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The gas-phase reactions of sulphur cluster ions, cations S;; (n= 1, ... ,8) and anions S; (n 
=2, ... ,6) with NH3 have been studied by means ofa Fourier transform ion cyclotron resonance 
(FT-ICR) mass spectrometer. Relative and absolute reaction rate constants as well as reaction 
efficiencies have been determined. The st cation has by the far highest reactivity with all other 
sulphur cations being significantly less reactive. Besides some fragmentation, no reactivity of the 
anions was found. Structural conclusions are made based on the present experiments, on pre
vious extensive ab initio calculations, and on complementary experiments. 

I. INTRODUCTION 

The importance of sulphur chemistry and compounds 
for industrial applications as well as for biological and en
vironmental aspects can hardly be overstated. I Liquid and 
solid elemental sulphur seems to exist in a large variety of 
allotropes. Gaseous sulphur consists mainly of S8 rings at 
low temperatures (T < 400 K) and of S2 dimers at high 
temperatures (T > 1000 K) with varying abundance of the 
intermediate sizes S3-S7' 2,3 Mass spectrometric investiga
tions of sulphur vapor by electron impact ionization2

-6 and 
photoionization,1,8 respectively, showed Si and st to be 
abundant, but no larger species were found, while there 
were considerable amounts of st to si. The relative in
tensities of the particular ions depend on ionization energy 
and temperature of vaporization. 

Neutral sulphur clusters Sn with n>6 are proved ex
perimentally to have ring structures.9 Theoretical informa
tion on all of the sulphur clusters up to n= 13 can be found 
in recent publications. Semiempirical calculations have 
been performed for SrS8.1O,11 Extensive calculations have 
been performed on S6-S12 (Refs. 12 and 13), and particu
larly on S4 (Refs. 14 and 15) using large scale ab initio 
methods. The structures of S2-S13 have also been deter
mined by a procedure called stimulated annealing calcula
tions. 16 These theoretical studies also concluded that clus
ters with n>5 should exist as ring structures; the smaller 
ones S3 and S4 may exist as rings and chains as well. In 
Raman spectroscopy investigation of superheated sulphur 
vapor, two distinct conformers of S4 have been identified 
by their vibrational modes. 17 The C2u symmetry of S3 and 
of its anion S3 have also been confirmed. 17

(a) S4 exists in 
cis and trans planar structures and is distinctly different 
from (S2h dimers, as was shown in recent matrix isolation 
studies. 18,19 The C2u S3 has also been investigated in these 
studies. Almost no structural information is available for 
the cations so far. The st cation is known to be stable in 
solution and is likely to be planar and cyclic with the un
paired electron in a 11" orbital. 20 Sulphur in liquid ammonia 
reacts to form S3 , S~- , S2N-, S3N-, and S4N - .21 

The gas-phase reactivity of atomic sulphur cations has 
previously been extensively investigated (for a compilation 
see Refs. 4 and 22). In an ion cyclotron resonance (ICR) 

study, an absolute rate constant of 1.25 X 10-9 cm3 s -I has 
been determined for their reaction with NH3 yielding 
mostly (94%) NHt besides some SNHi (6%). A later 
investigation confirmed these values in general (1.6( 3) 
X 10-9 cm3 s-I, 90% and 10%, respectively].24 High pres
sure flowing afterglow and selected-ion-flow-tube (SIFT) 
investigations25,26 concluded in comparable rate constants 
of l.4x 1O-9±30% and 1.7X 10-9 cm3 S-I, respectively, 
but failed to observe the minor product SNHi. 

In a continuation of our investigations of the gas phase 
chemistry of sulphur cluster ions,4,27,28 the reactivity with 
NH3 has been studied using a Fourier transform ion cyclo
tron resonance (FT-ICR) mass spectrometer.29-32 The ab
solute reaction rates obtained for both cations and anions 
are compared to the theoretical collision rate limit33-35 to 
extract reaction efficiencies. 

