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Synthesis, spectrophotometry, and X-ray diffraction studies of a new salt:
Pp-xylylenebis(tetrahydrothiophenium) bis(triiodide)
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A new salt, p-xylylenebis(tetrahydrothiophenium) bis(triiodide) C;4H,41¢S,, was prepared.
The molecular structure of the salt was studied by X-ray diffraction; the factors that form the
crystal packing represented by ...Ct...I5...15...Ct... type chains (Ct is cation) were identified.
The stability of p-xylylenebis(tetrahydrothiophenium) diiodochlorides and triiodides was esti-
mated by spectrophotometry using the average iodine number function # I
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The structural chemistry of triiodides of trialkyl-
sulfonium cations is the subject of vigorous modern re-
search.!-2 Trialkylsulfonium iodides and triiodides, either
molten at room temperature or solid, were proposed as
potential new electrolytes for light-sensitive nanocrystal-
line solar batteries. Triiodides of trialkylsulfonium deriva-
tives demonstrate good electrical conductivity caused by
the presence of polyiodide chains.34

lodine in organic interhalides exhibits high biological
activity; therefore, studies of the molecular structure and
equilibrium chemistry of these compounds is of consider-
able interest.>

The features of molecular structure of liquid and solid
polyiodides have been characterized using Raman, long-
wavelength-IR, UV, NQR, and Méssbauer spectroscopies.®

The diverse structures formed by trimethylsulfonium
iodide and elemental iodine have been studied by X-ray
crystallography. Trimethylsulfonium iodide has been
structurally studied.” The structure of (Me);SI; has been
studied in the solid and liquid states.8 The shape, the
length, and the symmetry of the polyiodide chain have
been studied for compounds [R;S]I, (R = Me, Et;
x = 3—11).%:10 The presence of intermolecular I...I con-
tacts implies that the triiodide ion is asymmetric, the
bond lengths being 2.915 and 2.946 A for Me;SI; and
2.89—2.95 A for Et;S15.8.11

The bromine-containing interhalide compounds
[R;3S]Brs;, [R3S]IBr,, and [R;S]I,Br were also investi-
gated.3—11 A later publication!? reports the molecu-
lar structure of (Me;S);l,4, which was interpreted as
[Me;S13(17)(Is), - (9/2)1, where the Is~ and I,” anions
form a two-layer spatial network.

The scope of this study includes the synthesis and
determination of the molecular and crystal structures

of p-xylylenebis(tetrahydrothiophenium) bis(triiodide)
C6Ha4l6S, and comparative estimate of the ability of
halides (chlorides, iodides) of a sulfur-containing organic
cation to coordinate elemental iodine in chloroform so-
lutions.

Results and Discussion

We synthesized for the first time a new salt, p-xylylene-
bis(tetrahydrothiophenium) bis(triiodide) C;¢H4I¢S,, by
replacing the chloride anion in p-xylylenebis(tetrahydro-
thiophenium) chloride by the triiodide anion.

The equilibrium in the organic halide (chloride,
iodide)—molecular iodine system in chloroform was stud-
ied by spectrophotometry. The number of iodine mol-
ecules coordinated by p-xylylenebis(tetrahydrothiophe-
nium) chloride was determined using the average iodine
number function ny, (see Ref. 13). The complexation re-
actions in solution and the stability constants of mono-
and bis-complexes can be represented by equations

[CEX1, ]

CtX, + I, == CtX;I,, B;= m,

(D
[Ct(XI,),]

CtX2+ 2 12 - Ct(XIz)Q, Bz= [Cth][Iz]z

(2
(Ct is cation).

