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AMMONIA AND SULFUR CHLORIDES
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October 21, 1963

ABSTRACT

The reaction between gaseous ammonia and sulfur chlorides
(SZCl2 and SClZ) has been studied under various conditions of tempera-
ture, flowrate of ammonia, concentration and type of sulfur chloride,
solvent, and duration of run, for the purpose of determining the op-
timum conditions for the prepa;ation of S4N4 and S7NH.

Adsorption-column chromatography on alumina and silica gel
columns was employed for the quantitative separation of the reaction

products.



I. INTRODUCTION -

Ammonia has been fbund to react with sulfur chlorides in a suit-

able solvent, presumably according to the following equations:

16 NH3 +6 SZCl2 = S4N4 +8S 4+ 12 NH4C1,

16NI—I3+6SC1 S4N4+ZS+12NH ClL

These colorful reactions were first observed in 1838 by Soubeiran,
who passed gaseous ammonia into a solution of disulfur dichloride
(SZCIZ) in carbon disulfide. Since that time, numerous‘investigators
have studied the reactions under a variety of conditions. Francis and
Davis7 used both sulfur chlorides and found that S Cl was inferior to
SCl for the preparatlon of tetrasulfur tetranltrlde (S4N4) but it was

18

reported later”~ that S Cl gave a higher yield of S4N4 However,

9

recent studies _showed that conversion of SZCI2 to SClZ’ by chlorina-

tion prior to the introduction of ammonia, greatly increased the yield
of S4N4. | ‘
The cited authors not only varied the type of sulfur chlorides used
but also carried out the reaction in different solvents. A large number
of solvents have been used including benzene,15 carbon disulfide,
chloroform, 13 ether, 18 carbon tetrachloride, 9 and dime’chy'lforrnarnide.1
From their reports of yield of S‘]:N4 it seemed that sof;rent played an
important role in the reaction. Macbeth and Graham ~ did preliminary
experiments with these various solvents, excluding dimethylformamide,
and found that chloroform was very suitable for the preparation of
tetrasulfur tetranitride. Later Arnold1 found that dry carbon tetra-
chloride was the most suitable solvent, on the basis of the cheapness,
noninflammability, and the absence of side reactions.

Macbeth and Graharn13 attempted to study the course of the re-
action by slowly adding a standard solution of ammonia in chloroform
to an ice-cold solution of SZCl2 in chloroform until a permanent alka-
linity was produced. They found that 1.33 moles of ammonia reacted
with each mole of SZClZ' Besides the product indicated above, they

reported having isolated a white, flaky substance which contains



hydrogen besides sulfur and nitrogen, and which was la’ce:r2 proved to
be_heptasulfurimide (S7NH). Arnold et al.Z modified the method by

using gaseous ammonia instead of the standard solution of ammonia

and were the first to report that the color of the reaction mixture changed
from dark brown to greenish brown to salmon red during the ammonia
flow. The ammonia ‘flow was stopped when the reaction mixture reached
salmon-red color, and the products were then examined.

Each of the above investigators was attempting to maximize the
yield of S4N4 since it is the parent compound of numerous other sulfur-
nitrogen compounds. However, the conditions of the reaction can be
varied so that the heptasulfurimide is the principal product..3’10

Tetrasulfur tetranitride crystallizes as bright yellow—orahge

9

needles that are reported to melt at 178°C.”’ It has been shown4 from

the electron diffraction data that the '""cradle' structure leads to a satis-
factory model for the tetrasulfur tetranitride molecule. This cradle
model (Fig. 1) consists of a bisphenoid of sulfur atoms and a square of
nitrogen atoms, with N-S= 1.62 A, angle S-N-S = 112 deg, and angle
N-S-N= 106 deg. The structure probably involves resonance among

the following bond structures, of which (I) is considered to be the most

important.

Fig. 1. Model for the tetrasulfur-tetranitride molecule.
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S4N4 is not explosive with ordinary handling but can be detonated
with percussion. It is soluble in dioxane, carbon disulfide, tetrachloro-
ethane, tetrahydrofuran, and benzene. Although readily oxidized in the
presence of alkali, it is otherwise stable in air.

The other sulfur-nitrogen compound, S7NH, is a white, flaky
substance which melts at 113.5° C without decomposi.tion, Structurally,
it resembles S8 with an NH group substituted for one of the sulfur
atoms. The strong absorption band in the infrared at 3400 crn_1 verifies
that the hydrogen is bonded to the nitrogen. It produces an evanescent
purple color with alcoholic potassium hydroxide. It readily dissolves
in benzene, methanol, acetone, and carbon tetrachloride.

The objective of this study was to reinvestigate the reactions be-
tween the sulfur chlorides and ammonia, by using quantitative separa-
tion of the reaction products. Since crystallization, used in all previous
studies, involves losses of 10 to 50%, a portion of this work centered
upon developing an efficient method of separation of these products.
Chromatographic methods of separation were investigated and em-
ployed. Also an attempt to learn the mechanism of the reaction was
made. In order to accomplish this, reactions were carried out under
various conditions of temperature, flowrate of ammonia, concentration
and type of sulfur chlorides, solvent, and duration of the ammonia
flow. The effects of each of the variables were determined. The re-~
action course was followed by taking small samples of the reaction
mixture at every distinct color change. The behavior of the samples
when mixed with water was noted, and the pH of the aqueous portion

was determined.



II. EXPERIMENTAL PROCEDURES

A. Chromatographic Experiments

Preliminary experimehts dealt with column partition chromatog-
raphy. Columns of cellulose powder (Van Waters) and Celite (diatoma-
ceous earth, made by Johns-Mansville) were prepared and several
immiscible solvents pairs were examined, e.g., dimethylformamide-
pentane, dimethylformamide-isooctane and acetonitrile-hexane. Mix-
tures of known composition containing sulfur, heptasulfurimide and
tetrasulfuritetranitride were introduced into the‘columns'. Qualitative
analysis of the fractions from the columns indicated that no separation
was accomplished. In view of these results, this method was abandoned |
and adsorption chromatography was investigated as an alternative.