II. EXPERIMENTAL SETUP AND METHOD 

A commercial FT-ICR spectrometer (Spectrospin 
CMS 47 X) equipped with a 4.7 T superconducting mag
net, a cylindrical 60 X 60 mm ICR cell, and a differentially 
pumped external ion source32,36-39 was used as described 
earlier.4,27 Sulphur cluster ions S;; and S; were generated 
by electron impact ionization (70 eV) of sulphur vapor 
and subsequent electron attachment, respectively. Result
ing cations sized n = 2-8 and anions sized n = 2-6 were 
transferred into the ICR cell and trapped. Monomeric sul
phur ions did not form this way, but could be prepared 
from suitable molecular precursors. Initial kinetic energies 
of the ions under conditions of our experiments are 3.8 
±0.5 eV. Both translational and internal degrees of free
dom were thermalized within 2 s by collisions with the 
ambient reactive NH3 gas introduced into the apparatus 
via a needle valve and held at a pressure of 6X 10-8 mbar 
(uncorrected). The specific sulphur cations or anions to be 
investigated, respectively, were then isolated in the ICR 
cell by ejecting all the unwanted ions. 

Detection of product ions and remaining parent ions 
occurred after a variable reaction delay by means of a stan
dard detection cycle, consisting of a fast rf chirp over the 
range of all frequencies of interest, digitizing of the ionic 
response, and fast Fourier transform (FFT) processing 
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FIG. 1. Concentration profiles of st + NH3 reactions. Experimental data 
for st , S2NHt , and NHt have been fitted by pseudo-first order kinetic 
equations (solid lines) while optimizing the rate constants of the consec
utive reactions St+NH3-S2NHt+NH3 and S2NHt+NHr+[S2 
+NH21+NHt, respectively. 

with consecutive magnitude calculation and mass scale lin
earization. Numeric peak height evaluation ofthe observed 
mass peaks finally yields intensities of the various ions as a 
function of reaction delay (Fig. 1). Relative, pressure de
pendent reaction rates were extracted from these data by a 
numerical fitting procedure assuming pseudo-first order ki
netics as will be described elsewhere.28 Numerous previous 
publications give detailed descriptions of FT-ICR instru
ments and of the principles of their operation.29- 32,36-40 

In order to calculate the absolute rate constants, an 
independent pressure calibration was needed. No attempt 
was made to determine the number density of the NH3 gas 
in the ICR cell directly as too many uncertainties enter. 
Instead, the rate constant41 ,42 of the extensively studied 
proton transfer reaction 

(1) 

was used to accomplish the pressure calibration. By com
parison of our measured relative rate for reaction (1) to 
the absolute literature value, we obtained the number den
sity of the NH3 reactive gas inside the ICR cell. The ratio 
of this value, converted to a gas pressure, and of the un
calibrated ion gauge reading was a linear pressure reading 
correction factor in all of the following evaluations. Thus 
the appropriately scaled pressure reading was applied to 
the relative rate constants of the S;:- + NH3 reactions put
ting those on an absolute scale. The estimated uncertainty 
in the absolute value is ± 20%. The relative values of rate 
constants within the present investigation itself are believed 
to be accurate to ± 5%. 

In addition, we compared literature values on S+ 
+ NH3 reactions23,24 with data evaluated by the use of the 
above discussed pressure calibration (cf. Table I). Our to
tal reaction rate of 14X 10- 10 cm3s- 1 fits reasonably well 
with the previous values of 12.5 (Ref. 23) and 16X 10- 10 

cm3s- I,24 respectively. Since the literature values disagree 
with respect to both the absolute rate constants and the 
branching ratios of the two reactions occurring, we have 

TABLE I. Total absolute reactive rate constants and efficiencies of vari
ous sulphur cations and anions with ammonia. The relative rate constants 
of the FT-ICR measurements were scaled to the well-known proton trans
fer cross sections of NH)" +NH3-NHt +NH2 (Refs. 41 and 42). Re
action efficiencies were obtained by comparison of the experimental data 
to the theoretical capture rate limit as given by the average dipole orien
tation theory (Refs. 33-35). 

