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PART I. EPR STUDIES OF TETRASULFUR
TETRANITRIDE IN SULFURIC ACID

AjSteVén A. Lipp; James J. Cﬁang and William L. Jolly
Inofgénic.Materials"Résearch ﬁivisibn; Lawrence Radiation Labofatory
and Department of Chemistry, University of California, Berkeley

: California ‘
* Abstract
The solutions f ormed by the dissolution 6f tetrasulfu; tetrénitride
iﬁbsulfuric.acid have been studied by electron paramagnetic feéonance
(epr). 'Thé main radical speéies, which wes determined from a transference

v.study t§ be positively éhefged, hes a five-line spéctrum,_dué to £wbbequi-

valent. nitrogens, with g =v2.0lO9-and AN = 5.21 gauss. A study using. |

sulfur-33 enriched SﬁNh showed that the radical contaips two edﬁivélent

suifur'atoms with AS = 8.9 gauss. Thé spectrﬁm has been assigned to‘thé

radicalVSéN2+. In 9% sulfuric acid the five-liné_spectrum decays to a
.spectfum Qontaining three lines with relative iptensities 1:2:1. This

spécﬁrum.has g = 2.0152 and avproton coupling -constant of 1.05 gauss.
, A_sﬁlfﬁr—i} coupling constant determined from weak satellite lines is

AS = 8.5 gauss. The idehtity of this radical species is uncertain.
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Introduction

‘fihe epr spectra of fhe solutions formed by'the di;solutién of ShNh
in'éoncenﬁrated sulfufic acid were first réported by Chapman and Masseylr
in 1962. Freshly-prepafed solutions gave a spectrum of five lines with
an infensity ratiolof l§2:3:2:1 and a sepération of 3.32%.04 gauss. This .
spectrum is consistent wifhba radicgl containing th equivalent nitrdgen
atqu,v A'transference'study by‘Chapman and Massey showed that thevspecies
was posiﬁiyely charged, and they suggested that the radical was SNé+',

'Iﬁ a later study, McNeil; Murray, and Syménsg also observed the
same five-line spectrum. They calculatéd spinzpoéulations from their
» obser#éd‘hyperfihe coupling constanfs; and concluded that there should
‘be aﬁ appreciable spih population'on the sulfur atom. HoWeVér, uéing

the method of Walsh

they predicted that SN2+ would haVe a linear étructure.
They. further predicted that theré w§uld be no spin populatioh on the
suifﬁr atan. Since the latter prediction was incénsistent wiﬁh their
calculated spin populatidns, they broposed'that the observed radical was
the éYciic S2Né+ species. |
BQtﬁ»érQups of .researchers reported that in 95% sulfuric acid'a‘t
‘thrééAIiné spectrum appeared as the five line spectrum decayed. These:
lines:wéfé reported to have an intensity ratio of 1:1:1 and a splitting
of approximately 1 gauss. Such a spectrum is ctnsistent with a fadical
'spécieé containing_oniy one.nitrogen. Chapméh and Massey were unable i
té determine the electrical charge of the_species and proposged SN‘as a

possible spécies.



We have further studied the esr spectra of theSe:solutidns to
learn more about the nature of these radicals as well'as their-relativé

~ importanée in the overall reaction of ShNu With sulfuric acid.



Expepimeﬁﬁal‘Procedures

Two sol?enté'Wereiemployed:‘ cohééﬁtrated'sulfuric acid (Baker and
Adamson 95% reagent érade) and.lOO% éulfuric acid. The reactions were
\‘slightly different in these solventé. Sulfu[ric écm (_100% Hesou_unl.e'ss

otherwfsezspedified):&as pfepared from Bakgr and Adamson reagent grade
concentrated sulfuric acid and Baker and.Adamsoh feagent gfade 156 fuming
sulfuric acid. The exactbcomposition of the solvent was adjusted‘ﬁntil

a maximum in the-freezing péint was obtained.

The ShNL wag prepared by the method of Villena-Blanco and Jol'ly'.l’L
The‘product Was recrystallized from benzene until a constant melting
point of 186° was obtained and then stored under vacuun until needed;

53

Tetraéulfur tetranitride enriched in S was‘alsb prepared for these
expériments. Sulfur (48.6% 55S)"was obtainéd from Oak RidgekNationai
Laboratbfy. Threevmg.,of suifur was placed in a ‘conical 15 ml test tube
equipped with,a standard taper Joint. The tube was éonnected through a
stopqock ﬁ¢ a standard'vaguUm line and evacuated. vApproximately-?OO
torr of_éhlofine wasbplaced in the tube and the stopcock was closéd. -After

.severél ﬁoufs all thé solid sulfuf was converted to volatile compounds;

v presumably a mixture of sulfur chlorides. The tube was placed inla -112°
bath, andlail the excéss chlorine was pumped off. Then 8.5'ﬁl of'cérbon
tetraehidride was condensed into the tube at -1960. ' The vessel was\'
ﬁheﬁ filied with a‘nitrogen atmosphere, warmed to room tempefature?ahd

. discﬁnnectedﬂfrom the Vacﬁum iine. 'Purified‘ammonia,was immediately
bubbled thfoughvthe solution. After four hours .of bubbling,thé carﬁon '

‘ﬁetfachldridé”~.SOIutionfwas;filtered;to remove all the ammonium:chloride as ’



well és_most of the sulfur-which are products of the reaction. The
filtraté was eyapofated to-dryness.énd the brOduCt.ShNu given no further
~purification. Several trial preparations With.éulfur in natural abﬁndance,
chetked by epr spectra, showéd no radical5impuritiés. | |
" The reactions were always run under vécuum. Usually the SuNu was
added slolevto HéSOu which was cooled fo 0° in order to pre?ent any
local ovefheating. With the BBSuN’; the»smaller sample size made it
more convenient to add the sulfuric écid to the SMNh' |
The'pélarity of the radicals WéS’ determinei in a trénsference_étudy
'using eléctrolysis in a éellrwhich consisted of five.compartments sepa.-
rafed by sinfered glass discs. Solveﬁt was piaced in the four outer
‘compartments; and the solution being studied waé placed in thé_centéf
compartment. For'gg%'HQSOu'5 V.d.c. was épplied, while for lOO%.HéSOuv
15 V d.c. was.needed in'order to obtain é sufficient'cumréht. The’charge
on;a spécies wa.s deduced frém thefairection Of migrétionkas detected:by
the épr'spectra;_ |
Epr ﬁeasureﬁents were made using a Varian Vh562 epr specfrometef?_
equipbéd with‘arﬂne-ind@ Fieldial regulated magnéﬁ‘and 100 KHz field
'modulafiéﬂ and deﬁécfion, For routinevwork,‘sampleé were held-in_a:
‘quartz flat cell (Variah v45L8 aqueéus sciution.sample-cell). A VH551
multipufpose-caviﬁy was used. L
Spectra were recorded both in analog férm for roﬁtine»anaiysis;and
in digital form for computer proéessing of the spectra. The specfra
were digi£ized by attaching a Honé&ell modél S611k automafié dafé logging

systém'to the épectrometer. This system consists of a frequency. counter



(#p 52h5L),'a diéital voltmeter (Hénéyw§ll-EI- Mulfiﬁeter,vnmmh1;6505),‘
an output-control-unit (Honeywell-EI model 825) and an,iﬁcremental
'magnet;c tape recorder (Kennedy, model 1400): A voitage-to—frequency
converter tVidar;.modei 2ho)lwas used to pfovide magnetic field infor-
mation from the'xjaxié transmitting.pétentiometer of the Fieldial unit.
The magnetic fiéld was calibrated using an nmf.magnetométer.i'

The digitized specfra Were processed by éomputing a léast squares
fit to tHe spectra. With fhis procesé good values could be obtainéd for
the linewidth,. line péSition, and intensity. The least squares teéhhique
is especially impqrtant in determining line ihtensities of unresblvéd
lines which have different linewidths. Errors due to baseline drift
and overlapped lines;are auvtoma tically accounted for by'the lineshapé.
analysis. This'téchnique is not subjecf to the errérs (aue‘to approximations)
of the usuval integration methods .

