230

Topics in Current Chemistry

Editorial Board:

A. de Meijere - K.N. Houk - H. Kessler - J.-M. Lehn
S.V. Ley - S.L. Schreiber - J. Thiem - B.M. Trost
F. Vogtle - H. Yamamoto


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 436.535 666.142 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


Springer

Berlin
Heidelberg
New York
Hong Kong
London
Milan
Paris

Tokyo



Elemental Sulfur
and Sulfur-Rich Compounds |

Volume Editor: Ralf Steudel

With contributions by

B. Eckert - A.]J.H. Janssen - A. de Keizer

W. E. Kleinjan - I. Krossing - R. Steudel - Y. Steudel
M. W. Wong

Springer




The series Topics in Current Chemistry presents critical reviews of the present
and future trends in modern chemical research. The scope of coverage in-
cludes all areas of chemical science including the interfaces with related dis-
ciplines such as biology, medicine and materials science. The goal of each
thematic volume is to give the nonspecialist reader, whether at the university
or in industry, a comprehensive overview of an area where new insights are
emerging that are of interest to a larger scientific audience.

As a rule, contributions are specially commissioned. The editors and publish-
ers will, however, always be pleased to receive suggestions and supplementary
information. Papers are accepted for Topics in Current Chemistry in English.

In references Topics in Current Chemistry is abbreviated Top Curr Chem and
is cited as a journal.

Springer WWW home page: http://www.springer.de
Visit the TCC home page at http://www.springerlink.com

ISSN 0340-1022

ISBN 3-540-40191-1

DOI 10.1007/b12115

Springer-Verlag Berlin Heidelberg New York

Library of Congress Catalog Card Number 74-644622

This work is subject to copyright. All rights are reserved, whether the whole
or part of the material is concerned, specifically the rights of translation, re-
printing, reuse of illustrations, recitation, broadcasting, reproduction on mi-
crofilms or in any other ways, and storage in data banks. Duplication of this
publication or parts thereof is only permitted under the provisions of the
German Copyright Law of September 9, 1965, in its current version, and per-
mission for use must always be obtained from Springer-Verlag. Violations are
liable for prosecution under the German Copyright Law.

Springer-Verlag Berlin Heidelberg New York
a member of BertelsmannSpringer Science+Business Media GmbH

http://www.springer.de

© Springer-Verlag Berlin Heidelberg 2003
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in
this publication does not imply, even in the absence of a specific statement,
that such names are exempt from the relevant protective laws and regulations
and therefore free for general use.

Cover design: KiinkelLopka, Heidelberg/design & production GmbH,
Heidelberg
Typesetting: Stiirtz AG, 97080 Wiirzburg

02/3020ra- 543210 - Printed on acid-free paper



Volume Editor

Prof. Dr. Ralf Steudel

Technische Universitit Berlin
Institut fiir Chemie / Sekr. C2
Strafle des 17. Juni 135
10623 Berlin, Germany

E-mail: steudel@schwefel.chem.tu-berlin.de

Editorial Board

Prof. Dr. Armin de Meijere

Institut fiir Organische Chemie

der Georg-August-Universitit
Tammannstrafle 2

37077 Goéttingen, Germany

E-mail: ameijer] @uni-goettingen.de

Prof. Dr. Horst Kessler

Institut fiir Organische Chemie
TU Miinchen
Lichtenbergstrafle 4

85747 Garching, Germany
E-mail: kessler@ch.tum.de

Prof. Steven V. Ley

University Chemical Laboratory
Lensfield Road

Cambridge CB2 1EW, Great Britain
E-mail: svl1000@cus.cam.ac.uk

Prof. Dr. Joachim Thiem

Institut fiir Organische Chemie
Universitdt Hamburg
Martin-Luther-King-Platz 6

20146 Hamburg, Germany

E-mail: thiem@chemie.uni-hamburg.de

Prof. Dr. Fritz Vogtle

Kekulé-Institut fiir Organische Chemie
und Biochemie der Universitdt Bonn
Gerhard-Domagk-Strafle 1

53121 Bonn, Germany

E-mail: voegtle@uni-bonn.de

Prof. K.N. Houk

Department of Chemistry and
Biochemistry

University of California

405 Hilgard Avenue

Los Angeles, CA 90024-1589, USA
E-mail: houk@chem.ucla.edu

Prof. Jean-Marie Lehn

Institut de Chimie

Université de Strasbourg

1 rue Blaise Pascal, B.P.Z 296/R8
67008 Strasbourg Cedex, France
E-mail: lehn@chimie.u-strasbg.fr

Prof. Stuart L. Schreiber

Chemical Laboratories

Harvard University

12 Oxford Street

Cambridge, MA 02138-2902, USA
E-mail: sls@slsiris.harvard.edu

Prof. Barry M. Trost

Department of Chemistry

Stanford University

Stanford, CA 94305-5080, USA
E-mail: bmtrost@leland.stanford.edu

Prof. Hisashi Yamamoto

School of Engineering

Nagoya University

Chikusa, Nagoya 464-01, Japan

E-mail: j45988a@nucc.cc.nagoya-u.ac.jp



Topics in Current Chemistry
Also Available Electronically

For all customers with a standing order for Topics in Current Chemistry we
offer the electronic form via SpringerLink free of charge. Please contact your
librarian who can receive a password for free access to the full articles by
registration at:

http://www.springerlink.com

If you do not have a standing order you can nevertheless browse through the
table of contents of the volumes and the abstracts of each article by
choosing Topics in Current Chemistry within the Chemistry Online Library.

- Editorial Board
- Aims and Scope
— Instructions for Authors



Preface

Despite more than 200 years of sulfur research the chemistry of elemental
sulfur and sulfur-rich compounds is still full of “white spots” which have to
be filled in with solid knowledge and reliable data. This situation is particu-
larly regrettable since elemental sulfur is one of the most important raw ma-
terials of the chemical industry produced in record-breaking quantities of
ca. 35 million tons annually worldwide and mainly used for the production
of sulfuric acid.

Fortunately, enormous progress has been made during the last 30 years in
the understanding of the “yellow element”. As the result of extensive interna-
tional research activities sulfur has now become the element with the largest
number of allotropes, the element with the largest number of binary oxides, and
also the element with the largest number of binary nitrides. Sulfur, a typical
non-metal, has been found to become a metal at high pressure and is even
superconducting at 10 K under a pressure of 93 GPa and at 17 K at 260 GPa,
respectively. This is the highest critical temperature of all chemical elements.
Actually, the pressure-temperature phase diagram of sulfur is one of the most
complicated of all elements and still needs further investigation.

Sulfur compounds have long been recognized as important for all life since
sulfur atoms are components of many important biologically active molecules
including amino acids, proteins, hormones and enzymes. All these compounds
take part in the global geobiochemical cycle of sulfur and in this way influence
even the earth’s climate. In interstellar space, on other planets as well as on
some of their moons have elemental sulfur and/or sulfur compounds also been
detected. The best known example in this context is probably Iupiter’s moon Io,
first observed by Galileo Galilei in 1610, which according to modern spectro-
scopic observations made from the ground as well as from spacecrafts is one of
the most active bodys in the solar system with quite a number of sulfur volca-
noes powered by sulfur dioxide and spraying liquid sulfur onto the very cold
surface of this moon.

The general importance of sulfur chemistry is reflected in the long list of
monographs on special topics published continuously, as well as in the huge
number of original papers on sulfur related topics which appear every year. Reg-
ularly are international conferences on organic and inorganic sulfur chemistry
held, and specialized journals cover the progress in these areas.

In Volumes 230 and 231 of Topics in Current Chemistry eleven experts in the
field report on the recent progress in the chemistry and physics of elemental
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VIII Preface

sulfur in the solid, liquid, gaseous and colloidal form, on oxidation products of
elemental sulfur such as polyatomic sulfur cations and sulfur-rich oxides which
both exhibit very unusual structures, on classical reduction products such as
polysulfide dianions and radical anions as well as on their interesting coordina-
tion chemistry. Furthermore, the long homologous series of the polysulfanes
and their industrial significance are covered, and novel methods for the removal
of poisonous sulfur compounds from wastegases and wastewaters in bioreactors
taking advantage of the enzymatic activities of sulfur bacteria are reviewed. In
addition, the modern ideas on the bonding in compounds containing sulfur-sul-
fur bonds are outlined.

The literature is covered up to the beginning of the year 2003. A list of useful
previous reviews and monographs related to the chemistry of sulfur-rich com-
pounds including elemental sulfur is available on-line as suplementary material
to these Volumes.

As the guest-editor of Volumes 230 and 231, I have worked for 40 years in
basic research on sulfur chemistry, and I am grateful to my coworkers whose
names appear in the references, for their skillful experimental and theoretical
work. But my current contributions to these Volumes would not have been pos-
sible without the continuous encouragement and assistance of my wife Yana
who also took care of some of the graphical work. The constructive cooperation
of all the co-authors and of Springer-Verlag, Heidelberg, is gratefully acknowl-
edged.

Berlin, April 2003 Ralf Steudel



Contents

Solid Sulfur Allotropes

R.Steudel - B.Eckert .. ...oooui 1
Liquid Sulfur

RoSteudel ... 81
Speciation and Thermodynamics of Sulfur Vapor

R. Steudel - Y. Steudel - M. W.Wong..........ovviiiiininnnann.. 117
Homoatomic Sulfur Cations

LKIossing ...t i i i i 135
Aqueous Sulfur Sols

R.Steudel . ..ot e 153
Biologically Produced Sulfur

W. E. Kleinjan - A. de Keizer - A. J. H.Janssen.................c..... 167
Author Index Volumes 201-230 .............oviuuiiiinniinnnenn.. 189

SubjectIndex ..........oiiiiiiii i 199



Contents of Volume 231
Elemental Sulfur and Sulfur-Rich Compounds Il

Volume Editor: Ralf Steudel
ISBN 3-540-40378-7

Quantum-Chemical Calculations of Sulfur-Rich Compounds
M. W. Wong

Molecular Spectra of Sulfur Molecules and Solid Sulfur Allotropes
B. Eckert - R. Steudel

Inorganic Polysulfanes H,S, with n>1
R. Steudel

Inorganic Polysulfides S,,>~ and Radical Anions S,*"
R. Steudel

Polysulfido Complexes of Main Group and Transition Metals
N. Takeda - N. Tokitoh - R. Okazaki

Sulfur-Rich Oxides S,,0 and S,,0,
R. Steudel



Top Curr Chem (2003) 230:1-79
DOI 10.1007/b12110

Solid Sulfur Allotropes

Ralf Steudel! - Bodo Eckert?

! Institut fiir Chemie, Sekr. C2, Technische Universitit Berlin, 10623 Berlin, Germany
E-mail: steudel@schwefel.chem.tu-berlin.de

% Fachbereich Physik, Universitit Kaiserslautern, 67663 Kaiserslautern, Germany
E-mail: eckert@physik.uni-kl.de

Abstract Sulfur is the element with the largest number of solid allotropes. Most of these con-
sist of unbranched cyclic molecules with ring sizes ranging from 6 to 20. In addition, poly-
meric allotropes are known which are believed to consist of chains in a random coil or heli-
cal conformation. Furthermore, several high-pressure allotropes have been characterized.
In this chapter the preparation, crystal structures, physical properties and analysis of these
allotropes are discussed. Ab initio MO calculations revealed the existence of isomeric sulfur
rings with partly rather unusual structures at high temperatures.

Keywords Sulfur homocycles - Sulfur chains - Polymerization - Physical properties -
High-pressure allotropes - Crystal structures
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1
Introduction

An allotrope of a chemical element is defined as a solid phase (of the pure
element) which differs by its crystal structure and therefore by its X-ray dif-
fraction pattern from the other allotropes of that element. This definition
can be extended to microcrystalline and amorphous phases which may be
characterized either by their diffraction pattern or by suitable molecular
spectra.

No other element forms more solid allotropes than sulfur. At present,
about 30 well characterized sulfur allotropes are known. These can be divid-
ed into ambient pressure allotropes and high-pressure allotropes depending
on the conditions during preparation. While the molecular and crystal struc-
tures of the ambient pressure allotropes are known in most cases, this does
not apply to all of the high-pressure forms. Therefore, in the following the
two groups are described in separate sections of this chapter.

The allotropes prepared at ambient pressure can also be grouped by their
molecular structures depending on whether homocyclic rings or chains of
indefinite length are the constituents of the particular phase. At present, the
following 20 crystalline phases consisting of rings are known:

Se; S7(at, B, 5 8); Ss(at, B, p); Soa, B); S105 SeS105 S115 S125 S135 S145 Si55 endo-
S1s; ex0-S18; Sy

The Greek letters given in parentheses indicate different phases of the
same type of molecules. Examples are orthorhombic a-Sg and monoclinic -
Sg which contain molecules of the same size and the same conformation
(D4g symmetry) but in different packing patterns in the unit cells. However,
endo-S,g (formerly a-S;s) and exo-S;s (formerly -S;5) consist of molecules
of the same size but in different conformations. The allotrope S¢S is a un-
ique case among the many allotropes of the non-metallic elements in so far
as it consists of two different molecules of the same element in a stoichio-
metric ratio. In addition, the solvate S;,-CS, has been structurally character-
ized.

The sulfur allotropes consisting of chains are less well characterized and
their nomenclature has changed in time causing some confusion in the liter-
ature. At least three ambient pressure polymeric forms are known, termed
as “fibrous sulfur” or y-sulfur (S,), “second fibrous sulfur” or w1-sulfur and
“laminar sulfur” or w2-sulfur (S,; and S,;). These allotropes are crystalline,
while polymeric insoluble sulfur is usually obtained in a microcrystalline
(random coil) state and is often called u-sulfur or S,. These polymeric forms
seem to consist, in principal, of the same type of helical molecules. In addi-
tion to long chains the polymeric allotropes are likely to contain also large
sulfur rings in differing concentrations.

Another way to indicate the polymeric nature of sulfur chains is to use
the symbol S.; this symbol will be reserved for the polymeric sulfur present
in liquid sulfur and most probably consisting of very large rings (S..}) and
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diradicalic chains (S.“) which have no end groups while the endgroups in
the chain-like components of S, and S, are most probably SH or OH.

At high pressures, sulfur undergoes several phase transitions towards
close-packing. In the low pressure regime (<20 GPa), the phase transitions
observed by Raman and X-ray studies are complicated due to photo-induced
transformations which have to be attributed to the pressure-tuned red-shift
of the optical edge of sulfur. At higher pressures (around 90 GPa), metalliza-
tion and superconducting states have been observed.

The chemistry of elemental sulfur has been reviewed before [1-7]. In the
older literature there are many claims of doubtful sulfur allotropes which
have never been characterized properly and which most probably do not
consist of pure sulfur or which are identical to the well known allotropes but
with a different habitus of the crystals. These materials will not be discussed
here [8].

2
Allotropes at Ambient Pressure

2.1
Preparation

2.1.1
Allotropes Consisting of Cyclic Molecules

In the following, convenient methods for the preparation of the homocyclic
sulfur allotropes will be described. Which method to use depends on the
amount of material needed, on the skills of the experimentalist and on the
chemicals and equipment available. Therefore, several alternative prepara-
tion procedures are provided.

Metastable sulfur allotropes are light-sensitive and should be protected
from direct exposure to sun-light or other intense illumination. These mate-
rials are also very sensitive towards nucleophiles including alkaline glass
surfaces. Therefore, pure and dry solvents should be used and the glassware
should be treated with concentrated hydrochloric acid followed by rinsing
with water and drying in an oven prior to use.

2.1.1.1
Preparation of Sg

cyclo-Hexasulfur S¢ forms orange-colored rhombohedral crystals which may

be prepared by a variety of methods:

1. Historically, S¢ was first prepared from the two inexpensive chemicals sodi-
um thiosulfate and hydrochloric acid [9] which, according to more recent
results, yield a mixture of mainly S, S7, and Sg [10]:
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Na,$S,0;+2HCl(aq) — 1/nS,+S0,+2NaCl+ H,0 (1)

The sulfur rings are extracted from the aqueous reaction mixture by tolu-
ene from which S¢ as the major product (69 mol%) crystallizes as orange
crystals on cooling to —20 °C. However, the evolution of large quantities of
poisonous SO, gas makes this preparation somewhat unpleasant.

2. A more convenient but also slightly more expensive method to prepare S¢
uses the thermal instability of diiododisulfane which is generated in situ
from simple chemicals [11]. Commercial dichlorodisulfane (“sulfur-
monochloride”), dissolved in CS,, is stirred with aqueous potassium or so-
dium iodide at 20 °C for 15 min whereupon iodine and elemental sulfur are
formed. The latter is composed of mainly S¢ and Sg with small concentra-
tions of larger even-membered rings [12] of which S;5, S;5 and Sy have been
isolated from this mixture:

}’ISZIZ — Syﬂrlz <3>

The iodine is reduced by reaction with stoichiometric amounts of aqueous
sodium thiosulfate before the sulfur rings are separated by fractional pre-
cipitation with pentane and recrystallization from CS, (yield of Sg: 36%)
[11]. The formation of Sg is likely to proceed via the intermediates S,I, and
S¢l, with subsequent ring closure by intramolecular elimination of I,. The
larger rings probably result from the intermolecular reaction of the diio-
dosulfanes to give sulfur-rich homologs such as Sgl, and S;,I, which then
undergo ring closure. The thiosulfate solution contains sodium iodide and,
after all thiosulfate has been oxidized, may be used again for another reac-
tion with SzClz [11]

3. Titanocene pentasulfide Cp,TiSs (Cp=n’-CsHs) is commercially available
but can easily be prepared from Cp,TiCl, and aqueous sodium or ammoni-
um polysulfide solution [13]. Using chloroform as a solvent a yield of 88%
was obtained [14]. The organometallic pentasulfide forms dark-red air-sta-
ble crystals soluble in several organic solvents. The molecules contain a six-
membered metallacycle in a chair conformation [15]. The pentasulfide re-
acts with many S-Cl compounds at 0-20 °C as a sulfur transfer reagent with
formation of Cp,TiCl,. For example, with SCIl, the two rings S¢ and S;, are
formed [16]:

Commercial “sulfurdichloride” is a mixture of SCl,, S,Cl,, and Cl, which are
in equilibrium with each other [17]. Therefore, this mixture needs to be dis-
tilled to obtain pure SCl, immediately prior to use. Due to their very differ-
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ent solubilities in CS, (see below) [18], the reaction products Cp,TiCl,, S¢
and S;; can easily be separated. Yields: 87% S, 11% S;, [16].

2.1.1.2
Preparation of S;

1. Small amounts of S; are best prepared from titanocene pentasulfide (see the
preparation of Sg above) by reaction with dichlorodisulfane S,Cl, (“sulfur-
monochloride”) in CS, at 0 °C [16]:

Cp,TiS5+S,Cl, — S;4-Cp, TiCl, (6)

This reaction proceeds quantitatively, but the isolated yield of S; (23%) is
lower owing to its high solubility. Since S; rapidly decomposes at 20 °C, it
needs to be handled with cooling and should be stored at temperatures be-
low =50 °C.

2. Liquid sulfur contains at all temperatures several percent of S; besides the
main constituent Sg; in addition, rings of other sizes and, at higher tempera-
tures, polymeric sulfur S., are present [19]. After quenching of the melt at
low temperatures it is possible to separate the main components and to iso-
late S; in 0.7% yield; see below under “Preparation of Sj,, S5, and S, from
Sg”.

Depending on the crystallization conditions S; is obtained as either the a,
B, 7, or ¢ allotrope [20, 21] which are all very well soluble in CS,, CH,Cl,,
toluene, and cyclo-alkanes. 0-S; is obtained on rapid cooling of solutions in
CS,, CH,Cl,, or toluene and forms intense-yellow needle-shaped crystals of
m.p. 38.5 °C which are disordered. 3-S; was obtained as a powder from 6-S;
by storage at 25 °C for 10 min. 8-S; crystallizes from CS, solutions at —78 °C
and forms block-shaped, tetragonal-bipyramidal and sarcophagus-like crys-
tals. -S; was obtained from a solution in CH,Cl, containing small amounts
of tetracyanoethene at —25 °C [20].

Regardless of the allotropic modification, solid S; decomposes at 20 °C
completely within ten days but can be stored at =78 °C for longer periods of
time without decomposition. The first signs of the decomposition products
Ss and S, (polymeric sulfur) can be detected already after 30 min at 20 °C
[20]. In CS, solution S; is quite stable.

2113
Preparation of Pure Sg

cyclo-Octasulfur crystallizes at ambient pressure either as orthorhombic a-
Ss, monoclinic 3-Sg or monoclinic p-Sg. Commercially available sulfur sam-
ples usually consist of mixtures of a-Sg with some S, and traces of S; [22]. It
is this S; content which causes the bright-yellow color of most commercial
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sulfur samples while pure a-Sg is greenish-yellow. Sulfur samples from vol-
canic areas sometimes also contain traces of S; but in addition minute con-
centrations of selenium may be present (as determined by neutron activa-
tion analysis), most probably as S;Se heterocycles [23]. To remove these im-
purities the material is dissolved in toluene or CH,Cl,, and after filtration
the solution is cooled to —50 °C. Carbon disulfide is not a good solvent for
this purpose since traces of it tend to remain in the product. However, even
after this treatment most sulfur samples still contain traces of carbon com-
pounds which can best be tested for by carefully heating the sulfur in a clean
test tube for 2-3 min to the boiling point (445 °C) avoiding ignition of the
vapor! After cooling of the sample to room temperature black spots will be
seen on the walls of the glass and the color of the sulfur itself may have
changed to darker hues or even to black, caused by the formed carbon-sul-
fur polymer. The organic impurities can be removed by heating the sulfur
for 10 h to 300 °C (with addition of 1% magnesium oxide) followed by re-
fluxing for 1 h [24] which causes these impurities to decompose to H,S and
CS, which both escape; in addition, a black precipitate is formed which
looks like carbon-black but is in fact a sulfur-rich polymer. After slow cool-
ing to 125 °C and decantation from the black sludge the liquid is filtered
through glass-wool. If necessary, this procedure is repeated several times.
An improved method uses an immersed electrical heater to keep the sulfur
boiling [25]. The purified liquid sulfur is then distilled in a vacuum resulting
in a bright-yellow, odorless product. Commercial “high-purity sulfur”
(99.999%) often still contains organic impurities since the purity claimed on
the label applies to the metal content only. Many contradictory reports about
the physical properties of elemental sulfur possibly can be explained by the
differing purity of the samples investigated, especially but not exclusively in
the older literature. Sg can also be highly purified by zone melting (carbon
content then <2.4x107%%) [26].