Reaction 

S+ +NH3 - S+NH)" 
-+ SNHi+H 

st + NH3 -+ S2+ NHt 
st +NH3 -+ S3+NHt 
st +NH3 -+ S2NH)" +S2 
S2NH)" +NH3 -+ S2NH2+ NHt 
S;i+NH3 -+ ••• (n=5, ... ,8) 
S;;-+NH3 -+ ... (n=2, ... ,6) 

11.7," 14.4,b \3 
0.8," 1.6,b 0.85 
0.Q15 ± 0.006 
0.\O±0.05 

3.8 ± 0.8 
7.2 ± 1.5 

<0.01 
<0.01 

Efficiency (%) 

62," 76,b 65 
4," 8,b 4.3 

0.08 ± 0.03 
0.6±0.3 
22 ± 5 
42 ± 9 
<0.06 
<0.06 

"Rates have been calculated from total rates and branching ratios of Ref. 
23. Efficiencies originate from the comparison of these rates to the col
lision rate as predicted by the ADO theory (Refs. 33-35). 
~he same as in footnote a, but based on experimental data of Ref. 24. 

not attempted to improve our pressure calibration by using 
the S + reaction, but used the more unambiguous data on 
proton transfer of ammonia ions. 

III. RESULTS AND DISCUSSION 

As noted above, vaporization of sulphur, followed by 
electron impact ionization, permitted the generation of 
mass selected cations with two to eight atoms and of anions 
with two to six atoms. The observed reactions of these ions 
with ammonia are summarized in Table I. Pseudo-first or
der kinetics were used to evaluate the relative rate con
stants. Total rate constants were calculated from these data 
using the pressure calibration as outlined above. 

No detectable reactions of any of the anions S;;-, 
n=2, ... ,6, with ammonia were observed. The absence of 
observable products under our experimental conditions 
yields only upper limits for the overall reaction rate con
stants and these are listed in Table I. Some of the otherwise 
unknown electron affinities have been determined experi
mentally by other groups to 1.663 ±0.040 eV for S2,43 
2.093±0.025 eV for S3,44 and by means of high level ab 
initio calculations to 1.9-2.7 eV for S4. 15 It is well known 
that NHi and NH3 are not stable, while the electron 
affinity of NH2 is 0.74 eV.45 Thus electron transfer of small 
sulphur anions to ammonia is too endoergic to take place. 
As we do not see any products for larger sulphur anions, 
we conclude that the electron affinity of these is about 
equally high. In liquid ammonia, sulphur is known to form 
S4N- by reaction with four NH3 Y Under single collision 
conditions, this reaction does not proceed. In summary, we 
have no evidence of any reactive gas phase process taking 
place for S;;- +NH3, n=2, ... ,6. 

Among the cations, the larger species st to st are 
virtually inert as well. While at short times a small amount 
of fragmentation of the more energetic ions is observed, 
after the two second collisional thermalization, no further 
reactions are detected. 
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Sulphur monomer cations S + were obtained by 70 e V 
electron impact ionization of CS2 in the external ion source 
and subsequently transferred into the ICR storage and 
analysis cell. Previous studies have concluded that S+ re
acts with ammonia molecules via charge transfer effi
ciently.23,24 We compared these published reaction rates 
with theoretical values calculated by us from the average 
dipole orientation (ADO) theory.33-3s These values were 
taken as a theoretical capture rate limit. The ratio of the 
experimental results to the ADO theoretical rates can be 
viewed as the efficiency of the reactive process per collision. 
Thus, we interpret the previous data in terms of a charge 
transfer efficiency of 62% (Ref. 23) and 76% (Ref. 24) 
per collision, respectively. Our result of 65% of the colli
sion rate is in good agreement with these existing works. 
The results also agree well with the known ionization po
tentials of 10.36 and 10.15 e V (Ref. 46) for Sand NH 3' 
respectively. Thus charge transfer in S+ +NH3 collisions is 
exoergic by about 210 meV. This type of near resonant 
charge transfer is a long range process to proceed almost 
with collision rate as indeed observed. 