Radical cenéentrationézwere detérmined by a coméafisbn technique. A
résénént‘cavity (Varian, Vh55h) was.doped with,avsample.of manganese(IIf
in magﬁesiﬁm oxgde.' The manganese'refereﬁce standard, in a smail capillary
tube, ﬁds taped to the side of the resonant cavity so that itvwas‘ih both
the,microwave field and the modﬁlation field. This sample gave epf signals
whiéh were resblved>fram those of the.radical of intérest. ‘Theimangdnese
standa?d was caiibr;ted»%ith-a samﬁle of Vanddylvacetylacgtonéte;dissolved
in dichioromethane and thé rédical speétra were comparéd with the ﬁanganese
signéls.;'The epr signalhintensifies Were‘determiﬁed-by a leést sqﬁares.

fit to the digitized spectra.



Results and Discussion

The epr study of the reaction.préducts of tetrasulfur tetranitfide
in 100% sulfuric¢ acid produced the same spectrum aé:had previously
been repofted from 95% sulfurié aéid.' This spectfum cbnsistéd of five
lines with aﬁ intensity‘ratio of 1l:2:3:2:1 (Fig. 1). Tﬁe lines showed
a trehdrinvlinewidth: the narrowest line was Qn_the iéW—field Sidé and
the broadest line was on the,high, field. This spect}um was fit_ﬁSing
a modified version of the least—sqﬁares technique déscribed‘by Bauder and

5

Myers.” Assuming a Lorentz linéshape‘with variable widths for the lines,
and a second-order spin Hamiltonian, the radical‘waé found to have g =
- 2,0107 an@ a hyperfine coupling constént of 3.21 gauss.

Further study of the speétrum revealed sevéral very low—intensity.lines
féach’lesé £han 1% of the intensity of the:major spectrum) thch were
éymmétficaily disposed about the major fiwe-line sﬁectrﬁm; .These.lines,
like.thelﬁajor five lines, showed distinct variatibns in liﬁewidths from
‘_dlow'_'to high field (Fig. 2). Moreover, the lines both on _thve‘low’field |
sidévahd’on.the high field side wéfe sepérated by abprokimately fhé;same
sﬁlittiné as the major linés.

_Tﬁesé low intensity lines appear to have the samelg value as;fhé five

33

line spectrum and are believed to be due to S in natural abundance.

Sulfur-33 has a nuclear spin I = 3/2, and is a stable isotope of-O.?M% .
33 ‘

-natural abundance. If these peaks are due to °S, then, the number of
. sulfur atoms in the radical could, in principle, be determined by a compari-
son of the intensities of the satellite lines to the main lines. How-

ever, an attempt to perfdrm this combariéon failed. The low intensity

of. the satellite lines compared with the main lines as well as the



vafiétibn,ih fhe'lihewidths, and the.iack.éf reSoiutioﬁ,_madé Such;a
comparison very diffiéult. The rélative intensities of the“lines.éOﬁld.
not be_deterﬁined with_ény preciéipn. |

In order to establish the number of sulfur rafoms in the radical,

53

S), M, enriched in 7“8 was used. The spéctfum reSultihg from ﬁhe.enriéhéd
sample is shown in Fig. 3. From this spectrum, it can be concluded.that
the radical must possess more than one sulfur; The hYperfine pattern
is much too complicéted for a species ﬁith oniy one sulfuf:aton; .Bécause
of_the numbers of parameters required to describe the spectrum, fhé:
épectrum,could not be fitted with é leastvsquaresAtééhniqué. H§Wever,
it wasvpossibleﬂto simulate the spectrum quite clqsely byvassuming a
radical containing tﬁo equivaleﬁt sﬁlfur atoms (see Fig. 4). The sulfur
hyperfine coupling constant obtained is 8.9 gauss. ’ |
The epr‘studies have shoWn that the radiéal contains two:equiﬁaient

nitrogen and tﬁo equivalent sulfur'atomé. bThe'cohcéntration of thé3’
rédical_ﬁés also.determined from the épr studies.. The_solutioﬁs eﬁbloyed
ﬁere aéproximately Q.OOl:M.invShNh. VThé spectrum was taken 40 minute§ 
after fhe reaqtibn began and the subsequent slow decay was'observéd.
Afﬁer 4O minutes the epr results showed that O.27Ifadicals_Weré préduced
per.SuNu. If the decdy is extrapolated back tb zero time, the:yie;d
is.increased tb 0.28. Thus, its farmation must be considered to bé‘a
reaction of reasonable importance.

| Thé species having the five-line épectrum can also bevmadé fréﬁ sulfur=
vnitfbgen compounds other than SMNM.- Chapman and MasSey reportedvthat
. they obgérved the same spectruﬁ with S,N,, SANé,‘suNuHh, Cé(SgNéH)g and _

. ; 6 - :
» In concentrated sulfuric ac1d.l’ We have confirmed the results

SBNéO



w1th SBNEOE and have shown that with SBNEOS in 100% sulfuric acid, the
-same species 1s formed. Thus, 1t appears that the radlcal is a common‘
decomposition product of many sulfur nltrogen compounds in sulfuric acid.’

: Ali of these intiel compounds have one thing in comnon: alternating
sulfur,and nitrogen atoms.

The charge of the five line radical was checked by placing its»solu;

tion in the center compartment of a fivevcompartment transference cell.
A potentiai of 15 V d.c. was applied for two hours with the cell kept
in a 10° bath. When the‘epr spectra of the‘three central compértments
_Were examined it was foundvthat the_radical migrated preferentially;
tomard'the cathode. This confimed tne results of Chapman_end Massey
‘_WhOfshoweo that the radicel was positively charged. |

'The epr determinations have shown that the radical has two equivalent

nitrogens and two equivalent sulfurs.',However, this result cannot pre-
ciude theepossibility of a species cdntaining oxygen, other non;equivalent
suifurs or even hydrogen haviné‘norappreciable.free electron densit&.

Even if there were only sulfur and nltrogen in the radlcal SNNS+ end,
NSSN WOuld satlsfy the epr results, although they both require a rearrange-
ment of "S N fragments. However, the relative‘ease of formation‘from so
marny w1dely diverge compounds would 1ndlcate that its structure 1s most
probably a ring of alternating sulfur and nitrogen atoms.

Although?the earlier investigators reported‘the‘appearance”ofne three-
line'spectrum when‘the:five-line spectrum'decayed;,tné1three+line spectrum
wes never observed when SﬁNA was reacted With 100% sulfuric acid. How-
“ever, it was posgible to produce the three-line spectrum (see Fig. 5)

by using 95% sulfuric acid. The five-line species was COmpletely con-



VVerted:to:the three-line Species after several weeks at room temperature
or a'cbuple'of hours at lOO° Chapmanvana MaSsey reported that the
sgxmrum had g = 2, 016 w1th a coupllng constant of about 1 gauss, and
~the llnes had relatlve 1ntens1t1es of l l 1. On the basis of thiscthey
suggested that the species might be SN |
However, the present work shows that the relative intensities are

approximétely 1:211.'.These intensities are consistent with a species
containing two equivelent hydregen etoms. Furthermore, some very weak
'iines are present on both the low field and the high fiel&-sides of tIE
main.three line spectrum. These iines are.equidistant from the main
lines and exhitit the same_pattern; Thus, they are thought to arise:
ﬁrom a 35S hyperfine interaction. The number of suifur atoms in the
radical species could not be detefmined becaﬁse the signal ihtensities
Were_too ﬁeak. The spectfal paremeters determined from a least sqﬁares
fit.to‘the spectrun were g = 2.0152, A, = 1.07 gauss, and Aq = 8.5:
- gauss;' The'spectral parameters for this species as Well as the five

line spe01es are presented in Table I.

