor and held for 2 hours ct 0°. ‘No evidence of reaction
ﬁiwas observed. The suspension was then warmed to 20° and held u.éays.to
'?;yield‘an orange-yellow solid and orange solution together with‘approximafely'
‘510% of the original black particles of (SN) The yellow solid nas filtered%
off and the orange flltrate was subJected to pumping at 0° for 1 day to
remove the solvent, after whlch only an orange plastlc film remalned.
‘Both this orange plastic fllm and the yellow solid exhlblted 1nfrared

a bsorptlons very similar to those of (8N BCl ) Upon heating in a

: 22
.sealed capillary the yellow solid behaved like (82 2BCl Y. Tt did not |
' eamelt on heating to 360°, but dankened sbove 100° and shrank with evolution -
_of a yellow liquid above 160°. |
‘ nere

3

placed in a tar ed reactor and held at O for 2 days with no reactlon.

In a second experiment, 70 mg of (SN) and 1.ou45 g of BCl

'chhloromethane (5 ml) was distilled 1nto the reactor, and the suspen31on
was. held W1th ocoas1onal stlrrlng for 7 days, durlng whlch only sllght
viyellowmng of the solution occurred. The suspension was then stlrred at
20° for 2 days, after which it'appeared that all of the black (SN)x

. Vparticles had been consumed, leaving an orange solution above a yellow

" solid. The solvent and excess BCl3 were removed by pumping, first at

-80° and then while warming to 0%, until all volatiles had been removed.
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Nivrogen (0.080 mmole) was collected ih the Toepler pump buret, and

124 mg of an orange-yellow solid remainea, If_we as;ume that The small
amount of evolved nitrogen correqunded to the decomposition of some
(SN)X to the elements and that ﬁhe principal product was (32N23C13)#,
we calculate that the residue shouid have veighed W7 mg. The infrared
' ~spectrum of the solid was the same as that of the.product_of the first

-

reaction.

Results and Discussion

Reaction with Boron Trifluoride.~ When disulfur dinitride is added

to excess boron trifluoride in dichloromethane, only'SuNLBF3 is formed,



43

s'ylelds an adduct of 82N2 We

‘VbelleVe the difference may be explalned by the relative weakness of BF3'

whereas the ‘analogous reaction with SbCl

“as a Lewls acid compared with SbCl

; o 5 and by the assumption that the SHNL
;.g> p__‘ acid adduct is formed by a second-order reectlon. '
S N. + SN, * Acid —> SANL » Acid SR (1)

i

22

In the case of SENéSbCls, the equilibrium concentratlon of 82N2 is too

'flow for this reaction to proceed at an appreclable rate unless an excess

.of SeNé is added to the system. In the case of § N BF3, the equlllbrlum

nconcentration of 82N2 is high enough for the reaction to proceed and to

3 .
Reactions with Boron Trichloride at 0°.- The results of the reactions

’1n whlch SaNé and BCl3 were‘warmed to 0° in dichlorometnane;show uhat-a »
product of compos1tlon (82N BCl ) was formed. However, the~broad, diffuse,
{varylng 1nfrared spectra qf ‘these products showed no correspondence to
Pl | ; 'known S,N SMNL’ or BCl adducts. Also, 1t was not poss1ble to dlsplace

~ adduct inasmuch as SbCl5 is & stronger Lewis acid than BCl3 and does-effect

this dispiacement on shNh301 2 Thus it appears that (SQN BCl ) is not

; 2lps 3
; “"}BC13 from (8N 2BCLy ) with SbCl; as might ‘have been expected for a simple

P ) ~ an alfuct imvolving intact SZI'2 and B ;3 units, vut rather tnat scme degree

ffg _ _1of chlorlnatlon of the sulfur atoms and some polymerlzatlon has occurred

"fvri ~ The inability of the product to dissolve after removal of the'dichloromethane'

?{suggests that the-degree of'polymerization increased in the solid or .
hlghly concentrated state. | o |
The reactlon of polymerlc sulfur nltrlde, (SN) , with boron trlchlorlde
glves a materlal haV1ng the same propertles and approxlmately the same

% : o ' comp051tlon as the (S N BCl3) prepared from SaNa and BCl3 at 0°. However

‘prevent the isolation of S,N.BF.. R .
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and at these temperatures side reactions take place, precluding the

the (SN)X-BCl reaction must be carried out at temperatures around 20°,

isolation of a pure product.

' Reactions with Boron Trichloride at -78°.- The data for reactions
greformed at -78°, in which the solvent and excess BCl, were removed
at that temperature, indicate the formatiqn of a simple labile diadduct
s2N2(5c13)2 and aw§mall amount of (s2N23013)x. The SQNQ(BC13)2Sd155901ates
' reversibly‘on warming to 0° to BCl, and a monoadduct S N BCl,. The

3 RS

ability ofISENQBCl3 to add BCl3 at low temperatures distinguighes it from

-(SQNéBCl3)x, which is inert to addition of a second mole_of BCl3. The

. slight decrease in the BCl reyersibly absorbed after each sucgessive

3

-BCl3 replacement was probably cauéed by a slight amount of the irreversible

‘rearrangement (polymerization) SN, BCl3 —;(SQNQBC13)x occ&rring at
ftemperatures_near 09.> Thié latter reaction occurs réadily in di¢hlorométhane
sqiution whenever excess boron trichloride is absent, eﬁen,at loﬂ
témpera@ureé. Apparently thevpolymerizat;on is'blocked”whén botﬁ nitrogens

vof¢seN2 are coordinated to BC1 The amount of BCl, reversibly absorbed

‘ _ ‘ 3 3
ﬁ is a measure of the mgnbadduct SQNéBCI3 present in a mixturevof SQN2B013

~ and (82N23013)x, as evidenced by the displacement, on treatment with §0C1s,
,,of 33013 in only the amount equal to that reversibly absorbed in the

previous BCl, treatment. This displacement of BC13lto form the knownl

3

~disulfur dinitride adduct SaNé(SbCls)a is in agreement.with the relative
and BCl1

Lewis acid strengths of'SbCI and supports the formulation of

p) 3

52N23013, and SaNé(BCl3)2 as adducts of S

left after washing out the SaNé(SbCl

2"2’

further confirms its presence

The residue of <32NéBCl3)x

5)2

as the inert material. The data presented correspond'quantitatively

.
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ﬁo the reactions':

(2 + y)BCL, + (1 + YIS, 9};8—%2» S,(B01,) 5 + y/x(S BC'L ) (2)

0° : .
Ny(BC1,), ""“78,, S NBCL, + BCL, - (3)
(slow) | | :
SN BCL, > (s BCl) . (&) -

S.N.BC1. + 25bC1 (5)

o801, S*SN(SbCl)+BC1

3

Formation of S’N‘BClB'- The formation of SuNhBCI3 by tpe a@dltlon of

BCl3‘to an 32N2 solution is analogous to the formation of ShNth015 and

_? SMNLBF3 from SENQ In each of these reactions, the mechanism is probably

}g-the initial formation of #n adduct of the type S_N,'Acid, followed by

) reactién 1.
In gdducts in'which the boron étom of BCl3 is bonded difectiy to the
" central atom of a Lewis base molecule, a broad infrared absorption envelope"”

- characteristic of the BCl3 portion of the adduct is found with maxima:

© in the 700-800.cn_1-l région.5 Also, sulfur-nitrogen compounds usually

N
R

have strong“ébsorptions in and near this.region. - For exampie, SQNé,

-1

1
S.N_SbCl_, and SN (SbCl have absorptlons at 795 and 663 em T,

- 5)2
800 and 723-cm'l, and 818 cm l, respectively. It seems llkely that all
~ of the’ ‘infrared absorptions of 82 2B013 near this region (at 8&0 (m),‘

788 (vm), 728 (s-broad) and 682 (mw) cm” 1) may result from comblnatlons
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" of S-N and BCl3 modes. .The remaining SéN2B013 absorption$ (at 1115,

950, 610, and L67 cm'l);correSpond closely in position and shape to |

absorptions in SQNQSbCls Thus the infrared and chemical evidence
5 support formulation of SN, ECl, and § N (BCl as adducts of the same

3)2

type as those of 82N2 with SbCls with the structures:

S o -g .
VN N
V - . - -
’,N BCl3 ‘and. Cl3B N\\S’,N BCl3
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C. Appendix
The infrared spectra of compoﬁnds prepared in parts A and B
~'.a;'e presented. |
' The spectrum of'each compound was téken'in=two'overlapping ranges
encomp3531ng the entlre range of wavelen th from 3.0 to 2& 5 n. Tﬁe
spectrum of each compound was taken on the solld suspended in a NuJol mull
and also shows- tne abborptlono resulting from the Nujol which occur
at 2900 (vs), 1460 (vs), 1370 (s), and 722 (vw) cm ].
The infrared spectra presented arez:
Fig. 1: 52N2 and S oNp(S0C15) 5,

Fig. 2: ozNZSbClS and 52N28013

Fig. 3: (S N SbCl )x and <32N25013)x7.
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IV. Paper: "The Crystal and Molecular Structure
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of 32N2<Sb_015)2

(Note: - The work described in this section was
performed under the guidance of Professor
Kenneth N. Raymond of this department)
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THE CRYSTAL AND MOLECULAR STRUCTURE OF S N (SbCl )

5'2

by
R. Lyle Patton and Kenneth N. Raymond

The cryétal structure of the antimony pentachloride diadduct of.

disulfnr dinitride S N (SbCl5 o

X—fay diffraction data. Intensity measurements were made on a manual

). has been determined from three dimeneional

GE XRD-S diffractometer u51ng the stationary count method out to a Bragg
angle of 50°. Two equlvalent forms for each 1ndependent reflection were
corrected for absorptlon and then averaged. The material'crysfalllzee in
space group Iﬂ2d of the tetragonal system with 8 molecules in a unlt cell
of dimensions & = 14.933(3) A and c = lS.ShY 3) A. The calculated
density of-2.éh g/cm3 agrees well with the.value 2.70 g/cm_‘measuredvby
vflotatlcn. Refinement of the structure on F2 by leaat eqnares’methods
resulted in-a final conventional R factor for F of 3.8%, for 768
inéependent reflections above background.

The etructure conslsts of a planaf S N, ring with alternating sulfur

272
and nitrogenlatoms. -An SbCls'group is bonded via the antlmony‘aton to
aach nitrogen of the ring. The two antimonys, two nitrogens and two axial
cnlorines all lie.on‘a crystallographic two-fold axls which paeses
tnncugh the molecule. Tne two crystallographically independenl S-N
distances of 1.616(7) and 1. 623(8) A are equal to w1th1n the estimated
error, as are the two Sb N dlstances of 2. 281(10) and 2. 285(11) A. The
SN, rlng is nearly square with S-N-S angles of 95. h(6) and 9h 8(6) and
ZNJS-N_angles-of~8h.9(h)°.
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Introduction-

The compound SN, is obtained as an unstable crystalline.material

272
from the thermal cleavage of ShNh.l On the basis of the infrared

spectrum of SZNQ’ a planar ring structure of.alternating nitrogen and
sulfur atoms was proposed.2 This was the first example to our knowledge
of'a\tetraatomic molecule of this kind An x-ray diffraction study of
82N2 has not been attempted however, as the crystals polymerlze to (SN)
when warmed above -8090. In»a-recent study of the reactlons o? 82N2
.with Lewis acids,3 a crystalline diadduct of S,N, with antimon& penta-

chlorlde S N (SbCl .has been prepared'which is thermally stable at

5)2’ o
room temperature. From the chemical propertles of 8N (SbClS)2 and?the .

2N2, it was proposed

'that the 82N2 ring remained unbroken and planar after coordlnatlon-by

similarity of its infrared spectrum to that of S

SbClé" To confirm this proposed structure and show that a_planar 82N2 ‘
-rlng does indeed exlst the crystal structure of S (SbCl ) has .been

determlned'by three dimensional X—ray analysis.

e
¥

Experimental

'Yelley crystals of 82N2(SbC15)2
Tne crystals had moderately well developed faces and exhlblted sharp
‘extinction under the.polariginé microscope. As the crystals-uere
extremely moisture sensitive and blackened immediately in room air,:
several were stuck to the 1n31de of thln-walled quartz caplllarles with
Kel—F grease in a n1trogen—flushed glove box and the caplllarles were

: sealed. These crystals were then examlnedrunder the'polar1z1ng mlcro-

scope and the one whose size, clarxty, extlnctlon, and shape seemed most

sultable was chosen for further study.

were prepared as descrlbed prevn.ously.3
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- Precession photographs of the ho%, Ok%,  ik9 th‘andvh2hQ zones,
and a Welssenberg photograph of the hkO zone showed I/mmm symmetry w1th
the systematlc sbsences: hkf, h + k + 2 # 2n; and hh?, 2h + 2 # hn; ' o 11
:These absences are consistent only with the two space groups lHQd and
l&lmd. Prellmlnary cell constants were measured from the fllms. The
density megsured by flotation in & dibromomethane-carbon tetrabromiée
solution was 2.70(8) compared rith the calculated density of 2.6hkfor
eight molecules in the unit cell. Slow decomposition of the compound
:oocurred during the density measurement, hence the %arge‘assigned e;ror
.uestimate. Since boﬁh possible space groups have sirteen general positions
in‘thevcell:'thezmolecuies mﬁst lie in‘special poSitions.‘

The crystal wag'mounted on a}eucentric goniometer head with the
icrystal ¢ axis parallel to the spindle direction (¢ axis) of a General
Electric XRD-5 manual‘goniostat equipped with a scintillation.oounrer,
pulse height discriminator and a scaler. 'Molybdenum radiation (qu;
A = 0,70926 X) at 45 KV and 21 mA was used. The diffracted beams -Q-ére
fi}tered‘through 3 mils of Zr foil. The receiving apertpre was 10 rm
'hiéhg'3 mm wide and positioned 15 cm from Fhe orystal. The cell
diﬁensions, = 1L, 933(3), ¢ = 15.547(3) K‘ were determined by careful
measurement at 22°C of the Bragg angles for hrgh-lndex reflectlons of
the tyne h00, 0kO and OQR . .The al and oy peaks were well reso}vedrln
-g?hese measurements and were satisfactorily narrow. The standard
deviations in the least significaﬁt digits are given in‘parentheses.
These were determined from the.estimated error in the 26 angles.