From most solvents Sg crystallizes as orthorhombic o-Sg. Monoclinic -Sg
is stable above 96 °C and is usually obtained by cooling liquid sulfur slowly
below the triple-point temperature of 115 °C. At 25 °C crystals of 5-Sg con-
vert to polycrystalline a-Sg in less than 1 h but are stable for several weeks at
temperatures below —20 °C [27]. y-Sg is metastable at all temperatures and
occasionally crystallizes by chance, for example from ethanolic solutions of
ammonium polysulfide [28], by decomposition of copper ethylxanthate [29]
or in the preparation of bis(dialkylthiophosphoryl)disulfane [30]. Surpris-
ingly, y-Sg occurs also naturally as the mineral rosickyite. Furthermore, y-Sg
is a component of stretched “plastic sulfur” which is obtained by quenching
liquid sulfur from 350 °C to 20 °C (in cold water) and stretching the fibers
obtained in the direction of their axes. According to an X-ray diffraction
study, this “fibrous” sulfur consists of helical polymeric sulfur chains (S,
see below) which form pockets filled with Sg molecules as the monoclinic y-
allotrope [31].
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2.1.14
Preparation of Sg

In principle, there is only one method to prepare Sy, and that is the reaction
of titanocene pentasulfide with either S4Cl, [32] or S4(SCN), [33]. The need-
ed dichlorotetrasulfane S4Cl, can be most conveniently prepared by carefully
controlled chlorination of cyclo-S¢ in CCly at 20 °C [33]:

Se+Cl, — Cl—Sg —Cl (7)
Cl - SG - Cl -+ Clz — S4C12+82C12 (8)

The solvent and the S,Cl, are distilled off from the mixture and the resi-
due is used for the preparation of Sg:

CPZTISS+S4C12 — Sg%szTICIZ (9)

Sy was obtained in 30% yield [32].

However, since S4Cl, is an oily liquid which owing to its instability cannot
be purified by distillation and consequently always contains small amounts
of other dichlorosulfanes, it is recommended to convert it to S4(SCN), [iden-
tical to S¢(CN),]. Dicyanohexasulfane consists of chain-like molecules which
form an odorless solid (m.p. 35 °C) that can be easily recrystallized for pu-
rification although it fairly rapidly polymerizes at room temperature [33]:

This reaction takes place at 0 °C in CS,; based on the starting material S¢
the yield of S4(SCN), is 27%. This product reacts in CS, solution at 20 °C
with titanocene pentasulfide to Soin 18% isolated yield:

Cp,TiSs+S4(SCN), — So+Cp, Ti(SCN), (11)

Depending on the conditions, Sy crystallizes as either a- or -Sy the Ra-
man spectra of which are very similar but not identical. a-Sy forms intense
yellow needle-shaped monoclinic crystals of melting point 63 °C [33].

2.1.15
Preparation of Sqo

cyclo-Decasulfur Sy can be prepared according to several different methods:
1. If several grams are needed, the sulfur transfer method is most convenient
[16]:

2Cp, TiS5+2S0,Cl, — S19+250,+Cp, TiCl, (12)

The reagents titanocene pentasulfide and sulfurylchloride are mixed at
—78 °C in CS; and the mixture is allowed to warm up to 0 °C with stirring.
Yield of Syo: 35%. S;o forms intense yellow crystals which slowly decompose
at room temperature to Sg with partial polymerization to S,. The reaction
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mechanism for the formation of S;y will be explained below (see “Prepara-
tion of S;57).

2. If only small amounts of S, are needed and Sg or S; are available, the oxida-
tion of either one with trifluoroperoxoacetic acid provides Sj, in a reaction
of unknown mechanism. The intermediates SsO, or S;0 decompose at 5 °C
in CS; or CH,Cl, solution within several days to give S;y, some insoluble
sulfur as well as SO,:

286+4CF;CO3H — 2[S50,]+4CF3CO,H (13)
2[S60,] — S10+250, (14)
28,42CF;CO3H — 28,0 + 2CF;CO,H (15)
25,0 — $19+3S,+50, (16)

Since the homocyclic oxides do not have to be isolated, the solution of Se
or S; after addition of the peroxoacid (prepared from H,0, and trifluo-
roacetic acid anhydride in CH,Cl,) is simply kept in the refrigerator until S;,
has formed which is then crystallized by cooling and purified by recrystalli-
zation [34, 35].

2.1.1.6
Preparation of Sg-S1o

When Sg and S are dissolved together in CS, and the solution is cooled,
then, under special concentration conditions, a stoichiometric well ordered
solid solution of the two components crystallizes as orange-yellow opaque
crystals of m.p. 92 °C [34]. The structure of S¢Sy consists of alternating lay-
ers of Sg and S;p molecules in their usual conformations of D34 respectively
D, symmetry [35]. In liquid solutions the molecular mass of S¢-S;p was de-
termined as 258 corresponding to 8 atoms per molecule indicating complete
dissociation [34]. This is the only example of an allotrope of a chemical ele-
ment consisting of molecules of different sizes.

2.1.1.7
Preparation of Sy,

The sulfur transfer reaction using titanocene pentasulfide and dichloropoly-
sulfanes S,Cl, is very versatile and has made it possible to prepare S,; after
the necessary S¢Cl, became accessible in sufficient purity:

Cp2T185+S6C12 — 811+Cp2T1C12 (17)

The reaction is carried out in CS, at 0 °C and provides pure Si;
(m.p. 74 °C) in 7% vyield as yellow crystals [36]. The precursor S¢Cl, is best
prepared by carefully controlled chlorination of cyclo-S¢ with elemental chlo-
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rine at 0-20 °C in a CS,/CCly mixture; see Eq. (7). In the solid state the Sy;
molecules are of approximate C, symmetry [37, 38].

2.1.1.8
Preparation of S,

Thermodynamically, S;, is the second most stable sulfur ring after Sg. There-

fore, Sy, is formed in many chemical reactions in which elemental sulfur is a

product. In addition, S, is a component of liquid sulfur at all temperatures.

The same holds for S;g and S;o which are often formed together with S;,:

1. The preparation of S;, from titanocene pentasulfide and SCI, has been de-
scribed above under “Preparation of S¢”:

2. Preparation of S;, from S,Cl, and a polysulfane mixture H,S,: sulfanes H,S,
and dichlorosulfanes S, Cl, react with each other with elimination of HCI
forming new S-S bonds. Since pure sulfanes with more than two sulfur
atoms are difficult to prepare, this synthesis uses a mixture of sulfanes,
called “crude sulfane oil”, which can easily be prepared from aqueous sodi-
um polysulfide and concentrated hydrochloric acid at 0 °C [39, 40]:

Na,S4+2HCl — H,$4+2NaCl (19)

Since the aqueous sodium polysulfide contains already several polysulfide
anions in equilibrium and since the acidification results in some intercon-
version reactions, a sulfane mixture H,S, is obtained rather than pure H,S,.
This mixture nevertheless reacts in dry CS,/Et,0 mixture at 20 °C with
dichlorodisulfane, besides other products, to S;, which has been isolated in
4% yield by extraction with CS, and fractional crystallization [41]:

252C12+2H234 — Slz—|—4HCI (20)

Evidently, this reaction proceeds in several steps with H-S4-Cl and

H-S,-Cl as likely intermediates.

3. Preparation of S5, S13 and Sy from liquid sulfur: liquid sulfur after equili-
bration contains sulfur homocycles of all sizes [19] and some of these can
be isolated by quenching, extraction, fractional precipitation and crystalli-
zation depending on their differing solubilities. Commercial elemental sul-
fur (several hundred gram) is heated electrically to about 200 °C for 5-
10 min or longer and is then allowed to cool to 140-160 °C within ca.
15 min. As soon as the melt has become less viscous, it is poured in as thin
a stream as possible into liquid nitrogen in order to quench the equilibri-
um. The boiling nitrogen ruptures the melt into small pieces resulting in a
yellow powder. The liquid nitrogen is decanted off this powder which is
then extracted with CS, at 20 °C (solution “A”). A small amount of polymer-
ic sulfur remains undissolved and is filtered off. The yellow solution is
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cooled to =78 °C for 20 h whereupon a mixture of much Sg (large yellow
crystals) and little S;,-CS; (small, almost colorless crystals) crystallizes out.
The latter can be separated by rapid flotation in CS; yielding pure S;,-CS,
in 0.2% vyield based on the initial amount of elemental sulfur [42, 43]. On
prolonged standing in air the crystals of S;,-CS; loose their solvent and con-
vert to a powder of Sy, single crystals of which can be obtained by recrys-
tallization from hot benzene or toluene resulting in pale-yellow needle-like
crystals of m.p. 146-148 °C.
The above CS, solution “A” from which S;,-:CS, and most of the Sg has crys-
tallized out is used for the preparation of Sy, S;5, and Sy as follows. Stirring
of solution “A” at =78 °C after addition of some finely ground glass powder
(or S; seed crystals) for about 2 h results in the precipitation of finely pow-
dered sulfur which is isolated by removing the solution by means of an im-
mersion filter frit. The residue is extracted three times with small amounts
of toluene leaving an orange residue “B”. S; crystallizes from the toluene so-
lution on cooling to —78 °C and may be recrystallized from CS,. Yield: 0.7%
based on the initial amount of elemental sulfur [44].
The amorphous orange residue “B” consists of a mixture of sulfur rings S,
with x possibly ranging up to 50 or more. The mean molecular mass corre-
sponds to an average value of x=25. The rings up to x=28 have been detect-
ed chromatographically by HPLC. S, is stable only in CS, solution; on
standing of a concentrated solution at 20 °C for 2-3 days small crystals of
endo-Sig (intense yellow orthorhombic plates) and Sy, (pale-yellow rods)
precipitate. This crystal mixture can be separated by flotation in a CHCls/
CHBr; mixture since the density of endo-S;g is slightly higher than that of
S,o (see below, Table 22). Yields: 0.02% endo-S;s, 0.01% S, [42, 43].

4. Preparation of Sy, Sis, and Sy from S,Cl, and potassium iodide:
dichlorodisulfane, dissolved in CS,, reacts at 20 °C with aqueous potassium
iodide to a mixture of even-membered sulfur rings:

nSZC12+27’lK1 — Szn+n12+2nKCl (21)

The main product is S¢ (36%; see above) but by a sequence of precipitation
and extraction procedures Si; (1-2%), endo-Si5 (0.4%) and S,y (0.4%) have
been prepared in a pure form in the yields given in parentheses [11].

2.1.1.9
Preparation of S;3

To prepare S;; by the ligand transfer reaction requires first the synthesis of
the chain-like dichlorooctasulfane which is best achieved by carefully con-
trolled chlorination of cyclo-Sg with elemental chlorine in a CS,/CCly mixture
at 0-20 °C:

Sg+Cl, — SgCl, (22)
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The oily product of this reaction still contains some Sg besides SgCl, as
well as other dichlorosulfanes from side-reactions. However, this product re-
acts with titanocene pentasulfide at 20 °C to a mixture of sulfur rings from
which S5 was isolated as yellow crystals in 5% yield [36]:

sz TISS +Sg C12 — 813 +Cp2T1C12 (23)

As other sulfur homocycles, S;3 shows a very characteristic Raman spec-
trum. In the solid state the molecules are of approximate C, symmetry [38].

2.1.1.10
Preparation of Sq4

S14 was first synthesized in 1998 by a novel type of ligand transfer reaction
using the zinc hexasulfido complex (TMEDA)ZnSes [45] with TME-
DA=tetramethylethenediamine:

The reaction takes place in CS; at 0 °C and S;4 (m.p. 117 °C) was isolated
as rod-shaped intense-yellow crystals in 11% yield [46]. The SgCl, reagent is
prepared by careful chlorination of Sg; see the “Preparation of S;3” above;
Eq. (22).

2111
Preparation of S5

cyclo-Pentadecasulfur is one of the few sulfur allotropes which have not been
obtained yet as single crystals. Therefore the structure is unknown. S;s is
formed in the reaction of titanocene pentasulfide with sulfurylchloride in
CS, which is also used to prepare S (see above) and S,y (see below); the
three products are separated by repeated crystallization and precipitation
[47]:

Si5 was obtained in 2% yield as a lemon-yellow powder (from toluene)
which has a characteristic Raman spectrum.

The formation of S;s probably proceeds via several intermediates as
shown in Scheme 1 [14, 47]. The first step is a ring-opening reaction of the
metallacycle. The Cp,Ti(Cl)S5SO,Cl intermediate is likely to loose SO, result-
ing in Cp,Ti(Cl)SsCl which by reaction with another molecule of this type
may form S; or which may react with SO,Cl, to SsCl, which in turn would
react with Cp,TiSs to Syo. In the latter reaction Cp,Ti(Cl)S;oCl must be an in-
termediate which will react with another molecule of this type to Sy or with
S5Cl, to S;s. Several alternative pathways exist as shown in Scheme 1; cyclo-
pentasulfur Ss has been excluded as an intermediate [14].
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2.1.1.12

Preparation of Sqg

1. Preparation of S;5 from S,Cl, and potassium iodide: dichlorodisulfane, dis-
solved in CS,, reacts at 20 °C with aqueous potassium iodide to a mixture of
even-membered sulfur rings; see Eq. (21). The main product is Sg (36%; see
above) but by a sequence of precipitation and extraction procedures S;, (1-
2%), endo-Si5 (0.4%), and Sy (0.4%) have been prepared in pure form in

the yields given in parentheses [11].
2. From liquid sulfur: small amounts of endo-S;s have

been isolated from

quenched sulfur melts by extraction and fractional crystallization; see above
under “Preparation of Sy, S15, and S from liquid sulfur”.

2.1.1.13
Preparation of Syg

cyclo-Eicosasulfur S,y has been prepared by different methods. Most conve-

nient is the synthesis by sulfur transfer from titanocene pentasulfide which,

depending on the conditions, provides either S;g, S15 or Sy.

1. By ligand transfer: a procedure optimized for the preparation of Sy, uses
the reaction of sulfurylchloride with titanocene pentasulfide in CS, at 25 °:
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The probable reaction mechanism of this multistep reaction is given in
Scheme 1 above (see the section “Preparation of S;5”). The product was ob-
tained as pale-yellow crystals in 8% yield, sometimes still containing traces
of S;p which can be removed by recrystallization from CS,. The largest sul-
fur ring detected by HPLC in this reaction mixture is S3o which has however
not been isolated yet [14].

2. From liquid sulfur: small amounts of Sy have been isolated from quenched
sulfur melts by extraction and fractional crystallization; see above under
“Preparation of Sy, S;5 and Sy from liquid sulfur”.

3. Preparation of S,y from S,Cl, and potassium iodide: dichlorodisulfane, dis-
solved in CS,, reacts at 20 °C with aqueous potassium iodide to a mixture of
even-membered sulfur rings; see Eq. (21). The main product is S¢ (36%; see
above) but by a sequence of precipitation and extraction procedures S;, (1-
2%), endo-S15 (0.4%), and Sy (0.4%) have been prepared in pure form in
the yields given in parentheses [11]. Sulfur-rich diiodosulfanes S,I, are
probably intermediates in this reaction which eliminate I, intramolecularly
with ring closure to Sy.

2.1.2
Allotropes Consisting of Long Sulfur Chains (Polymeric Sulfur: S,,, S, and S,))

Those forms of elemental sulfur which are insoluble even in carbon disulfide
at 20 °C have been termed as polymeric sulfur. These materials consist of
chain-like macromolecules but the additional presence of large rings S,
(n>50) is very likely. In other words, polymeric sulfur is a mixture of chains
of differing lengths and rings of differing sizes rather than a pure com-
pound. The nature of the chain-terminating endgroups is unknown. In some
cases crystalline phases have been obtained and the molecular structures
were determined by X-ray crystallography. These phases are known as S,
and S, and consist of helical chains (catenapolysulfur); they will be dis-
cussed later. Otherwise, polymeric sulfur is often termed as p-sulfur or S,
but there is no principal difference between S, and S,,.

Polymeric sulfur is a component of liquid sulfur at all temperatures after
the chemical equilibrium has been established which takes about 10 h at
120 °C and correspondingly less at higher temperatures [19, 43, 48]. The
polymer can be isolated by quenching the melt and extracting the soluble
ring molecules with CS; at 20 °C. The polymer content of the melt increases
from 1% at 135 °C to a maximum of 45+10% at 250-300 °C (different au-
thors give differing maximum polymer concentrations) [49]. The quenching
can be achieved by pouring the sulfur melt into water or, better, into liquid
nitrogen [19, 43] as well as by blowing a thin stream of liquid sulfur by a
jetstream of cold air against a sheet of aluminum on which the melt solidifies
immediately as a thin film [50]. After quenching and extraction the poly-
meric sulfur is initially amorphous but tends to convert to a microcrystal-
line structure and, more slowly, to a-Sg on storage at room temperature.
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This conversion is accelerated by mechanical impact (e.g., grinding in a
mortar), by irradiation with visible light, UV-, or X-rays, by heating, and by
traces of nucleophiles like gaseous or aqueous ammonia. The spontaneous
conversion is obviously a result of structural disorder of the random-coil
sulfur molecules of the polymer. By heating the sample to 60 °C for 1-2 h
[51] or to 80 °C for 40 h [52] the disorder can be reduced and the polymer
then exhibits sharper X-ray reflections and is more stable against spontane-
ous conversion to Sg than before although the heat treatment results in some
loss of polymer by conversion to Sg (see later).

To a certain degree the quenched sulfur melt can be separated into S, and
the smallest cyclic molecules by evaporation of the latter in a high vacuum
resulting in a residue of colorless, fluffy polymeric sulfur [53].

Liquid sulfur quenched in water from temperatures above 200 °C is plastic
in the beginning and, if prepared in filaments, can be stretched to 3000% of
its original length (fibrous sulfur, Sy) [54]. After some time hardening
through crystallization takes place. It also should be mentioned that the
quenched melt, besides S, and S, contains other small rings like S, S7, So,
S10, etc. which will slowly decompose to S, and Sg at room temperature [49].
Thus, the polymer content of the quenched melt first increases by a few per-
cent before it slowly decreases due to conversion to a-Sg on storage at room
temperature [54].

Polymeric sulfur is also formed on decomposition of certain pure sulfur
allotropes consisting of rings [55] (see below under “Thermal Behavior”).
The temperature at which the ring-opening polymerization takes place at an
observable rate depends on the ring size but is found in the region 60-
140 °C, with S; having the lowest and S;; the highest polymerization temper-
ature. Some sulfur allotropes like S¢, S7, So, and S;o decompose slowly even
at room temperature with formation of Sg and S, [55].

Polymeric sulfur is produced commercially as “insoluble sulfur” (IS) and
is used in the rubber industry [56] for the vulcanization of natural and syn-
thetic rubbers since it avoids the blooming out of sulfur from the rubber
mixture as is observed if Sg is used. The polymeric sulfur (trade-name Crys-
tex [57]) is produced by quenching hot sulfur vapor in liquid carbon disul-
fide under pressure, followed by stabilization of the polymer (against spon-
taneous depolymerization), filtration, and drying in nitrogen gas. Common
stabilizers [58] are certain olefins R,C=CHj, like a-methylstyrene which ob-
viously react with the chain-ends (probably -SH) of the sulfur polymer and
in this way hinder the formation of rings by a tail-bites-head reaction. In
this industrial process the polymer forms from reactive small sulfur mole-
cules present in sulfur vapor [59] which are unstable at ambient tempera-
tures and react to a mixture of Sg and S, on quenching.

For this reason, sulfur which has been sublimed at ambient pressure
(“flowers of sulfur”) always contains some polymeric sulfur. This polymeric
form of elemental sulfur is also used by wineries: Spraying of grapes with a
sulfur slurry protects them from attack by certain bacteria and fungi since
the sulfur is oxidized in air to SO, which is poisonous to many lower organ-
isms.
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Irradiation at low temperatures is another method to convert a-Sg into
polymeric sulfur [60]. Initially, the irradiation of o-Sg with visible light
(1<420 nm) or UV radiation at temperatures of 2-70 K produces free radi-
cals by homolytic dissociation of S-S bonds as demonstrated by electron
spin resonance (ESR) spectroscopy [61]. On warming to room temperature
the ESR signals fade away since the radicals decay by recombination as well
as by triggering a ring-opening polymerization resulting in the formation of
polymeric sulfur [60].

2.2
Molecular and Crystal Structures

The following section provides a brief summary of the molecular and crystal
structures of the solid allotropes of sulfur mentioned in the Introduction.
More specific details about the structures of most of the allotropes can be
found in the cited literature. A conclusion concerning the characteristics of
the molecular as well as of the crystalline structures of sulfur will be drawn
at the end of this section.

There are no crystalline forms known for the low atomic molecules S, to
S5 although these molecules are present in the gaseous and liquid phase [49,
59]. Since the cyclic molecules Si¢, S17, S19, and S, (1>21) have not yet been
prepared, no molecular and crystal structure data are available. However, a
mixture of large sulfur rings S,(<x>~225) was observed as an unstable resi-
due during the preparation of S, (see above) [43]. The Raman spectrum of
this mixture resembles that of a high pressure amorphous sulfur form as
well as that of polymeric sulfur, often called S, (see the section on high-pres-
sure forms of sulfur below).

Sulfur atoms are well known for their pronounced tendency of catenation.
Since the sulfur atom has an s?p* outer shell electronic configuration in the
ground state the sulfur-sulfur bonds can formally be built from the two un-
paired electrons in the 3p orbitals in which case the optimum value of the
bond angle would the be 90°. The observed bond angles of ca. 106° can be
explained by the repulsion of the non-bonded sulfur atoms or by mixing
some s-character into the covalent bonds (s-p hybridization). The two re-
maining electrons on the 3p level are non-bonding and occupy an orbital of
local 7-symmetry perpendicular to the neighboring S-S bonds. The repul-
sion of the lone-pairs of adjacent S atoms should lead to a dihedral angle of
90° at the S-S bonds in the case of a “free” chain corresponding to a mini-
mum of configurational energy [54]. This model explains why chains of cu-
mulated S-S bonds exhibit a three-dimensional zig-zag conformation rather
than a planar configuration. In consequence, a large number of quite differ-
ent cyclic and chain-like molecules is, in principal, possible. Ring closure of
a sulfur chain usually causes deviations of the bond angle as well as of the
dihedral angle from the ideal values due to interaction of the lone-pairs of
the next-nearest S atoms. These peculiarities can be easily understood, for
example, if going from simple molecules like disulfane H,S, to more com-
plex molecules with cumulated sulfur bonds, especially sulfur rings [62].
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The packing of the molecules in crystalline structures has only a slight influ-
ence on the molecular geometry which is found typically in the range of a
few percent variation of bond lengths and bond angles.

A characteristic parameter to describe the conformation of sulfur mole-
cules is the sign of the dihedral angle. For a sulfur chain or ring the order of
the signs of the torsion angles is the so-called “motif”. Each of the molecular
species shows a typical motif reflecting the molecular symmetry and shape.

2.2.1
Allotropes Consisting of Cyclic Molecules

2.2.1.1
Rhombohedral S¢

S¢ was first synthesized by Engel in 1891 [9]. Since the molecular structure
was not known at that time, this sulfur allotrope was called Engel’s sulfur, p-
sulfur, as well as e-sulfur (see [3]). Later, in 1914, Aten determined the mo-
lecular mass to S¢ molecular units [63], which has given cyclo-hexasulfur an
additional name, Aten’s sulfur. Crystals of S¢ form orange-yellow hexagonal
prisms. Several attempts have been made to characterize the molecular and
crystal structure by X-ray diffraction studies (see [8]). In consequence, a
chair conformation for the S¢ ring molecule has been suggested; the crystal
structure was attributed to a rhombohedral lattice with one molecule per
primitive cell occupying a site of C;; (=Sg) symmetry.

The first complete description of crystalline S¢ was reported by Donohue
et al. in 1961 on the basis of an X-ray diffraction study [64]. The rhombohe-
dral structure was verified, and the molecular symmetry was ascertained to
be Dsq. Since cyclo-hexasulfur decomposes rapidly under X-ray irradiation
at standard temperature-pressure (STP) conditions Steidel et al. reinvestigat-
ed the molecular and crystal structure at 183 K giving results with a higher
accuracy [65]. The molecular and crystal lattice parameters are summarized
in Tables 1 and 2.