For reasons discussed in the latter part of this thesis, two col-
umns were required in order to obtain a quantitative separation of the
three compounds. In one column (alumina, dried) tetrasulfur tetra-
nitride was separated from sulfur and heptasulfurimi’de. Using another
sample of the three compounds in a second column (silica gel) sulfur -
and heptasulfurimide were separated from each other, leaving the
tetrasulfur tetranitride in the column. A typical procedure is de-

scribed below.

B. Separation Procedures

1. Separation of S4N4 from S7NH and S

An alumina column, 18 cm long and 2.54 cm in diameter was

prepared by pouring a thin slurry of the alumina (acid, activity grade
1, M. Woelm-Eschwege, Germany, dried at 150°C for 12 hr) in dry
benzene into a 2-ft glass column with a reservoir attached to the top
of the column by a ground-glass joint. The tubular section of the
column was prefilled with dry benzene (dried over PZOS and distilled)
so that the solids in the slurry filled the column by settling from the
reservoir through the column liquid, forming a sedimentary bed on the

fritted glass at the bottom of the column. This process was aided by



allowing the liquid to flow out of the bottom of the column and by frequent
tapping of the column. When the solid bed ceased to contract, a 1-cm
layer of sand was carefully established by settling. This served to
protect the column bed from disturbance during the subsequent applica-
tion of the sample to the column.

One-half gram of a mixture containing S, S7NH, and S4N4 was
dissolved in 50 ml of dry benzene. To readily dissolve the mixture it
was often necessary to warm the solution. The cooled solution was
added to the top of the column and allowed to flow slowly through the
column until the level of the solution fellnal_m.ost to the top of the sand.

At this point elution was commenced. The eluant (pure dry benzene)

was allowed to flow through the column at a rate of 1 ml/min (0.2 cm3/
cm2 -min). Fractions were collected with the aid of an automatic fraé—
tion collector at 30-min intervals (i.e., 30-ml fractions). The first
fraction was usually free of any material. The next three fractions
contained all the sulfur and heptasulfurimide. The following two frac-
tions were free of any eluted material. The S4N4 usually came out in
the next eleven fractions. The number of fractions actually depended
upon the amount of the sample being separated. Figure 2 shows a typical
Velution in an alumina column. The S4N4 was recovered from the benzene
solution by evaporating off the solvent in the air at room temperature.

The generally accepted9 melting point of SyNy is 178° C, although
Arnold, Hugill, and Hutson® reported a melting point of 180°C, and.
Franc'is" a’nci Dav1s7 reported a '""decomposition point' of 185°C. It was
found that S4N4 which was recrystallized five times from benzene, or
which was purified by column chromatography followed by one crystal-
lization, melted at 187 to 187.5°C. This result was obtained by using
a calibrated thermometer in either a Mel-Temp apparatus or an oil
bath. Heating rates in the neighborhood of two degrees per minute
were used. The x-ray diffraction pattern of a-sample melting at
187 to 187.5°C yielded structure factors close to those reported by
Clark5 and yielded d'values.close to those foundby Jaeger and Zanstra.l12

Hence the purification procedure did not lead to a new modification of

S4N4.
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2. Separation of S7NH from S

A column of silica gel (''suitable for chromatographic use, "

» J. T. Baker Chemical Co.) was prepared in the same manner é.s the
preparation of the alumina column. One-half gram of the mixture was
dissolved (usually aided by heating) in 50 ml of carbon tetrachloride
(dried over Ca.SO4

top of the column. As soon as the level of the solution had reached the

and distilled). The cooled solution was added to the

surface of the sand, pure.carbon tetrachloride was allowed to flow
through the column at the rate of 1 ml/min (0.2 cm3/cm2 -min). Frac-
tions were collected at 20-min intervals. The first fraction did not
contain any eluted material. The next four fractions contained-all the
sulfur. The sixth fraction was essentially free of any eluted material.
The following nine fractions contained all the S7NH, which was re-
covered by evaporating off the solvent in air at room temperature.

The 54

umn. A typical elution profile in silica gel is shown in Fig. 3.

N4 could not be completely recovered from this particular col-

C. Reactions of Gaseous Ammonia and Sulfur Chlorides

A 2-liter 3-necked round-bottom flask was used as the reaction
vessel. The main neck was fitted with a cork stopper, bored to carry
a paddle stirrer. A gas inlet tube was inserted through one of the
standard tapered (24/40) side-necks, and a thermometer through the
other. The gas inlet tube was connected to a cylinder of anhydrous
ammonia through a gas flowmeter (Manostat Flowmeter FM 1043T)
calibrated to the ammonia flow according to the procedure described
by the manufacturer.

Then 84 g (0.6 mole) of SZCl2 was added to 1.4 liters of dry carbon
tetrachloride in the reaction vessel. During brisk stirring, ammonia
was introduced at the specified flowrate.

The first reaction was exothermic; yellow-brown fumes were
given off, and the contents of the flask tu};n_ed rose ebony(SEé) (the

superscript after each color indicates the location of the color plate in
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the Dictionary of Color by Maerz and Paul. 14 After about 30 min the
fumes disappeared and the reaction mixture turned grey“SCé). The

(1575) color appeared,

i
AY

temperature continued to rise until the olive drab

7

after which it began to drop. The olive drab color lasted for about

(1 51"12), and then

(9L12)

5 min, :then the color suddenly changed to burnt umber
gradually brightened up, after 3 hr of reaction, to a golden poppy
color; at this point the temperature had reached room temperature.