Data were collected by the p01nt count method._vThe inteﬁsities of
| all 1670 space—group—allowed reflectlons in the +h +k +2 octant were
| »measured out to 26 = 50° by 10 sec counts at the peak maximum with the
cr;Stal ané counter Stapionary, andvat-a.rakebff angle of‘h°. For all

i
Ty
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N 7 . . . : . ’
hh?, ho?, Ok? and 002 reflections, all hk® reflections with 26 < 20%, 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 background as

a function of 26 for various values of the'orientation angles; ¢ and Xe
Aiset of arbitrarily chosen standard reflections which were monitored

approx1mately every lOO measurements showed no trend or change through—

out the course of the measurement beyond that expected from counting

statistics. The intensities, I, efter subtraction of background, were
_assiéned standard deviations according to the‘formula o.(I)c%i[I + O.75B
+'.'(O.05]’;)2]l/2 where the background, B, was not the actual background
measured for each peak, but 1nstead was estimated by the express1on

: 650 - 10(28) + 0.02 I, which was a reasonable representation of the

actual background counted. Values of I were then reduced to valuesvof
.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 IHZd and Ib md since both space groups contain diagonal mirror -

v

planesa_ Comparison of the measured 1nten51t1es for equivalent reflections

i

The'dimensions of theicrystal were carefully measured with a_micro—
meter eyepiece attached to a microscope. Each bounding plane‘of_the
‘crystel was indexed and the plane to plane distances determined. The
annroximate dimensions of the crystal are 0.15 x 0.26 x O.hsvmm. The
lohgest dimenSion is along ¢. An absorption correction wvas then '
apfliéd:to each reflection.h For a linear.absorption coefficient of
5h9.7 cm_ the transmis51on factors of the measured reflections ranged

~from O. h7h to 0 587. The two forms were then averaged to give 859

“Tin the two sets showed systematic differences due to absorption effects. '

4
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_ height. Both sets corresponded to the*predicted molecular geometry of
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_independent reflections of which T6l were greater than three times their

stendard deviation.

5 . . . l
. Solution'and Refinement of the Structure

An unsharpened'Patterson function was calculated using the datd set
which was uncorrected for absorption and had h < k. An initisl solution
was attempted in space group Ihimd which contains vertical mirror pianes

at.k_= 0, 1/2 and at y = 0, 1/2.  Special positions on the mirror pianes

eould be found for two independent Sb atoms separated by Az = 1/2 for

_ wﬁich peaks corresponded to all predicted Sb-Sb interactions. Howefer,f
‘further search for chlorine atom positions from the weaker Sb-Cl vectors

.always gave some disagreement between predicted and observed peak '

pos1t10ns and 1ntens1t1es. 5Moreover, chlorine positions determined from

the Patterson map required chemlcally unreasonable Sb-C1 bond lengths or

" C1-Cl van der Waals contacts. For this reason, space group Iy md was‘f

rejected. The subsequent choice of the remaln;ng possible space group

Iﬁéd WaS oonfirmed as being correct by the successful refinement of the

-crystal'structure. _ ' . S

‘Analysis of the Patterson map in space group Ik2d 1led easily to two
unlque sets of antlmony, chlorine and sulfur p051t10ns for whlch all
predicted. p031t10ns and 1ntens1t1es of Sb~-Shb, Sb-Cl and Sb-S peaks were

found in the’ 88 Patterson peaks with greater than 0.7% of the orlgln

IA.

2 2(Sb015)2 This expected geonmetry has three dlfferent 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,b

VeCtor) lies in the'xy plane, with the x and yvcoordinates of the Sb atoms
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vér; nearly 0, 1/4; and 1/2, 1/k4, respectively. Théﬁfirst solution’
placéd them at z = 3/8. AThe antimony atoms fheh occupy the génerél_
position 16{(e) and are related by the two-fold axis passing bétweéhr
them at 1/4, y, 3/8. As will be shown later,.the two. N-SbCl grouﬁé-are

5
very nearly related by a ﬁon—crystallographic axis in exactly this vay.

%

. In the second solution the z coordinate is 1/8 and the two N-SbCl groups ,

5
occupy 8(e) with the two—fold axis at x, 1/h4, l/8 passing through both

groups, which aré then crystallographlcally independent. . These two‘
sdlutions differ significantly only in the position of the sulfur atoms

of the 82N2 ring. In the first case these atoms must lie on the two-fold

I

ax1s, in the second case they are in a general position and the 82 2

ring need not be parallel to the xy plane.
: Trial parameters for the first solution were refined by least_f
séuares techniques using initially the 761 reflections with h‘j.k aﬁd '
F? 3_3q(F2) before correction.f@r absorption. In this and sudceediﬂg ,
refiﬁementé the function minimized was Z w (] Fol - | Fcl)z,'ih which
|]Fol énd | Fcl‘are tﬁe observed and calculated struétufés factors:énd
the yeights? w,vwepé»faken as hFozloz(Fo2). fhe atomic scattering
: facﬁors for neutrél Sb Ci, S and N tabulatéd by Ibers5 wefe uéed

together w1th the values of 'Af' and Af" for Sb, C1, and S given by
T

Cromer6 to 1nclude the effects of anomalous dlsper51on. Four cycles

of least squares-refinement in which only the Sb and Cl atoms ﬁéré

‘ aSSlgned anlsotroplc temperature factors, gave values of Rl l [ F | -

1 _Fc[ 17z Fol and of R, = (z w( I,FO-FCI /T WF 2)1/2 of 22 and

3k%, respectively.
At this point a difference Fourieru was computed. Although the

]

’ ! o k) )
highest peak was only 2.1 electrons AB, considerable fluctuation of
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electron density appeared in the circle cohtéining the equatorial chlorinesy
.a;305 the suifur atoms were smeared out around the two-fold axis which
passed thrdugh them. It appeared that either some free rotation or‘disorder
was preseht or that the trial solution was incbrrect. Assuming the latter,
the‘second solution to the Pg#ferson map was'fried. All of thé atomg

weré shifted?é small distance along x to destréy a false mirror plane
'whiéh is otherwisé generated. The extra pseudosymmetry of the stiuc%uré
(the source of the ambiguous interpretation of_fhe Patterson mép desériﬁed
earlier) also causéd singularity problems in tﬁe refinement whén fhe;SbClS
grgups we?e rotatea so that the Sb-Cleq bbnds were coinéident ﬁith the“.

‘crystal axes.

5

the refigement was straight-forward. Twelve reflections were discarded1

. After the correct orientations of the SbCl. groups were determihed,
because of data colleetion errors 6r because their very high intensities
gave toincidence losses. Several cycles of refinement oh F with all atons
assigned anisotropic thermal parameters brought R, and R, to 4.2 and 6.5%
: ' S : ' : [

respectively.

- The error in an observation of unit weight was 3.06 and was found

ﬁgivary llgearly with FObs as approximately E = 3.19 ~ 2.53 Fo/Fmax,' Zhe.

standard deviations were then revised by multiplying them times thié

' quantity. Of 847 remainihg reflections 768 had F2 > Q(Fz)'and these

were used in the final refinements on F2. After convergence, the final .

' : ‘ ’ ;
~ values of Rl and R2 on F% are 5.6 and 9.7%, respectively, with-an error
. g )

in“én observatibn of unit weight of 0.89. Thekfinal values of R. and R;

1 2
oh ? dare 3.8 and H.9%. A final difference Fouriéf showed a'maximum .

. o . _
electron density of 0.37/A 3. Final values of IFOI and IFC| (in electrons

xiﬁ) 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 :the Structure

Thé unit cell contains_éight discrete SeNg(Sles)2 molecules, each
lying on one of ‘the horizontal two-fold rotation axes in the cell. The
rbulkj SbClS groups appear to be the main factor controlling thé moiecular

packing with the 82N2 rings fitting into spaces between these groupsi

None of the intermolecular distances observed are short enough to'indicate
any unusual'association. Several chlorine-chlorine contacts are slightly

. o]
less than.the sum of their van der Waals radii (3.6 A):' 0112_C122’

o -
, 3.337T A; C1 3.397 A C1,.-Cl.., 3.425; and C1, 3 559

21 21’ 11 711 : 13~ 23’

- These may be compared with some close intermolecular Cl-Cl contacts found

‘in previous structures 1nvolv1ng SbCl5 groups such as: SbClS, 3. 33 A

o ‘
SbClS-SeOClg, 3.33 A; 10 and SbCl5 POCl3,.3 b1 A.ll All 1ntermolecular

distandes less than 3.8 A are listed in Table III.

=

. 'The molecular structure consists of an 82N2-ring formed of alter-

L

ﬁating sulfur and nitrogen atoms (Figures 1 and 2). Each of the nitrogen

' atoms is coordinated to an SbC1 group, and. the N-SbCl,

" roughly octahedral. Each molecule lies on a crystallographic two-fol&

groups are then

: axis which passes through the axial chlorine, antimony, and nitrogen

atoms. This.two-f§id symmetry constrains the 82N2 ring to plgnéri@y.i The
S—N'bdﬁd distances, giyen in Table IV, are equal to within the éxpérimenﬁal
error. The;rfweighte&‘mean is 1.619(5) K. The internal anglés §f the

ring are 84.9(k)° and 95.1(4)° for the N-S-N and averaged S-Nesiangleé,
:respéctively. These values are in remarkable agreement with those

predicted.from'the infrered spectrum for the planar 82N2 ring itsélf.2
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) o T
The predicted bond length and angles were 1.62 A, 85° and 95°. 1In fact,
it is reasonable to assume that the coordination with SbCl. has not

5

significantly changed the dimensions of the S.N_ ring. This is supported

272

by the apparent weakness of the N -+ SbCl5 coordinate bond as e?idenced

by the ease with which an SbCl. can be removed,3 by the similar ‘infrared

5
. 2,3
absorpulon frequenc1es of §,N, and 82N2(8b015)2

long Sb-N distance. The mudﬁ stronger ShNhFSbCl

and by the relatively
adduct is vefy difficult

> ; ‘

to dissociate12 and has a significantly shorter Sb-N bond.13 3However,

~even in this case the average S-N distance in the eight memberéd puckered -

ring femains the same as in ShNh itself.

The S-N dlstance in S N (SbCl is the same as that determined for

5)2
L o :
8N, » 1.616(10) A. Using a recent correlation of bond order vs. bond

length in 8-N compounds,ls

this corresponds to a bond order near 1.3.
The most reasonable resonance structures which explain a fraétional
double bond character and are consistent with equivalent S-N bonds are

the set£

AN AN AN

1]

\/ \/ \/ \//

These resonance forms correspond directly with a molecular orbital
description which uses only the valence s and p orbitals of nitfogenvénd
Squur. The basic features of such a description are the filled sigmé—

bondlng network (a , B and b, ) and the nqn-bbnding unshared

2u* P1g ‘
electron pairs-(2ag, b, and b3 ). In addition, there is one filled

m-bonding orbital (blu) and two filled, rigorously non-bonding ‘m orbitals
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(b2g and b3g)' Although there is possibly some involvement of the sulfur

3&iorbitals in the bonding, similar to that proposed by Craigl6 and;by

17 for other S-N and P-N ring systems, this

Dewar, Lucken and Whitehead
.does not fundamentally alter the bonding scheme just described.
. Attempts to determine the importance of differeht resonanee forms

~ by cor?elatiﬁg them to the indicated bond order must be tempered by fhe
recognition that'the bonds are obviously stfeined in the four—@embered
fing. Thie four-membered ring is the smallest in a seriesvof‘compouhde
cohtaining rings composed only ofveulfur and nitrogen atoms. . Examgles of
other ringvsizes are: a five-membered ring in S3N Cl l a six-mem?ered

A9

ring in (NSCl)B, a seven-membered ring in ShN3NO O and an eight-

1k

33
membered ring in S N
o Coordination with nitrogen has changed the configuration érgundfthe
antimony ‘from the trigonal bypyramid in crystalline SbClsgﬁféfe distorted

octahedron with four equatorial chlorine atoms surrounding & linear

C1-Sb-N axis. Although crystallogfaphicallywindependent, the two N35015

groups .are chemically equivalent. The sz—Clai bond is the only one:

which appears to deviate significantly from the average of 2.305(3) A.

1

However, thls dev1atlon is very dependent on corrections for thermal
motlon.23 These bond length corrections and the rms amplltudes of
vibration are 1n Table V.

The S,N, ring is rotated 10.59(21)° out of the xy plene. This and
other dihedral angles are in Table VI. By averaging two dihed#al angles

_one can obtain & measure of the rotation of the SbCl. groups out of the

5
xy plane.’ This rotation (whére 0° would correspond to the equatorial
- 8b-Cl1 bonds belng in the xz or xy planes) is 6. 7(2)° around Sbl and 17 8(2)°

around sz, These dlhedral angles are shown 1n Figure 3 The ease of
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vibrational or lib;atiohal ﬁotion'around thc lqﬁg molecular éxis can be
sécnvin the shapes of the thermal ellipsoids for the eguatoriai cﬂiorine
étoms, shown in Figures 1 and 3. | B

The octahedral geometry of the N-SbCl. groups is distorted by a

p

shift of the equatorial chlorines toward the nitrogen donor atom such

that the Cl ~-Sb-N angleé are all less than 90° whereas the C1.  -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 characteristic of

) 10 . 13 .
5 5 SeOCle, SbCl5 shNh’ 5?
CH30N22 exhib;tﬁaverage Cleq-Sb-donor atom angles of 86.2°, 89.0° and

84.9° respectively. _The average Sb-Cl bond ,length in SN, (SbC1

SbCl' adducts. For example, SbCl and SbCl

52>
.'o .
2.305(3) A , falls at the short end of the range of distances previously.

L , . S
reported for similar adducts. Some of these are SbCl5 3)2; 2.32_A;19
° 11 0 |

. ° 71 , ° 11
SbC1;*POCL, 2.33 A3 SbClsSe0Cl,, 2f3h A;7 SBCL, PO(CH3)3, 2.34 A; ]
13

o o .
10 ?2 and SBCL SN, 2.39 A.

°SOZ(CH

SbCl -SO(C6H 2.35 A3~ SbCl_.°CH.CN, 2.36 A; 5

5)2’ 5 73
bond lengths reported for solid antimony pentachloride at -30°

p)

The SbCl

’ (o] o] .
are 2.29 A for the three basal chlorines and 2.34 A for the two apical
O) 9 ’

chlorines (average = 2.31 A

t

4

We find,{tﬁén, that in comparison with known structures of similar
doncr:» SbCl, adducts, SyN,(SbCl), .
~ shortest Sb-Cl bonds, and the greatest displacement of the equatorial

contains the longest Sb-N bond, the

_chicfines toward the donor atom (smallest average Cléq—Sb—donor:atom anglc).
It appears that all three properties are funétions of the strength of £he
ﬁ‘éddpct, and the data summarized in Table VII show ﬁhat SzNe(SbCi5)2‘i$
‘then the wcakest such adduct reported to déte. This correlation is =
appafently a general property of electron donof—acceptor complexes. In a
reccnt review of this type ofvcomplcx,bProgt and Wright23 presentea an

analogcué table of these properties for a series of Ni+BF3 adducts which

R
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showed thgfsame trends with increésing donor sﬁrength_that we describe

here forj}N-SbCl5 adducts.
Table VII
: ' b [¢] v;"_f d
5+ SoC1, CHON-SCLy ° SNy(sbC1.),°  sheig
N-So dist. A 2,17 2.23 2.283
| -1 dist. & 2.39 2.36 2.305 . 2.31
G-V () 8.0 8k.9 85.04

a) Reference 13

b) Réference 22

¢) This work
d) Reference 9



Table I, Observed and calculated structure amplitudes (in eleetron x 5)
for s21\12(5b01-5)2
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Atom

Sbl

€l

Cl

Cll.l:5

Cloy

0122

12

Position
5d
8d
16e
16e
8d
16e
16e
8d

‘16e
ed

03348(6)
48558(6)
05877(33)
04539(27)
-12118(27)
46035(33)
47345(35)
64049(26)

25907(21)
18623(70)

33258(72)

Positional and Thermal Perameters (x10°) for S,N, (SbClg),

'y
1/4
1/4
40153 (33)
23087(71)

1/4

" 39338(40)

20357(71)

1/4

32866(18)
1/4

1/4

1/8
1/8
14122 (66)
27216(28)

1/8

16963 (55)

26555(40)

1/8

13913(28)

1/8

1/8

Table II

P11
305( 4)
319( 5)
842(26)

547(17)

306(17)

648(23)

742 (28)

299(18)

387(12)

307(48)

303(48)

Pa2
487(.7)
402( 6)
411(21)

2097(s9)
.1476(57)

647(31)

2729(126)

776(35)

369(13)
353(70)

375(73)

Pss
" 420( 6)
457( &)
2294(76)
476(17)
708(27)
2559(97)

710(31)

1053 (37)

973 (25)
424(51)

500(69)

P12

0

0
154 (20)
70(40)

0

- 1(20)-

-273(37)
(o}

- 8(12)
0

0

: . ‘ 2 2 2 : L _
8The form of the thermal ellipsoid 1s exp E—@llh + 622k + 633{ + EBlehk + 2513hl + 2623kl)].