st and st both exhibit little charge transfer reactions 
with ammonia, with the latter cation being somewhat more 
reactive 

(2) 

The reactivities of st and st are relatively poor, in 
both cases less than 1 %. Reaction (2) is detectable for 
n=2 and 3, but is not observed for the larger species. Thus 
we conclude that the ionization potentials of sulphur clus
ters with n > 4 are significantly smaller than that of ammo
nia 10.15 e V. 46 In fact, this has been proven to be the 
case. 5

,7,8 The ionization potentials for SS-S8 all range from 
9 ± 0.4 e V. The ionization potential of S2 is well determined 
by photoionization experiments and by theoretical investi
gations to be 9.36±0.02 eV.7,8 This agrees acceptably with 
the somewhat higher value of 9.6 eV from the most recent 
electron impact investigations.s In any case, charge trans
fer in near thermal si +NH3 collisions is unlikely to take 
place due to the endoergicity of 0.8 eV. Nevertheless, a 
small amount of NHt products was observed. We con
clude that either vibrational or translational energy of st 
accounts for this enhanced reactivity. 

Berkowitz et al. have also measured by photoioniza
tion the ionization potential ofS3 to be 9.68±0.03 eV.7,8 In 
contrast, more recent electron impact ionization experi
ments conclude in a considerably higher value of 10.2 
eV.7

,8 Our present investigation showing little charge trans
fer (less than 1 % of the collision rate) in st + NH3 casts 
some doubt about the latter results. Based on the near 
absence of charge transfer in the present work, we can 
conclude that the adiabatic ionization potential of S3 is 
considerably lower than that of NH3. 

Among the cations studied here, st is by far the most 
reactive. It is also the only one of the sulphur ions which 
exhibits a "genuine" chemical reaction. Its reaction and 
the time evolution of its product are presented graphically 
in Fig. 1. It reacts according to the equation 

100 

ADO Rate 
"'7 
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FIG. 2. Absolute rate constants for the reaction of size selected sulphur 
cations S;:-, n= 1, ... ,8 with ammonia. The capture rate limit as predicted 
by the average dipole orientation theory (ADO) is shown for comparison. 
The rate constant and capture limit, respectively, of the secondary reac
tion S2NHt + NH3 - [S2 + NHJ + NH: are also included. 

(3) 

That is, it eliminates S2 and forms the adduct ion S2NHt. 
This reaction is rather rapid with an efficiency of more 
than 20% per collision (Table I). The S2NHt ion itself is 
not a final product, but it reacts further by proton transfer 
to ammonia 

(4) 

Here the brackets account for our lack of knowledge of the 
exact identity of the neutral products. Unbound S2 and 
NH2 are assumed to be most likely based on simple ener
getic reasons, nevertheless. The rate with which reaction 
(4) proceeds, as compared to the collision rate, yields a 
reaction efficiency of 42 % ± 9% per collision. This is twice 
as high as in the case of reaction (3). It can also be com
pared with the efficiency of proton transfer from naked 
NH389%±9%. 

As already noted above, the observed reactions are 
summarized in Table I, and the overall sulphur cluster 
cation reactivities are represented graphically in Fig. 2. It 
can be observed that while si and st react rather slowly 
by charge transfer to ammonia, the st cation reacts nearly 
two orders of magnitUde faster, with a rate approaching 
the collisional rate. The still larger S;; ions are then unre
active with their respective reaction rates being at least 
three orders of magnitude slower. 

