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- EFR STU}SIES OF TETRASULFUR -
TETRANITRIDE IN SULFURIC ACID
hE | e Steven A. ILipp, James J. Chang and William L.Jolly
& |
Contribution from the Inorganic Materials Research Division, .
- lawrence Radiation Laboratory,
- and Department of Chemistry,
University of California,
Berkeley, California 94720 -
' Abstraet
* The-peramagnetic»solutions fofmea by the_reaetion of‘tetrasulfur.
tetranitride with sulfuric acid have been studied by electron‘paremagnetic
resonance (epr).~ We have confirmed previous reports that the-ﬁein
radical is'posiéively charged and that its’spectfum is a 1:2:3;2:1 quintet
corresponding fo the preéence of two equivalent hitrogen:atoms.~ By
using sulfur-33 enriched S N, we have observed hyperfine coupling
) (AS = 8.9 gauss) corresponding to the presenee of two equivalent sulfur
atoms. We therefore assign the radical the formula SaNé . In 95%
sulfuric‘acid the five-line spectrum decays to a weak three-line spectrum f
with relatlve intens1ties 1:2:1. The splittlng is interpreted in terms
ﬁvpbvb | ;.'utof coupllng to two equivalent hydrogen atoms (AH = 1.05 gauss). Weak

) satellite lii.es due to 338 coupllng (A = 3.5 gauss) are also observed,
'y [
but no lines due to nitrogen coupling are observed. Migratlon of the
three-line‘radlcal toward the cathode during electrolysis indicates that

1t is positively charged.
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Introductiod

The'epf spectra of the solutions formed by the reaction of ShNh
with concentrated sulfuric acid were firsﬁ reportéd by Chapman and |

Masseyl in 1962. Freshly-prepared solutions gave a spectrum of five

linesiwith an intensity ratio of 1:2:3:2:1 and a separation of 3.32+.04 gauss.

 This spectrum is consistent with a radical containing two equivalent

nitrogén‘atbmS}"A"transference study by Chapmen and Massey showed that

the species was positiVely charged, and they suggested that the radical

: +
was SNé .

. ‘ o
" In a‘later study, McNeil, Murray, and Symons - also observed the

_same-five—liné'spectrum.” They. calculated nitrogen atom spin populations

from the observed hyperfine coupling constants, and concluded that there

should be éh*appreciable spin population on the sulfur atom. However,

3Vthéy predicted that SN.¥ would have a linear

using the method of Walsh A

‘structure, with no spin population on the sulfur atom. Because the latter

predictioh was inconsistent with the coupling constant data, they proposed

.thaf the radical was the cyclic sgNé+ species, which would be expected

to have a significant spin population on the sulfur atoms.

Bbth groups of researchers.reported that in 95% sulfuric acid a
three-lihé'épéctfum'appéared as the'five-line spectrum decayed.  This
triplet waé.feported to have an intensity ratio of 1l:1:1 and a splitﬁing_ -
of approximaﬁel{'}.gauss. Such a spectfum is consistent wiﬁh_ - second
radicai cdntaining only 6ne nitrogen atom. Chapman-and Massey were unable
to determine,the_elecﬁrical charge of the species and proposed SN as a

possible formula.
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We have further studied the epr spectra of these solutions to

learn more about the nature of these radicals as well as'their relative -

importancé in the overall reaction of ShNﬁ with sulfuric acid.

Ezgerimental Procedures _ f\
LT Y e A e e Y] . ]

Two sslvents were empioyed: 95% sulfuric aéid and 1007% sulfuric
acid. The réactions were slightly different in these solvents. The
100% sulfuric acid(referred to as "sulfuric acid" unless otherwise specified)
was prepared by mixing Baker and Adamson‘réagent grade 957 sulfuric acid
and Baker andJAdamsdﬁ”reagent graae 15% fuming Sulfuficvacid. The
composition_of the’sdlvent was adjusted until a maximum in the freezing
point was obtained. - |
The Sh L was prepared by the method of Vlllena—Blanco and’ Jollyl‘l -
and was’ recrystalllzed from benzene untll a constant meltlng p01nt of
186f was obtained. N

33

vaetrasulfur tetranitride enriched in ~°S was'prepared_for some
éxperiments; Three mg. of sulfur containing 48. 6% 35 (obtained from Oak Ridge
“Natidnal»Laboratory) was placed in a conical lS-ml_test tube equlpped with

a standérdetapgr joint. The tube was connected through a stopcock to a.