- TABLE I
' Hyperflne Coupling Constants and g-values for Radlcals Derived
from S, N,
5 . . |
o g A2 AT . A Reference
SuNﬁ‘ln HQSOh | | N H oS | -
(five line) 2.011 3.32 : - 1
: 2.0112 3.20 : - - 2
» 2.0109 3.21 8.9 this work
5, in 7 580, 2.016 | ca.l. -- 1
(three 1ine- 2.0177 - » SS9 - 2

Decomp.) . 2.0152 . 1.07 8 5. this work

aHiy'perfine coupling constants are reported in gauss.
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To further substantiate this:interprétation 5f’thé.thzee-lihe'spéCies,
the.dissolution was done in deuterated sulfuric acid.‘,If the triplet.
spectrum isAdue to hyperfine interaction»with protons, fhe spectrum ré;uit_
ing from Qeuﬁeroﬁ interaction would, in principle; be a quintet, ﬁith bne—
third the'spread of the three line spectrum.  H6wevér, because the splitting v
woula be smélier.than the_linéwidth, the épectfum WOﬁld consist of_a!single
unresolved line. Thé dissoiution produced the same five 1iné_spectrum as
reported previqusly. .However; when the five-line_speciés decayed, the

- spectrum observéd was a singlé‘line with a width Which-waé iess th&hzthe-

‘spréad'bf ﬁhe ffiplet spectfﬂm. Since the line does not haVe'a-Loxenté
lineshape,.it.probébly consisﬁsbof unresolved hyperfine étrudtuxe.f‘These
results éstabliéh that the three—linefépectrum is caused by hyperfine'
interaction with two hydrpgens. |

A SOlutionvof the species giQing risé to the three line spéctrum
was placéd in_the center'compartment of the fi?e éompartmenf‘ﬂransference
‘cell. A potential’of 5V d.c. was applied for two'hours. An examinétion
of therthfeercentral cémpaffments showed.that fhe radical migrated to:
the cathode,  This establishéd that thé spécies'was.pOSitively charéed as
migﬁt'befexpeCted. |

‘.'vTheICOncentration.of_the threé‘line species was determined-by_édm—v”
.pafison ﬁith the same manganese intefnal standard used previously. The
yield was less than 0.01 per 82N2+ of le%s than 0.0028 per.SuNu. »iheA
growth of the three 1line species doeé appear to correlate~wi£h the décay
of SQNé+ but from its very small yield i3 seemé to be of a relative
unimportancc._ |

These results indicate that the decompogition product contains two

equivalent hydrogen atoms, at least one sulfur atom and is also positively
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vchafged. vThe product probably goﬁtaiéﬁ okygén; but it is uniikeiy tﬁat
it.contains nitroéen. The high g-Value and the_small hydrdgen coubling
constant indicate that fhe radiéal is probablywa‘ﬁ-radical.‘ HQwever,’from'
the available dafa it ié impossible to determinévité exact~coméositionvand

the identity of the species is open to speculation.

P . . ’ C ) -
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 PART II.. THE REACTION OF TETRASULFUR TETRANITRIDE
- . " WITH SULFURIC ACID
Steven A. Lipp and William L. Jolly
Inorganic Materiels Resesrch Division, Laﬁrence Radiation Laboratory
and Department of Chemistry, University of California, Berkeley
o California :

Abstract
ARSI,

‘The stable reaction products of tetrasulfur tetranitride with

lOO% sulfﬁric acid have been studied by several aralytical.techniques.

The products are sulfur diaxide, sulfamic acid,varying amounts of bisul-

fate, disulfate and ammonium ion, as well as an uncheracterized cation with

an intense uv and complex visible absorption spectrum. It was not possidle

‘to determine a completely balanced equation.
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Introduction

The chemistry of tetrasulfur tetfanitride (SANﬁ) dates back to
1835, when Gregoryl isolated the compound from the reaction of disulfur
' d;chloridé with ammonia. Since then, many researchers have‘studied'v .
this parent compound and its-large family of defivatives.g

b

Goehring and her co-workers” have reported the'preparation of
sulfur trioxide'adducts of SMNL; Depending on the ratio'of reectants,

either ShNﬁ 280, or ShNﬁ MSO can be formed. When excess sulfur trl-

3 5

ox:de is used the sulfur nltrlde complex 1is ox1dlzed to S5 2 5
sulfur d10x1de is evolved. Subsequent hydrolysis yields additional
sulfuf dioxide as weil.as ammenia, sulfuric acid end.sulfamie.acid.

The honogeneous aeid‘hydrol&sis-of ShNﬁ has been reported to
pioceed by a different route; Nair and Murthy,u using dioxane that was
L M in acid as solvent, were eble'to study thevhydrolysis products .
without resorting to.a heterogeneous medium.5 Their results"showed
 that allithe nitregen ended up as ammonia.'vThe sulfur,eon.the othef
hand; ended up as‘varying non—stbichiometric amounts of sulfur ddoxide,
'hydrogen sulfide and elemental sulfur. | |

The st01ch10metry of the reaction of SMNL with sulfurlc ac1d mlght
be expected tq be intermediate between those of the two aferementloned
‘reactiensO. The reection Of,SMNﬁ uith concentreted sulfuric acid Qaé v
i first reported by Chapman and Massey,é‘who observed two radical speeies
in,soiution. The study by Lipp, Chang, and J‘olly7 showed that, in-
lOO%.sulfufic acid, only one of.the fédicals was:formed. The species
was. shown to be SgNé , probably in the form of a ring of alternatlng

sulfur and nltrogen atoms.,
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Sulfuric acid is knbﬁh fo_be a‘stabilizing'solvént for many re-
activeFSPecies which are'unstablé.in aqueous solution, These would.
includévNO+,8»NOé+,9 Séi+,lo as wéll as scores of aroﬁatic.radicalb
cations.ll The use of sulfuric’acid és'thé solvent as ﬁell as a
reactant in thié study*ﬁight allow?fof the stabilization of sevérai
unusual and otherwise ugatﬁainable pfodﬁcts._ It was with thislfn
.mind that é study of the total net reaction‘ofjtetrésulfur ﬁetranitfide
with'suifuric acid‘was begun in this 1aboratory.v

Invdrder to systematically.investigate the SAN#'HQSOM reaction,v
- 100% sulfﬁric acid was used as the solvent instead of ordinary con-
centrated (95%) sulfuric acid. More methods of analysis would thus be
applicable, and a fuller understanding of the reaction would be pbé-
sible. The analytical proceduies employed succeésfully included esT,

mmr, conductivity, cryoscopy, uv-visible spegtroscopy as well as

classical chemical analysis.



naloin

Experimentai_

General. - The'lOO% sulfuric acid (ﬁritfen.as just H,50)- any other
concentfatidns will be spécified) was preparedufrom concentrafed
Hy50, (95%) Baker and Adamson Reagent Grade plus 15% ﬁﬁn'ing H, S0,
Baker and Adamson Reagent Grade;_ The solution was first adjusted £0
the point where fuming’just stops by the "fair and.foggy" method.12
Exactlytloo% was obtained by'a‘réédjustment with éither‘slightlyr-
aquequs of slightly_fuming HéSOh. :The eiact poihﬁ was established by
using the maximum freezing point.as the end point,indicator.li. The
methéd_éf‘determining freezing point Wili be exﬁlained in the section
on cryoSéopy. |

