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EPR S'l'UDIES OF TETRASULFUR · 

TETRANITRIDE IN SULFURIC ACID 

Steven A. Lipp1 James J. Chang and Hilliam L. Jolly 

Contribution from the Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, 
.and Department. of Chemistry 1 · 

University of California, 
Berkeley, California 94720 

Abstract 
~ 

The paramagnetic solutions formed by the reaction of tetrasulfur 

tetranitride with sulfuric acid have been studied by electron paramagnetic 

resonance (epr). ·We have confirmed previous reports that the main 

radical is positively charged and that its spectrum is a 1:2:3:2:1 quintet 

corresponding to the presence of two equivalent nitrogen atoms. By 

using sU!r\tr·-33 enriched s4N4, we have observed hyperfine. coupling 

, (A8 = 8.9 gauss) corresponding to the presence of two equivalent sulfur 

atoms. We therefore assign the radical the formula s
2

N2 +. In 95% 

sulfuric acid the five-line spectrum decays to a weak three-line spectrum 

with relative intensities 1:2:1. The splitting is interpreted in terms 

of coupling to two equivalent hydrogen atoms (~ = 1.05 gauss). Weak 

satellite liLes due to 33s coupling (A
8 

= 8.5 gatiss) are also observed, ., . . 

but no lines due to nitrogen coupling are observed. Migration of the 

three-line radical toward the cathode during electrolysis indicates that 

it is positively charged. . ·~. 
,· ~ 
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Introductioo 
~-~ 

The epr spectra of the solutio:1s formed by the reaction of s
4

N
4 

with concentrated sulfuric acid vrere first reported. by Chapman and 

1 . 6 Massey in 19 2. Freshly-prepared solutions gave a 'spectrum of five 

lineswith 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 tvro eq_uivalent 

nitrogen atoms. A transference study by Chapman and Massey shmred that 

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

+ wa.s SN2 • 

2 
In a later study, McNeil, Murray, and Symons also observed the 

same five-line spectruni. · They. calculated nitrogen atom spin populations 

from the observed hyperfine coupling constants, and concluded that there 

should be an appreciable spin population on the sulfur atom. Ho-wever, 

using the method of Walsh3 they predicted that SN
2
+ would have a linear·· 

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

prediction was inconsistent with the coupling constant data, they proposed 

that the radical was the cyclic s2N2 + species, which vrould be expected 

to have a significant spin population on the sulfur atoms. 

Both groups of researchers reported that in 95% sulfuric acid a 

three-line spectrum appeared as the five-line spectrum decayed. This 

triplet was reported to have an intensity ratio of 1:1:1 and a splitting . 

of approximatel.f 1 gauss. Such a spectrum ib consistent with second-.. . 
radical containing only one nitrogen atom. Chapman-and Massey were unable 

to determine the electrical 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 vrell as their relative 

importance in the overall reaction of s4N4 with sulfuric acid. 

Two solvents were employed: 95% sulfuric acid and 100% sulfuric 

acid. The reactions were slightly different in these solvents. The 

lOo% sulfuric acid (referred to as '.'sulfuric acid" unless other-wise specified) 

was prepared by mixing Baker and Adamson reagent grade 95% sulfuric acid 

and Baker andAdamsori reagent grade 15% fuming sulfuric acid. The 

composition of the solvent was adjusted until a maximum in the freezing 

point was obtained. 

The s4N4 was prepared by the method of Villena-Blanco and Jolly4 

and was recrystallized from benzene until a constant melting point of 

186° was obtained. 

Tetrasulfur tetranitride enriched in 33s was prepared for some 

experiments~ . Three mg. of sulfur containing 48.6% 33s (obtained from Oak Ridge 

. National Laboratory) was placed in a conical 15~m1 test tube equipped with 

a standard~taper joint. The tube was connected through a stopcock to a 
. I 

vacuum line and was evacuated. Chlorine was introduced to the tube to 

a pressure of ca 700 torr, and the stopcock vras closed. After several 

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

a mixture of s~u.rur chlorides. The tube was cooled t9 -112°, and the exc~.-ss ... 
chlorine was pumped off. Then 8.5 ml of carbon tetrachloride was condensed 

into the tube, and the tube was filled with a nitrogen atmosphere, warmed 

to room temperature, and disconnected from the vacuwn line. Purified ammonia 

was bubbled through the solution for four hours, and then the carbon tetrachloride 

• 

1.·· 
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solution was filtered ·to remove all the ammoniu,--u chloride as well as 

most of_ the sulfur ~orhich are products of the reaction. The filtrate 

was evaporated to dryness to obtain the crude product which ~oras not 

further purified. Samples prepared by this technique from ordinary-

sulfur gave typical -epr spectra ~orith no unusual features. 

The reaction of s4N4 with H2so4 was ahrays carried out under vacuum. 

Usually the s4N
4 

was added slmvly to H2so4 cooled to 0° in order to 

33 prevent any local overheating. With the s
4

N
4

, the smaller sample size 

made it more convenient to reverse the order of addition. 