113(45)
27(14¢)

0
- 36(3)
-106(20)
y .

7(21)
0

o}

Bo3
17( 8)°
21( 7)
7(386)
181(z¢)
51 (53
—738(42)
657(49)

- 74(51)‘

© -139(13)

- 33(82)

-170(89)

99



CllS-Clll

. 0113-0112

~Clll—Cllz

Clll—Cllz

€M

Clyp-N,

cl,,-8

11

Table III

 Non-Boncded Distances Under 3.8.i .

Intramolecular Distances®

3.522( 6)

3.392( 5) .

3.268(11)

3.225(12)

Clyz-Cly,

Clyz-Clyy

Clz3-Clap

2.968( 8) ,»

3.121( 8)

3.183( 6)

3.574( 3)

2.186(15)

2.390( 5)

Cl,,-C1

21 2z

Cl,,-N

21 "2

Clel-S

sz—S

3.507( 6)>

3.388( 6)

3.209(12)

3.228(10)

-2.951( 9)

3.111( 9)

3.193( 6)

3.587( 3)

Intermolecular Distances

Cly5-Clypy

CllS-S

‘0112-0123

Cllz-C

0112-0122

Clyp-S
C1ly,-C1yy

Clp1=Clp,

-Cl

S-Clpe

21

()P
(2)
(3)
(¢)
(5)
(4)

(6)
(7)

(8)

3.559( 6)
3.745( 4)
3.703( 5)
3.758(11)
3.337(11)

3.521( 6)

 3.425(11)

3.397(11)

3.568( 6)

a) Primed atoms are related to those in Table II by the c¢crystallographic @nd molecular)

' two-fold axis. b) These numbers'correspond to the following transformations of the positions

glven in Table II:

O U N

I

K <

= Y z
z - Y%
-y, x=-% K-z
- % %= ox %-z
- x y 3/4 - 2z

H
N
»

-yz+ 1l z

-x + 1

Y-y

-y + 1

1l - x

2z

Z.-‘%

L9



Distance (R)

Bond . Sbl
S-¥ 1.616( 7)
St-N 2;281(10)
Sb-Cly- 2.308( 5)
Sb-Cl, 2.313( ¢)
§5-Cl, - 2.310( ¢)

Wtd. Av. Bond Distances

Table IV

Bond Distances and Angles in Sayz(SbClslz

~ Bond Type No.
Sb-C1 &°
S-N . 2
Sb-N 2

Distance (4) Atoms® Angle (Deg) Angle (Deg)
.. 8b , . . 8b Sb .
2. 1 2
1.623( 8) . 8-N-8!' 95.39(59) 94.85(61)
2.285(11) N,-S-N, 84.88(42)
2.282( 5) Sb-N-S 132.31(30) 132.57(31)
2.300( 6) N-Sb-C1, 80.58(12) 80.50(12)
2.313( 4) N-Sb-C1, 85.59(10) 85.49(13)
N-5b-Clg 180 - 180
c11'-Sb-012 90.03(37) 88.91(3¢)
C14-Sb-Cl,’ 88.53(36) 89.60(34)
Wtd. Av. Bond Angles
Av. Distance Angle No. Av. Angle
2.305(2) S-N-S 2 95.11(42)
1.619(5) C14-Sb-N 2 80.54( 9)
2.283(8) C1,~Sb-N . 2 85.55( 8)
A C1,-Sb-C1, 4 89.26(18)

&The primed atoms are related to those in Table II by the two-fold rotation.

b
Sh-Cl bonds.

This 1s the number of crystallograp

hically independent bonds; the averaging is over all 10

89



Root Mean-Square Amplitudes of

‘Vibration Along Principle Axes

Table V

Bond Lengths Corrected for Thermal Motion

tom - Axis 1 A Axis 2 A- © axis 3 & “Bond nistaﬁcgs, 2a - Dist;ncés, 1°  Distances &°

s>, 0.1858(13)  0.2248(19)  0.2365(21) 8-N) © 1.616( 7). 1.695( 7)
S, 0.1899(14) 10.2117(17) 0.2378(16) séué 1.sé3(\e) 1.705( 8)
Cl,5 0.1858(52) 'o.2937(57)' 0.4089(80) sgl-ml 2.281(10) | . 2.325(i1)'
0123 0.1837(50) 0.2932(73) 0.3616(69) Sb,-N, 2.285(11) ' 2.285(11) 2.329(11
-0111 0.2021(57) 0.3158(50) 6.5309(885 Sbl-Clll>‘ 2.308(-5) 2.368( 5) 2,406( 5)
Cli, 0.2358(44) 6.2483(4;) Q.4897(81) ‘ sr;l-tn12 | 2.313( 4) z.sse(ie) é.397( 4}
Cl,, - 0.2018(62) _9.2707(47)' o;sseo(los) ISbl-c113. ,2.310( 4) 2.342( 4) 2.388( &)
Cl,, 0.2;96(51) 0.2826(56) '0.5804(129) . 8by=Cly, “2.2szj 5) ' .2;353( ) 2.39¢( 6)

0.195}(36) 0.2093(34) 0.3500(44) §b25c12é _ z.soo(‘s) 2.372( 6) 2.407( 5)
LY - 0.1883(144) o.;959(229) 0.2303(183)‘ Vsz-Clés 2.313( 4). 2.338( 4) | 2.382( 4)
N, 10.1722(276) '0.1851(148)_ '0.2718(236) , '

. | a .~ uncorrected for thermal motion ~
b - corrected for therrmal motion - riding mocdel (ref. 22

‘e - corrected for thermal motion -~ independent model (ref. 22

69
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Table VI

Dihedral Angles Between Planes Defined by Three Atoms

Plane 1

€cl,,-Sb,~-Cl

Cl,,~-Sb,=Cl

11 1 13

Cl,.,-8Sb,-Cl

11 1 13

Cl,,-Sb,-Cl

11 1 13

Cl,,-Sb,-Cl

12 1 13

-Sb,-C1l

Cly1-Sby-Clyg

ClZl-Sb -Cl

Clzl—szfCl

23

Cl,,-Sb,-C1l

21 2 23

22 2

Cl,,-Sb —Clzs

Cl,,-Sb,-Cl

12 1 13

117°%17 13

2 23

Plane 2

Cllz-Sbl-Cl

c1. . -sb.-c1

12 1 13

Nl-S-N2

X,y plane

Cl,.-Sb,-C1

22 2

Cl

Cl

-Sb,-Cl
1

22" SPp"C1

X,y plane

13

23
29" 503-Clos

23

Angle, dég

90.76(37)
89.24(37)
4.23(34)
'6,36(26)
10.49(43)
89.65(34)
'9o.55(3§)
10.59(21)
| 7.36(31)
17.96(23)
107.60(27)

97.12 (26)
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Legends for Figures

molecule. The horizontal axis

5)2

. is a; the vertical axis is b. The SKCL

Figure 1. A drawing of ty}? SENE(SbC‘l
5 groups on the left and right

“contain Sb, and Sb,, respectively. The thermal ellipsoids in this and

thé following drawings represént 50% probability contours. -

Figure 2. A perspective drawing of the S,N, ring in SQNQ(SbCIL5)2 as

viewed normal to the plane of the ring.

F}vure 3. A perspective drawing of 'SQNQ(SbCl5)2 which shows the
relative ordientations of the SQNé ring and the SbCl5 groups. The view.
is down the a axis, from Sb, to Sb,. The harizontal exis is -c; the

vertical axis is. tb.



Fig. 1 (Section IV)

[}



XBL 693-301

Fige 2 (Seetion IV)



~The

- Fig, 3
. 3 in'a
(Section | )



(2)
(3)

-75=

References

M. Betke-Goehring, Inorg. Syntheses, 6, 123 (1960).

J.R.W. Warn and D. Chapman, Spectrdchim. Acta, 22, 1371 (1966).

R. L. Patton and W. L. Jolly, submitted fér pubiication té Inoré.
Chem., see Abstract 188, American Chemical Society Division of .
Inorganic Chemistry, San Franciéco, California, April, 1968.
Programs for the CDC 6400 computer used in this study were Zalkin's

EULERA and AUDIT prdgfams for diffractometer data processing and

' the FORDAP Fourier program; Hamilton's GONO9 absorption program;

Iver's modifications of the Busing-Levy ORFLS least-squares and

ORFFE error funétidh program; and Johnson's ORTEP thermal ellipsoid

o plotting pfogram.

J.A. Ibers, "International Tables for X-ray Crystallograph&,"'le. 3,

The Kynoch Press, Birmingham, England, 1962, Table 3.3.1A.

D.T. Cromer, Acta Cryst., 18, 17 (1965).

J.A. Ibers and W.C. Hamilton, ibid, 17, 781 (196k4).

" since 152d lacks a center of symmetry, the intensities of centro-

symmetrically related reflections are no£ identical. The correct

-assignment of the indices corresponds to a determination of the

' absolute configuration of the structure, even though the crystal is

'k and ® reversed. Both R, and R

- composed of racemic pairs of SgNg(SbCls)é molecules. The two con-
figurations differ only in a rotation of 90° about g,u That is,

"~ although the structure is its ownvenanﬁiomorph, the x direction is

the mirror image of the y direction. To test the assigned configur-

, dtion, additional refinements were carried out with the siéns of h,

, were somewhat larger (5.9 and 10.0),

indicating that the assignéd configuration is correct.




(9)
(10)

\(11)

(12)

*(13)

()

.515)

(17)
(18)

(19)

(20)

(21)

(22)

 (23)

76~

N

S.M. Ohlberg, J. Am. Chem. Soc., 81, 811 (1959).

Y. Hermodsson; Acta. Chem. Scand., 21, 1313 (1967).

C. I. Brandén and I. Lindquist, Acta. Chem. Scand., 17, 353 (1963).

K. J. Wynne and W. L. Jolly, Inorg. Chem. ’ 6, 107 (1967).

D. Neubauer and J. Welss 7. Anorg. Allgem Chem., 303, 28 (1960)

B. D. Sharma and J. Donohue, Acta. Cryst., 16 891 (1963).

O Glemser A Muller -D. Bohler and B. Krebs, Z Anq;g Allgem

- Chem., 357 18h (1968).
(16) .

D. P Cralg and N.L. Paddock, Nature, 181 1052 (1958); D.P. Cralg,

J. Chem Soc., 1959, 997.

M.Jd. S Dewar, E.A.C, Lucken, and M.A. Whitehead, J. Chem. Soc., 1960,

2h23

A. Zalkin, T.E. Hopkins, and D.H. Templeton, Inorg. Chem., 5, 1767
(1966).

G.A. Wiegers and A. Vos, Acta..Crxst., 20, 192 (1966).

A.W. Cordes, R. F. Kruh, and E. K. Gordon, Inorg. Chem., 4,681 (1965).

W. R. Busing and H.A. Levy, Acta. Cryst., 17, 12 (196&),

¥H Binas, Z. Anorg Allgem. Chem. , 352 271 (1967)

C. K. Prout and J:D. Wright, Angew. Chem. Int. Ed., T, 659 (1968)




PART II.

STUDIES Or TRITHIAZYL TRICHLORIDE, S3N3Cl3

ABSTRACT

"~ The depolymerizatioﬁ to NSCl of its cyclic trimer, SBVBCIB, ha§
been studied and a reversible equlllbrlum found to exist between the
solld trlmer and the gaseous monomer at 31 = oO The eoulllbrlum NSCl
pressure is repreSented by the equation log P(mm) = a336O/T'+l121321
and, for the reactlon I/j SBNBClB(s)-—>NSul(g)‘leads to ﬁhe'values
| AHO.= 15,4 20,5 kecal/mole and as® = 43.2 1,6 cél/deg mole. The direct

thermal depolymerization of S has been found to be extxemcly slow

_ JMaCly
bélow 550. 'Depolymefization into a closed volume shows an 1n;t1al
inouct¢on period of random length of very slow pressure rise folloved
by a rapid depolymerlzatlon rate, that is prevented or halted in the '
presence of chlbrine; wiich again diminishés as the equilibriﬁm NSdi
pfessure is approached. A rééétion sequencé explaining.these:qbserya—_
tions i;?terms of catalysis by a decomposition product is pfoboéed.
Uéing a gaé-ﬁloWJSaturation.method employiﬁg”é»heliuﬁ/chloriné carrier
gés ﬁiXture to preveﬁt dépéiymerization, the sublimationﬂpressure of

' jijl3 has been measured ap 35 - 50° and i% represented by thg quation
iog P(}l) = =5316/T + 17.270 and yields the values ol = 24,3 %1.5 kcal/
vﬂélevandzss = 52 lﬂ:A 6 cal/deg mole for the sublimation. Cémbinétion
of tne above values Jlelds the quantltleSAAH =21, 9+£3.0 kcal/nole

- dndASS =,?7;5:i9.b cal/deg.mole,for the gaseous depolqurlzatlon-

S. w3(, L}\G)”—')B NoClke)
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PART II. STUDIES OF TRITHIAZYL TRICHLORIDE
I. INTRODUCTION

Sulfur-nitrogen compounds are an interesting class of substances
in which single, double, and triple SN bonds are found; many of these
conbain rings, some of which have delocelized dopble,bonde and mayvbe.
thought of as inorganic aromatic eompounde. (Several good review
articles concerning thie ciaes of campounds are:listed for further refe-
vrenCe,l’g’i’h)’ Mget'of the known halides have been formed in reaetions
involving-bhe eight-membered ring ShNh or its derivatives; as early as

>

1880, Demarcay” reported the formation of a yellow solid chloride of

empirical composition NSC1 during the passing of'chlorine througb a
chloroform suspension of ShNb This compound was first formulated és