'_Thé.SuNﬁ used was prepared by the method of Villena—Blaﬁco and.
J'oll;y‘.:wi The ShNﬁ was recrystailized fiom benzene until the meiting
poihtbleVeléd off at 186°.  The product was then stored under vaédﬁm
until needed. | .,

'The.feéctions of SANL'with HéSOu ﬁsﬁally'wefe étudied on a standard

vacﬁq@vline. The HéSOh was first degaésed,'and the:SuNu was sléwly
éddéd;from a tipping side-arm. The reaction was quite ekothermic.. Ih »
order to prevent local heating the solution was stirred with a magnetic
,stirréf'and kept in an ice bath»as long as there wés evidencé.of rgaé;r,
tion; |

15

Conductivity.- It has been shown by Gillespie et al. that very ac-

curate determinations of the bisulfate ion concentration in HéSOu<;an
be achieved by conductivity measurement. The ionic mobility of bi-
sulfate ion is so much higher than that of any other'sﬁeciesl6 fhat.
the conductance can be considered to be a measure of :just that ion's

concentration.
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. The cohductivity cell (Fig. l) used in this study was of the basic
desigﬁ of‘Gillespie.l7 The Solutions'were'maintained under an atmosphere of
dry‘nitrOgén and the cell was élaced in a thermoétafted bath at 25i;QO5°.
The measureménﬁs were made with an a.c. Wheafstone Bridge usingvaIIOOO cps
oscillatér as the signal soufce and aTektronix Type 532 oscilloscope as
the balanée point defector. A balance point to better than i ohm in
2,500‘ohms.could be obtained. |

The cell was calibrated with Reagent Grade ammoniuﬁ,sulfate. First
a known‘amount of HéSOu was‘added to the cell from a weiéht burét; and
the conductivity was measured. Then a known amount Qf"ammdnium sﬁlfate

was added from the side arm. When the ammonium sulfate had complefely

dissolved, the conductivity was again measured. Further aliquots of

HéSOu were_added, and, after mixing, the conductivity of the solution
was measured.

A.plot of ammonium sulfate conéentration versus conductivity was
then draWn. The procéss was répeated twice more for overlapping ranges
of cohcentratioh to check the reproducibility and td extend the con-:
centration'range. The results of overlapping runs weré consistent 0

better'than 0.2%. The concentrations of bisulfate ion in the SﬁNM

'_solutions used in this study were determined by measﬁring the conduc-

tivity of the sélutién and noting the appropriéte bisulfaté‘ion'
concentrations that would éive-those Cbnductivities. The calibration
plot is shown on Fig. 2. |

Cryoscopy.~ The freezing point dépression method has been shdwn by
Gillespie_gz_ggrl8 to be a'veryvaccurate method for determiningvfhé

total concentrationvof all species in HéSOu solutions. The cryoscopic
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.segments of'the curvé. 'Thése éegménts corréspond to the témpefatufe
regions in which the liquid isvin contact with the solid HéSOu_and.
in which the solid is completely‘melted._ An example of such a plot is
showﬁ’in Fig. k. |
The freezing point of the pure sulfufic acid was foﬁnd to bé
lO.hO9°'énd was reprodﬁcible to i0.002°; The quarfz thermometer used
in this study was véry accurate for relative ﬁemperatures over é small
ranée, but was not as precise fér the true temperature, Therefdre,
the freezihg poinﬁ used to célculate the freezing pﬁint depression was
‘the‘one determined in this study fgther tﬁan theireported value of
10.371°. |
| The total numbef oflspeciés in éolufioh wasjthenbcalculated uéing
the method of Gillespie. o |
v o= 9(1+;0029)/(6.12Xmsd;ma/ms
where Vv = fotélﬁmples df specieé ih sdlution per mole bf.éoluter
. 9L=‘freezing péint depreséioh.(from ideal undiSsociaﬁed |
vaiue which is 0.245° higher than true freezing point

vapuré HéSOu);v

m® = stoichiometric concentration of solute in mole/kg of
‘solvent.
m, = total concentration of self-dissociation species (Héo,

+ +
H50 s H, Hés207)

my Values were determined from the tables in Bass, Gillespie and
Robirison18 from the known concentration of HSOA_ in the solution.

MR, - The mmr measurements were all made using'a Varian A-60 specfrom—

eter., To calibrate the intensity of the signals it was necessary to
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‘employ an internal standard. Our choice was [CO(NH5)6 jg[SOujé which

is soluble in HéSOA'and which gives one modérately_sharp peak. The
[Co(NH3)6]2 [SOLL]5 was itself callbrated with purified (NHA)QSOA as a
check on the acéuracy of the method. The results consistently showed

less than 2% error.

UV-Visible.- The uv and visible spectroscopy were performed on a Cary

14 spectfophotometer using quartz cells. Various path lengths from
0.1 Mm to 5 cm were used in order to maintain reasonable absorption
for a wide range of absorbances.

Tonic Polarity.- In order to determine the polarity of the species in

solution, an electrolysis cell was emplbyed; The celi; showﬁ in
Fig. 5, containéd fivevcémpartments separatedvby medium—pofbsity glass
frits. Solvent was placed in the fouf outer compartments and the.
solution being studied in the center.

A d;c;fpotential of 15 vblts was applied across the cell for

several hours. It was found necessary to have a five-compartment cell

:because the solution turned cloudy at the electrodes. The cell was

kept in a cold water bath to prevent decomposition of the solution.

By examining the three central compartments the éharge on the species

~1in question could be deduced by observing with uv-visible spectroscopy

the direction in which it preferentially_migiated;
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Results

. Geﬁéfél.-. When SﬁNh and HESOﬁ were'mixéd under vacugm, gas evolutiqn
began immediately. This gas was identified by ir ana mass spectroMeﬁry

as purevsulfﬁr dioxide. When thevsolution was kep£ at réom temperature

or belowérthé sulfur'dioxide was evolved élowly, and, after a few Hburs or
a fe& déys, depending on the concentration of SuNu; the amount‘of.éul_

fur dioxide condensed invariably leveled off af é.OO#0.0E moles per mole
Of-SMNh' The final ratio'Was:tﬁe same regardleés'of the concentration,

as long as_thére was éufficienf HESOh to react wiﬁh all the‘SuNu.

Whenra sample. of SuNu enriched in 53

S.to fhe extent of 48.6%:wés
treated wiﬁh sulfuric écid, the résulting sulfur dioxide Shoﬁed thét;it
came compiétely froﬁ the ShNh' The sulfur ratios were determinéd §n a
C.E.C. Model 21-620 hass spectrometer, and the resuits.showed.nb dé#iafion

_ between the‘558/528 ratio in §)N) and in reSulting,sulfuf‘dioxide;'

‘in fairly concentrated solutions'(ab0ve 0.01 mole/kg'ofvsol§éht*)
in ShNh‘a fine precipitate wagifqrmed. . The preéipitate was isdlated

and sthn.to be”sulfaﬁic aéid (NHBSOB). The determination of thé'tofal

amount of sﬁlfamic acid precipitated was ac¢ompiishéd by é Staﬁdard:

Kjeldahi analysis. Several tesf runs were done‘to show that the;ﬁitrogen
in the'sulfémic acideés quantitatively conﬁerted.to ammohium.ithfWhen,

the aéid'wés‘heated with concentrated sulfuric ééid;

The solutions from which the sulfamic acid precipitate_Was'isolated

and analyzed were all prepared as approximately 0.15 molal in SMNAW B

* : S ‘ S
Most ‘concentrations used in this study are molal (moles/kg_of solvent)

and abbreviated as m.
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| The results varied from 1.40 to 1.46 WH soﬁ/sumh as can be seen on