vacuum 1ine and was evécuated.  Chiorine was introduced to the tube to
a‘pressure of ca 700 torr, and thé stopcock was closed. After several

hours all the sulfur had been converted to volatile compounds -- presumably

a mixture of s1fur chlorides. The tube was cooled gp -112°, and the exccss

»
.

chlorine Was pumped off. Then 8.5 ml of carbon tetrachloride was condensed
into the tube, and the tube was filled with a nitrogen atmbsphere, warmed
to room temperature, and disconnected from the vacuum line.'_Purified ammonia

was bubbled through the solution for four hours, and then the carbon tetrachloride
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solution was filtered to remove all the ammoniun chloride as well as
most of the swlfur which are products of thet'r'eacti‘ovn. | The filtrate
was evapofated tétdryness'to-obtain the crude product which was not .
further‘pﬁrified, -Samples prepared by this’téchﬁique'from'ordinary_
sulfur.gave typical'epf épectra'with no unusual features.

The reaction of‘ShNh with stou was always‘carfied out under vacuum.

Uéually*the’ShNh was added slowly to H SOM cooled to 0° in order to

prevent any loéal overheating. Wlth the 33

h h’ the smaller sample size
made it more convenlent to reverse the order of addltlon.

"~ The polarlty of the radicals was determined by electroly51s in a
Cell Qontalnlng'flve compartments separated by sintered glass discs.
Solvent was placed in the four outer compartments, énd theisolutibh
bei;g-stﬁdied wés.placed in the center compartment. In order to obtain
an ;deqﬁatetCUrrent;"Q:V'd.'é.‘was applied for 95% H SO)+ and 15 V d.c.
was applied for 100% H 550, The charge on a species was deduced from
thé’direétion ofamigration as detected by the epr spectra of the

solutions in the adjacent cell compartments.

Epr measurements were made using a Varian VL4502 epr spectrometer,

: equipped with a nine-inch Fieldial regulated magnet and 100-KHz field

modulation and detection. For routine work, samples were held in a.

quartz flat cell (Varlan V45h8 aqueous solution sample cell). A VL4531

-’multlpurpose cavity was used.

i Spectra were recorded both in analog form for routine analysis and
4in digital form for computer processing of the spectra. The spectra
were digitized by attaching a Honeywell model S611k automatic data

logging system to the spectrometer. This system consists of a frequency

count.er (np “”H)I), a digital voltmoter (Honeywell-EI-Multimeter, model 6308),
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an output control unit (Honeywell-EI model'825).and'aﬁ incremental
magnetic tape recorder (Kennedy, model 1400) . A voltage-to-frequency
converter (Vidar, model 240) was used t§ provide magnetic field information
érom:the x-axis transmitting potentiometer of the Fieldial unit. The
magneticifiéld was calibrated using an nmr magnetomefer.

. The digitized spectra were processed by compubing a least-squares
fit to the spectra; this procedure yielded good VQIues for the liﬁewidth,
line position, and line intensity. The léast-sQuarés_technique'is
especially important in determining line intensities of unresolved
lines-ﬁhiéh“havevdifferent'linewidths. Errors due to baseline drift'

- and overlapped lines are automatically accounted for by fhe lineshape
analysis.. This techniqué is not subject to the errors'(due}to
approximatidhs)-of the uSualiintegration methods. .

) ;mRédiéal*cbnééﬁtrﬁtiOns'were determined B&.a comparisoh'techniqﬁé;‘

A resonant cavity (Varian, VL534) was provided with a reference standard
byAtaping é'small capillary tube containing MgO dopéd with mangaﬁese(II)
to fhe side of the resonant cavity so that the capillary tube was in
both the microwave field énd the modulation field. vThis reference -

‘standard gave epr éignals whicb weréjresolved from thosezof the radicals
of intereét; The refeience standard was ca;ibrated with a‘saﬁple of

" vanadyl aéeﬁylaceténate .dissolved in dichiorometﬁéhe, and the radical

spectra wefe'compared with the manganesé(II)v signals. The epr signal

1ntensities were deterﬁined by a leést-squares fit to the digitized spectra.