As listed in Table 2 and shown in Fig. 1, each of the S¢ molecules has 18
short intermolecular contacts in the range 350-353 pm (at ~300 K). This
fact, in combination with the compact molecular structure, accounts for the
high density of rhombohedral S¢ (for comparison see the structure data of
orthorhombic sulfur, Table 6). On the other hand, the compact molecular
structure is responsible for a certain strain in the bond geometry which is
expressed by a relatively large deviation of the torsion angle from an un-
strained value of about 90°, therefore, making the molecule unstable [66].

Since the lattice parameters depend significantly on the temperature (Ta-
ble 2), it is possible to estimate the coefficient of isobaric thermal expansion
roughly to about 2.8x107* K.

Up to now no six-membered sulfur allotrope other than rhombohedral S¢
has been found. In addition, from theoretical structure analysis it is reasonable
to assume that the chair conformation is energetically more favorable than
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Table 1 Molecular structure parameters of crystalline S¢ (standard deviations in parenthe-
ses). Point group of the molecule: 3m — D5

Temperature

Bond length (pm) 205.7(1.8) 206.8(2)
Bond angle (°) 102.2(1.6) 102.61(6)
Torsion angle (°)? 74.5(2.5) 73.8(1)
Shortest intermolecular distance (pm) 320.2 pm

Reference [64] [65]

2 Absolute values

Table 2 Crystal structure parameters of cyclo-Se (standard deviations in parentheses). There
are three (one) molecules per unit (primitive) cell

Crystal space group R3— (2 (no. 148)

Site symmetry 3-Cy;

Lattice constants

a (=b) (pm) 1081.8(2) 1076.6(4)

¢ (pm) 428.0(1) 422.5(1)

alc 2.5275(11) 2.5482(16)

Numbers of and shortest intermolecular distances (pm)

12 350.1 344.3(2)
6 352.6 347.1(2)
6 374.9 369.7(2)

Temperature (K) ~300 183

Reference [64] [65]

Fig. 1 Structure of crystalline S¢ projected down the rhombohedral c-axis (left) and per-
pendicular to the c-axis (right). The direction of the crystal c-axis coincides with that of
the molecular z-axis. The intermolecular distances of 350 and 353 pm are shown as
dashed lines [8]
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any other isomeric forms like boat or twisted conformations [67, 68]. The
chair-boat interconversion reaction has a barrier of about 126 kJ mol~! [69].

2212
Allotropes of S;

The first chemical preparation of cyclo-heptasulfur S; was reported by
Schmidt et al. in 1968 who obtained solid S; as intense yellow needle-like
crystals [16].

The molecular structure of homocyclic S; is of special interest insofar as
it is not possible to construct a puckered ring in which the bond lengths,
bond angles, and especially the dihedral angles typical for even membered
rings such as Sg, Sg, and S;, are preserved [70]. A first X-ray structural anal-
ysis of solid S; was attempted by Kawada and Hellner in 1970 who only de-
rived a two-dimensional projection of the molecule. However, it was evident
that the molecule must have a chair conformation and that the various dihe-
dral angles of the molecule must differ significantly.

Infrared and Raman spectroscopic studies have shown that S; crystallizes
in at least four different allotropic forms (a-, -, p-, and 6-S;) [21]. Most
likely all of the crystalline allotropes consist of the same type of heptamer.
Detailed X-ray structural studies have proved this assumption for y-S; and
0-S7 [20, 71]. In solution S; undergoes rapid pseudorotation, i.e., the ring
atoms become equivalent on average (observed by Raman spectroscopy and
by 77Se NMR spectroscopy in the case of the related molecule 1,2-Se;Ss)
[72].

0-S; crystallizes as intense yellow needle-like, lancet shaped crystals,
which are disordered [20, 21].

B-S; was always obtained as a powder by decomposition of §-S; crystals
[20, 21].

y-S7 crystallizes similar to a-S;, though under special conditions y-S; can
be obtained as single crystals in the monoclinic space group P2,/c-Cy,° [20].

6-S; forms block-shaped, tetragonal-bipyramidal and sarcophagus-like
single crystals of the monoclinic space group P2;/n-Cy,?* [20, 21, 71].

The crystalline structure parameters of p-S; and §-S; are summarized in
Table 3. While the asymmetric unit of p-S; is built by one molecule, in 6-S;
we have to deal with two independent molecules due to intermolecular
forces. Figure 2 represents a view of the unit cells of the two allotropes of S;
which have been studied so far. A detailed analysis and modeling of the in-
termolecular forces in 12 sulfur allotropes using a non-spherical sulfur atom
potential yielded a slightly higher lattice energy for y-S; than for J-S; [73].

The molecular structures of the heptamers of both allotropic forms are
nearly the same. The molecules have a chair conformation and their symme-
try is close to Cs, but the site symmetry is actually C; due to intermolecular
interactions. Four neighboring atoms [S4 to S7 in Fig. 3] are located in a
plane; in consequence, the torsion angle is close to the unfavorable value of
0° (motif: +—+0—+-). The large internuclear distance of the bond S6-S7 is
the result of the repulsion of the 3p, lone-pairs at these two atoms [21, 74].
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Table 3 Crystal structure parameters of y-S; and 6-S; at 163 K (standard deviations in

brackets) [20, 71]

y-S7 5-87
Crystal space group P2,/c—Cy? P2,/n—Cy?
Site symmetry 1-G 1-C
Molecules per unit cell 4 8
Lattice constants
a (pm) 968.0(3) 1510.5(5)
b (pm) 764.1(2) 599.8(5)
¢ (pm) 940.9(2) 1509.6(5)
B () 102.08 92.15(5)

2 Two molecules in the asymmetric unit

Fig. 2 Unit cells of y-S; (top) and 6-S; (bottom) [20]
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Fig. 3 Structure of the S; molecules in y-S; and numbering of atoms; bond lengths in
pm

The neighboring bonds are shortened in accordance to the common in-
terpretation in terms of the bond-alternation concept (see [4, 75], and later).
In consequence, the bond lengths of the S; molecules of the y- and J-al-
lotropes can be divided into four sets according to the C; mirror plane of the
heptamer: 205 pm, 210 pm, 200 pm, and one very large bond length of
218 pm (see Fig. 3 and Table 4). This is in sharp contrast to the structures of
homocyclic sulfur molecules of higher symmetry and regular motifs such as
S6> Ss, and S, which contain bonds of lengths close to 205 pm as well as al-
most equal bond angles and torsion angles.

The mean strain energy of the S; molecule is approximately of the same
amount as of the S¢ molecule [66]. However, the unusual bond S6-S7 is re-
sponsible for the very low stability of S; and, finally, for its high reactivity.

2213
Allotropes of Sg

The only stable form of sulfur at STP conditions is the well known ortho-
rhombic o-Sg modification which was already known in antiquity. No won-
der that this allotrope is by far the best studied. Although there is a consid-
erable amount of knowledge on the structural and physical as well as chemi-
cal properties of a-Sg, from the experimental and theoretical point of view
there are also ambiguities. For example, the thermal volume expansion be-
low 300 K was reported contradictorily [76, 77].

At about 369 K a-Sg transforms to monoclinic -Sg which is stable up to
the melting temperature of about 393 K. The transformation is reversible.
One third of the molecules of 3-Sg shows a twofold orientational disorder.

Other allotropic forms of cyclo-octasulfur have been reported in the past.
Most of these, however, are probably mixtures of well known forms or tran-
sient species (see [3, 8, 78]). Just one solid allotrope, y-Sg, which is quite sta-
ble, could be obtained as single crystals allowing its structure to be deter-
mined.
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Table 4 Molecular structure parameters of p-S; and J-S; at 163 K averaged for C; symmetry.
The numbering of the atoms is shown in Fig. 3. Note that the variation of geometrical pa-
rameters of S; deviating from C; symmetry—which is not reported here—is in most of the
cases larger than the experimental errors. More detailed structural data are given in ref.
(20]

Site symmetry of molecule 1-C;

Allotrope Y-Sz 6-S7

Bond lengths (pm)*

S1-S2, S1-S3 204.8 205.0
S2-54, S3-S5 209.9 210.2
54-S6, S5-S7 199.8 199.6
S6-S7 217.5 218.1
Bond angles at indicated atom (°)°

S1 104.97 106.10

S2, 83 102.12 102.23

S4, S5 105.34 105.28

S6, S7 107.43 107.10
Torsion angles ( °)°

S$1-S2, S1-S3 —,+76.67 —,+5.20
S2-§4, §3-S5 +,—107.78 +,—107.45
$4-56, §5-S7 —,+83.23 —,+84.00
S$6-S7 —0.43 +1.35

2 Standard deviations of the single bond values are 0.1 pm for y-S; and 0.3-0.4 pm for
5-S;

b Standard deviations are 0.05-0.06 ° for y-S; and 0.1 ° for 8-S,

¢ Standard deviations are 0.06-0.07 ° for y-S; and 0.1 ° for 8-S,

The geometry of the molecules of the well characterized allotropes (o-,
B-, and p-Sg) is almost the same, although the bond lengths, bond angles
and torsion angles are influenced by the different packing environments of
the actual crystal structures. The Sg molecule has a crown-shaped, puckered
conformation; the dihedral angles alternate in sign so that a zig-zag ring
with point symmetry D44 is obtained (see Fig. 4). Ring closure causes the
bond angles and the dihedral angles to deviate from the unstrained, free
chain values. The variation of bond lengths in y-Sg is larger than in a- and
B-Ss, whereas the range of valence angles is about the same. The torsion an-
gles in y-Sg cover a closer range than in o- and 3-Sg. The molecular structure
data of the three allotropes of the sulfur octamer are compared in Table 5.
The strain energy of the Sg ring is typically within 2-3 k] mol™ of zero
which corresponds to the stability of the crown-shaped molecule [66]. In
other words, the bond angles and the dihedral angles in Sg are close to the
optimum values for a sulfur ring.

Eight isomers of the crown-shaped Sg ring below the radical formation
(~150 k] mol™') and several interconversion pathways of low energy isomers
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/l/ -100.8°

Fig. 4 Molecular structure of the Sg molecule in orthorhombic a-sulfur with bond
lengths in pm, bond angles (left) and torsion angles (right). The twofold screw axis of
the molecule is indicated. Molecular parameters taken from [80]. The values of the bond
lengths are those after correction for librational motion giving a mean of 205.5(2) pm in
comparison with the uncorrected mean of 204.6(3) pm (Table 5)

Table 5 Molecular structure parameters of the Sg molecule in a-, -, and p-Sg. The mean val-
ues (standard deviations are in brackets) and the interval of the parameters are specified.
Standard deviations have partially been calculated by the present authors

Point symmetry 82m — Dy
Allotrope a-Sg B-Sg* y-Sg?

o d 1 11
Bond lengths (pm)  204.6(3) 204.8(2.0) 204.2(4.4) 204.6(9) 204.5(9)
Range 203.8-204.9 200.9-207.7 194.8-213.4 203.7-206.0 203.5-205.8
Bond angles (°) 108.2(6) 107.7(7) 108.3(1.6)  108.0(4) 107.5(4)
Range 107.4-109.0 106.2-108.9 105.6-111.8 107.8-108.6 107.1-108.0
Torsion angles (°) 98.5(19) 99.1(1.7) 98.3(2.2) 98.6(5) 99.4(5)
Range 96.9-100.8 95.9-101.5 94.3-102.4 98.0-99.2 98.6-99.9
Temperature (K) 298 218°¢ ~300
Reference [80] [27, 81] [29, 30]

2 The letters “0” and “d” refer to molecules of -Sg at ordered and disordered positions,
respectively

T and II refer to the two independent molecules of y-Sg. Data taken from [30]

¢ Data for the disordered structure above the transition temperature of T,~198 K taken
from [27]
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Fig. 5 The crystal structure of orthorhombic Sg projected parallel to the c-axis showing
the so-called crankshaft structure. The direction of the a- and b-axis of the crystal in-
cludes an angle of about 45° to the mean plane of the molecules in each layer [8]

of Sg (<55 kJ mol™!), obtained by ab-initio quantum chemical calculations,
have been reported [69, 79]. These will be discussed below.

2.2.1.3.1
Orthorhombic o-Sg

Although several early attempts had been made to analyze the structure of
this allotrope, the first correct description of the crystalline as well as of the
molecular structure was given by Warren and Burwell in 1935 [82], which
was later improved by Abrahams in 1955 [83]. The most recent examination
of the structure of a-Sg by Rettig and Trotter in 1987 confirmed the results
of the earlier studies with a somewhat higher precision [80]. The history of
the attempts to characterize the structure of a-Sg up to the 1970s has been
discussed by Donohue [8].

In a-Sg the molecules crystallize in the orthorhombic space group
Fddd-Dy*. The octamers are arranged in two layers each perpendicular to
the crystal ¢ axis forming a so called “crankshaft structure” (Fig. 5). The
primitive cell contains four molecules on sites of C, symmetry. Four non-
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Fig. 6 Nearest intermolecular contacts in orthorhombic Sg below 370 pm (distances in
pm) [8]

Table 6 Structure parameters of a-Sg at about 300 K (standard deviations i parentheses).
There are 16(4) molecules per unit (primitive) cell [80]

Crystal space group Fddd—D,,** (no. 70)

Site symmetry of molecule 2-G,

Lattice constants

a (pm) 1046.46(1)

b (pm) 1286.60(1)

c (pm) 2448.60(3)

Numbers of and shortest intermolecular distances per molecule <380 pm (pm)
2 337.4

4 350.4

4 370.4

2 377.3

equivalent atoms of the Sg molecule have 12 intermolecular contacts shorter
than 370 pm (Fig. 6). The crystal structure data are summarized in Table 6.

The molecular distortion from a perfect Dyg symmetry was discussed by
Pawley, Rinaldi and Kurittu by means of a constrained refinement of experi-
mental data and by theoretical calculations which made use of intermolecu-
lar and intramolecular force fields available at that time [84, 85].
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Results of recently performed molecular dynamics calculations using iso-
tropic and anisotropic Sg model molecules for simulation of crystalline phas-
es suggested the existence of a metastable monoclinic phase below 200 K
[86]. However, no phase transition of a-Sg in the low temperature regime
was observed experimentally by several techniques [76, 87, 88].

22132
Monoclinic -Sg

This allotrope is usually obtained by heating of powdered a-Sg to about
369 K. In single crystals of a-Sg the transformation is kinetically hindered,
for example due to the absence of impurities introduced by grain bound-
aries. Another way to obtain -Sg is by slow cooling of molten sulfur, or by
crystallization from organic solvents.

The needle-like crystals of 3-Sg are of yellow color and, typically, they are
twinned. Lattice parameters and space group assignment were first reported
by Burwell in 1937 [89]. Atomic parameters were reported by Sands [90],
and with higher accuracy by Templeton et al. [81]. The latter authors also
gave a crystallographic explanation of the twinning of 3-Sg crystals.

The structure of 3-Sg (space group P2,/c-Cy,’°, Table 7) consists of crown-
shaped Sg rings with approximate Dyg symmetry in two kinds of positions.
Two thirds of the rings form the ordered skeleton of the crystal while the
other molecules are disordered on pseudocentric sites. The disorder is two-
fold, a rotation of the molecules on disordered sites by 45° around the prin-
cipal axis transforms the molecule in its alternate position (Fig. 7). The
probability of each position is 50% well above the transition temperature of
198 K (see below).

As in the case of orthorhombic sulfur, the molecules of S-Sy are slightly
distorted from a perfect Dyg symmetry. The effect of the intermolecular
packing forces is a variation of the bond lengths and bond angles and, in
general, a flattening of the crown shape. The disordered molecules thereby
show a greater variation of the geometrical parameters than the molecules
on ordered positions (Table 5).

The order-disorder transition is characterized by a A-type anomaly of the
heat capacity at about 198 K [91]. The temperature dependence of the tran-
sition was studied by X-ray diffraction techniques and lattice energy calcula-
tions in order to examine the mechanism of the second-order transition
[27]. The authors discussed the transition in terms of the so-called Bragg-
Williams model and confirmed the transition temperature of 198 K. An or-
dering energy of about 4.6 k] mol™" was obtained. The disorder disappears
gradually at lower temperatures. The ordering of the structure is accompa-
nied by the loss of the ¢ glide symmetry; hence, the low temperature space
group of 3-Sg is P2;-C,%.
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Table 7 Crystal structure data of -Sg at two temperatures® (standard deviations are in
brackets)

Space group P2,/c—Cy° (no. 14) P2,—C,? (no. 4)

Six molecules per unit cell (four in ordered general positions, two in disordered pseudocen-
tric sites, T>198 K), site symmetry: 1-C;

Lattice parameters

a (pm) 1092.6(2) 1079.9(2)
b (pm) 1085.2(2) 1068.4(2)
¢ (pm) 1079.0(3) 1066.3(2)
B () 95.92(2) 95.71(1)
Temperature (K) 297 113
Reference [81] [27]

® From the temperature dependence of lattice parameters a volume expansion of about
2x107* K™! can be estimated

Fig. 7 Unit cell of monoclinic 3-Sg projected along the crystal b-axis. The twofold disor-
der of one-third of the molecules is indicated [8]

22133
Monoclinic y-Sg

This allotrope, first described by several authors in the late nineteenth cen-
tury, occurs as light-yellow, nacreous-glittering, needle-like prismatic crys-
tals (for details see [8, 78]). There was some confusion in the literature about
the crystallographic structure until Watanabe in 1974 reported a complete
determination of the structure of p-Sg [8, 29]. The most recent and accurate
structure data of chemically prepared y-Sg are those of Gallacher and Pinker-
ton in 1993 [30a] and of natural y-Sg (rosickyite) are those of Meisser et al.
[30b]. The “sheared penny roll” arrangement of the Sg molecules in this allo-
trope (see Fig. 8), which has been presented earlier by De Haan [92], was
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Fig. 8 The “sheared penny roll” structure of monoclinic p-Sg projected down to the
b-axis [78]
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Table 8 Crystal structure data of y-Sg at about 300 K (standard deviations are in brackets).
There are four (two) molecules per unit (primitive) cell [30]

Space group P2/c—Cy* (no. 13)
Site symmetry 2-C,

Lattice constants

a (pm) 845.5(3)

b (pm) 1305.2(2)

c (pm) 926.7(3)

B () 124.89(3)

confirmed. The space group is P2/c-Cy,*. The molecules form a pseudo-
hexagonal close-packed structure. The asymmetric unit consists of two half
Ss units in which the two independent molecules have a twofold crystallo-
graphic symmetry.

The differences of the bond lengths around the Sg ring are significant and
the variation of the bond lengths is much larger than in a-Sg and S-Ss. The
shortest intermolecular distance of about 345 pm is close to the values found
for the a-, and the B-modification of octasulfur. The molecular packing effi-
ciency in p-Sg is comparable to that of a-Sg. The crystal structure data are
given in Table 8.
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2214
Allotropes of Sg

Although crystalline So was prepared in 1970 by Schmidt et al. [32], the
structure was determined only in 1996 by Steudel et al. [33]. cyclo-Nonasul-
fur crystallizes as deep-yellow needles in at least in two allotropic forms (a-
and -Sy) as shown by Raman spectroscopy [33, 93]. The space group of a-
Sy is P2,/n(=Cy,%) with two independent molecules in the unit cell occupying
sites of C; symmetry. The molecular symmetry is approximately C,. The av-
erage bond length is 205.25 pm ranging from 203.2 to 206.9 pm. One single
short bond of about 203-204 pm in each of the two molecules is neighbored
by two longer bonds of about 206-207 pm. The bond angles vary from
103.7° to 109.7° with an average value of 107.2° for both molecules in the cell.
The torsion angles show a much wider range, the absolute values varying
from 59.7° to 115.6°. The molecular structure was found to be in accordance
with results of density functional and ab-initio molecular orbital calcula-
tions, especially the pattern of the torsion angles (motif) [67, 68, 94].

The lattice parameters of monoclinic a-Sy are a=790.2 pm, b=1390.8 pm,
c=1694.8 pm, and =103.2° at 173 K [33]. If for each atom of the two inde-
pendent molecules the shortest intermolecular distance is considered, one
finds 18 of such contacts ranging from 338.9 to 364.3 pm [33].

The structure of 3-Sy has not yet been determined. However, the Raman
spectrum of 3-Sy suggests that the molecules of this allotrope have the same
molecular conformation as those of a-Sg [33].

2215
Monoclinic Sy

Crystalline S,y was first prepared by Schmidt et al. in 1965 [16, 95]. The mo-
lecular structure of cyclo-decasulfur is interesting insofar as a Dsq symmetry
was expected for this even-membered ring, in analogy to S¢ (D3q) and Sg
(D4q) [96]. However, X-ray studies on single crystals have shown that the Sy,
molecule is of D, symmetry [35, 97]. The only symmetry elements are three
orthogonal twofold axes of rotation (C,). The conformation of the molecule
is similar to the one of S, since the atoms are located in three planes (rather
than two as in Sg and Sg). In fact, Syy can formally be composed of two iden-
tical S5 units cut from the S;, molecule.

The mean bond length in S;4 is 205.6 pm (S;,: 205.2 pm), but the variation
of the bond lengths around the molecule shows a clear alternation (Fig. 9).
Two sets of torsion angles, about —77° and +123°, are correlated with “nor-
mal” bond distances of about 203 to 205 pm, and large distances of about
207 to 208 pm, respectively.

By ab-initio quantum chemical calculations it was found that the Ds4 con-
former is about 29 k] mol™! less stable than the D, structure [68]. The lower
stability of the Dsq structure can be explained considering the torsion angles
of both structures. While the Dsq structure forces the torsion angles to be
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Table 9 Molecular structure parameters of crystalline Sy (at 163 K) [35, 97]

Point symmetry 222-D,

Av. bond length (pm) 205.6
Range 203.3-207.8
Av. bond angle (pm) 106.2
Range 103.4-110.2
Torsion ngle (°)* 95.7
Range 75.4-123.7

2 Absolute values

S4

Fig. 9 Geometry of the S;y molecule in the crystal (the atoms S; and S;? are related by the
molecular symmetry D,) [97]

116.6° the D, structure has a mean absolute value of 95.7° which is much
closer to the ideal value of about 90°.

The space group of crystalline Sy is monoclinic C2/¢c-Cy,® (no. 15) with
an unusually small angle of 37° [35, 97]. Four molecules in the unit cell oc-
cupy sites of C, symmetry. The lattice constants are a=1253.3(9) pm,
b=1027.5(9) pm, c=1277.6(9) pm at 163 K.

The shortest intermolecular distances are 323.1, 324.0, and 329.1 pm,
much less than in crystalline S¢; however, the S;o molecules are less compact.
Therefore, the density of Sj, is lower than that of S¢ (Table 22).

2.2.1.6
The Compound Se:S1o

When S;, was prepared from Sq according to several slightly different proce-
dures (see above) the formation of a new sulfur allotrope was observed sev-
eral times. This allotrope forms intense orange-yellow, opaque, hexagonal
plate-like crystals [34, 35]. An X-ray study on single crystals of this allotrope
proved the assumption of a molecular addition compound S¢-S;¢ as had been
suggested before by evaluation of the Raman spectrum [34, 35].

The space group of S¢Sy crystals is I2/a which is an alternative setting of
C2/n(=Cy>, no. 12) of the monoclinic crystal system. The structure consists
of alternating layers of S¢ and S;p molecules, respectively, with four mole-
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Fig. 10 Two views of the crystal structure of the sulfur allotrope S¢Sy [35]

cules per wunit cell. The lattice parameters are a=1954.1(8) pm,
b=943.1(3) pm, ¢=883.1(3), and $=105.11(3)° (Fig. 10).