It should be noted that the time interval for the appearance of
each distinct color varied with the conditions of the reactions. For
instance, at a slow flowrate (18 liters/hr) of ammonia, the olive drab
mixture was formed after 1-1/2 hr of reaction, whereas at a faster
flowrate (50 liters/hr), it was formed after 35 min. Besides the dif-
ferences. in time interval of the appearance of each color, there was
also a difference in the sequence of color changeé. At a slow flowrate
of ammonia, the color of the reaction mixture changed from rose ebony

to grey to olive drab to burnt umber to golden poppy; at a faster flow-
(10L5)

rate, the color changed from rose ebony to yolk yellow to yellow

(11L7) to olive drab to burnt umber to golden poppy. Hence the

ochre
time of formation of the golden-poppy color depended upon the condi-
tions of the reaction, as shown in Table I.

At each distinct color change, a rod was dipped into the reaction
mixture and a drop or two of the reaction mixture was taken for ob-
servation. About 5 ml of the reaction mixture was also taken and was
shaken with 25 ml of distilled water, and the pH of the aqueous portion
was determined.

The reaction mixture was filtered on a sintered-glass funnel.

The total volume of the filtrate was recorded and two 25-ml aliquots
were air-dried in tared evaporating dishes for chromatographic separa-
tion. _

The damp solid material was immediately stirred with about
500 ml of distilled water to dissolve the ammonium chloride. The re-

maining solid was filtered off and allowed to air-dry thoroughly for a

day or two.
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The factors believed to affect the yields of S4£N4 and S7NH are
the flowrate of ammonia, temperature, concentration and type of sulfur
chlorides, solvent, and duration of run. In order to determine the
effect of each of these variables, reactions were carried out such that
one variable was changed at a time, as summarized in Table I.

In the first four runs reactions were carried out at ambient tem -
perature, with an ammonia flowrate of 18 liter/hr and an initial con-

4
In the fifth run a fast (50 liter/hr) flowrate of ammonia was em-

centration of 84 g of SZCl2 in CCl,. Only the duration of run was varied.

ployed. The temperature was kept at ambient temperature and 84 g of
SZCI2 was used. With such a flowrate the color of the reaction mixture
changed from rose ebony to yolk yellow to yellow ochre, at which time
the temperature was at its peak (71°C). Then as the temperature dropped
the mixture became olive drab in color and finally turned golden poppy
after 2 hr 6f reaction: The yellow ochre color lasted for about 5 min.

In view of these results the sixth run was stopped at the appearance of
the yellow ochre color. v

In the seventh run, conditions were similar to that of Run No. 1
except that the ammonia flow was stopped when the reaction mixture
turned olive drab.

In the eighth, ninth, and tenth runs the reaction vessel was kept
under ice throughout the duration of the run. With the ammonia flowrate
of 18 liters/-hr and an initial concentration of 84 g of SZCIZ, the dura-
tion of the ammonia flow was varied. The golden poppy color appeared
earlier than if the reaction was carried out at ambient temperature.

In the eleventh run, the reaction mixture was cooled in ice until
the appearance of the olive drab color. While continuing the passage
of ammonia, the ice bath was removed and the temperature was allowed
to rise to room temperature.

Run No. 12 was carried out under the same conditions as Run
No. 1 except that the concentration of SZCl2 was doubled.

In Run No. 13, 84 g of SZCl2 was used. However, it was chlorin-
ated prior to the introduction of ammonia. During brisk stirring,

Cl2 gas (dry) was allowed to pass into the solution until a distinctly
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Table I. Tabulated summary of experimental procedure

Run Duration Flfoxrate Temp. Cfonc, Type Solvent
No. of run o H ' o} SZCl2
(hr) (liters/hr) (g)

12 3 18 Ambient 84 SZCvll2 CC14

2 4 18 Ambient 84 _ SZCl2 CC14

3 5 18 Ambient 84 SpClp CCly

4 7 18 Ambient 84 S2Cl3 CCly

5 2 50 Ambient 84 S2Clp CCly

6 0.5 50 Ambient 84 S$,Cl3 CCly

7 2 18  Ambient 84 S,Cly CCly
ga 2.5 18 Ice-cooled 84 S,Clp CCly

9 3.5 18 Ice-cooled 84 S2Cl1, CCly
10 6.5 18 Ice-cooled 84 S,>Cly- CCly
11 2.5 18 Initially 84 S,Cl, CCly

ice<ooled .
122 6.0 18 Ambient 168 S,Cly CCly
13 6 18 Ambient 84 sc1,© CCly
14 1 18 Ambient 84 S,Cl12 Dimethyl
formamide
15 1 18 -5°C 84 SpClz  Dimethyl
formamide

16 1 18 Ambient 84 S>Cl; Tetrahy-
: drofuran
17 2.3 18 Ambient 84 SpClp CCly
18 3. 18 >35°C 84 S>Cl, CCly
19 6.0 18 Icecooled 168 S,Cl, CCly

a'Duplica’ce run was done.
bIce bath was removed at the olive drab color.

“Obtained by chlorination of S,Cl,.
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green' layer of the Cl2 gas was observed over the solution. At this

point the flow of chlorine was stopped and the gas inlet tube was con-
nected to the ammonia cylinder. Ammonia was passed at the rate of

18 liters/hr. Initially, dense white fumes formed, but soon disappeared.
A yellow-brown mass was rapidly formed in the flask, which slowly
became ér‘ey. Next the color changed to olive drab, and then gradually
to golden poppy after 6 hr.

In the next thfee runs the solvent was changed. In Run No. 14,

84 g of SZCl2 was added to 1.4 liters of dimetleIformamide (dried over
Ca.I-I2 and distilled) at ambi_g\ént temperature. As ammonia was allowed

to pass at the rate of 18 litérs/hr, the contents of the flask turned deep
blue. The first reaction was somewhat violent, ‘and sometimes a back
pressure occurred in the ammonia line. However, this could be avoided
by cooling the reaction mixture in ice during the ammonia flow. Ammonia
was passed for 1 hr. No solid material could be filtered off. Upon
standing in air the deep blue color of the dimethylformamide solution
disappeared. A 25-ml aliquot gave a cream-colored residue, indicating
the absence of S4N4.