, 3
Table - I.
Table T
Analysis of NH;SO; by Kjedahl Method
Concentration of §) N, - NH SOB/SANL H SOE/S L, soiubility
(molal) E corrected .
0,159 | 1.40 Ly
0.145 1.5 . 1.51 .
- 0.153 1.k40 S
0.151 S1.b1 : S Ly

Since a precipiﬁate was formed when a solution of greater than

0.01 molal in ShNL was prepared, a limit on the sulfamic acid solubility

‘can be sét. The solubility correction of 0,01 molal when applied to

the_sulfamic acid precipitate shows a very high'iéprodﬁcibility, Thus,
within the limits of experimental error the amount of sulfamic acid
formed cén be setvaﬁ l.h9i0f02 moies of NHBSO5 per mole of ShNA‘

' A»Sméll amount of éleméntal sulfur was always produced in these
coﬁcentfated‘solutions;' It had no appreciable splubiiity‘in sulfuric
apid‘and was colleCtéd‘wiﬁh the sulfamic acid précipitate.' Water
wééhihgé reﬁoved all the sulfamic acid and the Wéighed residue ééve.
aﬁpféximately 0.15 mole§ of sulfur per mole of SMNA; |
NMR The nmr spectrum of the solutlon of reactlon products after the
sulfamlc acid was filtered cons1sted of a trlplet at 6.3 ppm downfleld
from TMS w1th a splitting of 53 cycles . assignable to ammonlum 1on.:

When the spectrum was taken shortly after the reaction hadrbegun a .

very broad triplet could be seéh. The broadening was due to the

'presence of ‘the paramagnetic:species Né in solution. As the radical
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_décomposed the nmr signal sharpengd coﬁsiderably'until it had a Width
at half height of approximately Mncps; whiéh'is almost és sha?p‘és the
ammonium ion signal in pure sulfUric acild. |

The intensity of the signal was determiﬁéd byiuéing [CO(NH3)6]2(SOA)5
as an internal standard. The Co(NH3)63+ gives a éingle absofpti§n at
3.5 ppm with a halfWidth of'ld CPpS. Eight separatevintegrations weré '
taken of each peak and the aVerage of the ammonium ion peak integrations
were compared to those for the known concentration of_Co(NH3)63+;

The ammonium ion éoncentrations determinedrby this method shoWed
a rathef large variation between consecutive reactions. The results
are tabulated on Table IL. |

Table IT

Analysis of NHﬁ+ by nmr

ConcentrationsrsuNu(m) | i - | NHA+/SANL
. 0.1b3k I 1.20
001512 S O -
0.15% 156
© 0,159 B . -~ 1.bs
0,170 ' o 1.50
1 0.3%3 P SR WS

There'éppears to be-no'tréndvin the daté, and:the wide variations in
the reéults éanhot be‘attributed tb experimental érror,'which is apA
pioxiﬁately 5%,

| The fact that there is a reasonéblyrlarge variation in thé results
between runs must be attributed £o a general néﬁ-reproducibility of fhé
reaction stoichiometry. There are prbbably two decomposition reactions

taking place simultaneously, and variations in the rate of each reaction
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" can cause measurable shifts in the concentrations of the species being

" measured.

Conductivity and Crydséqpy.- Conductivity measurements were performed

on solutibnsvof-various concentrations ranging fram 0.012 m to 0;16 m
in SuNu.avFor.solutions less than 0,02 m the number.of moles of.HSOu—
in solution per mole of Shﬁﬁ added ranged from 0.94 to l.OQ.. At higher
concentrations the relative yield ovaSOu_ décreased qﬁite markedly.
At the highest concentratién the mole ratio wasas low as 0.52, with
'intermediate valﬁes showing a consisfenf trend in the HSOh— in soldtion.
These HSO /ShNh ratios can be shlfted by s1mply dllutlng the solu-
tion w1th sulfuric ac1d By dllutlon from 0. 15 m to 0.0%36 m the HSOu /ShNﬁ
ratlo wa s thfted from O 527 to O. 916 ThlS conflrmed the prev1ous ob-
servatlons for reactlons in dilute solutions.
For ﬁany of ‘the above-mentioned solutions cryoscopic and_conduétivity

measurements were performed simultaneously. The absolute change upon

dilution was mﬁcﬁ larger for the total number of species thanvfor.bisulfate,

They=both have higher relative yields per ShNh at lower concentratidns,
but_thevdifferent extent in their variations can rule out a simple‘ionic
associatioﬁ‘as being the major factor. Over the sixfold chahge in

concentratlon, the total number of species in solution changed from approx1—

mately M.B to 5.1. At 1ntermed1ate concentratlons a consistent progress1on

was observed, as shown by the data in the third column of Table III.

\
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Table III

Conductivity and Cryoscopy Results

Concentration )N . HSO, /s, N Total number of
4oL g S S Ry .

(molal) - ' species per )N,
0.1k3h 0.533 k.38 '
0.0482 B 0.782 : L85
10,1512 , oee7 b33
0.,0501 - 0. 7Hk ) hook
0.0260. B - 0.916 : 5.10
0.153%0 : - 0.529 ': - k.38
0.0519 | 0738 | 4,97
0.0257 - ~ 0.870 o 5.20

At high concentfations the resulﬁs are very cbnsistent, but.there
is some;scatter upoﬁ succéssive‘dilutions.. At tﬁese:lbw concentrations
the pefcentége error increases, which could account for some*of the
divergence. However, the oveféll decreases.at higher céncentraﬁions.
cannot'bé simply explained.

Tﬁe'HSOL-/SuNL ratio of about 0.5 i consiaefaﬁly smaller than the |
. NHﬁ+/SnNL'ratio of apprdximate;y 1.4.  Clearly an additional anion must
be present in solution to Ealance the charge of the ammonium ion, not
tovmention any additiongl positiveiy charged species which might éiso
be present. | .

This anion must.be the cohjugéte base of anlacid as strong as,_if
not stronger than, HéSOh. The only probablé one; noting the stoichi-‘ U
ometric restrictions, is HSQO7-’ the conjugate béée‘of disﬁlfu?ic écid
(Hé3207). If HSéO7_ Were present, it:would exist in equilibriqm wiﬁh

HSOA—, and only upon addition of water to the solution would it show
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anyvspecial'reactivity which would allow its preéence to'be detecteds

This reacticn Wculd be:
H5207+ + H)0 IT== E,50, + HSO,

The addition of weter should increase the HSOui concentration but should .
have no effect on the total‘numberbof solute speciee to the eitent that
the reaction pfcceeded to the right. Thus, by detefmining the meiting
point bf the solntion upon snccessiveiadditions oftsmdll increments
of water, a crjoscopic titration could be perfbrmed. Provided the re-
action proceeded quantitatively according to the above expression, a
break point would be expected whenbadded HéO 1n1t1al HS O7 ,’and the
melting p01nt would 1mmed1ately fall .sharply with successive water in-
crements. If no HS O7 were present the freezing point would be ex-
pected to drop sharply upon the flrst water addition.

When water (1n the form of concentrated HéSOu) was added to the
soiutions.of SANE in HéSOu, a rather unexpected result was obtained.
The melting point of the solution rose rather sharply, leveled off at

a'maximum'and then decreased upon further addition of water. A plot

“of Ms P vs added HéO for one of these tltratlons is shown on Fig. 6.

.. The maximum MePe in thls case corresponded to 1.3 moles of water added

per_mole,of ShNﬁ initially used. The.solutiOn used for the titraticn
was 10.67'M'(moles cf water per liter:of solution). |

The shape of the titration curve could however bevekpleined by,
the preSence of disulfuric'acid (Hé ) in equlllbrlum with its |
18

conaugate base accordlng to equlllbrlum expression (A).