IV. st STRUCTURE AND ITS REACTIVITY WITH NH3 

The structure of st has not previously been deter
mined either experimentally or theoretically. In contrast, 
the neutral tetrasulphur S4 has been the subject of many 
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theoretical 12-16 and experimental17- 19 investigations. The 
focus onto S4 stems from its ambiguous structure with the 
possibility of many isomeric species. The most extensive 
and almost exhaustive study of all isomers and possible 
geometries l4 concluded that open chain structures cis C2v 

and trans C2h are energetically favored. Also a rectangular 
D2h structure resembling (82h bound side by side should 
be very low in energy. True closed cyclic forms such as 
square planar and puckered rings D4h and Du , respec
tively, are found considerably higher in energy. A subse
quent study involving the same structures and increased 
basis sets agreed with these findings. 15 The definite exper
imental detection of two different but related isomers of 84 
in Ar matrix spectra ruled out the D2h isomer and assigned 
two strong infrared bands to the v5 asymmetric stretch of 
the cis and trans isomers in good agreement with the scaled 
ab initio frequencies. 18 Both isomers are said to contain two 
pairs of equivalent 8 atoms based on the analysis of vibra
tional band multiplets. A more recent matrix isolation 
study on electronic transitions in the visible region con
clude in strong evidence for a cis planar ++ branched ring 
(Cs ) photoisomerization, which is in partial disagreement 
with the conclusion of the previous study.19 Nevertheless, 
both studies agree in the cis planar C2v isomer as the lowest 
energy conformer of neutral 84, 

Previous x-ray diffraction experiments have been inter
preted to show that open sulphur chains with more than 
four atoms possess terminal bonds which are strengthened 
with respect to single 8-8 bonds.47 Typical terminal bond 
lengths range -1.95 A compared with a typical S-S single 
bond as in long sulphur chains of 2.06 A (Ref. 1) or with 
a typical S=S double bond length as in S2 of 1.889 A.46 
These terminal bonds thus seem to have partial double 
bond character. Simultaneously, the neighboring bonds 
will be weakened.47,48 In the case of 84 chains, this implies 
a substantially weakened central bond framed by two 
strong terminal bonds. Valence bond considerations come 
to the same conclusion, while the two resulting structures 
below are meant as resonance structures only 

- 6-
~~ - /~ 
,5,,_ 6+/51 ___ IS, 6+ ...-/5/ 

~--§.. ~--§.. 

It was suggested before l4 that any other possible choice of 
valence structures violates the semiempirical rules. The 
8CF-Ievel optimized bond lengths are in agreement with 
the predicted strong-weak-strong pattern, confirming 
some double bond character of the terminal bonds, while 
the central bond in the cis 84 chain is greater than the 
typical single bond length. The averaged distribution of the 
partial charges 8+ and 8- yields a considerable dipole mo
ment indeed confirmed to be 1.73 D at the highest level of 
ab initio theory applied. 14 

Application of molecular orbital treatment to the four 
atomic p orbitals perpendicular to the a-bonded cis skele
ton plane reveals a system of 1T orbitals resembling that of 
cis butadiene. 14 The highest, doubly occupied molecular 
orbital is of bl symmetry. It has mainly the character of a 
non bonding lone pair centered at either of the terminal 

sulphur atoms. Ionization corresponds to the removal of 
one of these electrons S4 IA 1--+ st 2 B I' It is not clear to 
what extent this ionization would induce an electronic and 
geometrical reorganization. For the present discussion, it is 
assumed that the 8t cation remains basically in the elec
tronic and geometric structure of its neutral parent mole
cule. It is mainly the uneven strong-weak-strong bond 
strength pattern that is expected to occur in the neutral 
tetrasulphur as well as in the cation. Possible d-orbital con
tributions potentially complicating the present picture are 
generally believed to be of marginal significance.49 

