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Abstract 

The crystal structure of Me,%,(s) has been determined. The compound is monochmc and crystallrzes in the 
space group Cc (No. 9) with umt cell parameters a=7.856(2), b=17.733(6), c=8.259(2) A, p=111.14(2)“, 
U= 1073(l) A’ and Z=4. The structure contams pyramidal Me,S+ cations and almost centrosymmetric I,- amens. 
The near-D,, symmetry of the trirodides IS verified by Raman spectroscopy, reveahng one single peak at 110 
cm-‘. The local structure of Me&(l) at 50 “C and the sulfonmm-triiodide coordination mode, as characterized 
by liquid X-ray scattering and Raman spectroscopy, is almost identrcal to that in the corresponding sohd and 
the analogous Et,SI, melt. The difference m sulfomum hydrocarbon chains mduces very minor changes m the 
local structure of the trialkylsulfonmm trriodrdes both in the solid and molten state. X-ray absorption spectroscopy, 
XANES, of the S-K edge reveals electronically rdentrcal sulfur atoms m solid and liquid trnodides, whrch also 
implies a similar local structure. 
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Introduction 

A large number of triiodide crystal structures have 
been reported in recent years. There are examples of 
triiodides with simple inorganic cations, Kl,. H,O [ 11, 
complex cations, [(C,H,),Fe]I, [2], onium cations, 

N(C,H,)J, [31, and also of organic compounds such 
as C,H,CONH,. HI, [4] and substituted pyridinium 
triiodides [5]. In particular, tetraalkyl and -aryl triiodide 
structures have been characterized. The triiodides of 
other onium cations of the fifth main group are also 
known, e.g. [PPh,]I, [6] and [AsPhJI, c7]. _ 

However, knowledge about the fundamental and 
structural chemistry of sulfonium triiodides in particular 
and polyiodides in general is very limited. Even the 
crystal structure of the most simple polyiodide, Me&, 
is so far unknown. The structure of Me,SI was char- 
acterized by Zuccaro and McCullough already in 1959 

*Authors to whom correspondence should be addressed 

[S]. In previous work we have prepared and structurally 
investigated the physical properties and structure of 
various trialkyl sulfonium polyiodides. Me& forms a 
deep-red crystalline solid at room temperature (m.p. 
37 “C), but the corresponding triethyl compound is a 
liquid (m.p. -2 “C) [9, lo]. Due to the low melting 
points of these compounds, the idea to compare the 
solid and liquid structures of Me,SI, emerged. Such 
comparisons may provide further information about the 
I,- bond flexibility and sulfonium-triiodide coordination 
and interaction. The structure of Et,SI,(l) was deter- 
mined using Raman spectroscopy and liquid X-ray 
scattering [lo], and was shown to consist of discrete 
triethylsulfonium and linear, centrosymmetric triiodide 
ions. The sulfonium-triiodide coordination is asym- 
metric. However, the orientation of the hydrocarbon 
chains could not be evaluated. 

In this work, Me&, has been synthesized and its 
crystal structure at room temperature and liquid struc- 
ture at 50 “C has been determined by means of Raman 
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spectroscopy and X-ray diffraction. Comparisons be- 
tween the solid and liquid structure of Me,SI, and 
Et,SI, and relevant literature data are made. The extent 
of interaction between the sulfomum catrons and tri- 
rodides is estimated by means of X-ray absorptron 
spectroscopy (XANES) data for various similar sulfur- 
containmg compounds, which monitor the electronic 
sulfur environment. 

Experimental 

Chemccals 
Trimethylsulfonium trnodide, Me&, was prepared 

by reaction of iodine and trimethylsulfonmm iodide 
(Riedel-de-H ) aen m equimolar ratio in an ethanol 
solution. Single crystals were grown in ethanol at - 15 
“C as thin red-yellow plates. 

Crystal structure determination 
A crystal of Me&, with the approximate dimensions 

0.375 X 0.250 X 0.050 mm was used in the crystal struc- 
ture analysis. The crystal was stable over the time of 
experiment. All measurements were performed on an 
Enraf-Nomus CAD-4 diffractometer with graphite- 
monochromatized MO Kcu radiation. 