(A) Hé82074<-——-q + H 5 7

If a significant amount of Hé8207 was present tne-melting point would

[
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rise upon adding water. This would be due to the net decrease in
species as disulfuric acid and water reaéted to form solvent sulfuric
acid; ‘ |

ASSQﬁing that there is no ion pairing in these solutions, and
using the meaSured vaiues of the HSOA- concentration at two different
dilutionsvit is possible to calculate the concentrations of all the
self—dissociationvSpeéies. The four indebeﬁdent equilibria18 are
‘given below:

(8) ByS,0, === H o+ HS,0,
(B) HLO + stou:_—:.ﬂao* + HS0)~
- (©) EHQISO;:: HO' + HSéO7"
(D) H,50, =—=# + HSO,@

Provi&;d the equilibrium constants are known, the concenﬁration of'each-
spgcies.cah.bé determinéd. It is fhen pdssible to calculate the net
- change in each of £hesé épecies ubon subsequént additions of water and.
thus determine what the theoretical titration curve should look like.
_There-are'only two assuﬁptions made in.thése'caléﬁiéﬁions. First) that
there_is £o ion pairingfahd second, that only the fourrequilibrié_<A,
B; C, gnd_D) are involved.l'The concentrations of fwo species are deter-
.mined.by_iterative calculationsz and from these values the concentration

of'evefy other self dissociation species can be calculated.

On Fig. 7 the experimental points (corrected for the volume change) -

are'plottéd. The dotted line is the titration curve expected using

2 .
the equilibrium constant values of Gillespie et al. } (which are

. -2 . ' ) . = o .0
Ky L.k x 10 2 mole/kg, K =1 mole/kg, Ky = 3.5 X10 5} mole’/kge,

&)

]

1.7 X lO—)Jr molee/kgg). When these constants are used in the
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calculatidns‘therenis a very poor fit to the eXperimental points. Iﬁ

addition, the calculated value of the disulfate ion concentration is so

low fhat still anéther anion wéuld be néeded to maintain charge neutrality.
If indeed there is no ion pairing, thenvthe equilibrium constants |

must be considerably different for these complex éolutions. Judicious

choice of constants would allow several close approximations‘to the

titration curﬁé. If however, an additional constraint is plaéed such

that the remaining spécies ieft in solution are all of unit positive

charge then the fit gives essentially one solution. .Slight shifts ih

the constants that give equally gOod fits to the curve also give almost

identical concentrations of each species.

An example»of the calculated change in melting point upon addition

of water is shown by the solid line in Fig..7. This repfésents the

‘best fit obtained fo the experimental points. However, it was found .

necessary to change the. constant for equilibrium B by‘a considerable
amount in order to obtain this result. A value of Ky = 0.00k moles/kg

was used instead of the literature value of l'moie/kg, The other .

constants were K, = 3 X 1077, K, =1 X 107, and K = 3.5 x107.

:if limitations are set on the deviations-from the accepted values
of the constants then a close approximation to the’titration curve
becomés impossible, An'éxample’of an attempt, trying to fit the ex-

perimental values by this méans is shown on Fig. 8 as thevdashed‘line.

The constants used for this calculation were KA =T X 10-5, KB = Q.2,"

- ot ~_ -l
Ky =2 X107, Ky = 17X 107,

In order to determine the validity of the method of calculating

the'fitration curve a check was made. , Disodium-hydrogen pyrophosphate
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' 22 o . |
(NaQHéPéO7) has been shown . to react with sulfuric acid according the

expression:
+ H8207

Concentrations high enough to maintain what was felt to be a comparable -

+ +
1\1&12%{213207 + 5H,80, — 2Na’ + EP(OH)u + 3HSO),

H%207- concentration caused a very large and not easily manageableA
freezing point depression. It was therefore décided to use sodium'
metaphosphate trimer (NaPOB)5 which was shown in this study to have an
equivalent reaction. |
o + + - -
: +
NaPO3_+ SH,80, — Ne @ + P(OH)l+ + HSO), HSQO7 :

At 0.1415 molal in NaPO, the HSOM_ concentration and the total moles

b,

per molé.of solute were 0.982 and 3.8 respéctivély, " Thus fhe réaction
does proceed essentially as writt;n above, |

' The so1ution of ;odium metéphosphate was. tréated in the same
mapner'és the éolutions of SANM iﬁ sulf@ric acid... A-cryoséoéic.titra-
tion‘wasvpérformed ﬁsing the same water solution (10.67 M) and the
resultingﬁtitration curve is shown on Fig. 8. Thé points are the'ek-
perimental data. . If the‘initiél'slope and ﬁhe'final.slope are
ext¥apblated they iﬁtercept atvO.96 waters pervsodium_metaﬁhoSphaﬁe.

Employing a similar calculation technique as beforé a theoretical

curve can be determiﬁéd. The heavy line in Fig; 8 represenﬁs such_a
éufvebaésuming no ion péiring and using the accepted equilibrium
constants; The theoretical curve shows an initial increase while the
experiﬁental show a slight decreaée.' waever,'the extrépolation of the

initial and final slopes does give the same value of 0.96 waters per

sodium metaphosphate.
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 The stability of P(OH)A in sulfuric acid is not known. Its

'dissocidtioh might be dependent upon the acid strength of the solution

and thus it might be diséociatéd as water is added. In this manner the

intercepfiwduld be the same but both the slopes would be iower; as is

.obsérved.; No attempt was made to-épproximate the experimental fit .

more closely. The use of Gillespie's constants showed a reasonable

approximaﬁion considering the uncertain nature of the solution. This

’factbpoints to the necessity of attributing many of the observed effects

in the-SuNuAsolutions to ion pairing or a similar.type of ion associa-
tion.
'Tﬁe major problem with caléulating ion pairing effects is that
ﬁhe known species show no tendency to ion pair at these concentrations.
A solution of ammonium bisulfate of comparable.concentraﬁion was pre-
pared ffom ammonium sulfate in sulfuric acid; Cryoscopy showedvfhat '
there'wére 3.99 total species prodUCed per mole of ammonium sulfate. |

Thevconductivity is calibrated with ammonium sulfate which presupposes

‘the complete dissociation5in the concentration range of interest.. Thus,

to the'limité of the techniques employed fhere was no ion pairing by
the amionium and bisulfate ionsa. |

The Kjelda,hl analysis for sulfamic a‘ci_d (1.%9 NHB'SOB/SMNA) aﬁd
thevnmr.anglysié (1.2-1.6 NHu+/SuNL) for ammonium ion can account for
between 2f7 to 3.1 nitrogens per SANﬁ’ Thus there is still 0.9 to -
1.5 mbles of nitrogen per mole of SANL as yet uhaccdunﬁed for. Wﬁen
these'analysgs were performéd thé radical SgNé+ produced by this
reaction ﬁéd decayed eséentially to zero so the nitrogén must bé in
solution in a diffefent form.. In order to obtain some information about
these species some spectroécopicvinVestigations were initiated.

G : ]
|
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UV-Visible Specﬁroscopy;— A.freéhly—made solution of SANA in sulfuric
acid is bright canary-yellow; after aboﬁt an houf %he,color fades to a
pale orange. It was felt that a study of the uv-visible absorption'
might help to identify the various spécies-iﬁ'solution,

Immediately after mixing the reactants, a rather complex spectrum
is observed. There is a broad peak atvu56d A, a multiplet'centeféd’
around hooo-R, an inteﬁse absorpﬁiqn at 5260-2, and an extremely in-
tense absorption at 2140 A,  The peaks at 4560 A and 3260 A both
~decay rapidly accérdihg to first-order rate laws. ‘Their res?ective
half lives are 22 minutes.and 4o minutes; As the peak at 3260 Z décays,
a shoulder at 3510 Z becomes apparént, and the latter peak deéays by
first-order kihetics with a half-life of 48 hours. These abéorptions
always éhoﬁ‘first—order decay; however, the half—times Vary‘with the 
-réaction condition. When fhe samplé is not ¢ontinﬁously evécuated to
remove all evolved sﬁlfur_didxide, the half-lives are those reporﬂed.
waever,vwhen evacuated,-thé bands decay'muéh more rapidly. -It-is'hard
to 6bser§e the peaks at 3260 A and 4560 A after eitenéive pumping b?'
cause of.their more rapid decay rates; After two days of pumping, the
peak at_BSlO 3 is éompletely gone, whereés an unevaéuated sample had
é two-day half-life.