6,7

but a later molecular welght determinat10n,8 as conflrmed

9

S,5,00,
flnally by an.X—ray crystal'structure analys1s, determined 1bs correct
formura, S C13 Tbetmolecule consists.of a six-membered ring'composed
of alternatlng sulfur and nltrogen atoms in a chair conflguration with
the three nltrogens 0. 18A below the plane of the sulfurs and one chlorlne
4 bonded to each sulfur in an axial position above the ring. Egulvalent
(“SN bond distaﬁces of 1.6053’?’10 are consistent with this being”ani
inorganic "aromatic' -compound contaihing delocalized 7 ‘bonds. These
bonds have been proposed bo coﬁeist of nitrogen . sulfur dnloverlapp-
1ng delocallzed 81ther over the entlre ring as in benzene (as proposed
b by Cralg ) or over Qeparate three center S-N-S bonds as prOposed by

Dewar, Lucken and Whltehead.l2 The resonancezstructures best represent-

ing the bonding in §5 3Clj*:ar’ee
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Trithiazyl trichloride may be prepared by the method originally
-..v 5

described by Demarcay

13

and‘most recently revised by ;Schroder and Glemser
of passlng chlorine through a suspension of ShNh in an 1nert solvent re-
sultlng in the reactlon' BSM 4 + 6Cl hS5N3Cl3’ or by the more con=-
venient method recently described by Jolly and Magulrelh utlllzing the .
.5reaction:‘ | | | | .
| BS5N Cl + BCl——> 2s l\IlCZl3 + 138012
,involving chlorination of the solid S5Né012, which itself is. nuch easier
Gb prepare?than 8, -
In 1961 Qlemser and Perl15 reported that the same greenish-yellow

‘gas.which formedehen chlorine'reacted with NSF in the‘gas phase also

W 8 produced when S Cl3 was pyrolyzed in vacuo at 110° . Thls gas,
.shown to be‘NSCl by 1ts molecular weight and analysis, condensed on i
cooling to.a green liquid which qulckly repolymerized to S Cl5 Mlcro—v
wave spectroscopy16 has shown NSF to be a bent triaﬁomic molecule with
sulfur as the central atom and as the gas phase infrared absorptions of.
NSCL and NSF are of the same shape and only slightly dif ferent frequency17
NSC1 must have an analogous structure.

| The intent of thls research has been to carefully study the depoLy—
merlzatlon of SBN'BCl3 to NSCl with respect to-the NSC1 pressure and

decompos1tlon products obtained at various temperatures in hopes of

.findlng and measuring a reversible equlllbrium for the reaction
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1\f 013(5) = 3nsc1(g)

and furthery 1f possible, to determlne whether a stable species S ClB(g)

exists and,.if so to measure the eguilibria

\- SN CJB( s) == 31;3;]3(-5)

3N801<g)

oyer a sufficient temperature fange to determine the free energy, heat,
vand entropy changes of these processes. Thermodynamic data for.the class

of sulfur-nltrogen compound s we have descrlbed above is sadly lacklng.

To our knowledge, no thermodynamlc measurements of reactions between SN
'compounds have been made; of the cyclic compounds only ShNﬁ ha s been
.subJected to calorimetrlc measurement of 1ts heat of formation'18’19
heats of formation and bond energles of a few non-cycllc NS compounds
have been determlned by mass spectrometry; 20 and recently, the thermo-
dynamic functions of NSC1 were calculated from itS‘infrared spectrun.zl_
Hopefully the results of our work can be combined with available and

future thermodynamic data to aid in the understanding andvprediction of

reactions in sulfur-nitrogen chemistry.
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i II. EXPERIMENTAL SECTION
A, General

 The moisture sensitivity of the materials,required their ‘manipu-
u]atlon in a vacuum line or in a polyethylene ‘glove bag flushed w1th dry
nltrogen or argon. Glass stopcocks and 301nts were lubrlcated w1th
,Kel-r No. 90 grease (3—M Co.) which was 1nert to the materials handled -
but tended to absorb some of them,_and where thlS'WaS 1ntolerable either
Delmar-Urry O-4 mm stopcocks or.Fischer-Porter needle valve stopcocks
employing Teflon plugs seated against glass barrels'nith Viton o-rings'
were used.

Thelntenslty and purlty of sollds were determlned by 1nfrared
spectrometry with Perkln-Elmer Infracord Spectrometers and by melting
points taken in argon filled, Sealed capillaries on a Mel-Temp appara-
tus. Volatile materials were 1dent1f1ed and checked for purity by in-
ﬂrared spectrometry, mass spectrometry with a Consolidated Englneerlng_
Corporatlon ‘Mass Spectrometer Model 21-620, by vapor pressure measure -
ments, and by molecular welght determinations.:

Frequent pressure measurements of systems containlng gases such as
Cl S2C12, 8012 and NSC1l which react rapidly w1th mercury necess1tated
the use of a glass spiral manometer (dlstrlbuted by Electronlc Space
" Products, Inc., Los Angeles, California) depicted in Fig. 1 with the
sample chamher.constructed'for use mith it; The manometer operates
on the Bourdon Gauge prlnc1ple, detecting pressure dlfferentisls between |
the sample chamber and the case. by means of a flat spiral of hollow thln-
walled glass from whlch a mirror is suspended. The glass splnal is thin

enough that an increase in pressure inside the spiral (connected to the
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sahple ehamber) relative to the case pressurevoutside thexSpi}al causes

the spiral to uncoil, thus turning the mirror. This uncoiliﬁé.is

detected, and the pressufe differential causing it is heasu;ed, py

noting the amount of travel along a ffesfed_glass scale of a harfew

light beam that has been reflected from the mirror. The light beam source
ehd scale are of the type used.to measure the deflection of a:galveno-
meter.“The apparatus is operable with pressﬁfes from high" vacuum fo one
atmosphere in either the casevor sample chamber.f Regardiess of the abso-
lute pressure, equal pressﬁre on both sides of the'spiiai fesﬁlts in tﬁe ’
same."nullﬁ position of the light beam on the scale, and any deflection
from thie null point is proportional to and dependent enly on the pres-
sure differential. In our apparatus ﬁressure differentiels of

5 30 m of ﬁg preduced linear_deflecfiens on the scale placedrapprokimatelf
‘ene meter from fhe mirror of ~ 1 mm/mm of Hg which wefe readable infa
derkened, vibration-free room to * 0.1 mm. The case presspregitself was'
nmeasurable at an accuracy of * 0.1 mm.of Hg witﬁ-a‘cathetomefer-viewed,:
-*% mercﬁry manometer constructed of 10 mm i. d tublng to mlnlmized menlscus
effects, this the sample chamber pregsure was measurable to *.0. 2 mm of
Hg. Typlcally, pressure measurements were made by evacuatlng both s1des
of the manometer and notlng the null point on the scale, introducing
(ﬁna;meaéuring with the mercury manemeter) a small pressure_of dry‘air
into either the sample chamber or the case and noting the reshitaht de- ;
fiection to obtain a calibfation factor, f=mm Hg/(mm scale aeflection),
plac1ng ‘the sample in the chamber, addlng dry alr to the case’ to return
"the lnbhm beam approxmmately to 1ts null point, and reading the mercury

manometer and the scale deflection to determine the sample pressure via

ﬁhe formule
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+ (£).x (scale deflection).

Psample = Pcase
Remeasurement of f was only necessary when the lamp or manometer was moved
or the. temperature of the spiral was appreciably changed. '
The''manoneter has:the desirable property‘that thevsampleivolume does
not change.with pressure and that the manometer, includiné the entire
sample chamber, can be completely lmmersed 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 lﬁor-insulation in an
‘oﬁen topped box with a cardboard tube inserted inua hole cut.ln the
side to allow the light beam to reach the mirror. Suspensiongof'the mano-
meter and connection to the vacuum line was from above to enable raising
01 the bath around it without dlsturbance, 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 bath position.changed thexnull
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 llght beam to deviate from its stralght llne path) The bath
temperature (voth oil and water were used as bath llqulds) was controlled
. by a mercury contact thermometer connected to a mercury sw1tch relay _
whlch turned on and off a knlfe immersion heater. Adjustment of the‘power
1nput to thevheater and, at temperatures < 40° in mineral oil baths,
jaddltlon of copper c01ls cooled by & constant flow of cold water, controlled
fluctuatlons of the bath temperature to < 0.05 as read from a total
.1mmer51on mercury-ln-glass thermometer with O 1° graduatlons. ‘Ina
' system check 113.4 mm of helium at 28.7° was closed into the sample chamber

of 156.9 ce volume; pressure readings taken at 12 temperatures_up to
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le° showed a maximum deviation of 0.15 mm from the values predicted from
tbe perfect gas law. Introduction of materials into the sample chamber
W s made either by transfer from the vacuum line through a Dedmar-ﬁrry
o—ring valve or by sealing the materials into breakseal-equipped tubes -
and glassblow1ng them onto the chamber, the breakseals could then be
opened by magnetlc manlpulatlon of a bresker to open the sample to the
chamber, even after the manometer was in the bath at & desired temperature.
Carbon tetrachlorlde was refluxed for 6-10 hours over P205, dis-
tllled and stored under an inert gas. Chlorlne (Matheson) and SEClé
(Eastman Kodak Co.) were purified when necessary by vacuum lime fractiomal
condensation. Tetrasulfur tetranitride was prepared and purified using
the method of Villéna-Blanco and Jolly,22 and SAN3C1’ SBNéCI2’ and S3N2Cl
mere‘identified when found during this work by comparing their infrared\

absorptions, appearance,vand thermal properties with those of known

: .o - L
samples prepared by the method of Jolly and M'aguire.1

B. Preparation snd Preliminary Investigsations of S,N.CL °
| LR , v gations of 5,N,CL,
- Trithiazyl trichloride was prepared once by the method of Schrdder
‘ 15

and Giémserx and thereafter by the method of Jolly and Magui're.lh The

‘ crude product from the chlorination of SANL melted (with decomposltlon);
at T77-78° (llt .162.5)- the crude product from preparatlons via the
chlorination of S3NéClg exhibited decomposition p01nts ranglng from 76 -82°
(lltl#‘crude, 75° 3 recrystallized from CClh, 91 ). -Samples prepared by
both methods exhlblted the same infrared absorptions 1nclud1ng the" strong-v
vest band at 1015 cm -1 reported to be characteris1tc of S Cl3 by Glemser

17

~and Richert and produced yellow solutlons in CClh Whlch turned a viv1d

. mintgreen colorvabove 55° but returned to yellow when cooled. The_melt-
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ing points of.SBN‘3C13 recrystallized from hot;CC1h ranged from as
high as 93° to as low”asv73? . (although all samples melted in a
l-2° range) with the highest melting samples_crystallizihg from SOIdtions
that had not been hot enough to produce the green color and rhe lovest
from solutions heated above 60° in which, although the green color dis-
appeared aﬁ cooling, -an orahge-brown hue remeined to the ﬁreviously'
yellow solution. |
In one recrystalllzatlon the solutlon was heated to 65 ﬁhich;re—
sulted in a very'v1v1d, green color and, whlle maintained at 655, a.
stream of chlorine was bubbled rhrough the stirred solution. gThefgreen
color immediately disappeared, leaving the original yellow‘color;iwcen
cooled, S3N5013 with mp = 95;l/h{- 96-l/h°.crystallized. All further .
N3C13 recrystallizations were done with the CClh cootinuall& being
seturated by passing 012 until the solution was hot ecough to dissolve
all the S N, Cl3 " No green color or other darkenlng of the solutlon
occurred atyf 70 and the crystalllzed S K. Cl3 cons1stently melted be-
’tween 95 aﬁd 98°. This higher‘melting material exhibited the_same infrered
ebsorptions as material recrystallized without passage of chlorine, In
fact, all semples recrystallized with or without chlorine passage that |
7melted above 80° ~dissolved completelylin'CClh and showed the same pro-
pertles when subllmea or pyrolyzed. |
A 100 ml bulb closed w1th a Delmar-Urry stopcock was held in an 80
eoil bath:lor.tWo hours durdng which the 1QO ng of S3 3013'11; conta;ned
COmoletely vaporized to a éreen gas. When cooled quickly the ges con-.
Jdensed ro a greeg liquid in which yellow crystels of S5N3013 Fidencdfied _
| bytfhedr infrared spectrum) immediately 5egan growlng and sooh'consﬁmed

all the liquid. A similar sample was vaporized at 80° and the bulb
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aiiowed to cool very slowl§ to 20°. No liquid phase was visihle as;thei

green gas ‘slowly disappeared and yellow crystals'grew on'the’nalls.; The

gas remaining was opened to a  KBr gas infrared cell and'a.spectrum was
25 .

taken which showed NSCl,l7 S.C1 2 and SC1

2° 2! 5 to be present. The

infrared absorptions of the solid in the bulb corresponded to_S3N3€13

and a small amount of S_ N.Cl,. presumably formed in the reacticn

372772
+ +
S Cl 2NSCl‘—»S3NQCl2 SCl
"The S Cle arose from ~10% decompoeltlon of the NSC1l in the buldb to N2

anq 8201 as detected by measurement of the nltrogen w1th a Toepler
pump, AnotherflOO mgwof S3N3C13 was pyrolyzed'in the same bulb at;80°
-and, while helding at 60° in a water bath, the bulb was opened to 5 T cm
 NaCl gas cell mounted on the Infracord while maintaining the cell at 60°
with a stream of hot air. Very large NSC1 absorptions vere obs-efyed bnt‘
none corresponded to S3N3013 While maintaining the cell at 60° the hnlh‘
_has allowed to slowly cool to 20° and then reheated; the NSCL absorp-f=
tions correspondingly decreased and grew in amounts much greater than.'
simple gas thermal expansion would have caused. The bulb, andlthen
;the'ibr cell, wasvcooled to 20° and disconnécted After 1 day at 20°
the NSCl absorptlons had only sllghtly dlmlnshed and even after repeatedly
freez1ng the contents of the cell into a side arm with llquld nitrcgen
.+ and rewarming to 20° some NSC1 remained although each cycle decreased .
the NSCl peak and increased the size of a'solid S3N5013 ring‘yherevthe;
VNSCl had appeared to pass through the liquid state.
The same S N Cl3 pyrolysis method prepared NSCl which was qulckly
hﬁcondensed onto a layer of frozen, degassed CClu, When thawed, a greenish ‘
';vfellon solution resulted which shcwed only large NSC1 and no:SBN5Cl3
.:1nfrared abuorptlons, but after 1 day an S3N3013 peak had appeared and
;Ule NSCl peak decreased and after one week the S Cl3 appeared to be '

" the predomlnant species presentm When scanned while in a ‘cell heated



.. tant N

88
'etove 55° a green 85N3C13 solution did not ehow NSCl‘infrared‘abeorptions
,Avhdch in fact, did not.eppear uriless an S5N3C15 solution hadvbeen heated .
.eeveral minutes at 75°. .Thevdepblymerizatlon'of 83N3013 in the 106 ml
bnlb,both when the bulb was initielly evacuated and when initially:fdlled
with 1/2 atm. of argon,'proceeded slowly gnough that larger (~200mg) samples
heated at 12 /mln were etlll largely present and melted normally to pools
" of yellow-brown llquld at 96-98°, the same temperature they had melted at
';1n sealed argon filled capillaries. However, one sample heated under
_yl/2 atm. of -chlorine showed no change until 116° where a brown hquld
appeared whlch wet the solid but went away agaln quickly at 119 leav1ng
. a yellow solid Wthh slowly volatized until it disappeared at-175 . " An-
other sample under chlorine showed no change until llO°-wnere it nelted
{' qnickly to}an orange liquid and eompletely vaporized. _In both‘cases NSCl

and S N Cl, were recovered despite > 506 decomposition based'on the resul-

5373
x

" C. Sublimation of SBN'ag;5

In a contlnually evacuated subllmator S, N subllmed very slowly

55501
at 55° to a water cooled cold finger glVlng yelJ.GW»SBN'BCl3 on the.f;nger
vhile only traces of NSCl-were pumped out. With a water-cooled finger
et higher'temperatures substantial decomposition and depolymerization
'resulted but not with a liquid-nitrogen cold finger; even at 80° in

an evacuated eystem no N. was evolved while the -196° ‘cold flnger was

2
.covered with a blue-green solid whleh,.when.warmed to 20 ,'1nstantly
returnedvto a yellow, eompletely non-volatile_golid'with infrared atsorp-
.ttons only of.SBI\BCl5 However, when ~L0 nm.pressure of nitrogen or
neliumvwasbpresent durlng closed sublimation at 70-80°'to a'-i96? finger

. a yellow-white film, and later white-to purple crystals, collected which
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vi;tually all pumped’outjwhen warmed ﬁo 20° and pnovedvtetbe NSCL with
less than 5 of nhe material remaining as SjNéCij. In the presence of
nitrogen or helium at 50é however, again oniy S5N3C15’ not NSCl, sublimed
tg.the -l96° cold finger. When sublimed through a 9-inch long, 22 llnlet
tn a mass Spectrnmeter (Consolldated Englneerlng Corporatlon Model

21 103C) ionization chamber at 200° using 70 e.v. electrons, even though
" a perent S5 3013' peak was not detected, an SBN3 peak h?%'as high as the

,flergest peak (S'N *) was found indicating the probable intact presence

of S N ClB(g) in the vapor .state.