The molecules Sg and S;( in S4-S1o exhibit the same molecular conforma-
tions as in the pure crystals of S¢ (D3q) and of Sy¢ (D,). However, the molecu-
lar parameters of S¢ in S¢-S19 show a slight variation of less than 1% of the
mean values in the case of the bond and torsion angles and less than 0.1% in
the case of the internuclear distances. As in pure S;y both enantiomorphic
molecules are present in S¢S in equal amounts. The site symmetry of Sjy
in Se'S19 is C; as in pure S;o. However, the site symmetry of the S¢ molecules
in S¢+Sy9 is reduced to C; in comparison with Cs; in pure S¢. The mean bond
parameters of Sg and S;o are almost identical in S¢S;o compared to the pure
components (Table 10).

The four shortest intermolecular distances (339.9-345.2 pm) were found
between S¢ and Sy molecules. Although these contacts are closer in compar-
ison with other allotropes like the more dense S crystal, the density of S¢-S1¢
is halfway between the densities of the pure allotropes of S¢ and S;¢, respec-
tively (see Table 22 below).
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Table 10 Mean values of molecular structure data of Sg and Sjo in Se'S19 and in the pure al-
lotropes at 163 K [35]

Molecule S Sto

Allotrope S S6:S10 Sio S6:S10
Bond length (pm) 206.8 206.2 205.6 205.8
Bond angle (°) 102.6 102.6 106.2 106.3
Torsion angle Gk 73.8 73.8 95.7 96.2

2 Data of crystalline Sq at 183 K from [65]
b Mean of absolute values of the torsion angles
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Fig. 11 Comparison of the molecular conformations of S;; (symmetry C,), S;, (symme-
try Dsq), and S;3 (symmetry C,) [38]

2217
Orthorhombic Sy4

The preparation of cyclo-undecasulfur was first reported by Sandow et al. in
1982 [36]. Results of an X-ray structural analysis of a single crystal of Sy,
were published by Steidel et al. in the same year [37] and by Steudel et al. in
1986 [38]. Crystals of S;; are yellow, rod-like and of rhombic-bipyramidal
shape.

The unit cell contains eight molecules, although there are only two inde-
pendent molecules in the asymmetric unit which occupy sites of C; symme-
try. The crystal system is orthorhombic (space group Pca2,-C,,’, no. 29)
with lattice parameters a=1493.3(10), b=832.1(5), and ¢=1808.6(12) pm at
about 163 K. The molecular symmetry, however, is approximately C, with a
twofold rotation axis as the only element of symmetry (see Fig. 11). As a typ-
ical odd-membered ring S;; shows an unusually large bond of about 211 pm
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Table 11 Molecular structure data of orthorhombic S;; at 163 K? [38]

Point symmetry 2-C, (approximately)

Molecule 1 Molecule 2
Av. bond lengths (pm) 205.7 205.5
Range 203.7-211.0 203.2-207.7
Av. bond angles (°) 106.0 106.3
Range 103.8-108.4 103.3-108.6
Av. torsion angles ()b 97.1 96.9
Range 70.5-140.5 69.3-137.1

2 Errors of bond lenghts 0.3-0.4 pm, of angles 0.1°
b Absolute values

(molecule 1) and 208 pm (molecule 2) with two adjacent short bonds (203-
204 pm). The related torsion angles of 141° (1) and 137° (2), respectively, are
the largest ever observed in sulfur rings. However, crystalline S;; is of medi-
um stability similar to Se, S, S19, and Sys.

Both independent molecules of Sy; in the crystal have the same conforma-
tion, but the parameters of equivalent bonds show significant differences
which are exceeded only in the case of solid S;3 (Table 11).

2.2.1.8
Orthorhombic S1»

Solid cyclo-dodecasulfur was first synthesized by Schmidt and Wilhelm
in 1966 [98]. The authors obtained pale-yellowish, plate-like rectangular
needles of solid S;, (from benzene solution). In the same year an X-ray
structural analysis was reported by Kutoglu and Hellner [99]. A refined anal-
ysis of crystalline S;, was performed by Steidel et al. in 1981, together with
an examination of the molecular addition compound CS,-S;, [100]. Accord-
ingly, S;, crystallizes in the orthorhombic space group Pnnm-D,,'* (no. 58)
with a unit cell containing two molecules on sites of C,, symmetry.

As was discussed in the case of cyclo-decasulfur Sy, for the even-mem-
bered S;; ring one might have expected a highly symmetrical molecular
structure of Dgq symmetry in analogy to Se (D3g) and Sg (Dsq). However, the
X-ray single crystal analyses revealed an approximate D3q4 conformation of
S12 (see Fig. 12) [99, 100]. By ab-initio quantum chemical calculations it has
been shown that the Dgq structure is about 226 kJ mol™! less stable than the
Dsq4 structure and, moreover, that it is not even a minimum on the potential
energy surface [68].

In the S;, molecule the atoms are located in three parallel planes: six
atoms in the median plane and three atoms each in an upper and in a lower
plane. An arrangement in which the atoms would be located in two planes
(Dea structure) would yield torsion angles of 129° being far from the opti-
mum value of about 90°. As a result, the bond lengths would be larger as a
consequence of bond weakening due to the large torsion angles. In the Dsq
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Fig. 12 Structure of the S;; molecule in the crystal (molecular symmetry Dsq, site sym-
metry Cy,). Bond lengths: S1-S2 205.7, S2-S3 204.8, S3-S4 205.2 pm; bond angles at the
indicated atoms: S1 105.4°, S2 107.4°, S3 106.6°, S4 107.0° [100]

Table 12 Molecular structure parameters of orthorhombic S, at about 300 K and of CS,-S;,
at about 168 K [100]

Point group of molecule 3m— D34

Compound 512 CSz'Slz

Av. bond lengths (pm) 205.2 205.4

Range 204.8-205.7 -

Av. bond angles (°) 106.6 106.2

Range 105.4-107.4 105.80-106.65
Av. torsion angles (°)* 88.0 87.2

Range 86.0-89.4 -

2Absolute values

structure the much more favorable value of the torsion angles of about 88° is
allowed. In contrast to the structures of S¢ and Sg in which a cis-cis arrange-
ment is repeated three-times and four-times [motifs: (+—);, (+—)4], respec-
tively, the bonding in S;, shows a regular cis-trans repetition [motif:
(++——)3]. The average bond length is very close to values found for S¢ and
Ss, but the bond angles in S;, depend slightly on the planes mentioned
above: The average valence angle at atoms of the median plane is 106.0°
while that at the atoms of the upper and lower planes is 107.2° (Table 12).
The lattice parameters of orthorhombic S;, are a=472.5(2) pm,
b=910.4(3) pm, c=1453(3) pm [100]. The molecules in the crystal are ar-
ranged in layers. The molecules of adjacent layers are slightly inclined
around one of the C, axes of molecular symmetry, and the molecular planes
of the next nearest layers are parallel. While the shortest intermolecular dis-
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Table 13 Molecular structure parameters of monoclinic S5 at 173 K* [38]

Point group of molecule C, (approximately)

Molecule I II

Av. bond length (pm) 204.6 205.2
Range 197.8-207.4 199.5-211.3
Av. bond angle (°) 106.4 106.1
Range 103.3-111.1 102.8-107.8
Av. torsion angle ()P 85.3 85.4
Range 30.9-116.3 29.5-114.1

2 Errors of bond lengths: 0.4-0.5 pm, of bond angles and torsion angles: 0.1-0.2°
b Absolute values

tances in crystalline S;, are 335 pm (four contacts), the shortest distances in
CS,:S1, are 372 pm (CS,—S;2) and 347 pm (S;,—S12), respectively. Thus, the
packing effects on S;, due to the intermolecular forces are smaller for S;; in
CS,-S1, and, therefore, the structure of the S;; ring is closer to a perfect Dsq
geometry in CS,-S;y; [100].

2219
Monoclinic Sq3

Crystals of S;3 were first obtained by Sandow et al. [36] and the crystal as
well as the molecular structure were studied by Steudel et al. [38] using X-
ray diffraction on single crystals. S;3 crystallizes in the monoclinic space
group P2;/c-Cy,° (no. 14) as hexagonal yellow plates (from CS, or CHCl;).
The unit cell is built by eight molecules on sites of C; symmetry. The lattice
parameters are a=1295(2) pm, b=1236(1) pm, c=1761(2) pm, f=110.41(9)° at
T=163 K. A certain disorder of the S;; crystal was deduced from the crystal-
lographic structure data and from the Raman spectrum.

The molecule cyclo-tridecasulfur is similar to Sy;. The S5 ring can be ob-
tained formally from S,, by replacing one atom by an S, unit. This proce-
dure introduces a twofold rotation axis as the only symmetry element of the
molecule and leaves the motif of the formerly S;, unit unaltered (see
Fig. 11). The point group of the molecules is approximately C,, and the two-
fold axis intersects the longest bond introduced by the S, unit. This relative-
ly long bond of about 209 pm is connected to a small torsion angle of about
30° and neighbored by two short bonds of about 199 pm. The two indepen-
dent molecules of the asymmetric unit have different molecular parameters.
As in the case of S;; one of them (molecule I) is closer to C, symmetry than
the other one (see Table 13).
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s7 S6
Fig. 13 Molecular conformation of the S;4 molecule in the crystal (symmetry C;)

Table 14 Molecular structure parameters of crystalline S;4 at 173 K [46]

Point group of molecule m—-Cs(=C1p)
Av. bond length (pm) 205.3
Range 204.7-206.1
Av. bond angle (°) 106.3
Range 104.0-109.3
Av. torsion angle (°)* 93.1
Range 72.5-101.7

2 Absolute values

2.2.1.10
Triclinic Sy4

Although cyclo-tetradecasulfur has been observed in trace amounts by HPLC
investigations of quenched sulfur melts and synthetic mixtures of sulfur in
the 1980s, single crystals of S;4 were obtained just a few years ago by Steudel
et al. [46]. The authors reported results of X-ray structural and Raman spec-
troscopic studies of crystalline S;4 which forms deep-yellow, rod-like bun-
dles of crystallites.

The space group of crystalline S;4 is P1 — C! (no. 2) of the triclinic crystal
system. The lattice parameters are a=546.9(3) pm, b=966.2(5) pm,
c=1433.1(7) pm, a=95.97(4)°, f=98.96(4)°, y=100,43(4)° at 173 K [46]. The
unit cell contains two molecules of approximate C; symmetry with a mirror
plane as the only symmetry element intersecting atoms S2 and S9 (Fig. 13).
The molecular structure data are summarized in Table 14. The average bond
length is close to those of Sg and S;,. The average torsion angle of about 93°
accounts for the stability of S;4, which is in the range of several days at room
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temperature. The motif in Sy4 is similar to that of S;,. Therefore, the struc-
ture of Sy4 can be derived by opening the S, ring and adding an S, frag-
ment.

2211
Solid 515

Up to now solid forms of cyclo-pentadecasulfur were obtained only as a lem-
on-yellow powder or as light-yellow flakes, both containing traces of other
sulfur rings (S14, S16) and slowly transforming to a sticky mass at room tem-
perature. Attempts to grow single crystals of S;s were not successful [47].
However, Raman and UV spectra of S;5 in solution have been measured
which imply a ring structure [47]. The few Raman scattering lines in the
stretching region (400-480 cm™') indicate degenerate vibrations which may
exclude a very low molecular symmetry. Since in sulfur rings the wavenum-
ber of a stretching vibration is directly correlated with the bond distance, an
average value of the bond lengths of S;5 of 207 pm (range 203-210 pm) was
estimated [4, 47]. In addition, the bond length is correlated with the dihedral
angle giving for the latter one a range of 30-140° in S5 [47, 101].

According to a density functional calculation S;5 molecules are of C, sym-
metry with internuclear distances ranging from 205.3 to 206.5 pm, bond an-
gles from 104.1° to 109.4°, and absolute torsion angles from 77.1° to 112.3°
[102].

2.2.1.12
Allotropes of Sqg

cyclo-Octadecasulfur forms two crystalline allotropes each consisting of an-
other molecular conformer usually called a-S;3 and -S;5. However, since
Greek letters should generally be used to designate different crystal struc-
tures of one and the same molecule (e.g., a-, B-, and p-Sg), we suggest here
to term the allotropes with respect to the molecular conformation (see
Fig. 14) in order to avoid misunderstanding. The S;3 molecules in both al-
lotropes are similar with the exception that four torsion angles are opposite
in sign, two of them referring to the endo- and exo-conformation. In both
conformers the atoms are placed in two almost parallel planes. While the
endo-conformer is of C, symmetry (containing a twofold rotation axis and
a mirror plane perpendicular to that axis) the exo-conformer is of the lower
C; symmetry (inversion center as the only symmetry element). The variation
of bond parameters of endo-S;g is much smaller than that of exo-S;s.
Crystals of endo-S3 (a-S;s) are intense lemon-yellow, rhombic plates and
belong to the orthorhombic crystal system. The molecules are arranged to
form a pseudohexagonal close packing which accounts for the higher densi-
ty of the endo-S;s crystal. Crystals of exo-Sis (8-S;s) are monoclinic. The
crystal and molecular structure data are summarized in Table 15. A detailed
analysis and modeling of the intermolecular forces in 12 sulfur allotropes
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Fig. 14 Molecular conformations of the molecules in the crystals of endo-S;s, exo-S;s,

and 520

Table 15 Crystal and molecular structure parameters of the two allotropes of S;s at room

temperature [103, 104]

Allotrope

endO-Slg (0!-518)

ex0-Sig (B-S1s)

Space group

Site symmetry
Molecules per unit cell
Lattice constants

a (pm)

b (pm)

¢ (pm)

B©)

Point group of molecule
Av. bond lengths (pm)
Range

Av. bond angles (°)
Range

Av. torsion angles (°)*
Range

P2,2,2,—D,*=V* (no. 19)
1-C;
4

2115.2
1144.1
758.1
2/m-Cyp, (approximately)
205.9(3)
204.4-206.7
106.3(1)
103.8-108.3
84.4(2)
79.5-89.0

le/ﬂ—Cth (no. 11)
1-G
2

1075
725
1225
92.3(5)
1—Ci(=S,) (averaged)
207.8(5)
205.3-210.3
106.3(3)
104.2-109.2
80.0(3)
66.5-87.8

2 Absolute values

using a non-spherical sulfur atom potential yielded a slightly higher lattice
energy for exo-S;g than for endo-S;5 [73].

2.2.1.13
Orthorhombic Syg

cyclo-Eicosasulfur crystallizes as pale-yellow needles in the orthorhombic
crystal system. The unit cell contains four molecules on sites of C, symmetry.
The space group is Pbcn (Dy'*=Vy'%, no. 60) with the lattice constants
a=1858.0, b=1318.1, ¢=860 pm [104]. The structure of the Sy, ring cannot be
derived from other sulfur modifications. The molecule shows approximately
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Table 16 Molecular structure parameters of orthorhombic Sy [104]

Point group 2-G,

Av. bond lengths (pm) 204.7(5)
Range 202.3-210.4
Av. bond angles (°) 106.5(2)
Range 104.6-107.7
Av. torsion angles (°)? 83.0(4)
Range 66.3-89.9

2 Absolute values

two twofold in-plane axes of rotation perpendicular to another C, axis indi-
cating a molecular symmetry of D, (see Fig. 14). The atoms are arranged in
five nearly parallel planes, each plane containing four atoms. The distances
between the planes are small; thus, the S,y molecule is a very flat ring. Sur-
prising for an even-membered ring, there is one large bond distance
(210 pm) neighbored by short bonds (202 pm) and associated with the small-
est dihedral angle of the molecule (66°). Therefore, the molecular symmetry
is actually C,. This long bond may explain the low thermal stability of the
molecule which decomposes in solution at room temperature (but not in the
solid state). The molecular structure parameters are summarized in Table 16.

Although the S, rings are relatively flat the space required by the mole-
cules and the unfavorable packing in the crystal result in a low density of
crystalline Sy.

2.2.2
Isomers of the Sulfur Homocycles

Theoretical studies have demonstrated that small sulfur molecules can exist
as various isomers corresponding to local minima on the potential energy
hypersurface. Naturally, the Sg molecule has been studied most extensively
and at the highest level of theory, and at least nine isomers have been report-
ed. Both ab initio MO and density functional theory (DFT) calculations have
been published [69, 79, 105]. Unfortunately, the energies obtained by DFT
calculations are not very reliable in the case of sulfur-rich compounds al-
though the geometries are well reproduced at the B3LYP/6-31G(2df) level,
for example. In Fig. 15 are nine isomeric forms of Sg shown which represent
local minima. Their relative energies are given in Table 17.

The reliability of the energies in Table 17 follows from the good agree-
ment between the experimental SS bond dissociation enthalpy of
15042 kJ mol™! and the relative enthalpy calculated for the eight-atomic Sg
chain in its triplet ground state which is 154 k] mol™ at 298 K [79].

To a certain extend isomers of other sulfur rings have also been discov-
ered by theoretical methods. However, as far as known the activation ener-
gies for the transformation of the ground state conformation into the next
most stable structure are quite high (>25 kJ mol™") [69, 105]. An exception
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7(Cy) 8(Cy) 9(C2)

Fig. 15 Geometries of various isomers of the Sg molecule calculated at the B3LYP/
6-31G(2df) level; bond lengths in pm [79]

Table 17 Relative enthalpies of the Sg isomers shown in Fig. 15 (in k] mol™") calculated at
the 3X(MP2) level [79]

Species AH°298 AGozgg
Crown-Sg (1) 0.0 0.0
Cluster-Sg (2) 33.3 28.3
Exo-endo-Sg (3) 35.2 27.8
Twisted ring-Sg (4) 37.7 30.1
Boat-Sg (5) 44.8 41.1
Chair-Sg (6) 57.0 48.5
S;=Say (7) 92.9 82.5
S7=Seq (8) 95.8 86.6
Triplet-chain-Sg (9) 154.4 129.1

is the S; ring which undergoes facile pseudorotation with an activation bar-
rier of only 4 k] mol™! (see above, allotropes of S;) [69].

223
Allotropes Consisting of Long Chains

One of the most interesting properties of sulfur atoms is the ability to form
long polymeric chain molecules. At least three crystalline allotropes of mac-
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romolecular sulfur are known at standard temperature-pressure (STP) con-
ditions: Two slightly different fibrous forms and a laminar form. The struc-
ture of one of the fibrous allotropes (S,) is well characterized. The macro-
molecular allotropes can be obtained only by special methods of prepara-
tion; for example, by quenching of liquid sulfur and stretching of the fibers
obtained, by chemical reactions including decomposition of unstable al-
lotropes, by UV-Vis irradiation, by drawing filaments from the melt, by sub-
limation of sulfur vapor, and under the action of high pressure. The materi-
als thus obtained are in general mixtures of the polymer and of rings of dif-
ferent sizes. Such preparations are unstable and convert more or less slowly
to the stable allotrope a-Ss. The lifetime of the polymer content depends
critically on the method of preparation and on the temperature of storage.
At room temperature lifetimes of up to years have been reported. All of the
polymeric forms studied up to now at ambient pressure seem to consist of
the same type of helix conformation with lengths of 10* to 10° atoms. Left-
handed and right-handed conformers of the helix will normally be present
in one and the same allotrope.

In the past, the various techniques of preparation led to rather different
results and, therefore, the elucidation of the structures of the polymeric al-
lotropes was difficult. For example, fibrous sulfur is typically obtained by
quenching a sulfur melt from above the polymerization temperature
(T.~432 K) and subsequent extraction of the ring content as well as by
stretching the fibers. Since the melt consists, besides the polymer fraction,
of rings of different sizes in a temperature dependent equilibrium (see [43,
48, 49, 106]), this composition is commonly believed to be frozen by rapid
quenching at temperatures well below 0 °C. However, the temperature of the
melt, the temperature gradient of quenching (—d7/d¢), and the final temper-
ature of the quenched material have considerable impact on the resultant
product. In addition, the time of the washing procedure with respect to the
time of stretching induced crystallization determines the polymer content
[50, 54, 107, 108]. The configuration of the polymeric molecules and their
spatial arrangements in the solid state are affected by the different treat-
ments too. It is not unusual in the history of structural determination of sul-
fur allotropes that the different findings reported in the literature resulted in
a confusing nomenclature. In Table 18 we present a summary of the names
used for polymeric sulfur. At that point, we are inclined to emphasize the
necessity to label the polymeric allotropes in a consistent manner and—if
delivering reports on new allotropes—to give a detailed description of the
methods and conditions of preparation. For example, the polymer fraction
in the liquid and in the quenched melt was often termed as S, regardless of
the possibility that the molecular structures might be quite different. Fur-
thermore, polymeric sulfur in the solid state comes along in different forms
which may have a structural variety ranging from crystalline to amorphous
(random coil) states as well as mixtures of both and mixtures of chains with
very large rings. Therefore, we recommend to distinguish between the poly-
meric molecules in the liquid (S..) and the insoluble, polymeric content of a
solid material (S,) isolated from the melt, for example. Accordingly, the term
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Table 18 Nomenclature of polymeric sulfur as found in the literature. The most frequent
while ambiguous terms are quoted (high-pressure allotropes are omitted; see Section 3 be-
low)

Designation Description, nter-relation between forms

Amorphous, Quenched product from the melt above 160 °C; contains chains
vitreous, glassy and rings of different size depending on the procedure

or plastic sulfur

Polymeric Product after extraction of quenched liquid sulfur with CS,;

or insoluble sulfur synonyms are S, (after Smith [109]) and—sometimes—S,,
Fibrous sulfur Stretching the quenched product (with or without extraction of

rings), drawing filaments directly from the melt; synonym for the
crystallized solid was @-sulfur, which consists of oriented helices
(y-sulfur, Sy) and p-Sg [31,110]; actually, i-S is the solid allotrope
of fibrous sulfur after extraction of the rings with CS,

Se Amorphous sulfur not stretched before extraction with CS,,
synonyms are "white sulfur of Das" [111, 112] and supersublimated
sulfur; actually a mixture of two independent allotropes S,
(=Sy'=2nd fibrous sulfur) and S, (=S,=laminar sulfur) [54, 113-
115]; sometimes also called S, plastic, fibrous, or polymeric sulfur

Su Synonym for polymeric or insoluble sulfur; also used for the mole-
cule catenapolysulfur in the solid and—sometimes—in the liquid
phase (S5)*

Crystex sulfur A mixture of polymeric chains and little Sg rings containing organ-
ic stabilizers; also called supersublimated sulfur. Polymer fraction
consists of S,; and mainly of S, [116, 117].

S Generally used for the catenapolysulfur molecule, e.g., the biradi-
calic chain (-S,-) in sulfur melts [43, 106]; also used for the free or
hypothetical helix molecule and for the polymeric chain in the sol-
id state if the polymeric nature is to be stressed; further synonyms
are polymeric sulfur, S, chain, and S,*

2 See the recommendations in the text

S, ignores details in the actual molecular (and solid state) conformation, al-
though it is clear that the molecular structure is a three-dimensional helical-
like chain even if there is a certain disorder on the molecular and crystalline
level. Hence, S, should be understood as a generic term.