The>effect of sulfur dioxide in the reactions has not been in-
vestiééted, and the exact nature of the tranéient species corresponding
to'the‘absbrption bands has not been determined, The absorptions at
3260 2 and h560 R éould-very well be due to 5 N, or an adduct of § N,
with H,50) where the SN, ring was still intact. SN, in an inert i

solvent like.CClu or decane shows one very intense absorption at
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2560‘3: but it might shiff congidEraBly'in a highly polar‘solvent
such as sulfuric acid. : |

| _The sbectrum remginingvafter four days of pumping on a samplé
is shown in Fig. 9. The multiplet in the visible.region and the
single peak in the ﬁv region alﬁays appear together'in the same ratio
and show no furthef”change bn_standing. Assuming that the absorption

|
corresponds to one species per ShNﬁ the maximum extinction coefficient

in the visible is 58 and in the uv 27,000 1 mole ™’ cm™ .
‘The stable spectrum did not correspond to any reported'species.
However, the appearance bf the splitting in the visible spectrum is:
v quite.unéxpected in such a highly polai and highiy hydfogén;boﬁding
solvent, The gfeater‘orientation of solvent molecules in highiy poiar‘
solveﬁts tends to obscure vibrationai fine structuré.il waever; the
spectrum bf nitrous acid'in agueous sﬁlfuric acid,>sh5wn inIFig. ld,
shows SOmebresemblances."The multiplet and thé iﬁtense singlet. have
~been aésigned to.HONO and‘NO+ respecfively; bBy adjusting the sulfﬁric
acid'cdngentration,'thé relative concentrationé éf these two spécies
can b; aiteréd by shifting the following equilibrium:25
HONO + H == W0 + H,0 |

At‘sulfﬁric acid concentrations above 70%, essentially all of thé
nitrous acid is converted to NO'.

| Thé[hature of tﬁese spécies might be accertainable_by'COmpariSOH
of the Visible.spectrum to that of HONO. The fact that they both.f.
show‘the game.tjpe of sﬁlitting in‘a solvent which haé.such a higﬁ
dielectric strength already makes them exceptionai; _The splitting

: ' - 2
between the two lowest-encrgy peaks in HOND is 1015 cm 5 - Herzberg

Bl
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has pointed out that_this_frequency ddrrésponds ciosely to the 1owest_
;nergi vibration of free NO atv958 cm;l. Thus he decided that.HONO
acté as.a pseudo diatomic molecule in its vibrational motion.

The splitfing_between the two lowest-enefgy péaks in the sélution
under study is 580 cm-;. . This corresponds rafher well with the  lowest
fréquency vibration of free NS. NS is not a stable'moiecule,'but the,
lowest—energy vibrational'splitting-determined from its émission spec-
trum is 610 ém_l.25 This close similarity suggests thaﬁ the species
vunder study contaiﬁs an NS terminal group. In whiéh case what is
‘observed is the vibrational motion of a pseudo diatomic NS.

.If the reaction of ShNﬁ with sulfuric acid produced sulfur analogues
of HONO and NO' such as HONS and NS  they would be expected to show. a
. similar shift upon changing the sulfuric acid concéntration. When;the
sulfuric acid stiength was varied from 95% sulfurig acid to‘l5% fuming
sulfufic acid there was only a 5% shift in the ielafive'absofptions.
Over thisvrange both the.Water aétivity aﬁd hydrogen ion activity"
change by several orders.of maénitude26 and the.relétive inteﬁsitieé
would.be ekpeqted.to reflect.this,change. _The sﬁiff that we do see,
slighﬁly.favbring the visible spécies in the more . aqueous solvent;
couldvbé caused'ﬁy a_change in the extinction coeffiéient when we
" alter the propertiés of the sqlvenf.v
| To chéck if a different equilibrium was invélved in this system,
Just the bisulfate concentration was_éltered. When a twenty-fbld' .
excess of émmonium sulfaté was added to the solution in 100% Sulfuric:
acid;-thé ratio of the two absorptioqs_changed‘only,by a few perceht.
This résﬁif égain could be accouhted for by a change in the nature.of

the solvent.
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Upon adjusting.the temperature of the cell compartment from 5° to
MO°,,a change in the peakkintensities would be observed. if the.peaks
were due to two species‘in equilibrium and they had a.non-zero heat of
reaction, In this case there was essentially no shift in the relative
peak heights over the entire,temperature range; Thus, the two absorp-
tions at 2140 2 and 4000 Z appear to pe duelto a singleispecieS'in
solution. : | |

To'check on the possipility of a single sulfur—nitrogen'epecies
having two such -absorptions, the gas-phase electronie spectruﬁfof:

NSCl was obtained. Solid S,N,Cl, exists in equilibrium with the gaseous

573773

mohomer NSCl. 851\1’5015 was prepared according to the method of Schroder
and Glemser by the reaction of 012 with SANL The product was. re=
crystallized twice from CClh and gave a sharp melting p01nt at 89

(llterature 9l 8

98°29) A sample was transferred to & 2-cm quartz
cell equipped with a ball joint. The cell was attached to a standard
vacuum line, evacuated, and then sealed.off. At room temperature (25 )
the spectrum consisted of only one very strong peak at 2140 A The
1ntens1ty of the absorptlon increased with tlme untll the. equlllbrlum-
vapor pressure was reached. By this time the peak was well off scale on-:
the Cary 14 spectrophotometer. At 5 its absorbance stablllzed at

' 2, 55 and its extinction COefflcleDt was calculated to bevll ,300, . As
the temperature was raised, many sharp, weak absorptions appeared in
the range 3600-4900 A. At 60° at least 50 distinct absorptions with
recurrent spllttlngs could be seen (see appendlx)

A gas phase sample might be expected to show many more v1bratlonal

splittings than a species in solutlon.51 The fact that the solutlon
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spectrum and NSCl gas both-exhibit an intenée absorptioﬁ'peak‘at the |

same wavelength iﬁ the uv and a compléx multiplét in the visible sﬁp- N
ports the idea that'one species'coﬁtaining an NS terminal group couid ' |
account for Both,. The exact formulationbcannot of coursé, be deter- s

mined by'this‘analogy.

Tonic Pdlarity.; The solution was placed in the central compartmént of

a five—compartment transference, cell -for a determination of the polarity
of thevspecies° Fifteen volts d.c. was applied for two hours with the
cell in a 10° bath. The solutions from each compartment were ﬁhen
examined by uv-visible spectfoscopy; The species was fQund ﬁo‘migrate
to the cathode (negative electrode), and the relative intensities of
.the absorptions remained the same. This result established thaﬁ.fhe
-spécieé isrin fact positively éharged, as would be expected in such a
solufioﬁ. A |

;Isokmiéﬁ;AtfemPtS‘* Several attempts were made to isolate the cation

from soiution. 'When fhe»sulfuric acid concentration is lowered to 95%
‘or lésé fhe speéies'slowly dééomposes; .When the solution iéfmiXed-with
‘excess water, hydrogen sulfide is evolved and sulfur is precipitaféd.