Cell constants and orientation matrix for data col- 
lection were obtained from a least-squares refinement 
using the setting angles of 45 carefully centred reflections 
m the range 12.17 <28<31.38”. The Laue class is 21 
m and the space group 1s Cc (No. 9) which was 
determined from the systematic absence of hkl: h + I# 2n 
and h01: 1#2n, statistical analysis of the mtensity dis- 
tribution, packing considerations and the successful 
solutron and refinement of the structure. The values 
of I and a(l> were corrected for Lorentz, polarization 
and absorption effects, the latter by numerical inte- 
gration. Unit cell data and experimental details are 
summarized in Table 1 and atom coordmates m Table 
2. The fairly large temperature factors reflect that the 
intensity data were collected only c. 15 “C below the 
meltmg point. 

Lupud X-ray scattenng 
The liquid structure of the Me,%, melt was inves- 

tigated at 50 “C. The melt was kept in a Teflon container 
msrde a furnace wrth a closed compartment and a 0.01 
mm Al window. The furnace has been described else- 
where [ll, 121. The scattered radiation from the surface 
of the melt was detected at discrete angles between 
1.2 < 26< 108.4”. The measurements were performed 
on a Seifert GSD 0-0 diffractometer using MO Ka 
radiation. The scattered radiatton was detected with 
a EG&G ORTEC Germanium solid state detector, in 
which the photon energy discrrmination was electron- 

TABLE 1 Untt cell pdr‘rmeter\ and expertmental crystal data 
of Me,SI,(s)” 

Formula 
M (g rn&‘) 
Crystal group 
space group 
Laue symmetry 

a (A) 
b (A) 
c (A) 
P (“) 
u (A’) 
z 

D, (g cm-‘) 
Temperature (“C) 
F(OO0) 
Rddtatton (graphtte monochromator) 

(A) 
p (cm-‘) 
Maxtmal 28 (“) 
No umque reflecttons 
No reflecttons wtth I > 30(I) 
Vartatron of two standard reflecttons 

(%) 
Range of transmtsston factors 
Method of refinement 
Anomalous drspcrston 
No of vartables 
R 
RW 

C,H,I,S 
457 88 
monochntc 
Cc (No 9) 
2/m 
7 856(2) 
17 733(h) 
8 259(2) 
111.14(2) 
lO73( 1) 
4 
2 834 
23 
808 
MO Kn. 0 7107 

87 65 
56 0 
2662 
765 
k2 

0.17-O 58 
full-matrtx least-squares 
all non-hydrogen atoms 
63 
0 OS6 
0.084 

“The structure was solved by direct methods All computattons 
were performed wtth Texsan Structure Analysts Software, MSC, 
3200 Research Forest Drove, The Woodlands, TX 77381, USA 

TABLE 2 Fracttonal coordrnates and tsotroptc thermal param- 
eters of Me,SI, 

Atom 

11 
12 
13 
S 
Cl 
c2 
c3 

xla 

0 5500 
0 4440(5) 
0 3359(6) 
0 742(2) 
0 933(6) 
0.596(7) 
0 86( 1) 

ylb 

0 3207(Z) 
0 1774(2) 
0 0371(2) 
0 0965(5) 
0 166(Z) 
0 150(3) 
0 030(3) 

zlc 

0 0200 
0 1374(6) 
0.2571(6) 
0.888(l) 
0 986( 6) 
0 695(7) 
0 799(9) 

Beqd 

6 l(2) 
4 7(l) 
5 5(l) 
4 5(l) 
6(2) 
6(2) 

lO(3) 

ically adjusted. The low maximum value of 20 is due 
to the experimental setup, in which a heating element 
above the surface of the melt cuts off incident and 
scattered radiation at high 0 values. As a consequence, 
the shorter atom-atom distances are slightly affected 
in the Fourier transform. This subject will be briefly 
addressed in the discussion (ude mfra). Correctrons 
were made for Compton scattering, polarization and 
background radiation. The data treatment has been 
descrrbed in detail prevrously [12] The composition 
and physical data of the Me,%, melt are given in 
Table 3. 
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TABLE 3 Composltlon and physlcal data of Me,SI,(I) 

Cl* csa CC’ CHd P P 
(g cmm3) (cm-‘) 

16.94 5 65 16 94 SO.83 98.0 2.586 82 

dConcentratlons m mol dmd3. bPer Iodide atom 

Raman spectroscopy 
The backscattering from the Me,%,(s), Et,SI,(l) 

(room temperature) and Me,%,(l) (50 “C) samples 
were recorded using the 1064 nm radiation of a low- 
power Nd:YAG laser in a Bruker IFS-66/FRA-106 FT 
Raman spectrometer with a germanium-diode detector. 
The resolution used was 4 cm-l. 