The many efforts to determine the structure of polymeric sulfur al-
lotropes have been critically reviewed by Donohue in 1974 [8]. Since that
time, only a few experimental results have been reported which, however,
did not introduce new structural details. Most of the more recent studies on
polymeric sulfur are focused on the unique polymerization transition in the
liquid. Experimental structure studies therefore often deal with quenched
sulfur melts (see for example [118, 119] and literature cited therein). On the
other hand, the polymerization mechanism has attracted increased interest
for theoretical studies (see for example [120-123] as well as the literature cit-
ed therein).
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The elastomeric properties of sulfur chains of differing lengths have been
studied by means of Monte-Carlo simulations [124]. The results demonstrate
a remarkable flexibility of polymeric sulfur. The configurational energy sur-
faces of polymeric sulfur were investigated with the use of a parameter-free
density-functional method by Springborg and Jones [125]. It was found that
the energy surface of the chain molecule is flat over large regions of the con-
figurational space and contains a variety of local minima and saddle points
corresponding to widely differing structures. In fact, the distinct flatness at
the minimum energy is consistent with the enormous flexibility of the poly-
mer. Finally, Ezzine et al. investigated the intermolecular interaction ener-
gies of polymeric sulfur chains by semiempirical methods. These studies
were performed for several cases of chain arrangements including the S, al-
lotropes [126].

In the following, we present a summary of the structures of the three solid
allotropes of polymeric sulfur at STP conditions which have been studied so
far. Doubtful forms, not verified up to now, will be omitted here. Although
several authors are claiming crystalline structures in the case of certain poly-
meric allotropes it seems likely that in these solids regions with well defined
ordered structures and regions with amorphous structures co-exist. This
has clearly been shown by more or less sharp diffraction patterns in X-ray
studies of different samples depending on the method of preparation.

2.23.1
Fibrous Sulfur (Sy)

Crystalline samples of fibrous sulfur can be prepared by stretching freshly
quenched liquid sulfur or by drawing filaments directly from a hot sulfur
melt. The quenched melt (plastic sulfur) is viscoelastic and transparent yel-
low but slowly transforms into an opaque crystalline material at room tem-
perature. After several days the material contains besides the polymer a frac-
tion of Sg rings and traces of S; while all other rings have converted to either
polymer or Sg [22]. The ring fraction can be extracted by washing the mate-
rial with CS,. The insoluble fraction of polymeric sulfur is then allowed to
crystallize (termed S, after Smith [109] or sometimes S, after Das [112]).

If plastic sulfur is stretched (by a factor of thousand of its original
length!) crystallization will be induced [127]. The resulting filaments are
mixtures of Sg rings and polymeric sulfur. After extraction of the soluble
ring fraction a fibrous crystalline allotrope is obtained (called Sy after Prins
et al. [31, 110]).

Because of the complications introduced by the special treatments and
the interconversion of the ring and polymer fractions during the preparation
the elucidation of the structure was a long-standing puzzle. An important
contribution to the determination of the molecular structure came from
Prins et al. in the late 1950s [31, 110]. The authors showed that the diffrac-
tion patterns of filaments of sulfur can be understood assuming a superposi-
tion of the patterns of two constituents, namely catena-polysulfur and
monoclinic y-Ss. From then on the true fibrous sulfur was termed S. Prins
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length

helix length along crystal c-axis

Fig. 16 View of the sulfur helix present in the fibrous allotrope. Left-handed helix (top)
and right-handed helix (bottom) together with characteristic parameters are shown (cf.
Fig. 17 and Table 19)

et al. also showed that crystalline polymeric sulfur can be obtained by wash-
ing the material with CS, which removes the monoclinic ring fraction. In ad-
dition, Prins et al. proposed a helical chain molecule with a period of ten
atoms in three turns with a length of 1370 pm of the repeating unit. In the
following years several structures have been discussed. With the work of Tu-
instra [54, 128] and Lind and Geller [129, 130] the molecular and crystalline
structure of fibrous sulfur seems to be well characterized.

The chain molecules of fibrous sulfur have a helical conformation
(Fig. 16). The bond parameters are similar to those of the most stable ring
molecules (Sg, S12). The bond length of 206.6 pm is slightly larger than in Sg
while the torsion angle of 85.3° is practically identical to the unstrained val-
ue [62] of sulfur chains. Crystalline Sy, consists of parallel helices, which are
regularly left-handed and right-handed. The unit cell contains eight ten-
atom segments of the helices on a monoclinic indexing [129]. Efficient pack-
ing of the helices is attained by relative shifts and rotations of the individual
helices such that the interlocking is maximal (Fig. 17). The molecular and
crystal structure parameters are summarized in Table 19. The thermal ex-
pansion of solid S, has been measured and found to be different from other
known helical structures of the chalcogen family (trigonal Se and Te) [131].

It is interesting to note that fibrous sulfur (Sy) is identical to an allotrope
obtained from high-temperature and high-pressure conditions (7~470-
670 K, p~2-6 GPa, at conditions above the melting curve) [129, 130, 132-
134]. However, results of a more recently performed in-situ structural analy-
sis at 670 K and 3 GPa suggest that the previously obtained high-pressure
fibrous forms result from the back-transformation of another high-pressure
polymorph at pressures below 0.5 GPa (see the section High Pressure Al-
lotropes below) [135].
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Fig. 17 Structure of fibrous sulfur projected along the fiber axis showing the arrange-
ment of left- and right-handed helices in a pseudo-orthorhombic setting (x=1380 pm,
y=3240 pm, z=925 pm); the orthorhombic x-axis corresponds to the monoclinic c-axis
(cf. Fig. 16 and Table 19). The shortest intermolecular distances (333-348 pm) are indi-
cated by dashed lines [8]

2232
2nd Fibrous and Laminar Sulfur (S,1 and Sy5)

Polymeric sulfur or, generally speaking, insoluble sulfur can be obtained by
various methods apart from quenching sulfur melts from temperatures
above 160 °C. The methods which have been reported are:
“Chilling” liquid sulfur [112] (a somewhat slower process than quenching)
or quenching without stretching the product

- Sublimation of sulfur vapor onto a (relatively) cold substrate [112]

- Quenching of sulfur vapor in a cold solvent like carbon disulfide (“super-
sublimation”; product commercially available under the trade-name Crys-
tex)

- Irradiation of solutions of sulfur rings at room temperature [113, 114, 136]
or of solid Sg at low temperatures [137]

- Thermal decomposition of metastable allotropes like Sg, S;, etc. (see 2.3.2
below)

- Application of high pressure in combination with high temperature or in-
tense light (see below)

Older reports that certain chemical reactions (hydrolysis of S,Cl, [111],
reaction of SO, with H,S [138]) would produce polymeric sulfur are in error
since the yellow product also contains long-chain polythionates which make
it hydrophilic [139].
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Table 19 Crystal and molecular structure parameters of fibrous sulfur, Sy [8, 54, 128-130].
The pseudo-orthorhombic unit cell proposed by Tuinstra has been overcome in favor of a
monoclinic structure. The unit cell contains eight segments of ten atoms of the helices

Crystal system Monoclinic

Space group P2=C,! (no. 3)

Lattice constants

a 1760 pm

b 925 pm

c 1380 pm (=three times the pitch)®
B 113°

Helix parameters

Screw order, k* ~10/3(=ten atoms in three turns)
Radius 95.0(3) pm

Pitch, P 460 pm

Atomic repetition length, p° 137 pm

Rotation, yd 108°

Bond parameters

Bond length 206.6 pm

Bond angle 106.0°

Torsion angle 85.3°

? The screw order, k, is defined as the number of atoms per turn. Here, the repetition of
the helix is ten atoms in three turns (1°S;) giving k~3.33. The screw order is connected
with the pitch, P, and the atomic repetition length, p, through the relation k=P/p

b The pitch, P, is the distance along the axis of the helix after one turn

¢ The atomic repetition length, p, is defined as the distance of successive atoms in the
helix projected to the helical axis

dThe rotation of successive atoms is given by p=360 °/k

The diffraction patterns of crystalline samples of insoluble sulfur pre-
pared by chilling and by sublimation have been found to be identical, but
different from fibrous sulfur, Sy. These crystalline forms have been termed
Sw by Das [111, 112]. Later, it was shown by Erdmetsd and Suonuuti [113,
114] that S, consists of two independent allotropes which they have called
S, and S, respectively. If insoluble sulfur was prepared under the influence
of bright sunlight S, was the predominant form. During investigations of
the insoluble residues of Crystex and of “home-made” specimens of poly-
meric sulfur obtained by quenching Tuinstra [54, 115] confirmed the state-
ment of Erdmetsd. Tuinstra called the two different allotropes S,;(=S,) and
Sw2(=S,), respectively. The ordinary quenched insoluble sulfur S, of Das
(=Sw1+Sw2) gave best oriented diffraction patterns if the specimens were
stretched to about 1000% of their original length. Additional stretching
caused a transformation to the well-known fibrous sulfur, Sy. It has been re-
ported that S,; can be obtained by carefully heating of Crystex and followed
by extraction of the soluble ring fraction [54, 115, 140]. However, the tem-
perature of 110 °C reported by Tuinstra is in conflict with the thermal depo-
lymerization of insoluble sulfur observed by Hendra et al. in Raman spectra
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Table 20 Crystal structure parameters of “2nd fibrous sulfur” (Sy=S,;) and of “laminar sul-
fur” (S;=Sw2) [54, 115]. The molecular parameters were claimed to be very similar to those
of fibrous sulfur, Sy

Allotrope 2nd fibrous® Laminar

Crystal system Orthorhombic Tetragonal (body-centered)
Space group Pccn-Dyp'? (no. 56) 14 — §2 (no. 82)

Lattice onstants

a (pm) 902 458 (~1380/3)® (a=b)

b (pm) 833

¢ (pm) 458 (~1380/3)° 1632

 Data have been derived from partly stretched samples. Strong extended fibers gave dif-
fraction pattern of fibrous sulfur, Sy
® Coincides with one third of the 1°S; helix axis of repetition length 1380 pm

at sample temperatures of 80-110 °C [116] and by Steudel et al. by DSC and
other experiments [55].

On the other hand, S, is obtained by heating samples, “home-made” by
quenching, cautiously to 80 °C [54, 115], or by quenching sulfur vapor fol-
lowed by extraction, or by extraction of commercially available polymeric
sulfur with CS, at low temperatures (~195 K) [140]. In addition, Tuinstra re-
ported the diffraction pattern of both forms, S,; and S, to be complemen-
tary and to coincide with that of the untreated Crystex.

X-ray studies of Crystex demonstrated that this form is at least partially
crystalline [116]. The diffraction lines are broadened in comparison with re-
crystallized material (-Sg). The diffraction pattern of commercial Crystex is
identical to that of a mixture of S,; and S, with the latter being the predom-
inant component [116, 117, 140]. These results are in accordance with Ra-
man and infrared spectra of Crystex and sublimed sulfur [116, 117, 141,
142] which are identical to those of quenched melts with the exception of
the lines of a-Sg [106, 143]. Michaud et al. reported the decomposition of
polymeric sulfur to a-Sg by recording the time-dependent evolution of the
Raman spectrum [140].

From the coincidence of the X-ray layer lines of S,; and S, with those of
Sy Tuinstra concluded that these polymers have the same molecular confor-
mation. Since the diffraction patterns of S, and S, were much poorer than
that of Sy the exact positions of the atoms of the helices remained uncertain
[54, 115]. However, the gross arrangement of the helices in the units of S,
and S, could be determined. Accordingly, the structure of S, is an ortho-
rhombic lattice which has nearly the same size as the unit cell of S, on a
pseudo-orthorhombic setting (Table 20). In these structures the helices are
arranged parallel to each other. Since the densities of both were found to be
the same the unit cell was expected to be build by four helices as in the case
of Sy. A maximum of interlocking of the helices was estimated for the direc-
tion of the b-axis which consists of alternating helices with opposite turns
(see Fig. 18). Because of the similarity with the fibrous sulfur allotrope Sy,
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Fig. 18 Schematic view of the crystal structure of S.; (=2nd fibrous sulfur or Sy) along
the c-axis showing the handedness of the helices [8]
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Fig. 19 Schematic view of the crystal structure of S, (=laminar sulfur or Sy) along the
b-axis showing the “cross-grained plywood” arrangement of the helices (after [8, 54])
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Tuinstra proposed the name “2nd fibrous sulfur” or Sy for the S,; modifica-
tion [115].

On the other hand, the structure of S,, was reported as tetragonal with
the helices perpendicular to the c-axis of the unit cell (Table 20). The only
reasonable possibility in structure determination was the one in which adja-
cent layers of helices are oriented perpendicular to each other. The helices of
the layers have the same molecular structure and all the helices in one layer
have the same handedness. The closest packing of the helices is achieved if
the molecules of parallel layers have opposite turns (see Fig. 19). This struc-
ture is unusual but not unlikely since the pitch of the sulfur helix is the same
as the intermolecular distance of neighboring helical axes, about 460 pm
(see Table 20). The structure of S, is a “cross-grained plywood structure”.
This peculiarity has caused Tuinstra to label this modification “laminar sul-

fur” (S,).
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Furthermore, polymeric sulfur (S,;+S4;) also seems to be obtainable at
high pressures and high temperatures (1.7-2.8 GPa, 460-600 K), e.g., the so-
called Geller’s phase I [144]. However, this phase was later indexed by Roof
as a monoclinic structure similar to Geller’s high pressure phase III
(~3 GPa, ~540 K) [145].

From measurements of the molar heat capacity of S,,(=S,) in the temper-
ature range 5-370 K this allotrope was suspected to undergo a transition to
a more stable phase above 310 K, the structure of the new phase being un-
known [146].

Based on the structures of S,; and S, as proposed by Tuinstra [54, 115],
Ezzine et al. studied theoretically the repulsive and attractive interaction en-
ergies of both crystalline allotropes in order to determine the relative atomic
positions of the interdepending chains in these solids [126]. It was found
that the S, allotrope is more stable than S, (at 0 K). From the energy cal-
culations it turned out that the (idealized) structures of S,,; and S, are suffi-
ciently represented by three helix atoms per elementary cell rather than ten.
The parity of the helices claimed by Tuinstra was confirmed. Moreover, the
authors stated the most stable structure to be the one in which neighboring
helices are shifted relative to each other by one half of the atomic repetition
length, that is about 70 pm. The mutual arrangements of the helices result-
ing from minimal total energies correspond to a maximum of interlocking
of the polymers.

Up to now, the various solid allotropes of polymeric sulfur can only be
identified by X-ray structural analysis since the molecular vibrations and
therefore the Raman spectra are very similar [151]. A chance to distinguish
between the different allotropes by vibrational spectroscopy may only exist
if the lattice vibrations are recorded which are expected to be different en-
ough, especially for the fibrous and the laminar structures. However, this ex-
periment requires samples of a high degree of crystallinity; such measure-
ments have to be performed at low temperatures to avoid broadening of the
Raman lines.

2233
Polymeric Sulfur in TazP4S,e

Polymeric sulfur was found as a constituent in the three-dimensional tunnel
structure of the tantalum thiophosphate TasP4S,9 [147]. The basic framework
consists of TaSs groups linked by PS; units sharing the sulfur atoms. This
structure leaves two parallel channels in the unit cell along the c-axis which
both are occupied by sulfur helices of the type (S10)s0. Only right-handed he-
lices were found in the crystal investigated. The molecular structure parame-
ters are close to the polymeric forms mentioned above: The average bond
length and bond angles are 205.2 pm and 105.75°, respectively. The S;, unit
has a length of 1365 pm projected down to the helical axis coinciding with
the lattice parameter ¢ of the network crystal. The polymeric chains are
weakly bound to the network structure by van der Waals forces. The next,
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non-bonded atoms of the tunnel structure are sulfur atoms of the TaPSg
units of the framework with distances not shorter than about 330 pm.

224
Concluding Remarks

The flexibility of the sulfur-sulfur bond with its relatively low torsional bar-

rier of 27 k] mol™! [148] allows the formation of many more or less stable

molecular conformations of rings S, (n>5) and chains [4]. The conforma-
tion of the various molecular species can be described in terms of the sign

(+ or —) of the dihedral angles around the ring or along the chain. This mo-

tif was extensively discussed by Tuinstra for hypothetical sulfur molecules

and by Schmidt for several ring molecules known at that time [54, 96, 149].
Considering the symmetry of the cyclic sulfur molecules the rings can be

divided into two groups [35]:

- Highly symmetrical species with almost equal bond parameters (bond
lengths, bond angles and torsional angles) and with regular motifs, e.g.,
Se:(+—)3, Sg (+—)4, and Sy (++——)s.

- Less symmetrical species with unequal bond parameters and usually alter-
nating long and short bonds around the ring (S7, So, S11, S13, etc.). The con-
formation of these molecules is characterized by a less regular motif (e.g.,
S7: +—+0—+—, see Table 4) due to their low symmetry (S;: Cy).

From this point of view one may expect a higher degree of stability for
the high symmetrical rings. However, this is not always the case: Sq is quite
unstable. In fact, the molecules S¢ and S; have comparable mean bond ener-
gies [19] and strain energies [66]. Since the torsion angles in S¢ (D34 symme-
try) are all equal and ca. 74° which is an unfavorable value, the strain is
“stored” in the whole ring. On the other hand, in S; there is one very long
bond as the result of a torsional angle of about 0° which accounts for the
strain in the ring. Not only S;, which is the most prominent example, but
also all other rings show that a longer bond is always neighbored by shorter
ones (Fig. 21).

This general peculiarity of cumulated sulfur-sulfur bonds can be inter-
preted in terms of a simple lone-pair electron repulsion model [150] and fur-
thermore indicates a strong bond-bond interaction [21]. In other words,
shorter bonds are stronger (bond order higher than one) and vice versa.
The longest bonds in sulfur rings are those of which the torsion angles show
the largest deviation from the optimum value of 90+10°. There exists a cer-
tain correlation between a given torsion angle and the corresponding bond
distance [148]. From Fig. 20 it can be seen that the most favorable values of
the dihedral angle are those near 90° while those which deviate from this
value result in longer and therefore weaker bonds. These experimental find-
ings are very well reproduced by ab-initio molecular dynamics calculations
on sulfur clusters [67].
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In the crystalline state, the site symmetry is in general lower than the
symmetry of the free molecule. The preferred lattice structures of sulfur ho-
mocycles are of the orthorhombic and monoclinic crystal systems. The mo-
lecular packing arrangements of the solid allotropes are quite different. In
orthorhombic S;,, for example, the asymmetric unit is given by one quarter
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of the molecule while, on the other hand, in monoclinic §-S;, orthorhombic
S11, monoclinic S;3 and monoclinic exo-S;g (8-S;s) the asymmetric unit is
much larger containing two molecules [73]. With the exception of S;5 all
rings S, which form different solid allotropes (S7, Ss, So, S, S10> S6:S10> S125
$12:CS;) show up with the same molecular conformation. The same is true
for the polymeric modifications at STP conditions although one has to con-
sider that the polymeric solids may, at least partly, consist of a random coil
network.

The variety of structures and symmetries both of the molecular and crys-
talline forms of sulfur gives rise to significantly different vibrational spectra
which, therefore, can serve as a fingerprint for an actual allotropic form
[151].

23
Physical Properties

23.1
Melting Points

None of the sulfur allotropes melts without (some) decomposition [55].
Therefore, the melting points measured depend on the heating rate. As lower
the heating rate as lower the melting point observed since the decomposi-
tion products lower the melting temperature. Only in the case of Sg a con-
stant triple point temperature (115 °C) can be measured since the composi-
tion of the melt reaches an equilibrium after some time (usually 10 h). In
the case of the other cyclic allotropes the melting process yields Sg and S,
as the primary decomposition products from which other ring molecules
are then formed. Nevertheless, S; and Sg show reversible melting tempera-
tures if the heating is done quickly enough and if the melt is cooled down
immediately before the last crystal has disappeared. With the exception of Sg
all sulfur allotropes decompose already at temperatures slightly below the
melting temperature if kept at such a temperature for some time. Therefore,
the following “melting points” should be taken with caution (for more de-
tails see under “Thermal Behavior”):

Se 88 °C [55]

N 39 °C [16, 55]

a-Sg 115 °C [152] (112 °C [153], 116 °C [55])

B-Sg 120 °C [152] (119 °C [153, 154], 120 °C [155], 121 °C [55]; triple
point: 115 °C [48])

-Sg 109 °C [152]

So 63 °C [33]

NIt 92 °C [55]

S6-S10 92 °C [35]

St 74 °C [36]
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Sis 148 °C at heating rate 10 K min~!, 141 °C at 5 K min"!, 135 °C
at 2.5 K min~! [55]

Si3 Polymerizes at ca. 90 °C prior to melting at 114 °C [55]

814: 117 °C [46]

Sis No melting point has been reported for this allotrope

end0-818 (a-Slg) 126-128 °C [104]

Sy 121 °C [55] (124-125 °C [104], 120-130 °C [43])

Sy ca. 110 °C [55]

In this context it should be mentioned that the heat conductivity of ele-
mental sulfur is extremely low. Therefore, heating rates should not be chosen
too high.

Obviously, melting temperatures also depend on the external pressure, a
phenomenon which has been most extensively studied in the case of Sg
[156]; see below.

2.3.2
Thermal Behavior

The thermal decomposition of the sulfur allotropes has been studied exten-
sively by Steudel et al. [55].

Se: pure solid cyclo-hexasulfur decomposes only slowly at 20 °C [157] and
even at 50 °C the reaction is still slow. Storage at 20 °C in diffuse daylight for
10 days resulted in a decomposition of only 3% of the original S¢ and the
only decomposition product was S,. Storage at 50 °C (in an oven) for 5 days
gave 8% S, and 2% Sg [106]. At 120 °C, in the liquid state, the decomposition
is complete within 1 min yielding S;, Sg and S,. DSC diagrams show the
melting of pure Sq to begin at 88 °C (endothermic melting peak centered at
100 °C) followed by the exothermic polymerization to S, (peak centered at
110 °C) and its exothermic depolymerization to mainly Sg and some S; [55].

S7: cyclo-heptasulfur is the least stable of all sulfur allotropes. After 2 h at
20 °C a sample of y-S; had decomposed to a mixture of Sgand S, containing
only trace amounts of S;. After 4 days at 20 °C (in the dark) the decomposi-
tion was complete and yielded 81% S, and 19% Sg [106]. The melting of y-S;
at 39 °C is reversible, but on further heating the melt polymerizes exother-
mically at 70-110 °C followed by the exothermic depolymerization of S., to
the equilibrium melt in the region above 115 °C [55].

Sg: below 96 °C, cyclo-octasulfur is stable as orthorhombic a-Sg. However,
the conversion to monoclinic 3-Sg at temperatures just above the triple point
of 96 °C is kinetically hindered and requires lattice defects or imperfections
as present in a powder but usually not in a single-crystal [158]. Therefore,
single-crystals of a-Sg usually melt at 115 °C without prior conversion to the
B-form. For the same reason the temperature at which the transition a—f is
observed by DSC measurements depends on the heating rate and is often
found well above 100 °C, even if a powder-like sample is used. The activation
energy for the o—f transition is approximately identical to the enthalpy of
sublimation of a-Sg (100 k] mol™") [158]. Heating of Sg to 90-110 °C, just be-
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low the melting point of the a-phase at 115 °C, does not result in any decom-
position of the eight-membered rings, but as soon as a melt has formed
equilibration with other ring sizes takes place [49]. High purity liquid sulfur
shows a strong tendency for supercooling: it can be kept liquid in bulk at
about 50 °C for 20 min or so. At temperatures closer to the melting point
this period of supercooling is even extended [24]. y-Sg is metastable at all
temperatures but in a clean environment it survives at 20 °C for longer peri-
ods of time. However, in the laboratory atmosphere it was reported to con-
vert fairly rapidly to a-Sg even at 20 °C [31]; the rate of transformation into
0-Sg reaches a maximum at 80 °C. These phase transitions are catalyzed by
traces of carbon disulfide but hindered by the presence of polymeric sulfur
[158].