The ny, function was determined for each equilibrium
concentration of iodine from the equation

ny, = (G, — [12])/CC1X2’ (3)

where Ccx, is the analytical concentration of the organic
halide; CI2 and [I,] are the analytical and equilibrium
concentration of molecular iodine, respectively.
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The stability constants of the mono-complex
CtClLI, (B; = 2.39-10%) and bis-complex Ct(ClI,),
(B, = 1.20 - 107) were calculated by the linear least-squares
method using the equation

”12

_ 2-m,)
(=)L)

Bi + B> ((1——”_12)[12]’ 4)
which describes the simultaneous coordination of two
iodine molecules by an organic halide molecule.

The stability of p-xylylenebis(tetrahydrothiophenium)
bis(triiodide) was estimated by stoichiometric dilution in
a chloroform solution containing 5% acetonitrile. The
stability constants of the mono-complex Ctl, and bis-
complex Ctlg were calculated by the linear least-squares
method using Eq. (4) (B, = 4.93-10%, B, = 3.88-10%) and
nonlinear least-squares method using the equation

— Bl + 2B, (1P
= Billal+ 26,11 5)
A EN TR AR

(B; = 2.34-10% B, = 6.05-108).

The results obtained by linear and nonlinear least-
squares calculations are in good agreement.

Previously, we elucidated the relationship between the
cation structure, the anion nature, and the anion ability
to coordinate molecular iodine using quantum-chemical
calculations for the gas phase and a spectrophotometric
study of the stability of iodohalides of quaternary ammo-
nium salts!415 and their phosphorus analogs!® in solu-
tions. The Ct*...XI,~ electrostatic interaction weakened
in the sequence organic cation diiodochloride—diiodo-
bromide—triiodide, along with the strengthening of the
X...I, bond; this stabilized the anion and decreased the

Fig. 1. Structure of the C,cH,,4I¢S, molecule.

possibility of liberation of molecular iodine from the CtXI,
complex (X = ClI, Br, I). The same trend in the stability
was found on going from p-xylylenebis(tetrahydrothio-
phenium) diiodochloride to triiodide.

The structure of p-xylylenebis(tetrahydrothiophenium)
bis(triiodide) is composed of separate, almost linear I3~
anions and p-xylylenebis(tetrahydrothiophenium) cations
(Fig. 1). The triiodide ion is located in a general position
and slightly deviates from D.,, symmetry, the [ —-I—I angle
isequal to 176.75(2)°, and the d;_; distances are 2.9199(9)
and 2.9123(9) A. These values are in good agreement with
those found previously for the triiodides of N-, S-, and
As-containing organic cations.8:17-18 The cation is located
in a special position at the inversion center (0.5, 0.5, 0.5),
which coincides with the center of the benzene ring.

The cations and the anions form ...Ct...15...15...Ct...
type chains (Fig. 2) through the shortened
1(3)...H(2B)_ _, >, contact (3.03 A) and the weak an-
ion—anion contact I(1)...I(1)_, ,_, 1, (3.794(1) A),
which are shorter than the sum of the van der Waals radii

Fig. 2. Fragment of the crystal packing, projection along the b axis of the crystal of CgH,41S,.
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of the elements (1 = 2.03 A and ry = 1.1 A).1% The other
intermolecular distances I...H are longer than 3.2 A. The
shortest 1...S distance is 3.887 A, which is comparable
with the corresponding value for the simplest sulfonium
salt triiodide Me;SI; (3.81 A).

A structural analysis of the triiodides of organic cat-
ions, which are represented rather comprehensively in the
Cambridge Structural Database,20 allows one to reveal
the key factors that affect the interatomic distances in the
anion, namely, the cation bulk and symmetry, the pres-
ence of strong interatomic contacts, and crystal lattice
features.

Both triiodide anions present in the molecular struc-
ture of CcHy4l6S, are almost symmetrical, and the dis-
tance dj_ is close to that in a free triiodide anion (dj_; =
2.90 A, I—I—I angle 176.4°).18 This may be a conse-
quence of coordination of the I;~ anions linked by
weak intermolecular contacts (3.794(1) A) by the bulky
p-xylylenebis(tetrahydrothiophenium) cation. The size of
the organic cation is apparently the crucial factor. In the
known?! bis(2-N, N, N-trimethylammonioethyl)succinate
bis(triiodide) structure, both I;~ anions are asymmetric,
although they are linked by even weaker intermolecular
contacts (4.084(3) A).