X-ray absorption spectroscopy, XANES 
The XANES spectra were recorded at the beamlines 

BN2 and BN3 using synchroton radiation of the ELec- 
tron Stretcher Accelerator, ELSA in Bonn, operating 
in storage mode at 1.9 GeV and with an average current 
of about 50 mA [13]. The X-ray beam is mono- 
chromatized by a double-crystal X-ray monochromator 
of Lemmonier type equipped wrth two InSb(ll1) crystals 
[14]. Such crystals have a 2d of 7.4806 8, and a resolution 
of 0.8 eV at the S-K edge. The monochromatic photon 
flux rate was about lo9 photons per second and per 
energy interval. The monochromatized beams were 
passed through a reference romzation chamber, a sample 
chamber and finally through the detector romzation 
chamber. The absorption of air was mmimized by 
reducing the pressure in the ionization chambers to 60 
mbar. In this way the transmitted intensity was opti- 
mized. The logarithm of the ratio of the currents in 
the reference and detector chambers as a function of 
the energy of the incrdent radiation gives the absorption 
cross section. The photon energy was scanned from 
2450 to 2510 eV in steps of 0.03 eV and with an 
integration time of 0.2 s per step. The experimental 
setup was calibrated to the maximum absorption at the 
S-K edge of ZnSO, (2481.44 eV). This compound was 
chosen as an energy standard due to its high stability. 
The calibration could be reproduced to within 0.05 eV. 

Results and discussion 

Crystal structure of Me,Sl,(s) 
The unit cell of Me,SI,(s) contains discrete, almost 

centrosymmetric I,- and pyramidal Me,S+ ions. The 
triiodide deviates only slightly from perfect Dmh sym- 
metry; the central angle is 179” and the two short 
iodine-iodine distances are 2.915 and 2.946 A, re- 
spectively. These values correspond well to those ob- 
served for other trirodides (Table 4). 

TABLE 4 Truodlde structural parameters of some solid truodlde 
compounds The e s d s amount to one or a few umts m the last 
declmai crted 

Compound I-I 

(A) 

(I-I-I) 

(“) 

Ref 

[PhAslI~ 
PNI, 
[EtW, 
mx Hz0 
[H&lI, 
CSI, 
[UrHjI,” 
[UrEt]I, 
[UrBu]I, 

IBu,NlI3 

(Benz), HIjb 

2.919 2 919 174.7 
2.928 2 928 1800 
2.943 2.943 1800 
2.925 2 935 178.8 
2 791 3.113 1786 

2 842 3.038 178 0 
2 923 2.941 178 3 
2.906 2 906 180 0 
2.889 2.935 179.1 

2 887 2 951 1784 
2.910 2.941 174 7 

2.924 2 934 178.0 
2 935 2.939 176.9 

2 906 2.936 177 7 
2.907 2 929 179.8 

2 923 2.923 180 0 
2 917 2.917 177 7 

7 
3 
3 

15 

7 
16 
16 
16 

4 

4 

5 
5 

17 

“Ur = urotropmlum. ‘Benz= benzamlde ‘Py= pyrldmlum 

Fig. 1 Orientation of trnodlde Ions m crystallme Me$I,. 

The shortest 1,--I,- distance is 4.334 8, which 1s 
almost equal to twice the van der Waal’s radius, 4.4 
A, of iodine. Only very weak covalent interaction should 
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thus be expected. The I,- ions are arranged in two 
differently oriented piles of truodides (Fig. 1). In the 
bc plane the ions form a pattern like foot tracks (Fig. 
2). The M,S’ cation is positioned between the two 
piles. The cation has a pyramidal structure (Fig. 3). 