In Run No. 15 a reaction similar to that described by Goehring
et a1.10 was carried out.

In Run No. 16, 1.4 liters of tetrahydrofuran (dried over dri-Na
and a little LiAlH, added prior to distillation) and 84 g of 5S,Cl, were
mixed. The ammonia flow was kept at 18 liters/hr. The contents of
the flask remained golden poppy in color throughout the entire run. No
cooling was necessary. The reaction was stopped after 2-1/2 hours.
Very little solid material (bright yellow) was isolated after the water
washings.

In Run No. 17 the mode of operation was altered: 1.4 liters of
dry carbon tetrachloride was saturated with ammonia (at 18 liters/hr)
prior to the addition of SZC12° Then, through one of the side-necks:,
SZCl2 was added in 2-ml portions at 5-min intervals. A total of 50 ml
of SZCL2 was added. The ammonia flow was stopped when the tempera-

ture dropped to room temperature (after 2-1/3 hr).
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Run No. 18 was carried out under the same conditions as Run
No. 8 except that the concentration of S;Cl,; was doubled.

High temperatures seemed to significantly affect the yield of
S7NH. Hence Run No. 19 was carried out such that the temperature
was kept above 35°C. After 84 g of SZC12 was added to t1h'e carbon
tetrachloride, the solution was heated to 35°C. After removing the
hot-water bath, ammonia Vwas passed at the rate of 18 liters/hr. Un-
like Run No. 1 the initial rose ebony color did not appear. The color
changed from yellow brown to yolk yellow to olive drab and finally to
golden poppy. The temperature was not allowed to fall below 35°C.

Duplicates of runs number 1, 8, and 12 were carried out to

verify the reproducibility of the reaction.



-414-

HI. RESULTS AND DISCUSSION

A. Chromatographic Method of Separation

The water-insoluble reaction products include S, S—,NH, S4Ny,
and possibly S6(NH)2 in trace amounts. Quantitative separation of
these compounds from each other offers some difficulties. Due to
their almost similar behavior towards solvents, extraction methods
do not give a good separation, and crystallization involves losses of
about-10 to 50(% of the yield. Several investigators report having ob-
tained a good separation of S and S;NH by adsorption-column chroma-
tography. For instance, Heall? obtained pure S7NH by elution from
a silica gel column by using cyclohexane-carbon disulfide (1:1) as
eluant; Weissl? separated S and S7NH and S¢(NH}), in an (neutral,
Merck) alumina column by using pure dry benzene as eluant. More
recentiy, Tavs et al. 17 reported having separated S and S7NH from the
three isomers of S¢(NH) in a silica gel column by elution with hexane;
the three isomers were then separated from each other in an alumina
column. All these investigators carried out the reaction between S,Cl,
and ammonia as described by Goehring et al.,10 in which case S4Ny4 is
not one of the reaction products., It was also noted that in all these
‘chromatographic separation methods, a preliminary extraétion Was
done to fninimize the amount of sulfur in thé mixture to be separated
in the column. ‘

The present chromatographic investigation was centered upon
developing a quantitative separation of S4Ngy from the rest of the re-
action products. _ ‘

The phenomenon of adsorption depends on the nature of both the
solid and the liquid phaée; for this reason the choice of solvent is as
important as that of the adsorbent itself. A large number of solvents
were examined by using various adsorbents, e.g., alumina (acid,
neutral, basic; activity grade 1, by M. Woelm-Eschwege, Germany)
and silica gel (''suitable for chromatographic use,'" J. T. Baker
éhemical Co.). The solvents examined included hexane, c_yclohexane,

“benzene, carbon tetrachloride, dioxane, carbon disulfide, ether,
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acetone, dimethylformamide, acetonitrile, and methanol. A systematic
study was carried out to determine which solvent or mixtures of these
solvents would give a good chromatographic separation of the three

- compounds. No attention was devoted to the separation of Sé(NH)Z
inasmuch it was reported17 to be formed in trace amounts. The results
of our experiments showed that if a benzene or carbon tetrachloride .
solution of the test mixture was used to put the mixture onto the (acid)
alumiﬁa column, pure, dry benzene could be used to elute out the sulfur
and heptasulfurimide, leaving the tetrasulfur tetranitride on top of the
column. Finally, benzene-acetonitrile (95-5% by volume) slowly re-
moved tetrasulfur tetranitr‘ide from the column. However, it was

found that the recovery of the materials from the column was not very
good. In view of these results numerous experiments were done on the
(acid) alumina column to obtain a good chromatogram and a maximum
recovery.

It is significant to note the difference in the results obtained
when using dried (150° C for 12 hr) and nondried (acid) alumina. These
results are shown in Table II. In the case of the nondried alumina,
about 30% of S4N4 was lost in the column. In an attempt to aid removal
of S4N4, the polarity of the eluant was increased by gradually increas-
ing the concentration of acetonitrile in benzene. However, an oily
orange liquid was obtained, the composition of which could not be estab-
lished. This substance most probably resulted from the decomposition
of the unrecoverable S4N4.

On the other hand, dried alumina gave 90 to 97% recovery of
S4N4 and the oily substance was no longer obtained. However, dried
alumina failed to adequately separate S and S7NH, whereas the non-
dried adsorbent gave a fair separation.

Nondried silica gel gave an excellent separation of S and S7NH
but, as in the case of nondried alumina, only 30% of the S4N4 was re-
covered. Silica gel dried at 200°C for 12 hr gave 86 to 91% recovery
of S,N, but it no longer separated S and S NH. Thus two columns are

44
necessary to quantitatively separate the three compounds.