Thus, we performed the first X-ray diffraction study
of the molecular and crystal structures of p-xylylene-
bis(tetrahydrothiophenium) bis(triiodide). Both triiodide
anions present in the molecular structure of C;gH,414S,
are symmetric due to coordination of the anions by the
bulky p-xylylenebis(tetrahydrothiophenium) dication in
the absence of strong intra- and intermolecular contacts
of the I3~ anions. A comparative estimate of the ability of
the interhalide and the triiodide of a sulfur-containing
organic cation to retain molecular iodine was carried out
by spectrophotometry.

Experimental

p-Xylylenebis(tetrahydrothiophenium) bis(triiodide) was
prepared by replacing the chloride ions in p-xylylenebis(tetra-
hydrothiophenium) chloride (98%, Aldrich) by triiodide ions
upon mixing of ethanol solutions of the salt (0.3514 g, 1 mmol)
and potassium triiodide (0.8396 g, 2 mmol) at ~20 °C. The finely
crystalline precipitate of C;¢Hp4I¢S, was decanted from the
mother liquor, washed with a small amount of EtOH, and dried
in air. The product was formed in a quantitative yield. Recrys-
tallization was carried out by slow saturation of an acetonitrile
solution with ether vapor at ~20 °C. The product CcH4I¢S,
was a dark-red solid, m.p. 137—138 °C.

The product C¢H,4l¢S, was identified by the 'H NMR
spectrum recorded in DMSO-dg¢ on a Bruker DPX-250 spec-
trometer. '"H NMR, &: 2.07—2.30 (m, 8 Hg, C,H¢S*); 3.28—3.52
(m, 8 H,, C4H¢S™); 4.55 (s, 4 H, CH,); 7.63 (s, 4 H, C¢Hy).

The electronic absorption spectra of chloroform solu-
tions containing organic dication chloride and elemental

iodine in different concentration ratios were recorded
on a Specord UV—Vis spectrophotometer in 1.0-cm (in
the 30000—50000 cm~! range) and 5.0-cm (in the
14000—30000 cm~! range) cells. As initial solutions, 1.0+ 10~3 M
solutions of p-xylylenebis(tetrahydrothiophenium) chloride and
elemental iodine in chloroform were used. The concentration of
elemental iodine in the reaction series was varied from defi-
ciency to a 5-fold excess, the organic chloride concentration
remaining invariable (5.0 10~5 mol L-1).

The stability constants for the compound CsH,41¢S, were
studied by 2-, 4-, 8-, 10-, 16-, and 20-fold stoichiometric dilu-
tion of the initial 2.0-10~* M solution. The absorbance was
measured at the absorption wavelength of molecular iodine (A =
510 nm, loge = 2.95+0.01) on a SF-46 spectrophotometer in
1.0- and 5.0-cm thick cells. The equilibrium concentration of
iodine was calculated from the absorbance at the maximum of
the individual elemental iodine band from the equation

[12] = Amax/(lelz)'

X-ray diffraction. The crystal data and selected refinement
parameters for the structure of C,sH,4I4S, are summarized
in Table 1. The experimental set of reflections was collected
on an Enraf—Nonius CAD-4 automatic diffractometer (graph-
ite monochromator, A(Mo-Ka) = 0.71073 A). The absorp-
tion correction was applied by azimuthal scanning curves
(Tnin/ Tmax = 0.128/0.178). The structure was solved by the
direct method and refined by full-matrix least-squares method
on F2,,; with anisotropic thermal parameters for all nonhydrogen
atoms. The H atoms were placed into geometrically calculated
positions and included in the refinement by the riding model.
All calculations were carried out on a PC using SHELXTL
software.22 The atom coordinates are summarized in Table 2
and selected geometric parameters are in Table 3.