The polarity 'of the radicals was determined by electrolysis in a 

cell containing fl.ve compartments separated by sintered glas~ discs. 
- . 

Solvent was placed in the four outer compartments, and the solution 
' 

being studied was placed in the center compartment. In order to obtain 

an adequate clirrent,· 5 V d. c. was applied for 95% H
2
so

4 
and 15 V d.c. 

was applied for lOa% H2so
4

• The charge on a species was deduced from 

the direction of migration as detected by the epr spectra of the 

solutions in the adjacent cell compartments. 

Epr measurements were made using a Varian V4502 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 (Varian V4548 aqueous solution sample ceLl). A V4531 

~tipurpose cavity was used • 

Spectra were recorded both in analog form for routine analysis and 

in 4igital forlll for computer processing of the spectra. The spectra 

were digitized by attaching a Hone~vell model S6114 automatic data 

logging system to the spectrometer. This system consists of a frequency 
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an output control U.'1it (Honcywell-EI model 825) and an incremental 

magnetic tape recorder (Kennedy, nodel 1400). A voltage-to-frequency 

converter (Vi dar, model 240) vras used to provide magnetic field information 

from the x-axis transmitting potentiometer of the Fieldial unit. The 

magnetic field l'ras calibrated using an nmr magnetometer. 

The digitized spectra were processed by computing a least-squares 

fit to the spectra; this procedure yielded good values for the linewidth, 

line position, arid line intensity. The least-squares technique is 

especially important in deter:inining line intensities of unresolved 

lines which have different liriewidths. Errors due to baseline drift 

and overlapped lines are automatically accounted for by the lineshape 
.. 

analysis •. This technique is not subject to the errors (due .to 

approximations) of the usual integration methods. 

Radicai~concentrat~ons were determined by a comparison technique. 

A resonant cavity (Varian, V4534) was provided with a reference standard 

by taping a small capillary tube containing MgO doped with manganese(II) 

to the side of the resonant cavity so that the capillary tube was in 

both the micrmrave field and the modulation field. This reference 

standard gave epr signals which were resolved from those of the radicals 

of interest. The reference standard was calibrated with a sample of 

vanadyl acetylacetonate dissolved in dichloromethane, and the radical 

spectra were compared with the manganese(II) signals. The epr signal 

intensities were determined by a least-squares fit to the digitized sp~ctra • 

.. 