Table II. Effect of moisture in the adsorbent. ILength of column is 18 cm, diameter is 2.54 cm.
Nondried A1203 Dried A1203 Nondried SiO2 gel Dried SiO, gel
Taken Recovered Taken Recovered Taken Recovered Taken Recovered
(g) (g) (g) (g) (g) (g) (g) (g)
S 0.2352 0.2345 '0.1765 0.1906 0.41900 0.1770 0.1954
8 0.1952 '
S7NH 0.0105 0.0092. 0.0227 0.2015 0.2054—~ 0.1900 0.1698
S4N4 0.1242 0.0882 0.3311 0.3106 0.1283 0.0394 0.2002 0.1821
+ oily liq. ‘

-9‘;_
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It is apparent that on the dried adsorbents,‘ S and S7NI—I behave
identically, whereas on the non-dried adsorbents S7NH is held more
strongly—probably through the formation of hydrogen with traces of:
water. The loss‘or decomposition of S4N4 in the columns can also be
attributed to the presence of traces of water.

“ It was found that a column of 2.54-cm insidé diametér gave maxi-
mum separation consistent with a convenient flowrate. The results
given in Table III show that the 18-cm length was chosen as a compro-
mise between separation of.;che bands and material lost in the column.
A longe.r column (35 cm) provided a better band separation; however,
the recovery of materials decreased by 10%. A shorter column gave
better recovery but not a very satisfactory separation,

Experiments showed that it was necessary to e&aporate the origi-

nal carbon tetrachloride portion of the reaction mixture and redissolve

. the residue prior to separation in the column.

Table III. Effect of length of column. Adsorbent was acldic
alumina (dried at 150° C for 12 hr). .

35 cm long 18 cm long 95 cm long

Taken Recovered Taken Recovered Taken Recovered

(g) (g) (g) (g) | (g) (g)

Sg 0.2932  0.2793  0.1765 . 0.3151
0.1952 0.3138

S7NH 0.0619 0.0353 0.0227 0.0539

S4N4 0.1138 0.0972 0.3311 0.3106 0.1526 0.1500%

] :
- % Infrared analysis showed bands due to S7NH.
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B. Reactions Between Ammonia aﬁd Sulfur Chlorides

A series of color changes-namely, rose ebony to olive drab to
golden poppy—occvurred when gaseous ammonia reacted with sulfur
chlorides in a suitéble solvent. The reaction was exothermic up to the
formation of the olive drab mass, after which the temperature began
to drop Vas the color gradually turned golden poppy.

The changes in color of the reaction mixture are one of the signs
of the complexity of the reaction between ammonia and disulfur dichlo-
ride. Undoubtedly, there are numerous reactions occurring that lead
to the final products. One of them, which leads to the formation of
S7NH, was proposed by Goehring. 8 Although there is no evidence of

the formation of SCl2 the proposed equation :seemed very logical:

6 SZCl2 + 3 NH, = S7NH + 5 SCl2 + 12 NH CI. - (1)

3 4
Assuming that Eq. (1) does occur, then the formation of S4N4 could

probably result from two reactions, namely,

6SC12+16NH =S5,N

5= S,N,+2S+ 12 NH,CL (2)

4

6 SZC].2 + 16 NH, =S /N, + 8S + 12 NH4C1. (3)

3 44

The SCl2 in Eq. (2) was assumed to come from Eq. (1).
All these reactions are believed to be completed in a step-wise
manner, as shown from the observation that as the reaction proceeded

no S7NI—1 or S4N4

of the reaction mixture was drawn out for observation. After evapora-

could be isolated. At each color change a drop or two

tion of the solvent a black residue was left. If the reaction was stopped
at the olive drab stage the filtered solid material was an unworkable
brown mass, insoluble in benzene and carbon tetrachloride. The solid
material was probably composed of insoluble intermediates. It is also
believed that the relative rates of each of the determining steps of the
above reactions depend upon the conditions of reaction.

The course of the reaction was also followed by drawing out about

5 ml of the reaction mixture at each distinct color change. This sample
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was shaken with 25 ml of distilled water and the pH of the aqueous
portion was determined. - It was found that the pH increased as the re-
action proceeded, and remained consvtant after the formation of the
golden poppy color.

The increasing pH can only be used as an indication of the com-
pleteness of the reaction... The pH increased from 2.0 to 8.75, at which
point the golden poppy color‘appeared.

It is important to note the pH of the aqueous extract, since re-
sults showed that at a fast flowrate of ammonia (50 liters/hr) the orange
color appeared twice during the reaction. The first orange color ap- ...
peared after 30 min and the temperature was at its peak. This color
lasted only( for about 5 min; the pH of the aqueous extract was 3.25.
When the reaction was stopped at this stage the filtéred ‘solid material
contained no S4N4, and evaporation of the filtrate left a black plastic-
like substance.

The criterion for completion of reaction is the formation of the
golden poppy mixture, the aqueous extract of which has a pH'of 8.75.

The final products of the reaction are tetrasulfur tetranitride,
heptasulfurimide, sulfur, and ammonia chloride. Recently, however,
it has been reported that three isomers of the hexasulfurdiimide,
Sé(NH)Z’ have been i_sola’ced.17 quever, no attention has been devoted
to the qualitative and quantitative determination of these isomers since
reports showed that they are formed in trace amounts.

The relative amounts of the final reaction products depend upon
the conditions of reactions. In view of this fact, reactions were car-
ried out under various conditions to determine the optimum conditions

for the preparation of S4N4 and S7NH.

1. Effect of the Duration of Ammonia Flow
The yields of S4N4,

ammonia flow, as long as the golden poppy color has not been reached.