[ 4]
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Results and Discussion

iFiVe-Lihe Radical.'—‘ The epr'study of the reaction products of
tetrasulfur tetranitride in 100% sulfuric acid produced the same spectrum
that had pfeviouslyvbeeﬁ reported for 95% sulfﬁficvacid. This spectrum
conéisted of five lines with an intensity ratio of 1:2:3:2:1. The lines
showed a trend in linewidth: the narrowest line was on the low-field side
and the btbadest line was on the high-field side. This spectrum was
fit'géing a modified”Version of the léast-SQuares techniqué'deécribed
by B;uder'and Myérs.S"Assuming Lorentzian lines of variable widths
and a second-order épin Hamiltonian, the radical was found to have
g = 2.0107 and a hyperfine coupling constant of 3.21 gauss.

Further study of the spectrum revealed several vefy iow-intensity
lines (each less than 1% of the intensity of the major spectrum) which
were'symmetrically disposed about the major fife-line spectrum. These
lines; like the major five lines, showed distinet variations in
lineﬁidths from low to high field (Fig. 1). Moreover, the lines both
on the lOW-field side and on the high-fieid side were éeparated by

‘apprgxiﬁateiy the same splitting as the major lines.
?These‘low-iﬁtensity lines appear to have the same g value as the '

33

five-line spectrum and are believed to be due to “°S in natural -
sbundance. Sulfur33 has a nuclear spin I = 3/2, and is a stable isotope
- of 0.74% natural abundance. In principle, the number of sulfur atoms

in the radical Eould be determined by comparing the intensities of the

satellite lines and the main lines. However, thé low intensity of the

satellite lines, the variation in the linewidths, and the lack of résoiution

made the comparison very difficult. The relative intensities of the lines

et it

b e b e
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" could not be determined with suff1c1ent Pprecision to dlstlngulsh between
the presencé of one and two sulfur atoms 1n_the radlcal.

In order to establish the number of sulfur atoms in the radiéai,
ShNh enriched in 338 was used. The spectrum resulting from the
enriched sample is shown in Fig. 2. From this spectrum, it can be
concluded immédiately that thé radical must possess more than one sulfur.
The hyperfine pattern is much too complicated for a species with only
one sulfur atom. Because of the numbers of parameters required té
describefthe spectrum, the spectrum could not be fitted'withva léast-
squarQS'téchnique. However, itvwas posSible-to.simulate the spectrum

quite closely by assuming a radical containing two equivalent sulfur atoms

(see Fig;'3). The sulfur hyperfine coupling constant obtained is 8.9 gauss.

'Thevconéenﬁration of thg radical was - :determined’by epr studies
Cof solutions which were nominally about 0.001 M in SMNM' The spectra
weré takénfat various intervals startihg 4O minutes after the initiation
of reaction, and the éloﬁ decay was followed. Extrapolation back to zero
time indiéated that about 0.27 radicals were iﬁitially'produced per

ShNﬁ' :Obviéusly the formation of the five-liné rédicals isvan important

part of the overall reaction of Sh M w1th H SOLL

The five-line radical can also be made from sulfur-nitrogen compounds

other than ShNﬁ' Chapman and Massey reported that they:observed tﬁe same
spectrum with S,N,, SN, S NH, Co(S N H), - and s3mé02 in
concehtrated sulfuric acid.l’ We have confirmed the results with ‘
SBNéOé, and have shown that with S3N205 in 100% sulfuric ac1d the.
samé spectrum is obtained. Thus, it appears that the radical is a common
decompositioh product of many4sulfur-nitrogen‘compouhds in sulfuric acid.

All of thesc initial compounds have one structural feature in common:

a.lte»rr-;a'ting sulfur and nitrogen atoms.

EE b
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preférentially'tOWdrd the ‘cathode. This éonfirmed the results of

nitrogens and two equivalent: sulfurs. However, this result cannot

. preclude the possibility of a species containing oxygen, other non-

-7-
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'The charge of the five-line radical was checked using the five- ;
compartment transference cell.’ When the epr épgctra'of the three central

cbmﬁértmeﬁté were examined it was found tlmt the radical had migrated

Chapman and Massey, who showed that the radical was positively charged.

The:epr determinations have shon that the radical has two equivalent

S b -

equivalent sulfurs or even hydrogen having no appreciable free electron
denéity. - Even if there‘were only sulfur and nitrogen atoms in the radical,

, +
the lirear structures SNNS  and NSSN* would satisfy the epr results,

altﬁgugh they both require a rearrangement of S-N fragments. However,
thegrelative ease of formation from so many compounds containing alternating
sulfur and nitrogen atoms would indicate,that.its structure is more

probably‘a;ringvofvalternating sulfur and nitrogen atoms.