Fig 2. The crystallographic umt cell of Me,SI, 

Fig. 3. A stereoscopic wew of 
2 

the crystal strut 

Analogous to the ammonia molecule the C-S-C angles 
are smaller than a perfect tetrahedral angle, 99-103”. 
Packing effects and possibly weak interactions with the 
truodide ions make both S-C distances and C-S-C 
angles slightly unequal (Table 5). The S-C distances 
in Me,%, are on average shghtly longer than those 
reported for the corresponding Me,% compound [8]. 

The I-S distances and the sulfomum-truodide co- 
ordination mode in Me,SI,(s) are of special interest, 
since they agree with the coordmation model proposed 
for liquid Et,SI, and Me,SI, (1). Theoretical calculations 
on the interaction between Br,- and K’ reveal an 
energy minimum for an analagous coordmation mode 
[18]. Note the different notations used below, where 
the symbols II, I’, I” refer to the coordination model 
1, and 11, 12, I3 refer to the crystallographic atoms 
defined in Table 2. 

I’ I2 I3 

\I/ 
S 

1 

The S-I distances are 4.05, 4.57 and 5.17 A m the 
structure model suggested for Et,SI,(l) No information 
about the orientation of the hydrocarbon chains could 

:ture of Me,%,. 



TABLE 5. Intramolecular dtstances and angles m MesSI, 

Interactron Distance 

(A) 

11-12 
12-13 

S-Cl 
s-c2 
s-c3 

2.946(4) 
2.915(4) 

1 88(4) 
1.85(5) 
1.80(5) 

Angle 

(“) 

H-12-13 179 O(1) 
Cl-S-C2 lOl(2) 
Cl-S-C3 99(3) 
C2-S-C3 103(3) 

be distinguished; probably for dynamic reasons. The 
shortest S-I distances m solid Me,& are S-13 = 3.81, 
S-12 = 3.91 and S-11 =4.52 A. However, due to the 
coordination of the sulfonium ions to two triiodides in 
the solid structure, the shortest distance is to one 
triiodide ion and the other two to another. The position 
of the sulfur atom is, with respect to the triiodides, 
analogous to that shown in 1. The corresponding I-S 
distances to a single triiodide are S-13 = 5.25, S-12 = 3.91 
and S-11 = 4.52 A. In analogy to the coordination mode 
of a water molecule to anions, with the hydrogens in 
the direction of the negative charge, it was expected 
that the hydrocarbon chains would point towards the 
triiodides. However, in solid Me,SI, both the hydro- 
carbon end and the end of the free electron pair are 
directed towards neighbour triiodides. The shortest I-S 
distance in the corresponding monoiodide, Me,SI, is 
3.95 A [S]. 

Liquid structure of Me,SZ,(l) 
The reduced intensity function and reduced radial 

distribution function (rRDF) of Me,%,(l) at 50 “C are 
shown in Fig. 4. The rRDF is almost identical to that 
obtained at room temperature for Et,SI,(l) (Fig. 5). 
The strong peaks at 2.91 and 5.86 A correspond to 
the I1.3-I2 and Ii-I3 distances (1) in the triiodide ion 
and are the same as in many crystalline triiodides (Table 
4). In the region O-6 8, there is only one significant 
difference; the peak at 2.9 8, appears to be lower and 
wider in the Me,SI, melt than in Et,SI,(l). This effect 
is artificial and due to the data treatment. Since only 
data up to s,,, = 14.0 A-’ could be used in the Fourier 
transform for the methyl compound, as compared to 
15.0 A-’ for the ethyl compound, the short-distance 
peaks become slightly suppressed. The rRDFs indicate 
that the structure in both melts is fully analogous and 
consists of R,S’ ions and linear, centrosymmetric I,- 

mo’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 0 3 6 9 12 15 

(a) S/A’ 

0 2 4 6 8 10 

@I r/A 

Ftg. 4. Experimental data and structure model for Me,SI$). (a) 
reduced mtensity functton of the model and expertmental values, 
(b) expertmental rRDF (-), theoretical peak shapes accordmg 
to the parameters m Table 6 (. t ) and thetr drfference (- - -). 

o751 

Fig. 5. Reduced RDFs of molten Me,& (-) and EtsSI, ( 
and then difference (-- -) 

) 

ions. The results of a least-squares refinement of such 
a structure model fitted to the reduced intensity function 
are, together with the corresponding data for Et,SI,(l), 
displayed in Table 6. 