Aboﬁe 40° the speéies starf; to decomposevso that évapOration'5f the

solvent (boiling poinmt 310°) was infeasible.

- Attémpts were made to precipitate the species as a salt_by -
saﬁurating the solution with salts of suitable anicns. Very few gtable
anions exist.in 100% sulfuric acid at high concentrétioﬁs; Ambnglfhé-

few that do are: HSOA_, H 7, and B(HSOu)ﬁ- (the last. formed from

8207
30)_

HBBOB'in sulfuric acid Solutions saturated with salts of each of

' these ions were added to concentrated SMNA solutions, but in no case

‘was any salt precipitated.
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Atteﬁpté were made to'precipitaté ﬁhe species by lowering the di-
eleétric stfength_of the solvent, Sulfuryl‘chloride (SOClQ) and nitrds
methane (CHBNOQ) are both non—electroiytes, but ﬁp to theif‘solubiiity
limits there Was no sign of precipitaﬁioﬁ (CEBNOE doés_n@f ionize in.
sulfuric acid but it does react véry slowly).

Even ion exchange chrématography was tried. thén Dowe# 50 resin
1s washed several times with sﬁlfuric écid, the water is exchanged and
the resin contracts. If the resin in the sulfuric acid fo:m is emn-
pléyed it éhows no selectivity for any of the species and the solution
ﬁassés straight through the éolumn. |

The rapid decompositionvofbthe reaction.product when excess water
was added indicated that itjmight be reactive enough to form'derivatives
in the sulfuric écid solufién. When benzene was mixed.with éoncen-.
trated solutions from the feactibn of.SuNh in sulfuric acid a red-
Violet'sglution was formed in the sulfuric acid phase. vUpon thé ;léw
additidn éf watgf or methanol tobthe‘cooléd solution, therg Qaé n9
:deéomPOSiﬁion to hydrogen sulfidé, ﬁhé c§lor disappeared and a'pre- ;
cipiﬁaté‘Was formed. |

After the preéipitate was washed aﬁd vacuum dfied it'beéame éb#’

, Vious“thét it was a mixture of several‘species. .Suécessivé w;shings
with hot dichloromethanébremoved'most of one or more componehts, how-.
ever, ali the nitrogen containing species weré insoluble. Tt wésvﬁot
poésible to purify the remaining solid becéusevit,was soluble only in
sulfuricvacid (giving a green solutioﬁ). Successive precipitations
‘frOm sulfuric acid left a solid which mélted~at»approximately 280°

and from elemental analysis, contained only 1.3% nitrogen.
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Similar reactions yielding hiéhly colored solutiong were observed
with toluene, chloro-benzene, and.para-xylene., As in the casé With
the benzene products, isolation atfempts were unsuccessful. Thus_it"
appears.that the unknown speciés in solution'is a very feactive'eieé;
-trophiie, but its identification has béen shown to be very difficuit;

Isolation of a pure derivative would help.to prove the identity of this

unknown product. - Until then all procedures to.establish its identity

and concentration must be made by deduction and indirect measurements.

[
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Discussion
P T T Y R T VO

A ccompilation of the analytical data is rather confusing. The
only invariant quantity was the smount of s@lfur dioxide evolved (2 per

SMNL)' The amount of NH5SO5 produced (1.5 per 8), h) was detemined over

a rather limited concentration range} There 1s no simple explanatlon for -

the large changes in the bisulfate concentration upon dilution and the

total number of species. The changes as well as thévshape of the cryo-
scopic titration curve cén be explained, but it requires é complex re-
evaluation of equilibrium constants and/or extensive ion interactions.
The uv'spectrum_shows that therg is a species in solution at high
concentratioﬁ. If, for example, there were only 0.5 of this speciés

pfoduced_per SANL’ the extinction.coefficient'would.be 5&,000 - a value

which ié'alm0st ﬁnreasonabiy high. This speciesvsurely contains sulfur

and nitrogen; it is positively charged, and it must be a major product

of the reaction. If the results of the‘curve—fittihg are used, a resson-

able reaction expression can be written.

, $4N4,+ 6.8 H 80, - 2 80, f 1.5 NH3305,f 1.5 NHh + 1. 6 HSEO7

+ 0.L ﬁsou' +0:3 ByS,0, +0.15+ 0.5 SN, 0gH

N .

,This_eqﬁation takes into account the results of the'Kjeldahl ahalySis.-'

(sulfamic acid), and average of the nmr results (amonium ion), the

cryoscopy determinations (total species in solution) as well as the shape

of ‘the cryoscopic titration curve. However, there 'is no real signifi-

cance to the consititution of this last species.

If ion pairing is allowed between .the unknown species in solution.

and HSO, ~ and HS.O,” the complexity increases markedly. For every diffe-
L 277 v - o
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rent ion-pairing constant aftem_pte..d a vdi:fferent balanced equation would
have fo be written, each having no greater validity than the others.

vbThé féct that.this reaction is so compiex,as well as soméwhat irre-
producible makes a complete solution to this proBlem vefy difficulf. It
- was originélly hoped that via thesé numerous analyses-a consistent
' remainder from the materials baléﬁéé‘cbuld.be obtained which woﬁld B
coffelate'with the u&-visible sbectrum. In'ﬁhis”manner a aefinitive
balénced.équation could bé written. |
| This goal bbviouély:has not been attained. The nature of the
undetermined species with the enormous extinction céefficieﬁf may
prove to be very‘interestingf' It is stable in_sﬁlfuric\acid for maﬁy
mon£hs without decomposition; If its stability requires a sulfuri¢
acid medium, then all feect_iéns- involving this species will have.tcs_.be
in that éolution.b | ! |

 Iﬁ conclusioﬁ,“it would seem that a prerequiéitevfovconplefeiy

solving %his‘reaétion is the deféfﬁihétibn éf the‘.identity\of £ﬁis
unknown speciesQ Once that is achieved; then soﬁe régsonable ion‘pairing 
-constaﬁts éan be detennined and the rééction ;an'ﬁe béléﬁéed.‘ Uhfil then
ﬁhe-numberxdf variables remains toé'large to bermit‘determihatiQn of the

one.exact solution.’

[
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The -visible spectrum of NSCL is sham on Fig. 11. The spectrum

3Was téken at 60° in a 2;05 cm quariz'ceil.f The wavelengths of the discef—
nible méxima in the{region 3750 R.to 4900 R are given on Tabig iV.' All
wavelengthé were calibfated with a mercury lamp'source. The peaks tend
to come in repgating groubings over the entire‘range, with recurrent split-
tings‘and intensity patterns. Using. the previously determined'vaéor pressure
of.NSClg-9 the maximum extinction coefficient was calculated to be apéroxi—
mately 10. At 80° several addifional low intensity abéoyptions»at higher
wayelengths can be obserVed. HOWeVGT; they are aCcompanied.by decénposition

which can be seen as a very broad absorption in the visible region.

TABLE TV

-] .
Wavelength (A) of the Absorption Maxima of NSCL (g) at 60°

4863 ch2i7
Lg1k koos
4800 b193
. ‘ 4181
Lrsk ' L170-
4708 : 4160
hizk
L4665 k100
Le3T , o :
Leok ' ’ LoT79
, o - hob6
4594 , - hosb
Ws8o . - hobr -
Lzt a -~ Lozk
- Lo21
LhgT . Lo11
hhs6 ' '
Lh35 : -~ 3999
hh15 _ o - 3979
_ o 3946
4395 . ‘ o 3915 -
4383 ' : _ R
377 - 3898
U356 S 3885
kzk3 o 3867
4305 | S 3836
. _ . : - 3806
h270- R C . :
h25§ . Lo . 3777 -

Sy 3Ty
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