So: if solid a-Sy is heated with a rate of 2-20 K min™! to the melting point
of 63 °C and the melt is rapidly cooled to room temperature, it consists
mainly of S¢ with traces of S; and Sg. At 25 °C Sy is about as stable as S¢ [33].

S1¢: if Sy is heated at a rate of 5 K min™! in a DSC apparatus one observes
the melting at 92 °C and an exothermic polymerization reaction in the tem-
perature range 95-119 °C followed by depolymerization to mainly Sg and
some S; together with traces of other sulfur rings. If rapidly heated to
120 °C, Sy decomposes within 1 min [55].

S6+S10: This allotrope can be stored at 20 °C for several days, at —30 °C for
several months without decomposition [35].

S11: at 20 °C Sy; can be handled for several days without decomposition.
On heating it polymerizes to Sy, [38].

S1,: on heating at a rate of 5 K min~! S;, decomposes within the tempera-
ture range of 140-155 °C with simultaneous formation of Sy, Sg, and some
S;. At room temperature S;; can be stored for indefinite periods of time
without decomposition [55].

S13: as in the case of other sulfur allotropes S;3 polymerizes on heating
and a well separated melting process cannot be observed. Instead, the two
processes take place more or less simultaneously. At 20 °C crystalline S;3
does not decompose for several days [38, 55].

Si4: at 25 °C crystalline S;4 is stable for several days. On heating to the
melting point of 117 °C it decomposes to S; and Sg while S¢ is not formed.
Probably the dissociation into two molecules of S; is the first step followed
by the interconversion of S; to Sg [46].

Sis: at 23 °C solid S;5 can be kept for several hours without decomposi-
tion. The thermal behavior at higher temperatures has not been reported
[47].

endo-Sis (0-S1g): this allotrope can be kept at room temperature for ex-
tended periods of time without decomposition but no DSC measurements
have so far been reported, and no information is available about the thermal
behavior of exo-S;s (3-Si3).

S20: like crystalline S;; and Sy this allotrope can be kept at 25 °C for indef-
inite periods of time without decomposition. On heating S,o melts near
121 °C and simultaneously polymerizes followed by depolymerization of the
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S with formation of Sg and S;. In fact, the observed melting may apply al-
ready to a mixture of S;p and S, [55].

S.: the thermal behavior of S, depends on its preparation since S, is a
mixture of long chains and large rings and not a well defined chemical sub-
stance. This mixture is thermodynamically unstable with respect to a-Sg at
20 °C and in fact depolymerizes slowly at moderate temperatures already.
DSC measurements of polymeric sulfur prepared from quenched melts as
well as from sublimed sulfur show the polymer to melt at 100 °C followed
immediately by the exothermic depolymerization. Stabilized commercial
polymeric sulfur (Crystex) starts to melt only at 110 °C but otherwise be-
haves similarly (heating rate 10 K min™) [55].

2.3.3
Solubilities

As a general rule, the solubility of the sulfur allotropes in organic solvents
decreases with increasing molecular size. Carbon disulfide is by far the best
solvent, followed by toluene and dichloromethane while cyclo-alkanes are
suitable for the smaller ring molecules only as far as ambient temperatures
are concerned. For example, at higher temperatures S;, is fairly well soluble
in benzene and toluene; on cooling S;, crystallizes as monoclinic needles.
This molecule is the only sulfur allotrope which forms a stoichiometric sol-
vate with a solvent molecule: From carbon disulfide it crystallizes as ortho-
rhombic plates of composition S;,-CS; the structure of which has been eluci-
dated by X-ray crystallography [100]. The CS, molecules occupy empty
spaces in the special layer structure of S;, with no other than van der Waals
interactions of the two molecules.

Quantitative solubility data at various temperatures are available only for
S¢ [159], S; [106], Sg [1, 159, 160], and S;, [159]. The following data [159]
may serve as examples:

- In 100 g CS; at 17 °C are soluble: 9.11 g S¢, 37.4 g a-Sg, or 0.21 g Sy,
- In 100 g benzene at 17 °C dissolve: 1.5 g S¢, 1.6 g 0-Sg, or 0.02 g Sy,

The highest solubility of any sulfur allotrope in CS, is observed for S;. At
20 °C the two compounds can be mixed in practically any ratio since even
small concentrations of CS, lower the melting point of y-S; to room temper-
ature. The solubilities (g/100 g CS;) listed in Table 21 were measured at low
temperatures [159].

It is evident from the data in Table 21 that the solubility of S; increases
with increasing temperature much more so than that of Sg.

During studies on the composition of quenched liquid sulfur it was ob-
served that the solubilities of S; and Sg in CS, are considerably enhanced by
the presence of larger sulfur rings (S,, mean value of x2225 [106]). For ex-
ample, 7.7 g Sg dissolve in 100 g CS; at —78 °C in the presence of 2.3 g S,
[106]. For more information on S, see above under “Preparation of Si,, Sy,



56 Ralf Steudel - Bodo Eckert

Table 21 Solubilities of y-S; [106] and a-Sg in carbon disulfide at various temperatures

T (°C) y-S7 T(°C) o-Sg
-80 2.40
=77 1.7 =70 3.09
=53 5.5 =51 5.76
—40 9.1 —41 7.40
—26 17.2 -25 11.5

and S, from liquid sulfur”. The solubility of S;5 is 240 mg in 100 g CS; at
20 °C [104].

At higher temperatures (65-120 °C) elemental sulfur is also soluble in
compressed gases like nitrogen, methane, carbon dioxide, and hydrogen sul-
fide, a fact which is of tremendous technical importance for the gas industry
since many natural gas reservoirs also contain H,S and elemental sulfur.
During production of the gas the sulfur is partly transported to the surface
and precipitates on decompression and/or cooling of the gas mixture at the
well-head [160-165]. Clogging of pipelines may then result [166].

Polymeric sulfur S, is usually considered to be insoluble in all common
solvents, even in CS,. However, polymeric sulfur is unstable with respect to
small sulfur rings like Sg, and in the presence of solvents it slowly depoly-
merizes at 20 °C, faster at higher temperatures, even with exclusion of light.
If S, is shaken with either CS, or cyclo-hexane at room temperature the con-
centrations of Sg, S7, and Sg in the solution increases from day to day. From
500 mg S, and 50 ml CS; a solution containing 12 mg soluble sulfur rings
was obtained after 14 days at 20 °C in the dark (ratio Sg:S;=2:1). After several
weeks a yellow solution was obtained which also contained traces of Sq, Sy,
and Sj,. Complete dissolution can be achieved by heating the mixture to
100 °C for 1-2 days (in an ampoule). The solution obtained in this way con-
tains all the sulfur rings observed in liquid sulfur but in differing concentra-
tion ratios [55].

Sulfur is normally considered to be insoluble in water and, in fact, the sol-
ubility of a-Sg at 20 °C is only 5 ug 1! [167]. However, if neutral surfactants
are added to the aqueous phase the solubility of a-Sg (and other sulfur al-
lotropes) increases dramatically, provided the critical micelle concentration
of the surfactant is reached [168]. These surfactants do not alter the Sg mole-
cule chemically. For example, a concentration of 50 g 1! of sodium dodecyl-
sulfate C;,H»;SO4Na increases the solubility of a-Sg at 22 °C by a factor of
4000. Even higher factors were observed with hexadecyl(trimethyl)ammoni-
um bromide, especially at higher temperatures [168].

234
Densities

The densities of 16 solid sulfur allotropes consisting of rings are given in Ta-
ble 22. These data have been calculated from the most recent crystallograph-
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Table 22 Densities of solid sulfur allotropes

Allotrope Density (g cm™) Temperature (K) Reference
Se 2.260 183 [65]
7-S, 2.190 163 [20]
5-S, 2.182 163 [20]
o-Sg 2.108/2.066 173/298 [76]
B-Ss 2.088/2.008 113/298 (27, 81]
y-Sg 2.08 298 [29]
0a-So 2.114 173 [33]
Sio 2.103 163 [35]

Se S1o 2.17 163 [35]

S 2.08 163 [38]

Si2 2.045 298 [100]
Sis 2.09 173 [38]
Sia 2.045 173 [46]
o-S18 2.090 298 [104]
B-Sis 2.009 298 [103]
Sso 2.023 298 [104]

ic results. The comparison shows that Sg has the highest density and there-
fore should be thermodynamically favored at high pressures. This is in fact
the case; see later.

The density of Crystex, the commercial polymeric sulfur, is 1.95 g cm™
[169].

3

235
Photochemical Behavior

All sulfur allotropes are light sensitive both in the solid state and in solution.
If the energy of the absorbed photons is sufficiently high homolytic cleavage
of the sulfur-sulfur bonds will occur and free radicals are formed. The ther-
mal bond dissociation energy in liquid sulfur [170] is 150+2 k] mol™" corre-
sponding to a wavelength of 800 nm. However, the extinction coefficient of
most sulfur molecules (rings and long chains) is very low at wavelengths
>430 nm [171]. Therefore, in most photochemical experiments radiation of
shorter wavelengths has been used. The following discussion will be restrict-
ed to solid phases.

The irradiation of solid sulfur allotropes or of solid solutions of sulfur
rings produces not only free radicals but also new absorbing and unstable
species the identity of which is however not always certain (for a discussion,
see [61]). The properties of the radicals as well as their mode of generation
are summarized in Table 23 [172, 173]. In addition to the formation of radi-
cals and colored species the irradiation of sulfur induces also luminescence
and enhanced electrical conductivity [174].

The three types of radicals observed in irradiated sulfur samples have
been interpreted as follows: Radical f§ is a sulfur chain-end with the terminal
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torsion angle positive, while this angle is negative for radical f’. Radical o is
the same as f or ' but neighboring to another radical resulting in a broad
absorption line lacking any fine structure or anisotropy due to spin-spin in-
teraction. Radical « is therefore the least stable thermally since recombina-
tion of the two chain ends can easily occur. This species is obviously the pri-
mary product of the homolytic dissociation if the two chain ends are
trapped by the cage effect of the surrounding molecules [61]. On warming
the concentration of radical o steadily decreases and practically disappears
at 210 K. The signals due to radicals § and ' could be observed up to much
higher temperatures and even in irradiated samples stored for some days at
298 K [61]. Radicals  and p’ have also been observed in quenched liquid
sulfur (without irradiation) [170d].

Bombardment of thin sulfur films, cooled to low temperatures, by He*
ions of MeV energy (sputtering) results in erosion and loss of material by
sublimation [175]. These results are of relevance to the surface properties of
Jupiter’s moon Io large parts of which are covered by elemental sulfur [176]
which is constantly bombarded by fast particles from the magnetosphere of
nearby Jupiter.

24
Analysis

Qualitatively, solid sulfur allotropes can best be characterized by Raman
spectroscopy which is an extremely sensitive method. Depending on the
number of atoms in the molecule and of the molecular symmetry quite dif-
ferent spectra are obtained [151]. A quantitative analysis of even complex
mixtures of sulfur rings can be achieved by reversed-phase HPLC analysis
after dissolution in carbon disulfide and using a UV absorbance detector
[49]. This method is also extremely sensitive and only minute amounts of
sample are needed [49]. The polymer content is simply determined by
weighing of the extraction residue after the solvent has been removed in a
vacuum.

3
High-Pressure Allotropes

3.1
Introduction

Application of high pressure in the megabar range (up to a few hundred
GPa) has become a valuable tool in solid state physics as well as in solid state
chemistry. Molecular systems under high pressure are experiencing extreme
forces which cause the intermolecular distances to approach values of the in-
tramolecular bond distances. As a result, there is an increased overlap be-
tween adjacent molecular orbitals which gives rise to a number of conse-
quences such as structural changes (towards close packing), electronic tran-
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sitions (e.g., alteration of coordination number and metallization) and pres-
sure induced chemical reactions (e.g., polymerization).

The most striking observation in the case of sulfur is the formation of a
superconducting phase at about 93 GPa with the highest critical temperature
T,, about 10 K, amongst the non-metallic elements [177-179]. The transition
temperature reaches a maximum value of about 17 K at pressures of around
160 GPa. Both peculiarities are correlated with structural transitions and
changes in the coordination number under high pressure (see below).

The various techniques to generate high pressures up to a few hundred
GPa are beyond the scope of this review. The diamond anvil cell (DAC) tech-
nique has gained high popularity during the last decades thanks to its feasi-
bility and wide range of experimental techniques which can be applied
[180]. High-pressure techniques and experimental applications have been
reviewed by Eremets [181] and by Hemley et al. [182]. X-ray diffraction and
absorption studies utilizing the DAC technique were discussed by Briester
[183].

Sulfur has been studied over a wide range of temperatures (a few ten mK
to 1500 K) and static pressures (up to about 230 GPa). The pressure-temper-
ature (p-T) phase diagram has already been reviewed during the last three
decades by several authors (by Donohue, Meyer, Cannon, and Pistorius in
the 1970s [3, 8, 184, 185], by Liu and Bassett in 1986 [186], by Young [187]
and by Tonkov in the 1990s [188]). Therefore, we focus here only on the re-
sults of the last 15 years with the emphasis on high-pressure structures of
solid sulfur. Unfortunately, numerous results on the p-T diagram of elemen-
tal sulfur reported in the literature are contradictory and often irrepro-
ducible from one laboratory to another. The most frequent experimental
methods applied in high-pressure studies on sulfur during the last decade
are X-ray diffraction techniques, vibrational spectroscopy (mainly Raman
spectroscopy), optical absorption spectroscopy, measurements of the electri-
cal resistivity, and, more recently, measurements of the magnetic susceptibil-
ity. While the DAC technique allows samples to be subjected to very high
pressures, theoretical calculations of the electronic band structure of sulfur
under ultrahigh pressure conditions have been developed simultaneously
[189-192].

The p-T phase diagram of sulfur is about the most complicated amongst
the chemical elements, and many open questions still exist with respect to
phase boundaries, structures in detail, and kinetics of phase transitions in
the solid as well as in the liquid state. Not only the molecular and crystalline
variety of sulfur contributes to this complexity but also the metastability of
high-pressure phases which is related to the application of different experi-
mental procedures. For example, early structural studies on the p-T phase
diagram of sulfur could not be performed in-situ. Therefore, in these experi-
ments the sulfur samples were quenched from a selected temperature-pres-
sure point to STP conditions. The results obtained by such a procedure de-
pend strongly on the variables AT and Ap as well as on their time derivatives
(gradients), dT/dt and dp/dt, respectively. Especially, dynamic compression
(shock wave) methods may introduce further complications since melting of



Solid Sulfur Allotropes 61

Pressure

Fig. 22 Schematic phase diagram of sulfur around the o-f-liquid-gas states at low pres-
sures (cf. Table 24). Pressure scale is in arbitrary units

the sample combined with large gradients of the thermodynamic parameters
of state along the shock front have to be taken into account [193].

When the high intensity synchrotron X-ray sources became available a
major problem of the former structural investigations was overcome. How-
ever, the low X-ray scattering intensity of sulfur makes detailed structural
analyses still difficult, particularly in high-pressure apparatuses dealing with

extremely small sample volumes of the order of 107 mm?®.

3.2
Triple Points in the Vicinity of the Melting Curve

The melting curve of sulfur with respect to metastability and experimental
procedures has been critically analyzed by Vezzoli and Walsh [194]. The au-
thors also discussed the previously reported phase boundaries of the solid
high-pressure allotropes in the range up to 4 GPa and from room tempera-
ture up to about 670 K [132]. However, the structures of these high-pressure
polymorphs are unknown and their probability to exist under equilibrium
conditions is still awaiting confirmation.

The p-T phase diagram near the o-f transition of crystalline Sg has been
studied and the triple-points of the solids in equilibrium with the vapor and
the liquid were determined; see Fig. 22.

Under higher pressures, liquid sulfur shows several additional transitions
[195]. Near the melting point at 12 GPa and 1100 K, the melt transforms to a
metallic liquid state the pressure of metallization being much lower than in
the solid state (~80-90 GPa at room temperature) [196]. The most reliable
critical points in the vicinity of the melting curve of sulfur are listed in Ta-
ble 24.
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Table 24 Critical points in the high-pressure high-temperature phase diagram of sulfur

Phase boundary Pressure (Pa) Temperature (K) Reference
o-f-gas ? 0.50 368.7 [74]
B-liquid-gas 2.4 393
a-pB-liquid 0.131-10° 424
IV-VI-liquid® 0.85(1) 10° 508(5) [197]
0.9(1)-10° 528(2) [132, 194]
VI-VIII-liquid® 1.2(5) 10° 563(5) [197]
1.8(2)-10° 617(2) [132, 194]
VIII-XII-liquid® 2.06:10° 648 [132, 194]
VII-XI-XII¢ 2.6:10° 508 [132, 194]
y-L-L4 7.8(4) 10° 960(30) [196]
5-L-L" 12(5) 10° 1100(30)

® The a-phase and the S-phase are ften called SI and SII, respectively, which should be
avoided since the use of Roman numbers is not consistent in the literature

" Data derived from in-situ visual inspection

¢ Phase XII can be assigned to (solid) polymeric sulfur on the basis of X-ray diffraction
and Raman spectroscopic results. The critical points are results of temperature-pressure
quenching experiments. Therefore, the data may only reflect the range of p-T conditions
from which S XII has been obtained. The nature of the other forms (IV, VI, VIII, XI) is
unknown

4L and L’ denote non-metallic liquid phases. The phase L” is believed to be a metallic
phase of the melt. The symbols y and J denote solid phases; however, neither the struc-
tures of these solids nor their relationships to known phases have been mentioned by
the authors

33
High-Pressure Structures

3.3.1
General

Generally, the group 16 elements of the periodic table show a tendency to-
wards close-packing and increasing coordination number (CN) with in-
creasing atomic number. The progression is: diatomic molecule (O,,
CN=1)—insulating molecular solid (Ss, CN=2)—semiconductor (Se and Te
chain, CN=2+2)—metal (Po, CN=6). Under increasing high pressure these
elements exhibit the same tendency [198]. From similarities of the melting
curves of S, Se, and Te and from an analysis of the high-pressure structures
of Se and Te it was to be expected that sulfur would undergo analogous
phase transitions including metallization [195, 199-201]. A transition of sul-
fur to conducting and superconducting states has been reported several
times. The transition pressures were found in the range 17.5 to 50 GPa (by
measurements of electrical resistivity and extrapolation from optical absorp-
tion data), but at last it was stated that sulfur is “not very metallic” or “still a
semiconductor” up to 50 GPa [202, 203]. More recent high-pressure X-ray
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structural and optical studies revealed a transition to a metallic state in the
range 80-100 GPa [200, 201, 204] besides several structural transitions up to
~200 GPa which will be summarized below.

3.3.2
Photo-Induced Structural Changes (p<20 GPa)

In the pressure range up to about 20 GPa at least five phase transitions have
been observed by Raman and X-ray investigations, in which however transi-
tion pressures and pressure ranges of phase stabilities were reported with sig-
nificant discrepancies. These confusing results can partially be understood
by taking into account the pressure dependence of the indirect optical ab-
sorption edge of sulfur as well as the different experimental conditions, main-
ly the energy and the power density of the laser light used to excite the Ra-
man spectra and/or the ruby fluorescence for pressure determination [205].

In detail, Wang et al. observed by X-ray diffraction a structural transition
of orthorhombic o-Sg to a triclinic structure at 5.3 GPa. Raman spectra at
high pressures, using the 515 nm line of an Ar ion laser, showed the lines of
a-Sg up to 5.13 GPa; at about 6 GPa, the spectra were reported as featureless
[206]. Later, Nagata et al. on the basis of own X-ray diffraction studies
claimed that the triclinic lattice parameters reported by Wang et al. can be
transformed into the orthorhombic parameters of a-Sg at that pressure
[207]. In addition, these authors reported X-ray diffraction patterns of a-Sg
up to the maximum pressure of 8.3 GPa which did not reveal any indication
of a phase transition. On the other hand, Nagata et al. have observed chang-
es in the Raman spectrum of a-Sg at 5.2 GPa indicating a transformation to
a phase which had previously been reported by other investigators [208,
209]. It was concluded that the sample transformed only at the spot illumi-
nated by the laser (wavelength of the laser line: 515 nm). Wolf et al. studied
this phase transition by Raman spectroscopy using different laser energies
[208]. The authors found that near 6 GPa radiation of 515 nm wavelength
could initiate the phase transformation, but light of 488 and 530 nm was less
efficient, and light of 600 nm was not effective at all. These findings are in
accordance with results of previous Raman studies up to 9 GPa and 12 GPa,
respectively, employing red laser light [210, 211]. Furthermore, by infrared
spectroscopy it was shown that a-Sg is observable up to about 10 GPa, al-
though the ruby fluorescence method was used for pressure determination
[212]. In the studies by Wolf et al., 600 nm light was effective to induce the
transition at 12 GPa, but not 515 nm light. Therefore, the authors concluded
that the transformation was due to a photo-reaction of sulfur [208]. In con-
trast to the results of Nagata et al., Wolf et al. observed a hysteresis upon de-
compression according to Raman studies of Eckert et al. [209] in which the
transition to the photo-induced sulfur, p-S, could be initiated under nearly
the same conditions as those reported by Nagata et al. [207].

Prior to these studies, the Raman spectrum of the photo-induced sulfur,
p-S, has never been reported. Based on the discrete features of the Raman
spectrum shown in Fig. 23 a certain molecular and crystalline structure for
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Fig. 23 Evolution of the Raman spectra during a high-pressure low-temperature experi-
ment on elemental sulfur (from top to bottom, factor of magnification of the intensity
scale is indicated). The wavenumber range of characteristic vibrations in sulfur is shown
in the case of a-Sg (wavelength of the laser: 515 nm; power density at the sample: ca.
150 pW um™2). Starting with a-Sg the onset of amorphization is seen at about 5 GPa, the
transformation to p-S occurred at about 6 GPa, upon further increasing the pressure
and cooling down the sample a transformation to Se took place. At low temperatures,
the transition p-S—S¢ is thermally hindered resulting in a larger background scattering
due to structural reorientation. Plasma lines of the Ar ion laser are marked by asterisks
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p-S was suggested. Considering the negative slope of the frequency of one of
the S-S stretching vibrations under pressure, the low number of Raman lines
and their intensity ratios (stretching vs bending) as well as the kinetics of
the transition a chain structure was proposed [205, 207, 213].

The investigation of the high-pressure behavior of sulfur was additionally
complicated by the observation of an amorphous phase in the Raman spec-
tra around 5 GPa when a laser line of wavelength 515 nm was applied [209].
Later, it was proved that amorphous sulfur (a-S) appears as an intermediate
state between two crystalline phases, the orthorhombic a-Sg and the photo-
induced structure, p-S [205, 213-215]. Moreover, the amorphous phase was
found to be photo-induced, too. Systematic Raman studies on the disappear-
ance of the a-Sg lines and on the amorphization transition, which made use
of different excitation laser energies, provided strong evidence for a correla-
tion of the pressure-tuned red shift of the (indirect) optical absorption edge
and the photo-induced ring-opening due to the laser illumination [205, 213,
216].