Other-species found, listed_in order of deseending mass, with > ﬁ% ebun-

dance relative to S N were:

22
Species % relative Species % relative Species‘ 9% rela?iye
: abundance - abundance abundance:
5,0, F 1 w9 at %
st 8 w7 8N AN |
RARERE st 2 " 88
SgNé'+ 5 : NQC]_'*T 9 Cl-H- o ' 5
Ceven, 22 . s, 6 o o 0" 57
| SBN+_ T N H'" , R 1&
.s201+%' 3 nst 98 - ot 15
fn?%%f 100 Comert ok |

a

D. Measurement of the Bquilibrium S,N,C1, (s) = 3Nsci(g)

The equilibrium pressure of NSCl(g) above’ Cl (8) wes‘detef-

SN
>3
mined at various temperatures by static preséure measurementsiin the

Ltnermostated'constant volume, glass spiral manometer described earlier,

Runs were sterted‘by glassblowing onto the‘manometer 8 breakseal equipped
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';tube of S5N5C;3 which had been finely ground'in aﬁdry.bag andéueighed,
raising the temperature bath into place while‘evacuating the.manometer,
‘recording the null‘point with both sldes evacuated, openingdthe S3N'3013
into the sample chamber, and if not already done, setting the bath
temperature. An initial sample of 84 mg 1n 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° for short periods with corresponddng
pressure.rises‘observed of 0.3, 1.0, 1.8; and 12.6 mm/min until a final
pressure of 148 mm was reached when all the S Cl3 had vaporized. Cool-~'
ing to 22 for 2 days dropped the pressure to 16 mm, reheatlng to 75
returned the pressure to 150 mm; but recoollng to 22 1owered the
pressure only to 23 mnm 1nd1cat1ng that other gases besides NSCl, pr;sum;
: ahly N and other decompositdon products, had builthup. Another eample
of S Wi Cl3 was loaded and heated in a similar manner with similar results,
and'measurement of the noncondenS1ble gas‘w1th a:Toeplerv pump showed
’ iﬁ% deoomposition to nitrogen had occurred. It was decided to'workiat
“505 or below in hopes that, although siow,-depolymerization to an eduili- ’
’brdum.vaiue;wouid occur without more decomposition OCéurring than could
be"correctedﬂfor;or ignored. Also we found that cooiing of the’bath
caused crystals o%_SBN3C13 to grow everywhere inside the sample,chamber
'astSCl'condensed; sOme of these grew inside thevspiral_causing it to
clog and give faise readings. To prevent this a common infrared-heat
1amp was mounted outside the temperature bath and'aimed at the spiral
down 8 15 mm.giass tube through the insulating box. This constant;~
'hathing of only the spiral in a heam of warm infrared radiation through-
out all future runs kept it sufficiently warmer than_the rest of the

sample chamber to preventwcrystallization of material in the spiral.
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A new loading of. S N Cl3 (0.5 mmoles) was 1ntroduced and held at
h9'9° After 2L hours the pressure had only reached 12 mm and after
LO hours was only 21 mm, but 10 hours later it had rlsen to 8& mm and
remained constant af%er reaching 84.65 mm in four more hours. The tem-
perature bath was then. lowered; the sample chamber wa.s cooled.with iiQuid
nitrogen to condense the NSCL and volatile decomposition products; and
nitrogen corresponding to 0.55 mm pressure in'the sample chamber was
pumped out and measured with a-Toepler pump. . The chamber was closea,
the bath again raised, and in the 30 minutes required to reheat it ﬁo h9.99
rhe pressure had already_risen to 77'mm.. After;equrlibrafion:for f5 o
.hours:a.constant pressure (unchanged in two hours) of 85,lé mm was present
of which 0.57 mm was N, as shown by pumping the:contents through -196°
]traps with tpe Toepler oump. A rew loading of 97 ng of S:N.Cl, was .‘b

3373

made and, at 55? Vaporized completely in 16 hours to 117 mm pressure
~of which 0.97 mm were nitrogen as measured by dropping the bath 5ﬁ&;
freezing the condensible contents into the bottom of thebchamoer w;fh-
liéuid nitrogen and Toepler pumping out the Né The chamber was

then closed and the bath raised and reset at a series of lower tempera-ﬁ
tures7 At each temperature ‘the pressure was followed until no change
was detected over several hours and the nitrogen then measured by the
abovétﬁechnioue The temperatures in the order used where ho 3, h5 1
55 h 51 o, and h? 2° whlch in some cases involved the equllibrlum belng
.reached from aboye and in some cases from below its flnal,pressure.; The
.equilirrium was reached in at most 12 hours at each temperature, bu; an?
: attempt at 26° was aborted'when a pressurevchange-of 0.1 mm per nouriwas'
srill noticed.after tWO‘days; The raw data, consisting of-rne total :

pressure and nitrogen pressure at each temperature, are presented in
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Table I together with the NSCl pressure derived from the correctlons to
be descrlbed in the discussion. Two molecular weight determinatlons Were .
nade hy'carefully weighing SBN3013 samples loaded into the manometer
and‘allowing them to completely vaporize, one at 45,.1° and one at h9.5°.
Found: mw = 81.9'.i 1.0 and 82.0 £ 0.5 respectively; calcdévfor NSC1l: 81.5.
It was hnoted that the depolymerization at h9.9°»proceeded veryAslowly _
‘at first and then rapidly reached equilibrium. To explore thls further‘
"a;series of experiments were made in which'fairly large SBN'ECl3 samples
were vaporized between k9.4 and 50.0° with the_pressure rise followed
“with respect to time. ‘Reevacuation of the chamber for varying lengths~
of tlme, sometimes with coollng to25° and other times whlle keeplng at
the bath temperature, was then followed by c1051ng’and beglnnlng another
- tlmed run. BEach vapormzatlon curve obtalned when pressure vs. tlme was
plotted showed the same general "s" shape con51st1ng of an 1nduct10n
perlod in which the pressure rose very slowly and nearly llnearly for
Za number of hours to somewhere between 1l and 10 mm followed by a perlodv
\of rate increase to a nearly constant rapld pressure rise, followed by
a steady decrease in rate as the equlllbrlum pressure was approached,
and endlng in a pressure rise “of 0. l mm/hr presumably resultlng only
from decompos1t1on as, when checked, an equilibrium NSCl pressure couldf
aiways.be calculated consistent with previous-results. It wasvfound
that the ' 1nduct10n perlod" at the beglnnlng was an unpredlctable
feature of’ the waporlzat;on_ln that the same S 013 sample could show
;éh induction;period which varied from less than one hour to longer than1
eovhoursﬁwith %ts length not seeming to correlatevreproducibly with?any
factor of the solids historyi One sample was vaporized'several times,

u one of whlch 1ncluded clos1ng 22 mm of nltrogen 1nto the clamber 1mme-‘

diately before the run; the only effect observed was a pos31ble sllght



‘Table I. Results of static;NSCl~preésure measurenents

a Used for

Run T P, ., - P P. - ' P, O =P =P
‘o tot. previous $,Cl, . P - eorr KSCL "Tot "Corr .o ...
(°c) (o) (ml;% | Mt 5015 C%r%ma)ldd\,d. (o). () AH® calc.
Cc-1 k9.9 8L.65  0.55 —_ —_— 1.10 8%.55 v
c-2 49.9 " 85.16  0.5T7 0.55 —_— 1.69 83.45 v
D2 - L40.3 1.1 0.1 0.92 —_— "1.12 40,0 . v
D-3 k5.1 59.5 0.23 1.04" —_ 1.5 58.0 \%
D-L  35.4 29.25 0.0k 1.2h —_— 1.3 27.9 v
~D-6 31.0 20,47 0.01 1.26 —_— 1.3 19.2 v
- D-T = L7.2 6.8 0.3 —_— — 0.6 69.2 \
G-l k.55  85.3 1.65 —_— —_— 3,3 - 82.0 V.
H-1 49, b 85.0 1.9 —_— — 3,8 81.2 v
k-2 - 149.9 93. 4 3.2 — 2.8 9.2 8L, 2 v
k-3  49.9  102.0 6.6 —_ 5.35 '18.5 83.5 M
-2 52,1  100.7 =~ 1.65 —_ —_ 3.3 9T7. b \Y
M-1 58.0 167.7 3.85 —_— —_ 7.7 160.0
yv-2 - 63.5 257.2 8.9 —_— -_— 17.8 - 239.4
M-3 66.7 - 32h4.9  15.1 —_— —_— 30.2 c 294, 7
M-k 70,2 Mk9 0 36.3: — —_ 72.6 - 3k2.3
-~ . - K-l = 55.2 . 129.2 ‘0.95 —_— —_ .'1.9 - 127.3
©. N=2 60,0 187.7  1.65 — — 3.3 184, 4
N-3 60.0 218.7 11.95 - —— —_— 23,9 94,8
N-k . 60.0 261.0 25.7 - e 36,4 87.8 173.2 SV
0-1 65.0 381.0 ~-22.85 — - 56.3 102,0 . 279.0
0-2 60.0 273.5 18.85 —_— 5.6 97.3 176.2 v
0-3 57.5 267.7 29.2 —_— 62.6 121.0 1h1.7 v
8 P =2P +P + P B
,gor; - h2 - prevlous 82C12 Cl, added. . _--

2
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‘reduction in the maximum veporization rate.: Chlorine, however, hea a
ﬁvery noticable effect;Aits introduction (2.3 mm) at the begiuniné paused
an initial 0.5 mn rise in the first 1/4 hour followed by no increase for
‘20 hours after which the system was evacuated for an hour an& reelosed
whenee the pressure rose reluctantly to duly 8'mm in the first 65 pours
before.beginniug the rapid rise portion of the "Sh curve. Wuen intro-
dauced aurlng the rapid depolymerlzatlon perlod (by breaking a breakseal
tube of chlorine already in the chamber) Cl kllled the rapld rlse and
the depelymerlzatlon returned to a very low—rate; this was done twice
et 49.9°: once (with 2.8 mm Cla) the rapid rise eventually'returned,
end the second time (5.35 mm Cl') only the slow pressure increase
.occurred for the 15 days it took the pressure to reach equlllbrlum. Both
tlmes, initially upon addlng the chlorlne, the pressure rose by the
amount added plus an additional 1/2 mm in the next-few minutes befdre
:ieveling offa_ Both of these runs, however, ylelded the same equ111br1um
“NSCl pressure after the chlorlne and the decompos1tlon products present
'.were subtracted qut. Several graphs are presented (Figs. 2 and 3),

. .
ppegether with a description of the sample treapment_before each vapori-
'setion; which represent the randomness of the  induction period :As

the runs were of an exploratory nature and only led to general conclus1ons,
'the data are sufficiently represented by the graphs and long tables of
times and pressures would be uneplightening.

Te cemplete these experiments a series of runs, some witﬂ anu some
uithout chlorine, was cerried out above 50°. All of these uere timed
to determiue the attainmen% of equilibrium; asacoutinuing decemposition
resulted ip e constent noticable pressure rise. The final pressure was

vdetermlned by aqalng to the final readlng the result of multiplylng the

final rate by the several mlnutes required to stop a run by openlng the



Figure 2

A 700 mg sample of S3 3Cl3 was loaded into the glass spiral
manometer and the pressure rise into an evacuated 200 ml{sample‘_
Chamber at A9;ho'wés.foilowed with respect.to time.= 

Curve 1 was otarted by cloolng the cnamber after initially allow1ng
the prcosure to rise to 13 mm and evacuating for 30 minutes.

Curve 2 wes begun by closing the chamber after evacuatlng for. éne -
hour following curve. 1.

Curve 3 was begun after 9-1/2 hours evacuation follow1ng curve 2.
(Plnal equlllbratlon was reached but the last of the curve was not plotted
to prevent clutter.)

Carvo 4 Was started after evacuatlon following curve 3 for six hours
at 22 and 1/2 hour at A9.L.. Befpre starting 20 mm of n1trogen»pressure‘
. were closed 1n§o the chamber ( this N2 pressure wasvsubtrgcted f}om
the total preééure Befdie ploﬁting).

: (OnlJ a few of the points taken have been shown to preserve

clarlty in this and the following figure. )
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Figure 3

- .Curve 1 was staried after evacuation for two hours following

curve 4 of the previous figure. Immediately before closing, 2.3 m@'of

~.chlorine pressure were added. No change in pressure resulted after an

initial 4 mm rise in the first 20 minutes and the run was ended after

" 22 nours by evacuation.

‘Curve 2 was begun after one hour evacuation following curve 1.

A new loading of S.N,Cl, was made and chiorine was sealed_into

373773

‘breakseal tubes attached to the sample chamber. The system was closéd

until 85 mm- of pressure had developed and then evacuated.