S7NH, and S depend upon the duration of the

It was found that in Run No. 7, when the ammonia flow was stopped at
the formation of the olive drab mixture, the carbon tetrachloride por-

tion of the reaction mixture left a black residue after evaporation, and
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the solid materi;l contained no S4N4. Hoyyever, after the formation of
the golden poppy mixture the amount of‘S4N4 and Sv7NH remained con-
stant, independent of the duration of the ammonia flow, as shown in
Table IV. It could also be seen from the Table that the weight of the
~dry solid mixture (obtained after water washings) inci*eased; chromato-
graphic separation of the solid mixture showed that the percentages of -
the threre compounds decreased with increase in ;cime of ammonia flow.
The solid material Was”composed of S4N4, S7NH, S, and unknown
compounds. The weight of the unknown compound increased as more
ammonia was allowed to pass. The mixture of unknown compounds

liberated ammonia gas upon standing. The bottles confaini:ng the solid

materials smelled strongly of ammonia.

2. Effect of Temperature

As shown in Table V, the formation of S4N and S7NH depehded

upon the temperature of the reaction. At ambien"lc temperature 9.4 g

of S4N4 cbuld be isolated. However, whén the reac‘tion mixture was

cooled in an ice bath throughout the duration of the ammonia flow, only

3.6 g of vS4N4 was found in the carbon tetrachloride portion of the reac-

tion mixture. The filtered solid material, after water washings, spon-

tané_ously decomposed, liberating ammonia gavs and leaving a residue

of sulfur and ammonia chloride.' More S7NH was 6btained from the

reaction carried out at ice temperature than at ambient temperature.
Although Arno‘ld1 made no mention of the effect of low temperature

on the yield of S4N4,

preparation of S4N4 at temperatures bet\\)‘yeen 20 and 50°C. It seems

- he stated that it was desirable to conduct the

that the rates of the above reactions are all temperature dependent—
that the yield of S4N4 increases with increase in temperature, although
it does not increase indefinitely with increasing temperature. It re-
mains fairly constant after a certain critical temperature has been
reached. Table IV shows that the yield of S4N4 was not affected by

an increase in temperature resulting from an increase in the flowrate

of ammonia. The yield of S7NI-I was slightly affected.
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Table IV. Effect of duration of run.
18 liters/hr; concentration of SZCl2 is 84 g in 1.4 liters of CC14.

Flowrate of ammonia is

Run " Duration Temp. Phase Total Product yield
of .
No. of run mixture solid S7NI—I : S4N4 88
portion : ,
- (A=liquid
(hr) B=solid). (g) (g) (g) (g)
1 3 .Ambient A 28.6 7.0 2.2 15.0
B 10.0 0.0 7.2 1.5
38.6 7.0 9.4 16.5
12 3 Ambient A 28.9 7.2 2.2 15.5
B 9.4 0.0 7.6 1.5
38.3 7.2 9.8 17.0
2 4 Ambient A 26.2 7.0 2.5 13.8
B 11.4 0.0 7.6 1.5
37.6 7.0 10.1 15.3
3 5 Ambient A 28.0 7.6 2.6 15.6
B 12.0 0.0 7.3 1.0
40.0 7.6 9.9 16.6
4 7 Ambient A 27.0 7.0 2.7 14.1
B 13.4 0.0 7.8 0.8
40.4 7.0 10.5 14.9
7 2 Ambient A Black plastic-like substance
B Brown unworkable mass
8 2 Ice-cooled A 29.2 9.7 3.6 8.5
B _b
1
82 2 Ice-cooled A 29.5 10.0 3.0 8.6
B b
9 3 Ice-cooled A 28.3 11.4 4.5 9.4
10 6 Ice~cooled A 28.1 10.4 4.0 8.1
B b

2 Prime (') indicates duplicate run.

b Solid decomposed.




Table V. Effect of temperature.
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Flowrate of ammonia

is 18 liters/hr; concentration of SZCl4 is 84 g in
1.4 liters of CC14.

Run Temperature Phase Total Product yield
No. (initial of
mitial, max,  ixture solid S_-NH S, N S
. . 7 4774 '8
final) portion
(A=liquid,
(° C) B=solid) (g) (g) (g) (g)
1 21,49, 23 A 28.6 7.0 2.2 15.0
B 10.0 0.0 7.2 1.5
38.6 7.0 9.4 16.5
1'2 21, 51, 23 A 28.9 7.2 2.2 15.5
B 9.4 0.0 7.6 1.5
38.3 7.2 9.8 17.0
8 2,18,2 A 29.2 9.7 3.6 8.5
B _b - - -
29.5 3.6 .5
1a
8 2,18,2 A 29.5 10.0 3.0
B _b - - -~
29.5 10.0 3.0 8.6
11°€ 2,25,25 A 30.9 10.9 2.5 14,
B 10.0 0.0 6.8 1.5
40.9 10.9 9.3 1276
18 35, 51,35 A 31.1 7.7 3.4 16.8
B 9.6 0.0 6.1 1.0
40 7.7 9.5 17.8

2 Prime (') indicates duplicate run.

b

Solid decomposed.

c Ice-bath was removed after formation of olive drab color.
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From the results obtained and from the works of other investiga-
tors, one plausible explanation could be offered as to the effect of tem-
perature on the formation of S7NH. GOehring8 has reported that S7NH

reacts with SZCl2 or SCl2 in the following manner:
2 5,NH + S,Cl, = S,NSSNS., + 2HCL . (4)

Since ammonia is a good HCl acceptor, there is a possibility that Eq.
(4) would be competing with Eqgs. (1), (2), and (3) as ammonnia is being
passed through the SZCl2 solution. However, the temperature of the
reaction greatly affects the rates of each of the above reactions. At
low temperatures, the rate of reaction (1) is more favored, whereas at
very high temperature (50° C) the rate of formation of Si6N2 becomes
more important. Hence the yield of S7NI-I decreased as the temperature

increased.

3. Effect of the Flowrate of Ammonia

The results of increasing the flowrate of ammonia are given in
Table VI. By a threefold increase in the flowrate, the time of the
appearance of the golden poppy color was shortened by about one-third
of the original time. The yields of SN, did not vary with the flowrate.