The controversies in the Raman studies were also reflected by the results
of X-ray structural studies. Kriiger et al. [217] and Akahama et al. [201] did
not observe any transition of a-Sg up to about 35 GPa and 25 GPa, respec-
tively. However, Luo and Ruoff [218] could follow the diffraction pattern of
o-Sg up to 4.9 GPa, but at 5.3 GPa the diffraction lines indicated a transition
to a monoclinic lattice which then was observed up to about 24 GPa. It
should be noted that the authors used the 488 nm line of an Ar ion laser for
ruby pressure determination. Shortly after, Yoshioka and Nagata [219] re-
ported X-ray diffraction patterns of a-Sg up to 7.6 GPa proving that the pat-
tern at 5.3 GPa obtained by Luo and Ruoff agrees with that of orthorhombic
sulfur at 6 GPa according to their previous results [207].

Furthermore, by application of a higher laser power a transformation of
p-S to Sg at a pressure of around 11 GPa could be induced [205, 208, 211,
215, 219, 220]. With increasing pressure, the Raman lines of S¢ could be ob-
served up to about 45 GPa. However, at about 30-35 GPa new lines appeared
in the spectra indicating the formation of a novel high-pressure species
[211, 221]. Apart from pressure induced frequency shifts and intensity
changes, the Raman spectrum of high-pressure S¢ is identical with that of
rhombohedral S¢ chemically prepared at ambient conditions [34, 211, 222-
224]. Although Ss was considered to be a high-pressure high-temperature
phase of sulfur [211], a more recently performed Raman investigation of the
high-pressure low-temperature phase diagram has found S¢ as the dominant
allotrope below 100 K at about 11 GPa (see Fig. 23) [205]. On the other hand,
results of in-situ X-ray diffraction studies of sulfur at temperatures much
higher than room temperature and at pressures of about 10-13 GPa were in-
terpreted controversially with respect to the presence of S¢ [225, 226].

In summary, upon compression of orthorhombic sulfur a sequence a-
Ss—a-S—p-S—8¢ with transition pressures of about 5 GPa, 6 GPa, and
11+2 GPa, respectively, were found in Raman studies if laser light with a
wavelength of 515 nm was applied and if a certain threshold of the power
density of the laser at the sample was exceeded. Since the Raman spectra
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show a coexistence of the phases within a pressure range of 1-2 GPa it is
likely that the transitions are of second order. In addition, a reverse se-
quence was found upon decompression accompanied by pressure hysteresis
effects of the order of a few GPa. The full reversible back-transformation to
0-Sg occurs below about 0.5 GPa. However, the lattice needs ca. one day for
structural healing at room temperature and 0.25 GPa as was deduced from
the time evolution of the Raman spectra [213]. It is interesting to note, that
upon increasing the pressure on the sample the time constants of the transi-
tions were found significantly smaller than upon decreasing (seconds to
minutes vs. hours to days) according to the persistence of metastable states.

If the (averaged) power density of the laser was below about 30 pW pm™
no transition of a-S to p-S could be induced. Then, a-S was observable up to
15 GPa, the maximum pressure in the experiments, even if the laser light
was of relatively high energy (488 nm) [205].

The transformation of a-Sg to a-S is correlated to the pressure-tuned red-
shift of the optical absorption of sulfur. The amorphization mechanism was
interpreted in terms of ring-opening by photo-excitation in accordance with
molecular dynamics simulations on bond scission in liquid sulfur [123, 227]
and observations of biradicals after irradiation (see the section “Photochem-
ical Behavior” above and [61]). After photo-induced bond breaking the
chain-ends of the molecular fragments are allowed to recombine randomly
leading to a disordered molecular structure. In the Raman spectra this tran-
sition is observable by the simultaneous disappearance of discrete features
of the bending, torsional and lattice modes as well as by broadening and fre-
quency shifts of the stretching vibrations [228]. The onset of amorphization
has been reported at pressures where the laser energy was about
0.22+0.04 eV above the absorption edge which agrees reasonably well with
the torsional trams-barrier of about 0.28 eV (~27 k] mol™!) in S, chains
[148]. Therefore, the laser light also provides the activation energy for tor-
sional isomerizations. The role of pressure is to act as a tool in tuning the
equilibrium between the recombination into rings or chains (Table 25).

The pressure at which p-S can be obtained is about 1 GPa higher than the
pressure of amorphization. While a-S was found at low temperatures too,
the generation of p-S is favored at higher temperatures (about >200 K).
Upon decompression (<1.5 GPa) Raman spectra of a solid identical to those
as reported for S, appeared. Upon further unloading a reversible back-trans-
formation to a-Sg took place. However, the Raman spectra of S, retained,
and at STP conditions the spectra could be observed for months while the
sample showed slow recrystallization to a-Sg. Raman spectra of S, were ob-
tained only if the sample had previously been transformed to p-S. Upon un-
loading of pure a-S only a-Ss was observed as the result of decompression.

Once a formation of p-S was induced a relatively high power density of
about 0.1-3 mW pm™2 is required to initiate the formation of S¢ [205, 232].
It appears that if there is a dependence on the laser energy to induce S it
must be small. In contrast, amorphization and formation of p-S depend
strongly on the laser energy (Table 25).
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Table 25 Correlation of the photo-induced amorphization of a-Sg with the aser energy and
the pressure tuned absorption edge [205, 216]

Laser Transition pressure (GPa)?* Absorption edge (eV)®
Wavelength Energy Loading Unloading
(nm) (eV)
488.0 2.541 3.5 (2.6-4.3) 1.9 (2.7-1.0)  2.37
4.0°¢
514.5 2.410 4.7 (3.8-5.5) 2.8 (4.1-1.5) 2.14
57°¢
600.0 2.067 10.1 (8.8-11.4) 9.3 (10.2-8.3) 1.86 -
632.8 1.960 12.0 - 1.70

# Mean values of the transition (pressure range in brackets) obtained from single crystal
samples. Error<+0.1 GPa

b Absorption edge energy at the onset pressure of amorphization based on the optical
absorption data given by Peanasky et al. [229], by Lorenz and Orgzall [214], and by
Syassen [230]. Data have partly been adjusted to the indirect absorption edge of a-Ss at
STP conditions reported by Abass et al. [231]

¢ Pressure values at which the lines of a-Sg disappeared in the Raman spectra [216].
These values correspond to those reported [205] at which the amorphization transition
was completed

333
High-Pressure High-Temperature Phases (p<20 GPa, T>300 K)

Only a few in-situ X-ray structural studies have been performed at high-
pressure and high-temperature conditions [135, 225, 226]. By laser-heating
of sulfur at 11 GPa a mixture of two phases was observed which consisted of
room-temperature sulfur (a-Sg) and a phase which was not indexed by the
authors [225]. However, by evaluation of the diffraction lines it was conclud-
ed that this phase cannot be interpreted as S¢ as had previously been sug-
gested on the basis of Raman studies [211].

In the pressure-temperature range up to 16 GPa and 1170 K three phases
of sulfur were found as “stable”, namely in the pressure ranges of 3-8 GPa,
8-15 GPa, and above 15 GPa, respectively [226]. All phase transitions were
reported to occur only at temperatures above 570 K. In addition, the phases
were found to be unquenchable to STP conditions. The structure of the low-
er pressure phase was automatically indexed as a hexagonal unit cell with
the parameters a=697.6(1) and ¢=429.1(2) pm at 4.2 GPa and 300 K, contain-
ing nine atoms. The crystal structure was compared with those of hexagonal
selenium and tellurium, and therefore a helical structure of sulfur was as-
sumed. The phase at 8-15 GPa was interpreted as S¢ with a hexagonal unit
cell containing 18 atoms. The phase above 15 GPa remained unsolved in
these studies. All three phases showed a large hysteresis.

Independently, a two-chain helical structure was found at 3 GPa and
673 K by Chrichton et al. [135]. A hexagonal unit cell with a=709.08(5) and
c=430.28(6) pm has been obtained which was refined to a trigonal lattice
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(P3,21=D;5, no. 154). The unit cell contains nine atoms on two unique sites.
The two helices are reported as non-chiral having repetitions along the c-
axis with one turn including three atoms (°S; helix). The bond lengths and
the bond angles of the two helices are similar in deviating from those of the
sulfur helix in the fibrous allotrope S [helix 1: 207.0(4) pm, 102.7(2)° helix
2: 209.6(7) pm, 101.7(3)% Sy: 206.6 pm, 106.0°]. A calculation of the torsion
angles (applying Tuinstra’s formula [54]) gives 100.4° and 99.7° for helix 1
and helix 2, respectively, in comparison with 85.3° in the Sy, chain. Although
temperature-quenchable, this two-chain phase was observed to transform
below 0.5 GPa to a phase which has been reported earlier by other authors
as high-pressure fibrous sulfur or S-XII (see the above section “Allotropes
Consisting of Long Sulfur Chains”).

3.34
High Pressure Phases above 20 GPa

In the pressure range (20-80 GPa) there are also contradictions between the
reported phase transitions. While Kriiger et al. [217] detected only one
phase transition up to 40 GPa, Luo et al. [200, 218] and Akahama et al. [201]
reported two phase transitions. In fact, the phase transition observed by
Kriiger et al. was interpreted as a first order transition from orthorhombic
0-Sg to a trigonal modification at about 33 GPa. A similar transition pressure
was mentioned by Hifner et al. based on X-ray studies but without provid-
ing further details [233]. Raman spectroscopic studies demonstrated that Sg
may have partly been transformed to another allotrope above 35 GPa [211].
By means of impedance spectroscopy, a change in the behavior of the sulfur
sample around 37 GPa was reported [234]. Luo and Ruoff [200] could follow
the monoclinic phase (which possibly has been a result of a photo-induced
reaction at about 5 GPa due to the laser irradiation) up to about 24 GPa
while above 18 GPa a significant decrease in intensity and broadening of the
diffraction lines took place. At about >25 GPa, the diffraction pattern was
reported as characteristic of an amorphous structure making a quantitative
analysis impossible. The pressure-induced amorphization was found to start
at about 18 GPa and to be completed at 25 GPa.

Optical absorption studies by Luo et al. revealed a discontinuity of the en-
ergy gap, Egqp, between 23 and 30 GPa (of about +0.2 eV) accompanied by a
change of the slope dEg,,/dp above 30 GPa down to 20% [204, 235]. In reflec-
tivity spectra, an increase of the signal intensity of about 3% (at 0.5 eV) and
9% (at 3.0 eV) was observed upon rising the pressure to 23 GPa which on
further compression to 88 GPa increased by only a few additional percent.

On the other hand, Akahama et al. [201] could observe a diffraction pat-
tern up to 17.5 GPa which they assigned to a-Sg. Similar to the X-ray studies
of Luo et al., the intensity of the diffraction lines decreased with increasing
pressure, and at about 26.5 GPa no lines could be recognized any longer.

Although the transition pressures and the starting phases were reported
differently, it is plausible that there is a (second order) phase transition with
an onset pressure of about 18 GPa and completion at about 25-26 GPa. This
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bco -Po

Fig. 24 Proposed structures for the observed high-pressure phases of sulfur above ca.
80 GPa [8]. For the more simple sc, bce, and fec structures, see textbooks on solid state
physics/chemistry

phase is amorphous; however, nothing is known about its structure. It is not
clear yet if this pressure-induced amorphous sulfur has any relation to the
photo-induced amorphous sulfur observed in high-pressure Raman studies.
Indeed, as in the case of the photo-induced transformations (a-Sg—a-S—p-S)
the pressure-induced amorphization is an intermediate state between two
crystalline forms towards close-packing upon further compression [236].

At 34 GPa, Akahama et al. [201b] recorded diffraction patterns indicating
the presence of a single crystal since the Bragg reflections were observed as
“spotty”. The transition was interpreted as a process of recrystallization and
reorientation. Luo et al. [200] reported a transition from the amorphous
phase at 37 GPa at which a single intense peak appeared in the diffraction
spectra. A second intense peak was observed at 42 GPa and the transition
was found to be accomplished at 75 GPa. In both investigations the struc-
tures were not analyzed. However, there might be some relation to the trigo-
nal phase observed by Kriiger et al. above 32 GPa [217]. The diffraction lines
of this unknown phase, termed S-II by Akahama et al., became weaker with
increasing pressure, and at 89+2 GPa, the lines had completely vanished
[201].

Amaya et al. reported a stepwise change of the electrical resistivity of sul-
fur at room temperature and pressures of about 40 and 90 GPa, respectively
[178b]. The changes in electrical resistivity can be reasonably interpreted as
insulator-to-semiconductor and semiconductor-to-metal transitions.

At 82-84 GPa, in the studies of Akahama et al. [201] and Luo et al. [200],
respectively, new diffraction lines appeared which were indexed as a base-
centered orthorhombic (bco) lattice (Fig. 24). On theoretical grounds, such a
structure should be metallic [190, 237]. Luo et al. stated that the transforma-
tion from the unknown phase to the bco phase was not completed until
about 100 GPa because of the persistence of a diffraction peak from the pre-
vious phase. On the other hand, Akahama et al. reported a transition pres-
sure of about 89 GPa. The bco phase showed a hysteresis of about 6 GPa
upon lowering the pressure [201]. Further evidence for the transition to a
metallic phase comes from the optical reflectivity measurements of Luo et
al. [204]. Below 88 GPa, the reflectivity was reported to be low (typically
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1-7% in the spectral range from the infrared to the ultraviolet). Under in-
creasing compression from 88 GPa to 95 GPa an abrupt and large increase of
the reflectivity (up to about 30%) was found which on further compression
reached a value of about 62% reflectivity below about 2 eV incident photon
energy. From visual observation both groups reported that “the appearance
of the sample has become even shinier than the metallic gasket” surround-
ing the sulfur sample. Thus, it was suspected that sulfur has been trans-
formed to a metallic phase at around 93 GPa [201, 204].

By comparison of the lattice constants of the bco phase of sulfur (termed
S-III by Akahama et al.) with those of bco selenium (termed Se-IV) Akahama
et al. obtained a unique value of about 1.16 for the ratios as compared to the
ratio of 1.15 for the bond lengths of selenium and sulfur at STP conditions.
In addition, the intensity ratios of the diffraction peaks of S-III resemble
those of Se-IV. Therefore, the authors concluded that the crystal structure of
S-III should be isomorphous to bco selenium (Se-IV) [201].

The structural model of metallic bco sulfur is proposed as puckered layers
in which the sulfur atoms have a coordination number of 4 within the layer
(see Fig. 24). The unit cell contains segments of three layers. The layers are
stacked in the b-axis direction whereas adjacent layers are shifted alternately
by one-half of the cell parameter c. The b-c plane provides the base-center of
the bco structure. The primitive cell then contains four atoms [201].

The optimized lattice constants of a slightly simplified model structure
for the bco phase of sulfur have been calculated by pseudo-potential ab-ini-
tio and energy minimization methods [190]. The results obtained agree with
the experimental results within a few percent. The experimental lattice pa-
rameters of bco sulfur are summarized in Table 26.

The transition to the metallic bco phase at room temperature has found
its counterpart at low temperatures in the formation of a superconducting
state. At a pressure of about 93 GPa the critical temperature T, of the super-
conducting transition was found at about 10 K [179]. With increasing pres-
sure T increases to about 17 K near pressures of about 160 GPa at which
an additional room-temperature phase transition, from the bco phase to the
B-Po structure, was reported. The increase in T, was attributed to a stiffen-
ing of the lattice or, in other words, due to the contribution of higher energy
phonons rather than changes of the electron-phonon coupling [192].

The transition from the bco structure to the S-Po structure was observed
at 162+5 GPa and characterized as “very gradually and subtly” [200]. In the
B-Po structure the S atoms are sixfold coordinated with nearest neighbors at
a distance of 258.4 pm (Fig. 24). The rhombohedral unit cell, which can be
derived from a body-centered cubic structure by a rhombohedral distortion,
contains one atom. The transition from the bco to the -Po structure was in-
terpreted as of second order due to the absence of any volume change at
the transition (both structures have the same atomic volume of
8.5 A>=8.5x10° pm®) [200]. On the other hand, the transition is expected to
be of first order due to symmetry considerations [191]. In fact, the bco struc-
ture is of Cmcm (Dy,"7) symmetry while -Po belongs to R3m (Ds4’). To
solve this discrepancy a model for the lower pressure -Po structure was
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Table 26 Lattice parameters of sulfur at room temperature and pressures above 20 GPa ob-
tained by X-ray diffraction studies [200, 201, 217, 218]

Structure Pressure Lattice parameters (pm) z?
(GPa)

CN®

Monoclinic® 5.3 a=983 b=1033 c=2065 =79.34° [

Trigonal 38-40 a=b~724 c~385 22

Base-centered 89.4 a=346.96(36) b=524.22(68) 4 4

orthorhombic (bco) ¢=222.02(34)

d Crmem (Do) 145 a=330.93 b=496.98 c=214.46

B-Po (rhombohedral)® 207 Trigonal setting a=207.9 ¢=104.03° 1 6

R3m(Dsg’) Hexagonal setting a=327.7 3 6

¢=258.4 c/a=0.789

2 Z=Atoms per unit cell

b CN=Coordination number

¢ The monoclinic form at above 5.3 GPa reported by Luo et al. might be assessed as an
incorrect assignment [219]

d Metallic phase with superconducting temperatures of about 10 K (at ~90 GPa) raising
to 17 K (at ~160 GPa, where the transition to the 3-Po structure occurs)

¢ Metallic phase with decreasing superconducting temperature upon increasing pressure
(~15 K at 231 K) [179]

proposed based on a monoclinic distortion of the rhombohedral unit. In this
model, the rhombohedral structure was considered as a base-centered
monoclinic structure of B2/m (C,,°) symmetry with Z=6 atoms per unit cell
[191].

In the X-ray studies of Luo et al. the -Po phase could be observed up to
at least 212 GPa, the highest pressure achieved in the experiments [200].
From an analogy of the ratio of the lattice constants c/a in Se and Te (~0.72),
at pressures where the body-centered cubic (bcc) structure is reached, a sim-
ilar transition for sulfur was estimated to take place around 700 GPa [200].

Zakharov and Cohen predicted a pressure of about 550 GPa for the 3-Po
to bcc transition on the basis of pseudopotential ab-initio calculations [190].
In addition, a critical temperature of 15 K for the superconducting transition
in the vicinity of the -Po to bcc transition was estimated. This relatively
high value was attributed to an enhancement of the electron-phonon cou-
pling near the structural transition. Although the lattice parameters of bco
and B-Po sulfur have fairly been reproduced by the calculations, the model
failed in reproducing the experimentally observed bco to B-Po transition. At
145 GPa, the calculated total energy of the bco structure was found higher
than that of the -Po structure.

On the other hand, Rudin et al. [192] found theoretically a progression
B-Po—simple cubic (sc)—bcc instead of the previously expected S-Po—bcc
transition for sulfur by analogy with selenium and tellurium. In addition,
the face-centered cubic (fcc) structure of Se (and Te) stable at pressures
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above the bcc structure was found to be energetically unfavorable in the case
of sulfur. Accordingly, the differences between the structural sequences of
sulfur and selenium were interpreted in terms of differences in the electronic
core states, especially arising from the presence of a strongly attractive
d-pseudopotential in sulfur due to the lack of d-states. On the other hand,
the d-pseudopotential in selenium, which has d-states in the core region, is
relatively weak. Therefore, in the energy calculations the electron-ion contri-
bution was found to stabilize the sc structure for sulfur in comparison with
the bcc structure.

A drop of the temperature of the superconducting transition in sc sulfur
down to 7 K (at 280 GPa) and 1 K (at 550 GPa) was predicted on the basis of
changes in the phonon density of states, that is a distinct stiffening of the sc
lattice in comparison with the -Po and the bcc structures [192].

3.4
Conclusion

In conclusion, orthorhombic sulfur a-Sg seems to be stable up to at least
20-30 GPa. However, in this pressure range several additional phases (a-S,
p-S, S¢) were observed which are generated by photo-induced ring-opening
and re-crystallization processes due to the application of laser radiation. At
high-pressure high-temperature conditions (3-8 GPa, >600 K) a two-chain
structure with a trigonal unit cell was found. In the pressure range of about
20-35 GPa sulfur exists in an amorphous state and, upon increasing pres-
sure, transforms to an unknown (trigonal?) phase existing up to about 80-
90 GPa. Around 90 GPa, sulfur undergoes a transition to a bco phase and at
about 160 GPa to the -Po phase both structures being metallic with super-
conducting properties below 20 K.

A transition to the more close-packed bcc structure was estimated to oc-
cur at pressures ranging from 500 to 700 GPa. However, theoretical calcula-
tions suggest the existence of a sc phase stable between 280 and 500 GPa pri-
or to the bcc structure. Accordingly, the structural phase sequence of sulfur
is different from those of selenium and tellurium in following the order
bco— B-Po—sc—bcc at pressures above ~80 GPa.
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Abstract The molecular composition as well as the physical properties (including spectra)
of liquid sulfur are reviewed starting with a historic Introduction to explain the terms
n-sulfur and p-sulfur. At all temperatures the melt contains homocyclic rings of between 6
and at least 35 atoms with Sg as the majority species as well as polymeric sulfur (S,) which
becomes a major component only above 170 °C. The polymer probably consists of very
large rings at temperatures below 157 °C but above this temperature very long diradicalic
chains occur in addition. At temperatures above 300 °C highly colored small molecules like
S; and, at even higher temperatures, Sy can be detected spectroscopically. According to
quantum-chemical calculations branched rings (clusters) will be minor components at tem-
peratures near the boiling point only. The temperature dependence of the composition is
explained and the various polymerization theories for the transformation of Sg into S, as
well as the molecular nature of the polymer are discussed. In addition, the various analyti-
cal techniques applied to solve the composition problem of liquid sulfur are described.
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List of Abbreviations

DSC Differential scanning calorimetry

ESR Electron spin resonance

HPLC High performance liquid chromatography
HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

MD Molecular dynamics

Sz Mixture of soluble sulfur rings excepting Sg
Sx Mixture of soluble sulfur rings with x>8
Seo Polymeric sulfur present in liquid sulfur

S, Polymeric sulfur prepared from liquid sulfur
1

Introduction

Liquid sulfur is produced industrially on a huge scale: Worldwide ca. 35 mil-
lion tonnes are produced annually with an increasing trend. There are only
two major processes which yield elemental sulfur: The Claus process in-
volves oxidation of hydrogen sulfide to sulfur and water while the Frasch
process is based on underground sulfur deposits and the application of a so-
phisticated mining procedure invented by Hermann Frasch [1]. The latter
process is mainly used in the Southern part of the United States of America
including off-shore mines. A modified version is applied in Poland. Basical-
ly, in the Frasch process the elemental sulfur in underground deposits is
melted by pressurized hot water continuously pumped into the well and the
generated liquid sulfur is mixed with compressed air and pumped simulta-
neously to the surface [2]. The Claus process is applied worldwide since hy-
drogen sulfide is a product of the desulfurization of crude oil by catalytic
hydrogenation (hydrodesulfurization [HDS] process) which is performed in
all oil refineries. Furthermore, H,S is a component of so-called sour gas
which is a natural gas containing up to 50% of H,S (sometimes even more).
Sour gas is produced in Northern Germany and Western Canada (Alberta),
for example. The Claus process consists of two steps: The partial combus-
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tion of H,S to SO, in the Claus oven (or furnace) followed by the catalytic
comproportionation of H,S and SO, to sulfur and water in a second reactor:

H,S +3/,0, — SO,+H,0 (1)

2H,S + S0, = 3/8 Sg+2H,0 (2)

Both the Frasch and the Claus process produce sulfur as a liquid, and in
this form, at ca. 140 °C, sulfur is usually transported to the customers using
either steam-heated pipelines, railroad cars, or ships, the latter with a sulfur
capacity of up to 25,000 tonnes. Sometimes, the sulfur is first solidified be-
fore shipping.