Curve 3 (h9.9°) was begun after overnight evacuétion. When the

- pressure was 7.8 mm and rising rapidly a breakseal tube was opened

cén;aining 2.3 mm of chlprine (oased on total volume-anq‘baih tempér~
atﬁrg). The rapid rise sfqpped. _(The bath overheated fof a Short
time céusing'séme pressure rise which stoppéd when the témperature
returned to A9.9O.)_ The chloriﬁe was eventually overcome as éhowﬂ“in'
the gfaph.

| Curve 4 (a9.9°) was starﬁed éfter>2h'hours evacuation f&llowiﬂg.

curve 3 including one hour at 22°, When the pressure was at 27 min and

-rising rapidly a breakseal tube was opened to add 5.1 mn . of chlorine.

The pressure roseé only slowly thereafter and was fdlloWed'until

. 2quilibrium was reached after 40U hours. Only the first 80 hburs are

shown. ‘The pressure rise was 0.1 mm/hr at 100 hours, 0.2 mm/hr.at

200 hours, and a maximum of 0.4 mm/hr -at 300 hours.
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chamber to the Toepler pump and lowering the bath.‘ In each run the S N Cl3
was pretreated with chlorine for several hours at 40° as prevaous runs
nidicated that Cl p0351bly removed some impurity. These results are

also presented in Table I Following the non-chlorine runs above 52.l°
_dark greenish-brown solids, which disappeared if- chlorine was 1ntroduced,.
contaminated the 85N3Cl5 left in the: chamber.'and showed infrared

absorptions corresponding to S.N.CL and Sh 3Cl 1mpurit1es.lu Chlorine

32

runsvat < 60° left & yellow solid which showed onLy S absorptions

3500
and non—Cl runs at < 52. 1° left yellow or orange-yellow solide w1th
.vinfrared absorptions of only S Cl5 and occa51onally S 012 Also
in non-chlorine runs the vaporization, though nmaturally faster at
higher temperatures, still followed the "g" curve behav1or, while

Cl runs still subdued this behav1or except at 65° 3 allow1ng only a

fairly moderate, steady depolymerization rate.

E. Measurement of the Sublimation Pressure of S_ N 915
: _ 5=D

| The equilibrium preesure of SBNscla(gj'above SBNfciB(S) was'deter-.
nined by_a saturated gas}flow'method using helium and chlorine‘as the
:carrier gas mixture. The apparatus used finally is diagranmed in Fig.

L. Runs were made by passing a fixed flow of helium (set w1th a pressure
';regulator and needle valve) through a large tube packed with Drierite

and ma.gnesium perchlorate followed by a liquld 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 Matheqon lecture bottle.
The He + Clé mixture then flowed through a coiled length of tube for
temperature equilibration and into a saturator tube packed w1th ~50 g

of S N, Cl3 in the constant-temperature water bath described previously
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The tube had a Kel-F waxed 2k /Lo joint at the bottom foriloadlog and.“"

ﬁes closed at the exit side by‘a Delmar-Urrylo—ring stopcock whose éxit ;

led underwater through'a,lE/S ball Jjoint couple, well clamped end sealed |

W{ﬁh Kel-F wax, into a tared trap which cooled passing gasses first to

room temperature (~20°),;and later to O°, in & Dewar of ice water. aBoth B

Ethe trap entrance and a bypass tube leadlng to the vacuum line between

the saturator and the trap were closed with Flscher-Porter O-l mm needle B

valves, and both they and ‘the Delmar-Urry stopcock were posltloned such

: that all gas.flowwas under the bath llquld whlle the stem openlngs

and hendles were out of the water. Both sides of this and the:two follow-

ing tfaps, which were cooled to -78° with dry ice/acetone baths, wefe

closed with Fischer—Porter needle valves.and‘connected with oeiings:

joints to allow their easy use as tared vessels. The pa551ng gas then

' ex1ted to the hood through a series of -196° traps. ' Y
The gas mlxture was saturated W1th S ClB(g) which then Wa.s completely

trapped out {(as shown by no S Cl3 collected in Trap 2 when a -22 bath

wa.s placédﬁafound it for part of a'run) in the 20 °/o° flrst trap; and S

J'NSCl whict formed wa.s collected in the -78% traps (as shown by collection

of a large amount of NSCL 1n Trap 2 at ~78° and ‘only some SCl in Trap 3

.{held at -196° in a run without chlorine); and the chlorlne was removed in‘

the‘Al96° traps. Runs were started, with stopcock 1 open and vented to

the hood and stopcock 2 closed by settlng the He flow to its des1red

rate by measurenents with a soapfilm flowmeter attached elther before

the drying tube or at stopcock 1 (no;dlfference in.flqwrates'w&s detected). ‘ j

The:chlorine'flow‘from the preweighed bottle was started and the time noted

' and its flowrate quickly adjusted to the approximate desired value by

‘ estimetiﬁgvitS'magnitude from its rate of bubbling through a sulfuric acid v
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vubbler (a previous voluﬁe Vs, bubbles/minute.calibration had been made)

When all flowrates had stabilized at desired. levels and stopcocks 3 and h

had been openea to evacﬁate the S Cl3 whlch ‘was stored between runs

‘gnder an atmosphere of chlorine, the vacuum'llne was closed; the sulfurio
acid bgpbler ﬁas swltched out of the system; ,stOpcock 1l was closed;

‘ g?Wasbopened; and the vaeuom-liﬁe wa.s ventea to the hood after thelHe +
Cl, had filled the system to 1 atm. The flow through the saturator by-
passed the traps for at least six hourQ after heatlng the bath to tem-
porature "to purge the saturator and stabilize the system. The evacu-
ated trap systemewith all baths in place _was filled ba ckwards ﬁo'l atm.
with helium f;om another tank and vented fo the hood, and the actual
run.begun by closing E opening 5. Periodically the.bath fluids were
replenished; tHe constancy of the chlorihe flow checked by switcﬁing
in the swlfuric acid bubbler; the drying ‘ube closed and the helium
measured by'momenterily passing it through the.flowmeter; the'back-pres-
surebin the line-(always_g‘l m) checked'by.openiﬁg"l fo an open backed
U~tube. of mefcury;'and the room atmosphere pfessure measured.

When a measurable amount of S N 015(5) had collected in Trap L:
the run was;stoppedrby venting through & to the hood and closlng 5 and 7,
openlng § to.vacuum,“cooling the bath to ~22°, closing of f and measur-.
ing the He flow again while 012 filled’the satu?ator, and opening 1

to the hood and closingté, 3, 2, §; 9, and 10 SﬁcceSSiVely before re-
‘moviné and wéigﬁing the,chloring tank. Traps 1, 2 and 3 were weighed
after evacﬁation'(traps 2 and 3 took as much as 8 hours pumping at -78°
tocremope liguid chlorine which bad condensed during the flow) to deter-

'Esihe the weigﬁts of S_N Cl3 and NSCl collected. |

Tne gas volumes of chlorlne passed and S Cl3 and NSCL collected

were calculated'at S.T.P. from their weights by assuming them'to be
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;gerfect gases. The chlorine flowrate in cc/min. (S.T.P.) wes then
ealculated from the total time flowed. The helium flowrate was aléo
converted to S.T.P. and added to the chlorihe to obtain the total flqw—
rate. After determining the average carrieragas preesure (atmestheric) |
-during the run,ﬁand'assuming the S Cl3 to have saturated the flow-
stream at the bvath temperature, the subllmatlon-pressure of S 5Cl3 was
" calculated using the formula:

.. Pressure of He + Cle(mm)
Volume of He ¥ CI, (S-I.F.)

X s N c13(g) (s.T.P.) X 100 =
N3013 (microns) .

}The average pressure of NSCL formed was calculated 51m11arly.t

Eleven good runs (listed in Table II) were done u51ng flowrates
ranglng from 59 to 195.2 cc/mln and temperatures from 35. O to 55 0° .
The welghts of S 5013 collected, ranging from 29 to QE mg, took as’
long as 13 days to collect at 55.0°vand were weighed in trap l to
* 1.0 mg hlacing an error limit of * 3% on each'pressure, which ramged
fzom 1.0 to 8.0 microns. The maximum chlorine flowrate fluctuation
was $£10% during a run creatingva possible maximum total flowrate .
'fluctuation of £1.0% but the several.hundred grams of dlaﬁflowed‘mere
weighted‘to 0,2 grams giving an accurate average’chlorine flewrate}
- The maximum helium flowate fluctuatiem of £ 0.5 and the maximum atmo-,
spherlc pressure uncertalnty of % 0. 3% are negllglble relatlve to the
_S-V Cl3 welght uncertalnty whlch limits the accuracy..
‘ A serles of prellmlnary runs was also performed in whlch the -l96°
_drylug trap on uhe hellum line was absent the chlorlne was bubbled con-

stantly through the HgSOu (which was the'only flow measurement) from an
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Results of gas-flow saturation experiments -

TEW.CL

Numbers in parentheses are errors in last reported dlgits corresponding to uncertainties °

of %1 mg in the S

855015

wei

ght

- . . total _ :
Run T flowrate Cl Time - flow Ave P ‘ 33775 ___Nsci. -
| (°c) (ce/min.-sTP). (% (min)  2(sTP) (mm Hg) (mg) ~ee(str)  P(1w)® wmwg  ave P(u)
_1& - k5.0 104, 7 12,6 5739 . 599.5 755 32 2,94 3.69(12) .26 9.0
2 ls.o 132 1.5 6365  8h2.0 S 156, =40 3,67 3.29(08) 30 7.8
3% 15,0 172.3 10,3 5010 8640 753 31.5 2.8 2.52(08) 3k 8.1
L 5.0 59.0 11.5  1keh3 - 840.0 55 7 42 3.85  3.46(08) 294  T2.6
5 k0.0 100.2 104 9306  933.0 755 26,5 243 L.97(07) 58 .12.6
6  35.0 101.6 10.0 8855 899 756 o '
101.2 11.0 10085 1021 756 o :
(2 part run) (101.4%) (10.6) (189&0) (1920) . (756) 29 “ 2,66 1.05(0k) 27 3.0
7 15,0 100. 4 10.3 040 T06.5 758 35 3,21 3,44(10) 111 2.7
8% 50,0 = 10L.0 10,6 3745  378.0 . 765 30 . 2,76 5.58(19) 70 . .39.0
9 55.0  100.9 11.6 2775 279.6 761 <32 2,94 8.01(25) 332 249.3
~10° 50,0 16,1 1.7 2605  380.6 757 36.5 3.35  6.67(18) 60 33.0 -
11 50.0 195.2 11,8 . 2277 Uhho 760 . kL5 3.80 6.50(1k) 75 36,0
8 Denotes run beginning after recrystallization of SBN Cl bed. - |

-.-'-(O'[-' V



-105-

uhpurified, unweighable tank; and the leed-in tube to trep l:from_the _
saturator was of larger volume leading out of the bath and was kebt warmer
than the bath by continual flow of warm air. Eight runs dt.ho-ﬁoo'and ‘
‘total flowrates of 80 180 cc/m1n with chlorlne percentages of 2.15- 13% were
lperformed with the results of two runs belng 1dent1cal to,the values from
camparable final runs but with all of them ranging from O to BHmicrons |
-hlgh in calculated pressure. Using an empty'saturator, 20-hour blenk':
runs followed at h5 and ~lOO cc/mln, only the -80° trap collected
material, mostly water,bln amounts of 2.5 mg with hellum‘only aud l8r5 mg
vitu lO% chlorlne. To remove the water the system was'changed'tollts
final form and a lecture bottle of Matheson chlorire was purified ty '
vacuum llne fractionation quickly several tlmes through a -112° trap
(keeping what remalned) followed by slowly pumping -the chlorine out of
-a bulb held at 378 and discarding the last 10% of the llquid; the chlof‘
rine was returuedfto the flemed and evacuated bottle that thereafter was.
used as a tarer Blank 20 hours runs with and without chloriue'theh gaVev
less than 1 mg of material in-following traps. The imburityiof the chlo-
rine may have accounted for the high results of prelimlnary'runs b&
reacting to formvlmpurities non-volatilevat O°; and:corresondinglyé the
‘two preliminary runs with lowest chlorine percentege were two'agreef
ing with'later results. In the final runs it was possible to remove all
the materlal in trap 1 by immersing it in a 55 bath for12 hour perlods
:and brlefly pumping out all the depolymerlzed 3 3013 1n‘the form of
el | . k
The earlier runs also shOWed the correlatlon that more NSCL resulted
'Jwith both lower chlorine percentages and lower total flowrates.' ln'fact,
.one run tried without_chlorine increased the NSC1l production by a

<

factor of 200, In the final runs the chlorine percentage was made as
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ﬁigh ‘as poseible'without clogging the -80° trap, and the tube leading
from the <aturator to trap 1 was put under the bath to minimize the
volume and time the S N 013(%) saturated stream had to travel after
~leaving the bed before being trapped, hopefully to insure the S CJ3
dld not depolymerlze after it could no longer be replaced. Thls volume
was ~3 ml while the dead <pace w1th1n the: S Cl3 bed was ~60 ml. The
:NSCl productlon seemed to increase somewhat as the bed got older s0 the|.
Cl3 wa:s recrystallized occas1onally and the runs with fresh sanples

‘are noted 1n the table.
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IITI. RESULTS AND DISCUSSION

A, Preparation of S N.C ) Lo
- : Pa '3-5—!5 O
Jolly‘and Mza.guirel‘lL prepared's N Clj'With a melting point of 91° which
a. molecular weight determination and analysis showed to be good S 13

A5

wnile Schr¥der and Glemser 7 reported a meltirg point of 162.5° for S, N.