Table 1. Crystal data and refinement parameters for the struc-
ture of CgHyyl¢S,

Parameter Value
Molecular formula CsHlgS,
Molecular weight 1041.87
Space group Pl
T/K 293
a/A 7.610(2)
b/A 7.656(2)
c/A 11.722(2)
o/deg 94.72(2)
B/deg 97.25(2)
y/deg 93.49(2)
V/A3 673.4(3)
Z 1
dgpe/g cm™3 2.569
p/cm~! 70.75
20max/deg 60
The number of independent reflections 3911
Ry 0.018

R, (on Ffor reflections with /> 26(/)) 0.0318 (2579)
wR, (on F2,,, for all reflections) 0.0904
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Table 2. Atom coordinates (- 10%) and equivalent isotropic ther-
mal parameters (U,) for the structure of CHplgS,

Atom x y z Ueq+103/A
(1) 1042(1) 8997(1) 6326(1) 74(1)
12)  1608(1) 6347(1) 7966(1) 51(14)
1(3) 2295(1) 3608(1) 9514(1) 68(1)
S(1) 7624(2) 2216(2) 7262(1) 55(1)
C(1) 7557(10) 1453(8) 8694(4) 83(2)
C(2)  6066(9) 70(7) 8544(5) 75(2)
C(3)  6168(7) —986(6) 7420(5) 62(1)
C4) 6318(6) 311(6) 6531(4) 51(1)
C(5) 6019(9) 3869(7) 7268(4) 65(1)
C(6) 5476(7) 4431(5) 6078(3) 47(1)
C(7) 3777(7) 4069(6) 5535(4) 50(1)
C@®) 67147 5357(6) 5537(4) 54(1)

Table 3. Selected bond lengths (d) and bond angles (w) for the
structure of C6H24I652

Bond d/A Angle o/deg

I()—1(2) 2.9199(9)  I(3)—I(2)—I(1) 176.745(15)
12)—1(3) 29123(9) C@4)—S(1)—C(5)  102.6(3)
S()—C(4)  1.803(5)  C(4)—S(1)—C(1) 93.6(3)
S(D—C(5)  1.811(5)  C(5)—S(1)—C(1)  100.8(3)
S(D—C(1)  1.829(5)  C(2)—C(1)—S(1)  105.2(4)
C(1)—C(2)  1.487(9)  C(1)—C(2)—C(3)  106.6(5)
C(2)—C(3)  1.500(8)  C(2)—C(3)—C(4)  106.6(4)
C(3)—C@4)  1.508(7)  C(3)—C(#)—S(1)  106.5(3)
C(5)—C(6)  1.509(6)  C(6)—C(5)—S(1)  112.2(3)
C(6)—C(7)  1.369(7)  C(7)—C(6)—C(8)  119.7(4)
C(6)—C(8)  1.391(6)  C(7)—C(6)—C(5)  120.9(4)
C(7)—C®8)* 1.379(6)  C(8)—C(6)—C(5)  119.4(5)
C(8)—C(7)* 1.379(6)  C(6)—C(7)—C(8)* 120.2(4)
C(7)*—C(8)—C(6)  120.1(5)

* Obtained by symmetric transformation —x + 1, —y + 1, —z + 1.

The authors are grateful to members of the Center for
X-Ray Diffraction Studies of the A. N. Nesmeyanov In-
stitute of Organoelement Compounds of the Russian
Academy of Sciences for performing single crystal X-ray
diffraction analysis of p-xylylenebis(tetrahydrothiophe-
nium) bis(triiodide).

References

1. P. Deplano, J. R. Ferraro, M. L. Mercuri, and E. F. Trogu,
Coord. Chem. Rev., 1999, 188, 71.
2. P. H. Svensson and L. Kloo, Chem. Rev., 2003, 103, 1649.