•• 
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Results and Discussion 
~~~ 

· Five-Line Radlcal. - The epr study of the reaction products of 
·.~ 

tetrasulfur tetranitride in 100'% sulfuric acid produced the same spectrum 

that;had previously been reported for 95% sulfuric acid. This spectrum 

consisted of five lines with an intensity ratio of 1:2:3:2:1. The lines 

ShOH~d a trend in linewidth: the narro;-rest line HaS On the lOl-l-field side 

and the broadest line was oh the high-field side. This spectrum vras 

fit using a modifiedversion of the least-squares technique described 

by Bauder and M;Yers. 5 · Assuming Lorentz ian lines of variable vridths 

and a second~order Spin Hamiltonian, the radical was found to have 

g = 2.0107 and a hyperfine coupling constant of 3.21 gauss. 

Further study of the spectrlun revealed several very low-intensity 

lines (each less than 1% of the intensity of the major spectrum) which 

were symmetrically dispoGed about the major five-line spectrum. These 

lines, like the major five lines, showed distinct variat:i.ons in 

linewidths from loH to high field (Fig. 1). Moreover, the lines both 

on the low-field side and on the h:i.gh-field side were separated by 

approximately the same splitting as the major lines. 

These low-intensity lines appear to have the same g value as the 

five-
1

line spectrum and are believed to be due to 33s in natural 

abundance. Sulfur-33 has a nuclear spin I = 3/2, and is a stable isotope 

of o.;74% natural abundance. In principle, the number of sulfur atoms 
.. . 

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

satellite lines and the main lines. Hoi-rever, the low intensity of the 

satellite lines, the variation in the linevridths, and the lack of resolution 

made the comparison very difficu-lt. The relative intensities of the lines 

.. 
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could not be determined with sufficient precision to distinguish bet>·reen 

the presence of one and two sulfur atoms in the radical. 

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

s4N4 enriched in 33s was used. The spectrum resulting from the 

~nriched sample is shmm in Fig. 2. From this spectrum, it can be 

concluded immediately that the 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 to 

describe the spectrum,·the spectrum could not be fitted with a least-

s~uarcs technique. However, it was possible to simulate the spectrum 

quite closely by assuming a radical containing t1m eq,uivalent sulfur atoms 

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

The concentration of the radical was determined.by epr studies 

of solutions which were nominally about 0.001 ~in s4N4. The spectra 

were taken at various intervals starting 40 minutes after the initiation 

of reaction, and the slovr decay was follO'tTed. Extrapolation back to zero 

time indicated that about 0.27 radicals were initially produced per 

s4N4. ·Obviously the formation of the five-line radicals is an important 

part of the overall reaction of s4N4 with H2so4. 

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

other than s4N4. Chapman and Hassey reported that they observed the same 

spectrum with s2N2, s4N2, s4N4H4, Co(S2N2H)
2 

and s
3

N
2
o2 in 

concentrated sulfuric acid.
1

'
6 

We have confirmed the results with 

s
3

N2o2, and qave shown that with s
3

N2o
5 

in 100% sulfuric acid the 

same spectrum is obtained. Thus, it appears that the radical is a common 

decomposition product of many sulfur-nitrogen compounds in sulfuric acid. 

. ' 
All of these in:i.tial compounds have one structural feature in corumon: 

altermi.tln[i sulfur and nitrogen atoms. 

' 
i .. r i 
i 

• 
i 
I 

~ 
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The charge of the five-line radical was chec}:ed using the five~ 

compartme!).t transference cell. Hhen the epr sp.~ctra of the three central 

compartments were examined it was found tm t the radical had migrated 

prefe'rentially to' .. rard the cathode. This confirmed the results of 

Chapman and Hassey, who shovred that the radical was positively charged. 

The epr determinations have shmm that the radical has bro equivalent 

nitrogens and two equivalent sulfurs. Hor..rever, this result cannot 

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

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

the ·lin= ar structures SNNS + and + NSSN .would ;:;atisfy the epr results, 

although they both require a rearrangement of S-N fragments. However, 

' 
the ;relative ease of formation from so many compounds containing alternating 

sulfurand nitrogen atoms would indicate that its structure is more 

probably a ring of alternating ~ulfur and nitrogen atoms • 

. ; Th:tee;..Line Radical. - We were able to confirm the earlier investigators' 
~ 

obse:rVation of the grm-rth of a relatively weak three-line spectrum during 

the decay of the five-line spectrum only when s4N4 was treated with 

95%' sulfuric acid (See Fig. 4). We were unable to produce the three-line 

apectrumusing 100% sulfuric acid. The five-line species in 95% acid was 

completely decomposed after several weeks at room temperature or after 

two hours at 100°. 

l The present work shmred that the relative intensities of the triplet 
l 

lines are in t~e ratio 1:1.97:1.35· The h~gh-field line probably has 

too:much apparent intensity because of over-compensation for the small 

residual five-line spectrum on the high-field side. The measured 

intensities are essentially 1:~~ :1 vrithin the probable experimental error. 

This intensity ratio is consistent with a radical containing two 

equ~valent hydrogen atoms and is in disagreement with the 1:1:1 intensity 
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ratio reported by Chap.:::1::m and Hassey. Furtherrr,ore, i·re have observed some 

very weak lines on both the lmr-field and the his~n-field. side::; of the 

spectrum. 'l'he:::e lines are equidistc.nt fro:n the three m·~dn lines and exhibit 

the same pattern. Thus, they are thought to arise from a 33s ~perfine 

interaction. The number of sulfur ato:r::LS in the radical species could not 

be determined because the signal intensities vrere too weak. The spectral 

parameters determined from a least-squares fit to the spectrum Here 

g = 2.0152, ~ = 1.07 gauss, and AS = 8.5 gauss. 

To further substantiate this interpretation of the three-line 

spectrum, the radical was prepared in deuteriated sulfuric acid. 

The solution formed by the initial reaction of s4N4 vrith 95% n2so
4 

gave 

the same five-line spectrwa as reported previously. Hmv-ever, 'l'rhen the 

five-line species decayed, the spectrum observed was a single line with 

a width less than the spread of the triplet spectrum observed in ordinary 

95% H2so4. Because the line did not have a Lorentzian shape, we believe 

that it probably consists of ~~esolved hyperfine structure. Indeed, two 

equivalent deuterons in the radical would be expected to yield a quintet 

with one-third the spread of the proton triplet. Because the splitting 

would be smaller than the linewidth, an unresolved spectrum would be 

expected. Thus we believe these results confirm the interpretation that 

the radical contains tvro. equivalent hydrogen atoms. 

The three-line radical was observed to migrate toward the cathode 

of the transference cell. This result established that the species vras 

positively charged. 

~ 

The concentration of the three-line species 1-ras determined by 

comparison with the manganese(!!) standard and vras found to correspond 

to less than 0.0028 spins per original s4N4. Obviously the three-line 

radical is a relatively unimportant species as far as the overall 

stoichiometry is concerned. 

; i 
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In summary, the data indicate that the three-line radical is formed 

in small amounts, probably as one of the decomposition products of the 

five-line radical. It is positively charged and contains two equivalent 

bydrogenatoms and at least one sulfur atom. Inasmuch as no nitrogen 

('I. byperfine coupling is observed, the radical probably contains no 

nitrogen atoms. 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 groups. 

The high g value and the small hydrogen coupling constant indicate that 

the radical is probably a rr-radical. From the available data it is 

impossible to determine its exact composition or structure. 

~- lve would like to thank Professor Rollie J. Myers 

for his advice and many helpful discussions. This vrork was supported by 

the U. S. Atomic Ere rgy Commission • 

.. 
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resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
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