373"
Cl5 prepared dlffe’reptlyf The possiblity thﬁﬁ two forms of SBN3013 N
exist’ls uhlikely‘as we have found the materials from both prébaretiohs

‘ ts have ﬁhe'properties feported by Jolly and Maguire;lh'including ﬁelting.
point. | o

We observed S N Cl3 to melt w1th decompos1t10n sharply (1*2 ranges)
vat.témpératures from 75 to 98° and even higher in the presencequ chlorlne..
This ishcharacferistic of decomposition caﬁalyzed by small imﬁﬁrities,l,'v

_ whlch also occurs in Sh A,EM rather than a lbwering from lafge améunts

'qf 1mpur1t1esqf As S N Cl3 depolymerlzes rapidly above: 70° to NSCL Whlch
elsp'deccmposes appreclably at higher temperatures to Né and 82012 the
observed melting'prbcess is probably the dlssolution’dr'reactiOn of
.N Cl3 in NSCL or S Cl rather than formatlon ‘of S N 013(2), and im--
purltles catalyz1ng the depolymerizatlon would lower the meltlng p01nt.
Wevobserved in hot CClu solutlons a green color, not NSCI, whlch prob-
~ably:corresbended to some step iﬁ the thermal decomposition ﬁrocess and
aaded to S N Cl3 recrystallized from these solutlons 1mpur1t1es that |
llkely were responsible for catalyz1ng depolymerizatlon. Chlorine in -

" the solutlon .may have resulted in higher meltlng samples by preventlng'
_formaulon_qf this green species and subsequent buildup of the catalytic:
iimpuriﬁies.‘ | | o :

" The vef& high melting observed in a bulb of chlorine was possibly
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. . . : s . ! + - o . : « .
due to its removal via reactiont 82012 .Cl2 f*QuCle of any 82612 Which
built up through the NSCl decomposition and ﬁhus prevented S Cl from
reactlnn with, or in some way catalyz1ng the depolymerization of S C]3
It's difficult to believe thatvthe melting point of 162.5 reported:by

13

Schroder and Glemser™ could have been S N, Cl3 heated slowly in a sealed
tube, 1f they actually used & sealed tube it was p0331b1y 8 compound
such as- Sthcl they ‘saw meltlng as we ‘have often seen, as d1d Magulre,
Smlth and Jolly, 2> the appearance of cother yellow sol1ds soon after the
S X Cl3 melted whlch, it will be shown later, can decompose to form: ShBBCl
wnlch, when pure, melts with decomposition at l80-200

v. The experlments involving depolymerlzatlon in a bulb of S l3
and,observ1ng the NSCl, both Vvisually and thru 1nfrared spectrometry,
indicated.thaﬁ“the.depolymerization isia reversible process, with or
without'solvent, in which moderate amounts of NSC1 are possible even
near roon;ﬁemperaturelb.It was also evident ﬁhat NSCl(l) is unstable
Wiﬁn respecf to'S N Cl5(s)"and'NSCI(g), thus any equilibrium pressure
of NSCl obtalned statlcally would be a measure of the gas-solld equlli-

orium. 013 3NSCl(g)

B Sublimstion of 85MsCLy
The results of subllmatlons of S N. Cl3 show that, though its equlll-
brlum pressure is very low, S3 3 l (g) is a stable species relative to
‘depolymerlzatlon even over the time requlred to pass through an inert
gas to the cold finger < 55 At 70-80° with a -196 cold finger-
however, va.cuum subllmatlon gave a blue-green materlal which changed
Sback to yellow S 013when warmed, but sublimation in the presence

of an 1nert gas resulted in nearly complete depolymerlzation to NSCl.
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Two descriptions of 7058O° S.N Cl (g) are p0551b1e. (1) it is a stable

33
'species, the greeh color resulting only from an exc1ted state, wifh
respect to a potential energy_barrier;‘and depolymeriiatiou requires
‘further energyvtransfer from’coliision with.anosher body, QL to excdte it
‘over this barrler, or (2) it is a thermally unstable 1ntermediate decom-

= posing spontaneously to NSC1 but w1th short llfetlme, . Process (1)

is represented by the sequence. | v
N.C ()+V-»s1\rc *()+M"
3135 2755000 le) T H
N,CL, " (g) = 3NSCL
-.)
5005 (8

‘in which Né or helium is the species M not available in vacuo. In pro-

fEss (2) the depolymerization is merely the step
o . | :

N,C1,(g) - 3NsC1,
but.in vacuo the“%ime required to reach thevcold‘finger was short com="
pared to t and 1t was trapped before decomp051ng while N or He kept it
fran reachlng the .cold finger long enough for it to decompose. Slnce
very little NSC1 formed at 5;55 » even in'a gas, process (1) seemslmore
likely for if (2) were the case at 70-80°, then at 55° it should‘not be
too difficult for a gas M to provide the energy for process (i) to
occur as the energy.difference between the.initially vaporized species
at 55° and at 70° should‘be small. Regardless of the actual procesc,
dlrect gas phase depolymerization must have a high activation energy

barrler and be very slow at lower temperatures.

C. Measurement of . the Equlllbrlum Pressure of NSCl
The data presented in Table I from the vaporization of S Cl5
into a closed system until a constant pressure is reached, and-the ob-

servations made during their accumulation indicate that NSCl(g) does'exist
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in a ﬁéasuréblé, reyersible eQuilibrium withl33N3C13(s) whicﬁ may be
reached either from above of'Befow the equilibriﬁm NSCl'preséuné,  How=~
ever, those data'consist of total pressureé andvpréssures of nit;oéen
present from decompoSi%ion. To determine. the éétual NsC1(g) pfgssufe

it is necessary to know how much of the total.pressure repreééntéd‘gase-,
ous decompositi6n pfoducts. (The iow yolatility of S N'Cl3 and the gas

'mOlecular"weight deferminations indicate thaf any S_N,C1l (g) present is

N
3 3
-,lecs than the uncertalnty of the meaeuremente and may be 1gnored)

Analy31< of the decompos1tlon products of NSCl showed, at various

tlmes the gases s2c1 ) SCl2 and Cl and the soiids SBNéC12, S3 2C

and Sh 5Cl ‘with the last two. sollds only belng found in runs at > 52 1°

1,

_ w1uhout chlorlne present “and at > 60° w1th chlorine. Cons1der1ng that

:the decompos1tlon reactlon ‘to form nitrogen haq the <t01ch10metry corre-
1

spondlng to:
2NsCl(g) - N,(g) + 55C1,(g) . (1)
ﬁe éan account for the presehce of all the products formed frbm known

~react10ns of the starting materlals. NSCl S N C13, end S C12 These

con51st of the sulfur-chlorlne equlllbrla
S Cle(g) s S( ) +sCy (g) (22)
S 012(g) - 2s(s) + ci(e) - (3a)

which may élso be written.as:'

&

s 012(s) tCiy(e) = 2sCiy(e) " (2v)

g

sci(g) = S(s) +cle) - (30)

:,and several reactions involving suifﬁr-nitrogen chlorides. Jolly, Ma-

hguiré,_ahd_RabindvichQG mentioned that vapors of 8,C1, and NSC1 formed
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SjNéCle’in a condenser via in the reactioﬂ;»

S,CL (g) + 2NSCl(g) = S3Néclg(s) +VSCi2(g) ' (ha)

for which Smith27

later found evidence,lndlcating it may only occur sub-
‘stantially in condensed phases’so it might be better written for our
system asi _ v
+ - + + v
s 012(g) S,N,C1 (s) = &N, c12( ) Nscl(g) + sC1(e) . (b)
~ Further, S3NéCl reacts with chlorine at room temperature.to reforﬁ NSCl:25‘

s3N201 (s) + C1,(g) —»-2N301(g) + 5c1,(g) : -(5)

At nigher temperatures'S3N'gCl2 is reported to.decompose in vacuoe5 (80-100°) .-

via the reaction:

38,N,01,(s) > 38,NC1(s) + 2NsC1(g) + 5012(5) | - (6)

30 30
which we have cbserved actually begins below 70°. With 8,01, in reflux-

ing CClu (77 ) S3NéClg also reacts to form ShN3Cl via the reactlonlu

s3N201 (s) + SQCle(g) o 8y 301( s) + 3801 (g) i )

whlch also is reported to proceed without added S Cla and may'actuaily
1nvolve SBNQCl as an 1ntermed1ate product which itself deccnposes;tb‘
'produce S,N,C1 at 130- 150°.26 | o
. Examination shows that all the reactlons which occur at lower tem-
peratures (g through 2) form exactly one mole of gas for each mole of_
¢ées consumed(with the exception of NSC1 enc.l.SBNBCl3 thch can reequgli-
brate). Therefore, once reaction L produces two moles of decompos1tlon”
produc\c; all further reactionsoccurring at lower temperatures reeult

in 1o net change in the moles of gaseou\ decanpositlon productq of whxch

-N2 is exactly one-half, The equlllorlum preseure of NSC1 may therexore ;
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be derived from the total pressure and the'nitrogen pressure hy the
equation

Pyscr = Frotar ~ #Fn,

provided no reactions have been over looked and the higher temperature

reactlons (6 and 7) to form S,N Cl do not occur as these reactlons pro-

32

duCe an increase in the gaseous decomposltlon products and would result

in a hlgh calculated PNSCl 3 5

1tselI 1s destroyed by chlorlne in reactlon S and is formed in reactlon'

Reactions 6 and 7 requlre S, N, Cl Whlch N

L with. 82012 whlch also is removed by chlorine 1n'react10n gh, thus,
chlorine should hinderireactions 6 and 7

"We have applled the above correctlon to the data in Table T and
: find, 1ndeed, tnat (1) the four pomnts at h9 9° (two with and two without'i
Cl ), whose total pressures ranged from 84.65 to 102 0 mm, yleld the

same P'SCl’ and. (2) when log P is plotted vs. l/T( ) ‘the data fall

NSCl
on a good stralght llne, with the exception of the runs w1thout chlorine
above 52 1° and with chlorine above 60 which are all to hlgh correspond-
1ng'to occurrence of the hlgher temperature reactions, é and=7.as wag

lndicated'by the presence of S3NéCl and 8N 3Cl in remalnlng resldues

Thls straight line (Flg 5) can be represented by the equation :
log P (mm) =' -3360 (1/T) +12.321

to the accuracy shown in Table III and is a necessary condltlon for the
pressure of a gas in equlllorlum w1th a SOlld as log P is related to '

1/T by the linear equatlon
: log P = = AH°(vap)/(2.305RT) + constant

. (to the anproximatlon that oy’ (vap) is constant and NSC1 -is an 1deal

: gas in the measured temperature range), and a plot of log P vs. (l/”

i
H
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Table ITT
PNSCl data used to getermlne thg equat#gn |
log P (mm) = - 3360(1/T) + 12.321 .

for the equilibrium 33N3015(s) s NSC1(g)

T - P . P A=P. <P __
(°c) obs cale _ obs ~calc
(rm ) (mm) (mm) "~ .
31.0 19.2 - 18.9 + 0.3
354 27.9 27.2 + 0.7
40.3 40,0 - k0.3 - 0.3
sl 58.0 58,3 -0
h7.2 69.2 . 684 + 0.8
b9k 8.2 80.7, + 0.5
49,55 82.0 8L.7  +0.3
49,9 .- 83.6 83.8 - 0.2
19.9 83.5 83.8 - 0.3
499+ 8l4.2 8.8 ~ + 0sls
4.9 . 835 - 83.8 - 0.3
52.1 97. 4 98. 4 - 1.0
 57.5 141.7 145.2 =35
60.0 173.2 : "173.0 : + 0,2

60.0 176.2 173.0 o + 3.2 ¢
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must be a straight line with slope = (-aH®(vap)/(2.303R).

With the additional relations that AFS, = -RT fn P

and AS?2 =

we cal;ulate for the reaction

1/3 s s13( s) - NSCl(g)

the values . AH;i_6.Oo 15.4 £ 0.5 keal/mole

1]

and . AS

31-60° 4z .0 ¢ 1.6 cal/deg.mole

The uncertainty represents the maximum deviation in slope, from that of
the best stralght line, of the- p0351b1e llnes drawn after applylng the

experlmental uncertalntles of P % 0.2 mm and T 0.1° to alljp01nts.

D. The Depolymerization Process

Near 5OA S N Cl3 depolymerlzed by a process 1nvolv1ng an 1n1t1al
indefinite rnductlon perlod of little pressure Tise (O 1 mm/hr) followed
by a'rate increase for several hours to a maximum of 10- 15 mm/hr whlch
then fell off until the final pressure was reached Chlorlne was found
to extend the 1nductlon perlod indefinitely and to halt the rapld vaporl-
zatlon process, while the pressure of an inert gas had negllglble effect.'
‘The extremely low initial rate and the flnal fall-off are under-
standable. near the equlllbrlum pressure the repolymerlzatlon process,_

wh1ch may be 51mply
 3NSCL -  §.N,Cl,(g
3 (8) = 5 1-5(g)
Qill become most important; while sublimation experimenﬁs have shown

first, that vaporization to SBN5C13(g)‘is slow but much more favorabler
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than the direct solid depolymerization:;
e s3N301 (s) - 3Nsc1(g)
and second, that the thermal splitting:
N,C - ‘NSC1
015 (g) o3 :(g)
his extremely SloW'&t‘S.ﬁo° which would predict only a very slow deﬁoly-
-merlzation.

? The rate of gas phase depolymerlzatlon at < 50 is toov;ldw-té account
for the fast depolymerlzatlon observed, thus a second depolymerlzatlon
mechanlsm must occur.  The rate 1s, in fact, §0 fast that attack by
some spe01es X upon S_N

53
o mum.depolymer;zatlon rate used ~ lO mg of S Cl3 per hour whlle subll-

13( s), not S Cl3(g)’ is 1nvolved as the maxi-

netion into Vacuum'COuld only'produce ~ 2 mg per hour of §,N Cl5(g)

33

from a s1mllar quantlty of solid. Thls second process does not oceur
llnltlally or predlctably so X must be 1n1tdally formed in the system
by a random process or its amount be controlled by a random 1mpur1ty,
mand the nature of the rate 1ncreasesmggests that X is autocatalytlc.

' The chlorine results are enllghtenlng._ 1f added 1n1t1ally no measurable

5 depolymerlzatlon occurred over 20 hours. show1ng not only that the second

i

vprocess was prevented but that thermal depolymerlzatlon was g0 slow

as to be unmeasurable, ir added later, chlorine almost, but not completeLy,

‘?ustopped the pressure rise which was able to very slowly recover The

~conclus’1o'n drawn is tha.t chlorlne reacts with X whlch is not NSC1 (or

chlorine would not have stopped the process when ‘added after large NSCl
--pressures were present) but is posslbly created from NSCl.

It 1s posslble to wrlte a reactlon Sequence us1ng only prerlously

discussed reactxons to'expleln all these effects,v




-117- -

‘SENBCJB'(s) T 5L (e) |

l’
N,C1, (g) EN 3NsCL(g)
550501580 =

2NS‘Cl(g)_—-é-> Nv (g) + SQCIé'(s)
C1, (g): + s 013( g) ——> s N, c12(s) + NsC1(g) + s012(g)
25C1,(g) % 5,C1,(8) + C1,(g)

C1,(g) + 8,N,01, (s) 8, 2Nsc1‘(g) + sC1 Eg)

32"

s Cle(s) * 8, Cls( ) >S Ty (s) + Nea(e) + 501, (&)

Each of these reactioﬁs has been justified-earlier. The mechanism pro-
ceeds as follows: 1 and 1' produce a low equilibrium S CIB(g) pressure,
whlch very slowly depolymerizes to NSC1 (2), whlch itself very slowly
decomposes to N2 and 32012
to produce NSCI, 8012, and an S

(2) Then §,C1, reacts quickly (h)with S 013(8)
3NQCl (s) 1mpur1ty. Reactlon E does pro=
'duce VSCl(g) from S C13(S but the sum of 3 and h is

_NSCl;(g)’+ s3N3CJ3(s) “';-->S3N2Cl (s) + N (g) + SCl (g) |

which isrstiil liﬁited by 2 However, onCe sufficient SCl (g) has built
up, its dlsproportlonatlon (Q)fOIIOWed by the resultlng C1, (g) and SECle(g)
under001ng 6 and h gives the desired net reactlonx

0L (s) k56

in which NSCl(g) is produced from S C13( s) by & process not - 1nvolv1ng

>3Nsc31(g)

55N501_(g) and usmg secn. , c1 and SBNQ

process cxplains the observed autocatalytic behavior by the enhanced

Cl together as a catalyst This

occurrence of z'with bulldupvof NSCr(g). The observed rapid,;smooth
rate derrease1 to zero at the equlllbrium NSCl pressure correSponds to

thc (ms01)3 term in the rate of 2'



-118-

| The sequence would be stopped (as observed) by aadltlon of Cl? by
renoval of 32012 through QL; addition after same NSCL had butlt up would
initially halt the sequence but it would recover (as observed)after enough
SQCl had been formed by continuation of 3 to override tbe amount of
chlorine added"addition initialiy would cause the virtually permauent
'hel' noticed, as any NSCl for 3 must then first come from slow procedure

of 2. (Dlrect decomposltlon to S Cl and . nltrogen of S C;3(s) is,

2
unlmportant relatlve to 3 as shown by no measureable formation of nltro-
gen 1n the 20 hours the pressure remalned constant with chlérine above
SBNBCIB(s),‘whereas several mllllmeters of Né resulted in less time in -
pressure reasurements of NsCl1).