3. H. Paulsson, A. Hagfeldt, and L. Kloo, J. Phys. Chem. B,
2003, 107, 13665.

4. H. Paulsson, M. Berggrund, E. Svantesson, A. Hagfeldt, and
L. Kloo, Sol. Energy Mater. Sol. Cells, 2004, 82, 345.

5. Biologicheski aktivnye veshchestva v rastvorakh. Struktura,
termodinamika i reaktsionnaya sposobnost” | Biologically Ac-
tive Compounds in Solutions. Structure, Thermodynamics, and
Reactivity], Ed. A. M. Kutepov, Nauka, Moscow, 2001,
408 pp. (in Russian).

6. P. H. Svensson and L. Kloo, J. Chem. Soc., Dalton Trans.,
2000, 2449.

7. D. E. Zuccaro and J. D. McCullough, Z. Kristallogr., 1959,
112, 401. i

8.L. A. Bengtsson, A. Oskarsson, H. Stegemann, and
A. Redeker, Inorg. Chim. Acta, 1994, 215, 33.

9. P. H. Svensson, L. Bengtsson-Kloo, and P. Persson, J. Chem.
Soc., Dalton Trans., 1998, 1425.

10. P. H. Svensson, J. Rosdahl, and L. Bengtsson-Kloo, Chem.

Eur. J., 1995, 5, 305.

11. L. Bengtsson, H. Fiillbier, B. Holmberg, and H. Stegemann,

Mol. Phys., 1991, 73, 283.

12. P. H. Svensson, G. Raud, and L. Kloo, Eur. J. Inorg. Chem.,

2000, 6, 1275.

13. M. S. Chernov ‘yants, E. B. Podgornaya, A. I. Pyshchev, and

I. N. Shcherbakov, Zh. Obshch. Khim., 1998, 68, 822 [Russ.
J. Gen. Chem., 1998, 68, 755 (Engl. Transl.)].

14. M. S. Chernovyants, S. S. Simonyan, and E. O. Lykova,

Izv. Akad. Nauk, Ser. Khim., 2003, 1801 [Russ. Chem. Bull.,
Int. Ed., 2003, 52, 1900].

15.S. S. Simonyan, M. E. Kletskii, M. S. Chernov yants, and

V. E. Gol’eva, Zh. Obshch. Khim., 2003, 73, 609 | Russ. J. Gen.
Chem., 2002, 72, 575 (Engl. Transl.)].

16. O. N. Kazheva, A. A. Aleksandrov, O. A. D yachenko, M. S.

Chernov ‘yants, S. S. Simonyan, and E. O. Lykova, Koord.
Khim., 2004, 30, 784 [Russ. J. Coord. Chem., 2004, 30, 739
(Engl. Transl.)].

17. O. N. Kazheva, A. A. Aleksandrov, O. A. D "yachenko, M. S.

Chernovyants, E. O. Lykova, I. E. Tolpygin, and 1. M.
Raskita, Koord. Khim., 2004, 30, 636 [Russ. J. Coord. Chem.,
2004, 30, 599 (Engl. Transl.)].

18.J. Runsink, S. Swen-Walstra, and T. Migchelsen, Acta

Crystallogr., 1972, 28B, 1331.

19.R. S. Rowland and R. Taylor, J. Phys. Chem., 1996,

100, 7384.

20. Cambridge Structural Database System, Version 5.14, Cam-

bridge, 1997.

21. O. N. Kazheva, A. A. Aleksandrov, O. A. D “'yachenko, M. S.

Chernov’yants, V. E. Gol’eva, and A. I. Pyshchev,
Zh. Obshch. Khim., 2002, 72, 1613 [Russ. J. Gen. Chem.,
2002, 72, 1521 (Engl. Transl.)].

22. G. M. Sheldrick, SHELXTL-97, V.5.10, Bruker AXS Inc.,

Madison (WI-53719, USA), 1997.

Received December 27, 2006,
in revised form April 6, 2007





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