The ab initio calculated ionization potentials depend 
only weakly on the geometric structures yielding 8.7 (Ref. 
14) and 8.5 eV,15 respectively, for the cis 84 isomer. The 
only experimental, electron impact investigation lists 10.1 
eV.5 Our present FT-ICR investigation did not observe any 
charge transfer in collisions of st with gaseous NH3 mol
ecules which have an I.P. of 10.15 eV.46 The high energy 
tail of a 300 K thermal Maxwell-Boltzmann distribution 
would easily compensate for the endoergicity of charge 
transfer of only 50 meV. Thus, we conclude that the true 
ionization potential is considerably lower than presumed in 
Ref. 5. Whether the ionization potential is as low as cal
culated in Refs. 14 and 15 has to be checked separately, 
e.g., by means of charge transfer bracketing investigations 
as was recently performed for arsenic and phosphorous 
clusters. 50 

The present investigation observed efficient cleavage of 
84 clusters by ammonia molecules according to Eq. (3). 
No asymmetric bond rupture in favor of S or S3 containing 
products was observed. This seems to support the cis st 
structure as outlined above and the presumed strong
weak-strong bond strength pattern. Moreover, the antici
pated charge distribution and even the molecular dipole of 
st, though certainly reduced with respect to the calcu
lated value for S4 upon ionization, favor the head-on nu
cleophilic attack of the nitrogen lone pair into the central 
weak bond of the 8t chain. Thus, it could well be that the 
observed reaction efficiency of only 22% simply reflects a 
steric factor of an otherwise direct reaction. Of course, our 
experimental investigations are not sensitive to a cis to 
trans isomerization of st chains. Nevertheless, the ob
served reaction with NH3 appears to exclude true cyclic 
structures for st cluster cations in agreement with all ab 
initio calculations performed for neutral S4 so far. 

V. LARGE SULPHUR CLUSTER REACTIVITY 

Larger sulphur cations 8;;, n>5 do not react observ
ably with NH3 under our experimental conditions. Our 
previous studies of reactions with N02 showed a similiar 
discontinuity at n=4-5.4

,27 st, and all of the larger neu
tral sulphur clusters S;;, are known to occur preferentially 
in cyclic forms. Based on the arguments presented above, 
any chain-like cation isomers could be expected to possess 
strong terminal and weak near terminal bonds. Such struc
tures should yield reactive cleavage in collisions with am
monia, which is not observed. We believe that the presence 
of open chain or helical isomers would be detected by their 
typical reaction products. Thus, significant amounts of 
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those are excluded. The only confirmed large S;;, n;;;.5 iso
mers are closed and cyclic. These conclusions are consis
tent with our earlier investigations concerning the gas 
phase chemistry of sulphur cations S;;, n = 2, ... ,8, with NO 
and N02 • These showed a decreasing reactivity with a 
rising number of atoms with a minimum at n = 5. 

Very little can be said about the anions S;;-, n = 2, ... ,6 
based on the present results. Neither electron transfer nor 
genuine chemical reactions are observed for any of the 
cluster sizes examined. Our previous studies of reactions 
with N02 (Refs. 4 and 27) have shown both electron 
transfer and chemical reactions, with rates varying slowly 
with cluster size. No break in reactivity was observed for 
the larger clusters. We tentatively suggest open chain type 
isomers for all anion sizes observed n,;;;,6. Minor amounts 
of cyclic and thus unreactive larger cluster anions, how
ever, are not excluded by our data. Nevertheless, we have 
no indication for those to occur. 

VI. SUMMARY 

Only the smallest cations studied (S;;, n=2-4) are 
found to react with NH3. st and st exhibit slow charge 
transfer with NH3. st undergoes chemical reaction form
ing efficiently the S2NHt product ion. This, in turn, reacts 
further, yielding ammonium ion NHt as a final product. 
Except for some fragmentation due to initial kinetic energy 
upon introduction into the ICR cell, the larger ions do not 
react. This is in contrast to the results of the NO/N02 
investigations, where st is most reactive and the reactivity 
decreases with increasing size. The overall reactivity with 
NH3 exhibits a sharp maximum for n=4, while reactivity 
is more than two orders of magnitude smaller for all other 
sizes. Based on these results, we suggest open structures for 
st and st, and closed rings for S;;, n;;;'5. 
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