Thelnductlon period, then, is the time required for S Cl .to
bulld up via 2 and 3, and the randomness could be caused elther (l) by
removal of S Cl by small mnounts of chlorine occluded in the solld
aurlng ‘the recrystalllzatlon process, or (2) by the presence of sllght
S3N Cl 1mpur1t1es in the S Cl3 wh1ch besides enhanc1ng 6 mlght:also '

fbnn slight amounts of NSC1 and SCl to start the catalytlc process by

the slow decompos1tlon.

N,C1, (s) - 2s8,NCl(s) + 2NSCl(g)“+_SClQ(g).,'

5 2
Tbis decomposition is not measurable at 50° but may occur sufficiently as

SBNéClz is reported to decompose even at room temperature on long stand-

‘ipg.lh' The presence of S5N Cl, is supported by the slight ( /2 mm)

pressure rises observed just fOllOWlng addition of chlorine presumably
resultlng from 6.
This mechanlsm is probably not the only one"whlch can qualltatlvely

i |

’ ekplaln the observed effects, as the presence and 1nvolvement of smarl
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amounts of many unknown and known species Whlch would react w1th chlo-
rine or S N ClB(S) is po<31ble, however, its’ use of only known reactlons

and species known to be present is in its favor.

E. The Sublimation Pressure of S_N.C:
575

We have previously presented evidencedthet production of‘NSCléfrom
Cl3 occurs only slowly at 50 by the direct thermal depolymerlzatlon.
5013(g - 3Nscl(g) : a :(_l)_
and very rapidly by a catalytic process, presumbly involving a;difect
attack og the solid, ﬁhat is prevented or gfeatl&.retarded by chlofine.
_The gas~flow system was used in hopes that a constant high concentration
of chlorlne would suppress thls catalytic process endugh that any NSCl )
produced.would indicate the extent reaction l“had occurred. The experl-
mental problem was one of flowing the carrier gas slow enough that it
became saturated with S N ClB(g) over the bed, slow enough that it could
b.e trapped efflclently in a small, welghable trap,. but fast enough that
reaction 1 would not measurably remove S 3013(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 simila% high

'_chlorlne concentratlon and variations only in:flowrate and temperature.‘“

Runs l ~ 4 were preformed at 45.0° in hopes of flndlng a flowrate giving
'maxlmum saturation and trapplng and minimum depolyermlzatlon as 1nd1cated
\Py a maximum 83_5013(g)_content. Indeed a maximum was found_et.~ loo..
ce/min indicating that the faster flows were not saturated or, less likely,

not trapped. The NSCL wes also considered; if only reaction 1 occurred

-'phen the NSC1l should be inversely proportional to the flowrate. This is

not the case as higher flowrates éave comparable NSC1 pressures'and the
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lower fiowrate (Run L) gave a 10-fold increase in NSCL with Only'a}slight
N3Cl3 decrease; thus, a substantial part of the NSCL found, though

miniscule compared with amounts found'without chlorine, still resulted

‘from the catalytic process rather then from reactlon l and a bulldup

f

OI catalytic 1mpur1t1es in the bed with its use was also 1nd1cated.

S N Cl5

value (Run 1) and, in fact, is comparable to a later 100 cc/mln value

Tnc r at 59. Y cc/mln is only sllghtly IOWer than the lOO cc/mln
(Run 7), but ag the reactions depolymer1z1ng S 013( s) mlght also affect
NBCIBGg) with a different rate, though to a much smaller extent,.the'

large NSC1 pressure makes the value uncertain.

The 100 cc/min run (1) yielded a P of 3.69 (12) microns and

- | S31%5C
| NSCl corresponding to a maximim depolymerizatioh of S CIB(g) or: 3, Opt. -
I.IL reactlon 1 d1d produce all of this then the ratio of depolymerlzatlon
after and before leaving the bed would be the ratlo of flow tlmes through
or volumes of each area whlle saturated, or L: 20, th1s would lmply that
l3

_f&om depolymerlzatlon, but presumably was even less affected as apparently

the measured Py was O X (1/20) = 0. l5u low (an acceptable error)
’ some of this NSCl resulted from catalytlc depolymerization of the SOllQ.

. As 100 cc/mln seemed to be the fastest flowrate unaffected by
saturatlon problems 1t was used in lower temperature 40.0 and 35 O runs
where reaction 1 is presumably. completely negligible. At 50 O runs at
lOl 146, and 195 cc/mln were made with the 101 cc/mln result substantlally
IOWer than the nearly equal faster flowrate results. Presumab1y=reactlon'
l is faster at this temperature and proceeded sufflclently to be notlcable
so the faster flowrates were used to reduce this effect The results

o -

1na1cate the saturatlon, expected to be easier at hlgher temperatures

wa, s ach;eved. (Glass wool was packed 1n trap 1 to insure efficient
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TABLE IV
P(SBN3C13) data used to determine the equation
log P(u) = -5316 (1/T) + 17.270

for the equilibrium S N C;B(s) S5T Clj(g)

AT D . P

7 Fobs Peale > = Pops~Feale
(°c) (k) w). . (W)
35.0 1.05 o105 10.00
.0 197 197 - 0.00
| 5.0 3.69 . 3.65 = _+o}oﬁ
5.0 Cmak o 365 o “0.21
50.0 | 661 6.2 ';‘iuh +0.07

. 50.0 N 6.50 - 6.62 _ -0.12
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f;3 50¢_ Lrapplng at the highest . flowrate.) At 55. 0° and 100 cc/mln a
substantial dep?lymerlzatlon and darkening of the S5 3013 bed indicated
ﬁﬁat reliable data were unobtaiﬂabie. |
, Considering the iod ce/min results at 45, 40, and 35° and the faster
flowrates at 50° to be the most reliable, these were ploﬁﬁed (Fig.j6) as
3log P vs. (l/T) and gave a Quite resonable fit as indicated in Table v
to a stralght line of equation log P(p) = 5. 316 (1/1) + 17.270. ‘Having
passed thié'test the datg were interpreted as representing the equili-

brium pressgre‘of SBN3013(g) abéve the solid and treated in the manner
earlier described for,the.NSCl(g) pressures. .

. We thus obtain:forlthe sublimation

%
¥

S0 (s) = 8,01 (e)

1.5 kcal/mole

4

2&.3

the values'AH%5v5oo

I+

" and &S] = 52.1 * 4,6 cal/deg.mole

9/'50
By combining these values with those obtained for the reaction:
N,Cl (s) = NSCl
5015 (s) = 3N5C1(g)
we derive the results for the gaseous depolymerizatibn reaction:
N.C > 3Nsc1l(g)
5¢15(g) > swsel(e)
Yhich are AH§5_5094 = 21.9 3,0 kcal/mole
Y .5 9.4 cal/deg. mole
35_5o° T7.5 9 / g
The uncertainties represent the sum of the uncertainties of the iﬁdivif__'

dual measurements, )

- F. Discussion of Thermodynamic Values

The derived results are summarized in the diagram below:
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>
:EO
]

2l.3 % 1.5 keal/mole

As®

o

52,1 * 4.6 cal/deg.mole

NgClB(s) - — 85N Cl3(g)

6.2+ 1.5 | - 21.9 3.0
129.6 * 4.8 / As° = T7.5 £ 9.b
'.-;y 3Ns01(g) o

The OH® values are primarily dependent on the strengths of the bonds

AH®
As®

broken, about which llttle is known, but the entropy changes are deter-
'slmlned prlmarlly by the process involved and should be s1milar to those
;_found in depolymerizations of other trimeric s1x-membered ring ccmpounds.‘
The closest analogy to the trimeric solid - monomeric gns process

-%or which data are available is fhe vaporization of the ice-like fonn

of SOB, 7-803, which exists-'in the solid as a ‘trimeric. 51x-membered rlng
composed of alternatlng sulfur and oxygen-‘atoms in a chalr;conflguzatlon-
meth two termlnal oxygens bonded to each‘sulfur}28 Both the structure
and the molecular welght of the solld are very similar to S 013(s
 Measurement ff the vapor pressure of_SO3(g) ebove the sollq has ylelded
‘an'entrop& cﬁange of &8° = 122.1 e.u. (all entropies to be referred to

*are in cal/deg.mole = e.u.) for the reaction:
: 2
(s0g)5(s) =~ 3805(e)."

Not onLJ is this value quite s1m11ar to the A° of 129.6 e u. we have
idetermlned for the correspondlng S Cl3 process; but when these values
are combined with the spectroscoplcally determlned 25° absolute entroples,

63 66 ey 2l the calculated

013(

- 29.
SSOB(g) = ,61'2h e.u. - and ShSCl( )
t;imeric so;id entropies, SESO )3( )'= 61. 6‘e.u. and S ) = 61 b e.u.,

'are'virtualLy identical. '
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It is difficult to obtdin suitable anaiogies for the trimer(si-ﬁ
trimer(g) pfocees. Although the major contriﬁution.to £he_entropy;change
ié,from the translational contributions of the resulting gaseeus melecule,
the greater the intermolecular association in-the crystalline iaﬁtice
.and the‘greater'the internal motion or lack of rigidity ofvtﬁe gaseoue
molecule the greater will}be'the entropy'change in'tﬁe procees. .Azsub-
'eeantiai emount of interaction in S3N3C13(s)has been propoeed to explain /
seme significantly close (compared to van der~Waal's radii) intermelecular
contacts and the presence of two distinct S-C1 bond lengthe found-in |
its crystal structure,9 but nothing is known about the rigldlty of gase-l
ous S N l3 In fact very llttle sublimation: pressure data are avallable

for compounds of.51mllar structure and high molecularnwelght; one

possible analogy is (PNC1,), with a 4S°(subl) = 38.0 e.u., calculated

30

2)3

from reported sublimation pressures, which is somewhat lower than our

“value of 52.1 e.u. for 8,N,C1, sublimation. However, the ring in (PNCL,),

is planar; correlation with the AS° (subl) = 45.3 e.u. calculated from
%he heat of fueioﬁ (7.6 kcal/mole)51 and heat of vaporization (15.5,
kéal/mole),'boiliné‘point (325.5°), and melting point (123.5°)32 of the
‘ puckered ring compouﬁd((PNClg)u may be more applicable. '
- Of\more‘applicaeility mey be a comparison of the eetropy changes
in the triger(g) —>.3Jmonomer(g) processes'for si#-membered ring cdm-.
pounds;..The major term invthe ehtropy of a-gas is from translatieﬁalv
;aﬁd rotational contributions; as each depolymerizetion forms thfee'mole-
cﬁles with exactly one—third the molecular weight of the pareﬁt molecule,
.Eﬁe AS coﬁtributed by thisvterm to any gaseoue trimeriiatioﬁ feaction ;
will beveiﬁilar Agaiﬁ there are eonfributions from vibretien and |

free 1nternal rotatlon, or "rigidity", which will not be the same for
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depolymerizatioh:of different compounds, but conSideration ohly of;six-
membered ring depolymerizations involving breaking of six ring boﬁds to

form three bonds of higher order should minimize the differences. ;Calcu~ .

25

even of markedly different molecules, provided the general six-membered

lation from reported ideal gas S,.o values of &S for-detrimefiZatibns

}ing breaking process is the same, leads to a suprisingly small raﬁge of

values. Some of these are:

Trimer(g) s%(e.u.) - Monomer(g) S°(e:u.). ) As° for-,
_ ‘ ' ' Trimer(g) — Monomer(g)
BOH: 69.7°°  HBO  50.2477 81.0
. B, OgH, 8%.05° HOBO 57,277 - 88.8
. 33 R
B,05CL; 91.37 ClB0 56f72 o ?8f8
BOF, . 887 - FRo 573 901
| 3h 3k o
Cgle. 64,3k | CHy 48.0 79.7
~ (venzene) (acetylene) ‘
v L ) 31+ . 31“' . )
C9“12 N 92.12 C3Hu . 59.30 85.8
(mesitylene) (propyne) |
c H. et em 52 5h3h 8 5
612 . .".3."_. 2)4- ¢ i
(cyclohexane) , (ethylene) B ,
C T ‘ 91k 27 o F. 60.25°> 89.3
66 S - : -
BesOy 65.3 22 BeO S yr.2 3 76.3

This 76590 re+U. range includes, and thus adds plausibility to,‘the
77.5 £ 9.h e.u. value determined for the depolymerization of é3NBCl3(g).

‘The AH® value of 21.9 keal/mole for the reaction S c1,(g) - 3NsC1(g)

305

corresponds_torthe breaking of six and forming of three SN bonds of

orders somewhere between the"two'extremesrepresented by the forms:
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1
SN o
N J S
i i - 3 I\T---‘.%S\C:L
S S
7\ N\ :
Cl 'N‘% Cl
Cl
! +
- /S\ - -
N N et~ 3 N = S
+1 é+ : Cl

The ﬁost recently published'bend-order aseigementS'fdrVSN coﬁpoundego
.llstea the SN bona order in’ s N c13(s) as L.b and that in NsC1l(g) es

2.2, but these resulted from e somewhat arbltrary eorrelat;on of bond
bédistances; fbrce censfants} and orders of which man& were esﬁiﬁatee'and

are at best onl§ approximate. Regardless, the order_of the Eonds.i
_apprdximately doubles with depolymerization and the relation betwaén

1

ﬂuhelr energles may be approx1mateq by the measured AH using the formula

AH /3 = 2D(N-S) 'D(N-8)

NSC1(g) 7.3 kcal/méle

SNC%()

‘which gives the reasoneble result: that the bond which is twice the
~order of the other ie nearly twice the strength,vahd is valid to tﬁe
‘ei;ent thet the S-Cljﬁond energy remains conepant} |

A vefy.approximate bond energy mighﬁ be estimated from the calori-
-wmetrlcally determined D(S-N) in §)N) of 73 5 kcal/mole,l9 but this is an
: upper llmlt as 8-S 1nteractlons cf whlch there is evidence were 1gnored
Ln Lhe calculatlon._ The S-N dlstance in Sstclj(s)9 ‘is only O lhA shorter
than in ou u36 so their bond energies should be similar. Assuming thls

o hold in SBNzCl (g) also, gives an upper limit for the bond energ y in
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NSCL of around 130 kcal.! This value is in the range of 115 * 25 crudely
@termined épectroscopically forVSN(g),Bl which by analogy with NO should

have a bond order of 2.5.
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