The I-S interactions between 3.5 and 5.5 A appear 
at 3.96, 4.54 and 5.27 8, in molten Me,SI,, as compared 
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TABLE 6 Calculated distance5 d, temperature factor5 b, and number of dtatances n for the Me,SI, melt Dt5tances for Et,SI,(l) 
and Me,SI,(s) arc mcludcd for compartson [lo] The errors gwen tn brackets correspond to k one mean error 

Interaction d (A) 

Et,SI,(I) Me$I,( 5)” MeGI, 

n per I,- 

1’,3_12 2 915(2) 2.915 2.908(4) 0 0057(5) lSl(3) 
2 946 

I’-II 5 84( 1) 5 86 5 86(l) 0 009(2) 1 O(1) 
1*-s 4 05(l) 3 91 3.96(l) 0 017(2) 3 4(2) 

II-S 4.57(2) 4 52 4 54(2) 0.025(3) 3 8(2) 

13-S 5 17(2) 5 25 5.17(3) 0 028(6) 2 6(3) 

YGhortest distances to a smgle trnodtde. 

to 4.05,4.57 and 5.17 A m Et,%,(l). The sulfur-triiodide 
distances are thus virtually identical in the two hqulds. 
The effect of the difference in temperature is expected 
to be negligible. The slightly shorter S-I* distance (1) 
in the methyl compound might indicate a slightly 
stronger cation-anion interaction. 

In Fig. 6 the experimental rRDF of Me,SI,(l) IS 
displayed together with the rRDF constructed from all 
atom-atom distances below 6 A in the correspondmg 
solid. The solid’s rRDF was constructed from average 
atom-atom distances and provided with approximate, 
reahstic temperature factors. The model constructed 
m this way describes the local structure in Me,SI,(l) 
fairly well. The fact that the three S-I distances found 
in liquid Me,SI, are nearly the same as those to a 
single triiodide m the solid (Table 6) IS conspicuous 
However, also other c?stallographic S-I distances, even 
the shortest at 3.81 A, exist in the solid compound 
The predominant feature in the melt seems to be ion- 
pairing between the sulfomum and triiodide ions. In 
analogy to the local structure in the solid, a coordmation 
geometry according to that in Fig. 7 can be present 
also in the liquid. The process of melting imposes 
structural changes m which distances between : ;pc 

I I I I I I I 1 I 

\ -- 1 

xies 

Ftg. 6 Expertmental rRDF of molten Me,%, (-) and structure 
model based on the distances below 6 8, m soltd Me,SI, ( ) 
and their dtfference (---) 

Ftg 7 The tritodtde sulfomum coordmatton, mcludmg the ort- 
entatton of the methyl groups, m Me,SI, 

of the same charge increase and those of oppositely 
charged species decrease, together with increased in- 
termolecular mobihty. The discrepancy between the 
local structure in Me,%,(l) and Me,SI,(s), especially 
about 5 A, can be attributed to such effects. Whereas 
all intermolecular distances can be distinctly observed 
in the solid, they are ‘smeared’ out for dynamic reasons 
in the liquid 

The Raman spectra, as shown m Fig. 8, display a 
difference between solid and molten sulfonium triiod- 
ides. The molten methyl and ethyl compounds are, m 
coherence with the liquid X-ray scattermg data, virtually 
identical and exhibit the typical symmetric stretch vi- 
bration from I,- as well as strong bands at 145 and 
165 cm--‘. These bands were previously interpreted in 
terms of a bond flexibility in the triiodide ions which 
causes the selection rules to be cancelled and I,-1 - 
entities to be observable at the time-scale of Raman 
spectroscopic measurements. Such a bond flexrbrlity has 
been theoretically verified by Alvarez and co-workers 
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I I I I 
250 2M 150 100 5” 

V/m’ 

Fig 8. Low-frequency part of the Raman spectra of (a) Me,%,(s), 

(b) Me&(0, (c) EGW) 