=.§ Three-Iine Radical. - We were able to confirm the earlier”inyesﬁigators'
dbsérVatioh of the growth of a relatively weak three-line spectfum during
the'decay:of the five-line spectrum only when. ShNh was treatéd'with
95% sulfuric acid (See Fig. L4). We were unable to produce the three-line
apectrum using 100% sulfuric acid. The five-line species in 95% acid was
compléfely deéomposed after several weeks at'rqom temperature or afﬁer |
two hours at 100°.

'.; The preseht work showed that the relative intensities of the triplet 
lin;s are in tpe ratio 1:1.97:1.35. . The high—field line probably has |
tob?much,épparent inteﬁsityvbecausevof over-compensation for the émall
residual_fi#e~line spectrum on the high-field side. The measured
inténsities are essenfially 1:2:1 within the probable experimental error.

ThiS'intensity ratio is consistent with a radical containing two

equivalenﬁ hydrogen'atoms and is in disagreement with the 1:1:1 inténsity



, 8- , UCRL-19602
ratio reported by Chapman and Massey. Furtherrore, we have observed some

very weak lines on both the low-field and the hiéh~field sides of the
spectrum. Tﬁese lines are equidistant from the three main lines and exhibit
the same pattern. Thus, they are thought to arise from a 338 hyperfine
interaction. The number of sulfur atoms in the radical species could not
be determined because the signal intensities were too weak. The'spectral
parameters determined from a least-squares fit to the speétrum were
g = 2.0152? Ay = 1.07 gauss, and Ag = 8.5 gauss.

To further substantiate this interpretatioh'pf the three-line
spectrum, thé radical was prepared in deuteriated ‘sulfuric acid.

The solution formed by the initial reaction of SMNL with 95% D gave

2%,
the same five-line spectrum as reported previously. However, when the
five-liﬁe species decayed, the spectrum observed was a single line with
a width less thén the spréad of the triplet speétrum observed in ordinary
95% H2304f: Because the line did not have a Lorentzian shape, we believe
that it probably cohsists of unresolved hyperfihe structure. Indeed, two
- equivalent deuterons in the radical would be expeéted to yield a quintet
with one-third the spread of tﬁe proton triplet; Because the splitting
would be smaller than the linewidth, an unresolved'speétrum would be
'expécted. ‘Thus we believe these results_cohfirm ﬁhe interpretation that

. the radical c§ntains two,equivalent'hydrogen atoms.

The'fhree-line radical was ébserved to migrate toward the cathode
~of the fraﬁsferencé cell.. Thisvresult established.that the species was
positively‘chafged. ”

d The Qoncen%ration of the three-line species was dete;miﬁed by
.comparison with the manganese(il) stahdard and was found to correspond
to less thaﬁ 0.0028 spins per original ShNh' >Obviously thevthreo—iine
rédicai is a relatively unimportant species as far as the §verall

' stoichiometry is concerned.

N
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In summary, the data indicate that the three-line radical is formed
in Smallnéﬁéuﬁté, probably aé'one‘of thé decoﬁpééiﬁidn'products of the
five—line:fédical. It is positivély chargediand coﬁ#ains twb_eQuivalent
hydrégén‘até@s énd-at leasﬁ one sulfur atom. Iﬂasmuéh as no nitrogeh
hyperfine?couﬁliné is observed, the radica;'probaﬁly‘containé nor

nitrogenfatqms.‘ And in view of the fact that the radical forms only

‘in sulfuric acid containing appreciable amounts . of water, it seems

likely that it is a hydrolysis product containing hydroxyl gfouﬁs.

The highig valug and the small hydrogen coupling constant indicate that
the radical is probably a n-radical. From the available data it is

impossible to determine iﬁs_eXact composition or structure.
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'Figure,l. Sulfur-33 satellite lines in the epr spectrum of'S2Né+ in‘HQSOh.
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Figure 2. EPR spectrum of ol
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‘Figure 3. Calculated epr spectrum of ol




1k © UCRL-19602

= 0

| S
2 gauss

© XBL.702-286

:*’

Figure 4. Three-line epr spectrumvof decompOSed*ShNh in concentrated HESOM'
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