However, it could be seen from Table VI that there was a de-
crease in the yield of S7NH when ammonia was passed at a faster flow-
rate. This could be due to the fact that at a faster flowrate the tem-
perature rose up rapidly, reaching a maﬁimum that was 20 degrees
higher than the maximum temperature of the reaction carried out at a
slow flowrate of ammonia. Consequently, with such an increase in

temperature, the yield of S7NH decreased correspondingly.

4, Effect of Concentration and Type of Sulfur Chloride

The results given in Table VII show that the yields of S4N4 de -
pend upon the concentration and type of sulfur chlorides. At low or
ambient temperature the yield of S4N4 doubled when the concentration
of SZCl2

when SZCl2 was chlorinated prior to the introduction of ammonia.

was doubled; and as expected, the amount of S4N4 was doubled
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Table VI. Effect of flowrate of ammonia. Concentration of

SZC14 is 84 g in 1.4 liters of CC14.
Run Flowrate Temperature Phase =~ 'Total Product yield
C s of :
No. of NH3 {initial, max, mixture .sohd S7NH S4N4 SS
. final) portion = (g) (g) (g)- (g)
(11ters/hr) (° C) (A=liqui_d,v .
B=solid) '
1 18 21,49, 23 A 28.6 2.2 15.0
B 10.0 0.0 7.2 1.5
38.6 7.0 9.4 16.5
a
1 18 21, 51,23 A 28.9 7.2 2.2 15.5
B 9.4 - 0.0 7.6 1.5
38.3 7.2 9.8 17.0
5 50 24,71, 21 A 28.4 5.0 2.6 15.5
B 10.2 0.0 7.4 1.7
38.6 5.0 10.0 17.2

% Prime (') indicates duplicate run.

Chlorination of S2

$,Cl, + 2 Cl, = 2 SCl,. | (5)

Gl2 forms sulfur dichloride according to the equation:

Inasmuch as two moles of SCl2 are produced from each mole of SZCIZ,
on the basis of Eqs. (2), (3), and (5), the amount of S4N4 should be
twice as much as that obtained from a reaction between SZCI2 and .
ammonia. v
It can be seen from Table VII that at ambient temperature the

yield of S7NH remained fairly constant and did not vary with the con-
centration of SZCIZ. However, at low temperature the amount of
S7NH doubled when the concentration of 5,Cl, was doubled. This, again
is an evidence of the temperature dependence of the rate of formation
of Si6N2'

A trace amount of S7NI-I was obtained from the reaction between

SCl‘2 and ammonia.



Table VII. Effect of concentration and type of sulfur chloride. Flowrate of ammonia is 18

liters/hr; duration of run was until appearance of golden poppy color.

Run Conc. Type Temperature Phase of Total Product yield
. . mixture .
No. of SZClZ (initial, max, portion solid S.{.NH S4N4 Sg
(g) final)  (Aliquid, (g)
(° C) B=solid) (g) (g) (g)
1 84 S,Cl, 21, 49, 23 A 28.6 7.0 2.2 15.0
B 10.0 0.0 7.2 1.5
7.0 9.4 6
a .
1" 84 s,Cl, 21, 51, 23 A 8.9 7.2 2.2 15
B 9.4 0.0 7.6 1.
38.3 Tz 9.8 17.0
12 168 5,ClL, 22,52, 22 A 29.1 8.2 2.1 14.3 &
B 56.5 0.0 17.5 24.9 '
. _ 85.6 8.2 19.6 39.2
12" 168 $,Cl, 20, 54, 22 A 28.6 6.2 2.7 15.7
B 59.0 2.3 20.0 29.5
87.6 8.5 22.7 45.2
13 84 sc12]D 19, 60, 20 A 6.2 0.4 2.5 1.7
B 239.0 0.0 17.6 0.6
_ 45.2 0.4 20.1 2.3
19 168 $,Cl, 2,18, 2 A 40.0 16.4 3.5 10.0
B 22.4 3.6 4.5 12.1
62.4 20.0 8.0 22.1

% Prime (') indicates duplicate run.

b Obtained by sufficient chlorination of SpCly.
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There was one puzzling difference in the behavior of the solid
materials obtained from the reactions carried out at ice temperature.
As mentioned earlier in the discussion, the solid material obtained
from a low concentration -of SZCl2 spontaneously decomposed after the
water washings. However, in Run No. 18, where the concentration of
SZClZ was doubled, a large amount of solid material was filtered off
and no decomposition was observed. No explanation for the spontaneous
decomposition of the solid could be offered at present—-more study on

it is necessary.

5. Effect of Solvent

The conditions of reaction were kept similar to that of the first
run but the reaction was carried out in various solvents. Table VIII
shows that the nature of the solvent seemed to have a tremendous
effect on the relative amounts of the reaction products.

It has been postula.ted8 that S,NH is formed in a step-wise manner,

7
starting from the diss_ociation of the SZC12:

S,Cl, Z cl-s-st +cl”+NH, - (Cl—S—S—%H3) Cl”

3

® - ©) _
(Cl-S—S—NI—I3) Cl + S2 Cl2 - (H3N—S—S—S—Cl) Cl + SGl2

@ -
N-§,-Cl)Cl”™ ~ H,N-5,-Cl + HCl

- S7NH + HCL.

The initial dissociation of SZCl2 should be facilitated 11:1 a more polar
solvent. However, the results obtained were contrary to this expecta-
tion. At low temperatures more S7NH was formed in a reaction using
carbon tetrachloride as solvent than in a reaction using dimethyl-.... -
formamide as solvent. At ambient temperature no S7NH was isolated
from a reaction carried out in dimethylformamide, whereas 8 g of
S7NH was obtained from the carbon tetrachloride solution.

In a more polar solvent the formation of S4N4 did not seem to be

favored. At no temperature condition was any S4N4 obtained from a
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reaction carried out in dimethylformamide. However, if tetrahydro-
furan (a slightly polar solvent) was used as solvent an appreciable

amount of S4N4 was formed.

More study on the effect of the nature of solvents is necessary to

explain clearly the results obtained.