[18, 191. In contrast to the spectra of the molten 
triiodides, solid Me&, exhrbits a Raman spectrum with 
one single, slightly asymmetric band at 110 cm-‘. This 
single band indrcates that the bond flexrbrlity, as ob- 
served in the molten trriodides, is absent m the solid 

X-ray absorption spectroscopy, XANES 
X-ray absorption spectroscopy, XANES, 1.e. the spec- 

trum behveen 10 eV below and 50 eV above the 
ionization potential, 1s a sensitive probe of the valency, 
coordination geometry, symmetry of unoccupied elec- 
tronic states and the effectrve charge of a specific element 
in a molecule or solid compound [20]. Since atoms m 
similar molecules have similar fine structures in the 
near-edge region, mformation about certain molecules 
can be obtained by comparing XANES spectra of the 
investigated compounds with those of appropriate ref- 
erence compounds and using them as fingerprints. The 
resonances at the K-edge below the ionization potential 
are assigned to electron transitions from the 1s orbital 
to unoccupied electronic states below the ionization 
potential. The so-called shape resonances above the 
ionization potential, which will not be discussed further, 
are assigned to multiple scattering of the electron in 
the contmuum [21]. 

XANES is used m this work to compare bonding 
relations at the sulfur m liquid and solid sulfonium 
truodrdes. It 1s known that the absorption maximum 
is shifted to higher energies with increasing oxidation 
state of the atom studied. The absorption maxima of 
the S-K edge at 2472 eV for dialkylsulfides, 2474 eV 
for trialkylsulfonium rodides, 2475 eV for dimethyl- 
sulfoxide, 2479 eV for drmethylsulfone, and higher than 
2481 eV for sulfur in sulfate ions, all illustrate this 
fact 122, 231 The spectra shown m Ftg. 9 of seven 
different sulfur-containing compounds were used to 
evaluate the energy-shift difference between the tri- 

Fig 9. XANES spectra of: (a) Et,SI,(I), (b) Et,SI,(I), (c) Me,SI,(s), 
(d) Me,SI(s), (e) EG- I,(I), (f) BuGV), (8) Me,S(I) 

TABLE 7. Energy of the white Ime of some R,S, R,S-I, and 
R,SI, compounds 

Compound Energy 

(ev) 

Me,S(I) 2412 40 
Bu$(I) 2472 30 
EtzS I,(l) 2473 95 
Me,SI(s) 2414.50 
Me&(s) 2474 25 
Et,SI,(I) 2474 20 
Et&(I) 2474 05 

alkylsulfonium polyiodides and the correspondmg di- 
alkylsulfides. The reaction of iodine with Et,S yields 
a charge-transfer complex Et,S .I,. The electron-density 
transfer from sulfur to iodine, as a consequence of the 
charge-transfer mteractron, causes an energy shift of 
about 1.6 eV compared with the dialkylsulfides (see 
Table 7). Alkylation of dialkylsulfides by rodoalkane 
produces trralkylsulfonium iodides. The sulfur oxidation 
is reflected by an energy shift of about 2 eV. The peak 
maxima of trimethylsulfonium iodide and various tri- 
alkylsulfonium polytodides are very close in energy. 
However, there is a tendency to lower energy values 
(l.e. a reduction of the sulfonium sulfur atom) with 
increasing number of iodine per formula unit. Thus is 
probably a polarrzation effect, due to the mcreasmg 
amon volume m the series I-, I, - and I,-. The chemical 
bond between (poly-)iodide and the sulfomum cation 
1s thus not purely ionic. Crystallographic data show 
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that the shortest S-I distances m Me,!31 and Me& 
are about 0.2 A shorter than the sum of van der Waals’ 
radii, which may indicate a small covalency of the S-I 
bond. The induced changes in the XANES absorption 
maximum of sulfur by exchange of the anion composition 
shows that the S-K measurements are a sensitive probe 
of any changes in the electronic environment at the 
sulfur centre. 

There is no significant difference in XANES data 
between solid Me,SI, and liquid Et&, at room tem- 
perature. This means that the sulfonium sulfurs are, 
within experimental error, electronically identical in 
the two compounds. These results further support pre- 
viously discussed structural data with respect to the 
local structure in the solid and liquid trialkylsulfonium 
triiodides. 

Supplementary material 

Supplementary data is available from the authors on 
request. 
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