Table VIII. Effect of solvent. Concentration of SZCI2 is
84 g in 1.4 liters of solvent; flowrate of ammonia is

18 liters/hr.

Run Duration Temperature Phase of Total Product yield

No. (initial, max, mixture - -
or run final) portien solid o7 NE  SyNy Sg
{hr) . (A=liquid, o .
(° C) B=solid) (8 .. (8 [ fg) (g)
1 At orange 21,49, 23 A 28.6 7.0 2.2 15.0
(3) B 10.0 . 0.0 7.2 1.5
38.6 7.0 9.4  16.5
14 At blue 19, 51, 20 | a2 b _b -
(2)
b
15 At blue -5 16 8.1 - 7.2
(1)
16  Atorange 21,51, 39 25.5 —° 56 13.8
(1) _

% Not quantitatively analyzed.

b Absent.
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IV. SUMMARY .

Gaseous ammonia and sulfur chlorides in a suitable solvent react
to give tetrasulfur tetranitride, heptasulfurimide, sulfur, and ammonia
chloride. The relative amounts of these products depend upon the con-
ditions of reaction. For this reason reactions have been carried out
under various conditions of temperature, flowrate of ammonia, con-
centration and type of sulfur chlorides, solvent, and duration of run.

A procedure for the quantitative separation of the reaction prod-
ucts has been established. The S4N4 is separated from S and S7NH
on an alumina column by using pure dry benzene as eluant. The S and
S7NH are separated from each other on a silica gel golumn by elution
with pure dry carbon tetrachloride.

I believe that the completion of the reaction yielding S4N4 occurs
at the formation of the golden poppy mixture, the aqueous extract of
which has a pH of 8.75. Beyond this point the yields of S4N4 and 'S7NH
do not vary with the length of time of the ammonia flow.

The results of the numerous runs can be summarized as follows:

(a) The yields of S4N4 and S7NH depend largely upon the temperature
of the reaction. At low temperatures very little S4N4 and more S7NI—I
are formed, whereasathigher temperatures a large amount of S4N4
is produced but the yield of S7NI—I decreases.

(b) Although the yield of S4N4 did not vary by a threefold increase in
the flowrate of ammonia, the time of completion of reaction was short-
ened by one-third. The yield of S7NH decreases with increasing flow-
rate of ammonia. It is being assumed that at elevated temperatures a
side reaction between SZCl2 and S7NI—I becomes more favored. For
this reason the yield of S7NH decreases with increasing temperature.
Inasmuch as a faster flowrate of ammonia results in an increase in
temperature of the reaction mixture, the amount of S7NH decreases
correspondingly.

(c) The yield of S4N4 depends upon the concentration and type of
sulfur chloride. By using a double amount of SZCl2 the yield of S4N4

is doubled. A slightly more than double yield of S4N4 is obtained when
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SZCl2 is chlorinated prior to the introduction of the ammonia.
(d) As long as the,tempe’fature is allowed to rise freely, the yield of

S, NH does not seem to be affected by the change in concentration of

7
SZClZ' However, at low temperatures, increasing the concentration of
SZC'l2 increases the yield of S NH.

{(e) A trace amount of S7NH is formed if ammonia is passed through

a solution of SClZ.

(f) The nature of the solvents seems to have a tremendous effect on
the relative amounts of the reaction products. If the reaction is carried
out in carbon tetrachloride a large amount of S4:N4 is formed; in tetra-
hydrofuran less S‘}:N4 is obtained; and in a more polar solvent, dimethyl-
formamide, no S4N4 is isolated.’

(g) Compa.'rable amounts of S NH are formed in both the reaction
carried out in carbon tetrachlorlde and dimethylformamaide and at low

“temperatures. The reaction carr1ed out in tetrahydrofuran failed to

yield S,NH.
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V. CONCLUSION

The water-insoluble products of the reaction between gaseous
ammonia and sulfur chlorides are best quantitatively separated by
using two adsorption columns. Separation of S4N4 from S and S7NH
is done on an alumina column, using dry benzene as eluant. The S
and S7NH can be separated from each other on a silica gel column by
elution with dry carbon tetrachloride.

- To obtain the maximum conversion of S2C12 to S4N4 alone, it is
best to chlorinate the SZCI2 in carbon tetrachloride prior to the intro-
duction of ammonia. At a moderate flowrate (18 liters/hr) of ammonia
no cooling is necessary. It is not advisable to prolong the passage of
ammonia beyond the golden poppy color inasmuch as the yield of S4N4
does not vary with the duration of the ammonia flow.

The volume of carbon tetrachloride should be proportionate to
the initial concentration of SZCIZ. One and four-tenths liters of CCl4
is sufficient for 168 g (1.2 moles) of SZCl2 to allow:a convenient stirring
of the reaction mixture. However, if the SZCI2 is to be chlqrinated
prior to the introduction of ammonia, 1.4 liters is sufficient for 84 g
(0.6 mole) of SZClZ"

If the desired product is S,NH alone it is best to carry out the

reaction at low temperature. AZI ice bath serves the purpose very
well. Carbon tetrachloride is the best solvent to use. Reaction should
be stopped at the formation of the golden poppy mixture.

If it is desired to obtain both S4£N4 and S7NH in a reaction, it is
best to carry out the reaction at ambient temperature and with a mod-
erate flowrate (18 liters/hr) of ammonia.

The changes in color of the reaction mixture are one of the signs
of the complexity of the mechanism of the reaction between gaseous -
ammonia and sulfur chlorides. It seems thattheratés of f\ormation of
the various products are governed by the temperature of the reaction.
The effect of temperature on the formation of S7NI—I is very puzzling.

It will be interesting to know whether the effect is due either to the
reaction between S7NH and unreacted SZClZ in the presence of ammonia

at elevated temperatures; or whether the rate of formation of S7NI—I is

greatly slowed down at temperatures above 50°,
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