The main users of elemental sulfur are the chemical industry for the pro-
duction of chemicals such as sulfuric acid, phosphorus sulfides, etc., as well
as the rubber industry for the vulcanization of natural or synthetic rubber.

Liquid sulfurhas unique physical properties which have puzzled scientists
and engineers for more than 100 years and which have no parallel in any
other substance. For example, the color of the liquid changes reversibly from
honey-yellow near the melting point (120 °C) to dark red-brown at the boil-
ing point (445 °C) [3]. The dynamic viscosity 1 of the melt exhibits a mini-
mum of 0.007 Pa s (0.07 Poise) at 157 °C but increases by more than four
orders of magnitude in the small temperature range of 155-190 °C; the max-
imum viscosity of 93.2 Pa s (932 Poise) is reached at 187 °C [4, 5]. Other
measurements using commercial and not purified sulfur resulted in a mini-
mum viscosity of 0.009 Pa s at 154 °C [6]. On heating to temperatures above
190 °C the viscosity decreases again to 0.1 Pa s at the boiling point. Obvious-
ly, a substantial concentration of polymeric sulfur molecules (S) is building
up at temperatures above 159 °C. This so-called “polymerization tempera-
ture\X (or “transition temperature”) depends on the external pressure: As
higher the pressure as lower the polymerization temperature [7, 8]. At
840 bar (84 MPa) the polymerization takes place at 145.5 °C which is identi-
cal to the melting temperature of monoclinic 3-Sg at this pressure. In other
words, under these conditions -Sg melts directly to a liquid containing a
high concentration of S, [9]. According to DTA measurements by Kuballa
and Schneider the curve for the experimental pressure dependence of the
polymerization temperature intercepts the melting curve of -Sg at 155.5 °C
and 1300 bar (130 MPa) [10].

The density of liquid sulfur (at ambient pressure) decreases with increas-
ing temperature from 1.802 g cm™ at 120 °C to 1.573 g cm™ at 440 °C but
the temperature coefficient of the specific volume shows a unique disconti-
nuity at 159 °C when the density change has a minimal value (density at this
temperature: 1.770 g cm™>) [11-13]. Similarly, the heat capacity Cp of the
melt exhibits a discontinuity at 161 °C [14]. The dielectric constant shows a
distinct minimum at 159 °C [15, 16]. The temperature of 159 °C (sometimes
given as 159.5 or 160 °C) has therefore also been called a transition tempera-
ture (“first order A-transition” at “T;”).
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All these temperature-related changes of the physical properties are com-
pletely reversible if the melt is cooled down slowly. It must be pointed out,
however, that only measurements made with highly purified sulfur using the
method by Bacon and Fanelli [4] produce reliable results.

The melting point of -Sg (120 °C) is reversible only if the freshly pro-
duced melt is cooled down immediately before the last crystal has disap-
peared. If the melt is kept for some hours at temperatures above 120 °C the
freezing point is observed at a constant temperature of 115 °C (triple point).
This phenomenon is explained by the formation of novel low molecular
weight molecules S, with n#£8. In the older literature these molecules have
been termed collectively as z-sulfur or S, (in contrast to Sg which was
termed A-sulfur [17]). In addition, polymeric sulfur S, is a component of
liquid sulfur at all temperatures. After isolation from the melt the polymer is
usually called u-sulfur [17] or S,. In the following sections we will show how
the molecular nature of 7-sulfur has been found out and how the physical
properties of liquid sulfur can be understood on the basis of the rather com-
plex but very interesting molecular composition.

2
Historical Review [18]

2.1
7-Sulfur

2.1.1
Preparation and Properties of n-Sulfur

If liquid sulfur, after the chemical equilibrium has been established (12 h at
120 °C or 1 h at 250 °C), is rapidly quenched to low temperatures and imme-
diately extracted with carbon disulfide the polymeric S, will remain undis-
solved while Sg and S, will dissolve. After filtration, most of the Sg will crys-
tallize out on cooling of the solution to —78 °C while S, together with some
Ss remains in solution. It is not possible to isolate S, completely free of Sg.
Therefore, in the literature the mixture Sg+S; has often been simply termed
“S;” but in this chapter we will differentiate between S, on the one hand and
mixtures of S, with Sg on the other hand (“Sg+S,”). If a solution of Sg+S; is
evaporated in a vacuum a yellow resin-like mass is obtained which solidifies
at low temperatures as a glass but decomposes at room temperature within a
few days to a crystalline mixture of Sg and S, [19].

Because of the instability of S, at room temperature the quenching of the
sulfur melt has to be very rapid and efficient. Different authors have used ice
water [20-22], liquid air [23], or sheets of glass [19] or metal [19, 24] onto
which the melt was blown by a strong jet of cold gas to produce either a thin
film or small particles. Because of the low heat conductivity of elemental sul-
fur the quenching in water is insufficient and water is not even inert chemi-
cally towards hot sulfur. The quenched melt has to be extracted by CS, at
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20 °C immediately after quenching (and not after storage). In CS, solution S,
is stable for weeks at 20 °C provided that light and nucleophiles are strictly
excluded. Such solutions may be prepared with a rather high concentration
of Sg+S,. If the quenched sulfur melt is extracted by a solution of Sg+S, from
a former extraction or if the sulfur melt is poured directly into a solution of
Sg+S, it is possible to obtain mixtures with 140 g S,,/100 g CS, at 20 °C which
is four times the solubility of Sg in CS,! At —78 °C, after the precipitated Sg
has been removed, such solutions may contain 26.8 g S,/100 g CS, corre-
sponding to ten times the solubility of Sg at this temperature [25, 26].

2.1.2
Molecular Mass of r-Sulfur

Carefully performed cryoscopic measurements of solutions of Sg+S, in CS,
yielded a relative molecular mass of 260 corresponding to 8.1 atoms per
molecule. This value did not depend significantly on the concentration of
the solution nor on the temperature of the sulfur melt (130-350 °C) from
which the Sg+S; solution was prepared [26].

2.1.3
Concentration of r-Sulfur in Sulfur Melts

Using Raoult’s Law several authors have tried to calculate the concentration
of S, in sulfur melts of different temperatures from the melting point depres-
sion assuming that the polymeric sulfur does not contribute to this depres-
sion owing to its high molecular mass. Schenk and Thiimmler used the melt-
ing point of 5-Sg (119.3 °C) and the triple point of the melt (114.5 °C) and ob-
tained the S, content of the equilibrium melt at the triple point as 5.5% by
mass corresponding to 5.5 mol% since the molecular masses of Sg and S, are
seemingly identical (see above) [26]. However, these authors used the cryo-
scopic constant of equilibrium sulfur melts as determined by Beckmann and
Platzmann [27] which most probably is not identical to that of pure liquid Ss.
Similarly, Wiewiorowski et al. equilibrated sulfur melts at 130, 140, and
150 °C followed by rapid cooling to the freezing point and measurement of
the freezing temperature. These authors observed melting point depressions
of 5.0, 6.0, and 7.7 K, respectively, indicating an increasing S, content with in-
creasing temperature [28]. For the calculation of the S, content, however, they
used a much too small value for the melting enthalpy of 3-Sg (9.81 k] mol ™).
If the currently accepted value of this enthalpy (12.98 k] mol™) [29] is applied
instead the S, concentrations are obtained as 5.0, 6.0, and 7.6%, numerically
almost identical to the corresponding freezing point depressions. These con-
centrations must be considered as lower limits since some S, will decompose
during the cooling from the equilibration temperature to the freezing point.
If more recent data for the melting temperature of 3-Sg (120.1 °C) [30]
and the triple point of liquid sulfur (115.2 °C) [31] are used the freezing
point depression of 4.9 Kyields an S, content of 4.8% at the triple point.



86 Ralf Steudel

214
Rates of Formation and Decay of n-Sulfur

Several authors have reported that the formation of S, from Sg in liquid sul-
fur is a slow reaction which takes at least 8 h at 120 °C and at least 3 h at
150 °C [28, 32]. The back reaction S,—Sgis much faster requiring ca. 30 min
at 120 °C and ca. 2 h at 97-112 °C (in the solid state) [32]. However, the back
reaction is not complete: Even after 15 days at 100 °C there are still traces of
S, present in the (solid) sample [21]. At 20 °C S, decomposes within two
days to a mixture of Sg and S, in an approximate 1:1 ratio [33]. In solution
S. is much more stable: On heating of Sg+S; in toluene to 100 °C no conver-
sion was observed within 20 h [20] while heating of such a sample in CS, to
100 °C resulted in a slow decrease of the S, concentration within several days
[21].

In the presence of traces of ammonia the reactions S;—Sg and S, (or
S.)—Ss are fast and ammonia accelerates also the formation of S, and S, in
sulfur melts [21, 34-36]. Therefore, investigations on these systems should
be carried out in laboratories in which no ammonia (aqueous or gaseous) is
stored. Illumination with visible light also accelerates the interconversion re-
actions [36].

Assuming a first order reaction, Wiewiorowski et al. [28] calculated the
Arrhenius activation energy for the formation of S; in the temperature range
of 130-150 °C using the concentrations derived from the freezing point de-
pression. An activation energy of 134 k] mol™ was obtained. However, since
these authors—as outlined above—used an outdated value for the enthalpy
of melting of 3-Sg their cryoscopically determined S, concentrations are too
low. If the concentrations corrected by the present author (see above) are
used [18] the activation energy is obtained as 144 k] mol™! which agrees
fairly well with the activation energy of 150 k] mol™! for the formation of
free radicals by homolytic S-S bond dissociation in sulfur melts as deter-
mined by ESR spectroscopy [37, 38] and magnetic measurements [39]. It
should be pointed out however that in the above calculations the back reac-
tion has been neglected despite the fact that it is much faster than the for-
ward reaction (S, formation).

215
Enthalpy of Formation of rn-Sulfur

From the corrected concentrations of S; at various temperatures (see above)
and taking the concentration of polymeric sulfur into account the equilibri-
um constants K.=c(S;)/c(Sg) can be calculated for the temperature range
115-150 °C. The linear regression —log K. vs 1/T then yields the enthalpy of
formation of S, as +22 kJ mol™' [18].
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2.1.6
Molecular Nature of 7-Sulfur

The molecular mass of 260 determined for S, (see above) has puzzled some
authors who tried to identify meaningful molecular species in liquid sulfur.
Schenk and Thiimmler [26] who had first determined reliable data for the
(average) molecular mass proposed a chain of eight sulfur atoms which was
assumed to be a singlet molecule with a delocalized 7-bond rather than a di-
radical. Wiewiorowski and Touro [40] proposed that these eight-membered
chains function as Lewis bases and the Sg rings as Lewis acids forming
“adducts” of the type catena-Sg-n cyclo-Ss. Several authors [15, 32, 41, 42]
suspected that S, is simply a cyclic Sy molecule in a conformation different
from the well-known crown-shaped D4y molecule. All these hypotheses
proved to be wrong.

Krebs and Beine [43] were the first who succeeded to separate S, into frac-
tions using counter-current distribution between the two solvents methanol
and carbon disulfide. They obtained fractions containing S, molecules with
average molecular masses corresponding to between 6.5 and 33 atoms per
molecule but were unable to isolate pure components. These very interesting
results indicated that S¢ might be a component of S, as had first been sus-
pected by Aten in 1914 [36].

Harris [44] finally reviewed all the data available in 1970 and concluded
that S, must be a mixture of both S¢ and S; as well as of rings larger than Ss.
At that time Schmidt and Block [45] had already isolated traces of S;, from
sulfur melts quenched from temperatures of between 120 and 370 °C. The
hypothesis by Harris turned out to be correct as will be shown below where
reliable qualitative and quantitative data obtained by modern analytical
methods will be presented.

2.2
Polymeric Sulfur (y-Sulfur and S..)

2.2
Preparation of Polymeric Sulfur and its Concentration in Sulfur Melts

After equilibration liquid sulfur contains a certain concentration of poly-
meric molecules (Sy) at all temperatures. This polymer can be isolated and
determined by quenching the melt at very low temperatures, extracting the
smaller molecules immediately by pure carbon disulfide at 20 °C, and drying
the residue of S, in a vacuum. Extraction and drying should be done with
exclusion of light and nucleophiles and avoiding higher temperatures which
would initiate the conversion of the polymer to cyclo-Ss. The content of u-
sulfur thus obtained depends on the purity of the melt. In addition, it has to
be obeyed that the z-sulfur present in the quenched melt is unstable at 20 °C
and partly polymerizes to S, for which reason the extraction has to be done
without any delay if the true polymer content of the melt is to be deter-
mined. If, on the other hand, simply S, is to be prepared it is possible to in-



88 Ralf Steudel

crease its yield by extraction of the quenched melt after the z-sulfur has de-
composed which takes ca. two days at 20 °C or one day at 40-60 °C (see
above). Since the quenching and extraction procedures may alter the molec-
ular identity of the polymer it is convenient to use two different symbols for
the polymer dissolved in the melt (S,,) and for the isolated product (S,). Be-
low it will be shown that S, is most probably a mixture of large rings and
long chains at temperatures above 159 °C.

The most reliable determinations of S, in the older literature are those by
P.W. Schenk [19] and by J. Schenk [23] while the data reported by Koh and
Klement [24] are probably too high, at least in the high temperature region.
P.W. Schenk equilibrated liquid sulfur in an aluminum oven and allowed the
melt to flow in a thin stream from the oven through a valve in the bottom.
Using a jet of cold gas to blow the melt against a sheet of glass (P.W. Schenk)
or copper or aluminum metal (Koh and Klement) the authors tried to rapid-
ly quench the melt as a thin layer. In some experiments J. Schenk used liquid
air to quench the melt, a coolant which is to be preferred over water since it
yields very small particles of sulfur which are efficiently quenched. After
extraction with CS, at 20 °C the S, content was determined as insoluble
residue.

In general, the polymer content of liquid sulfur increases first slowly from
the melting point to 155 °C, but more steeply above 158 °C although there is
no indication for a sudden increase as dramatically as the viscosity increases
in the region 159-190 °C (see above). While the viscosity decreases above
190 °C the polymer content increases further to a maximum of 40% [19].
Therefore, the claim [26, 34, 46, 47] that the sudden viscosity increase is
caused by a precipitation of polymer from the melt and a sudden shift of the
equilibrium from the monomer Sg to the polymer above 159 °C is not justi-
fied. For systems like liquid sulfur with highly entangled but not crosslinked
chains the viscosity is proportional to the product N*p®> where N is the
chain-length and p is the concentration of chain-atoms [48].

The following polymer contents are representative examples for high-pu-
rity sulfur melts quenched from the temperatures indicated:

- 120 °C: 0.5% [23]; 130 °C: 1.0% [23]; 160 °C: 4.5% [23]; 350 °C: 37% [19]

More recent data indicate that these concentrations are all slightly too
high (see later). According to Koh and Klement who quenched the sulfur
melts at room temperature the polymer content rises from ca. 1% at 135 °C
melt temperature, to 10% at 162 °C, 36% at 200 °C, and 56% at 250 °C at
which temperature a plateau is reached which extends to at least 300 °C [24].
Since these authors did not purify the sulfur by the method recommended
by Bacon and Fanelli [4] and since a quenching temperature of 20 °C is
probably too high the reliability of these data may be disputed. Sulfur melts
containing various types of impurities show higher polymer contents after
extraction (max. 65%), but this polymer is less stable at 20 °C with regard to
conversion to a-Sg [19].
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Previous authors [19, 21-23, 34] also reported that the polymer concen-
tration is nearly constant in the region 250-420 °C although their absolute
values in some cases differ from more recent results because of deficiencies
in the quenching procedure or the impact of impurities including the water
used for chilling the melt. Generally, it is assumed that the polymer is pres-
ent as an ideal solution in a melt of small ring molecules.

Ward and Myers [49] tried to determine the S, content of the sulfur melt
directly using Raman spectroscopy. The Raman spectra of hot sulfur melts
are characterized by very broad and overlapping signals. The authors as-
sumed identical Raman scattering intensities for the stretching vibrations of
Ss and S, and an identical temperature dependence of these intensities. In
addition, they neglected the S, content of the melt. The obtained concentra-
tions scatter considerably but indicate that the S, content increases from
practically zero at 150 °C to ca. 70% by mass at 260 °C. From the tempera-
ture dependence of the S, content the enthalpy of formation of was estimat-
ed as 19 k] mol™! (for more recent data, see later).

The occurrence of higher concentrations of S., above 160 °C results in a
birefringence of sulfur melts [50] with a maximum between 175 and 185 °C
at which temperature the viscosity also attains its maximum value.

If sulfur melts are quenched at temperatures below —30 °C a material is
obtained which initially is elastic and amorphous at room temperature but
rapidly crystallizes to become a mixture of microcrystalline sulfur rings and
polymeric molecules. The glass-transition temperature of the elastic material
is ca. =30 °C. Below this temperature the conversion to a microcrystalline
mixture is very slow [51, 52].

For reasons of completeness it should be pointed out that polymeric sul-
fur is also obtained if sulfur vapor is quenched from very high temperatures
(e.g., 600 °C) to very low temperatures (liquid nitrogen) followed by warm-
ing the condensate to +20 °C and extraction with carbon disulfide. Up to
60% S, have been obtained in this way [53]. Commercially polymeric sulfur
(trade name Crystex) is produced by a similar process (see the chapter on
“Solid Sulfur Allotropes” in this volume). The glass transition temperature
of Crystex is +75 °C [51].

2.2.2
Properties of (i-Sulfur

Polymeric or insoluble sulfur prepared from quenched sulfur melts by ex-
traction is a yellow powder which slowly converts to Sg at 20 °C. This reac-
tion takes months to years but is accelerated by irradiation, by grinding, by
heating as well as by catalysts like aqueous or gaseous ammonia. Heating to
100 °C for 10 h destroyed all S, in a quenched and aged melt which original-
ly contained 2.8% of S, [54, 55]. If S, is treated with liquid carbon disulfide
at 100 °C (in a sealed thick-walled glass ampoule) it partly dissolves as a
mixture of Sg and S, in other words by depolymerization [21]. The melting
(depolymerization) temperature of solid S, has been reported as 105-115 °C
[56, 57]. The molecules in the melt thus obtained rapidly equilibrate with
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Table 1 Polymerization temperature of liquid sulfur as a function of the heating rate start-
ing with pure Sg samples [58]

Rate (K min™') 1.25 2.5 5 10 20 40
Tpolym. (°C) 161 167 172 183 191 203

each other and the composition of the melt after equilibration is identical to
that of a melt obtained from Sg [34, 57]. In liquid sulfur S, dissolves with de-
polymerization to Sg and S, [57].

223
Rate of Formation of Polymeric Sulfur

The formation of S, in sulfur melts is a slow reaction, and it takes about 1 h
at 160 °C to establish the equilibrium concentration [24, 58]. From the tem-
perature dependence of the polymer content, from the heat capacity C, of
the melt [29] as well as from calorimetric measurements [56, 58] it was con-
cluded that the reaction Sg—S is endothermic with an estimated activation
energy of ca. 120 k] mol™!(Sg) [58]. The same value was derived from DSC
measurements of liquid sulfur [58]. In this context it was observed that the
sudden viscosity increase of liquid sulfur takes place at exactly 159 °C only
if the heating rate approaches zero. If the heating rate is varied between
1.25 and 40 K min~! higher “transition temperatures” are observed as the
data in Table 1 show [58].

Furthermore it was observed that the polymerization temperature at finite
heating rates depends on the thermal history of the sulfur! The data in Ta-
ble 1 apply to pure Sg and fresh samples in each experiment. If sulfur is used
which had been melted (and then solidified) before or had been kept liquid
for some time at a temperature below Tplym. the polymerization takes place
at lower temperatures but never below 159 °C [58]. This indicates that the
polymerization is triggered by molecules which form from Sg after melting,
most probably by some component of z-sulfur. This has been convincingly
demonstrated by the following experiment. Addition of 2% of crystalline Sq
to an equilibrium sulfur melt at 150 °C resulted in immediate polymeriza-
tion of the entire melt [59]. Therefore, it was concluded that the polymeriza-
tion of sulfur melts is triggered by free radicals originating from the thermal
ring opening of S¢ and S; molecules the dissociation energy of which is
smaller than that of Sg [60, 61].

224
Molecular Nature of Polymeric Sulfur

The molecular nature of Sy and S, has been disputed many times. While
some of the earlier authors believed that polymeric sulfur is a mixture of
large rings (S..®) [46, 47, 62, 63], others preferred chain-like macro-
molecules (S..°) [39, 64-68]. These macromolecules should have “dangling
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bonds” at the chain-ends (i.e., free radicals). In fact, Gardner and Fraenkel
[37] obtained ESR spectra of very pure sulfur melts in the temperature range
of 189-414 °C and observed an increasing spin concentration with increas-
ing temperature. These spectra consist of a single broad line at g=2.024. The
radicals are formed by homolytic cleavage of sulfur-sulfur bonds:

—§-S— =2-§ (3)

From the temperature dependence of the signal intensity (amplitude) the
activation energy for this reaction was derived as 140120 k] mol™
(SS bonds) or 70 k] mol !(spins). From the line-width and its temperature
dependence the lifetime of the free radicals was estimated which is obviously
determined by the following rapid radical displacement reaction:

—S+—S—5— = —§—S—+-S. (4)

The activation energy for reaction (4) was derived as 12 k] mol™ and the
lifetime was estimated from the line-width as 1.6x10™° s at 216 °C and
6.5%107'% s at 414 °C. Evidently, the radicals move rapidly around in the melt
and novel chain-like and cyclic molecules are constantly formed and de-
stroyed. If the melt is cooled to temperatures below 150 °C irreversible radi-
cal recombination will occur.

Koningsberger and DeNeef used a spectrometer of high sensitivity and
applied time-averaging techniques to improve the signal-to-noise ratio. They
observed isotropic ESR signals of Lorentzian line-shape (g=2.017£0.005) al-
ready at 153 °C (but not at lower temperatures) and up to 800 °C [38]. The
spin concentration was estimated as two electrons per 5x107 atoms at 172 °C
and per 5%x10° atoms at 445 °C (boiling point) [69]. These numbers would
represent the average chain-lengths of the diradicals at the given tempera-
tures if only chains and no rings were present which is of course not the
case. Therefore, these numbers are upper limits for the average chain-
lengths of the diradicals in liquid sulfur.

The chemistry in liquid sulfur was modeled by the following four reac-
tions (C=diradical chain, R=ring) and the enthalpy values given were de-
rived using a theoretical analysis presented in [69] for the temperature re-
gion of 250-550 °C:

Ringopening: S} = S AH? = 153kJmol ' (5)
Chain dissociation: S{ = S{+S7 AH=149kJmol (6)
Ringaddition: S¢+S}= SjC AH= 10kJ mol * (7)
Radical displacement: —S§;+ —S—S— = —§—-S—+§ (8)

The enthalpy of the last reaction is of course zero.
Poulis et al. [39] measured the magnetic susceptibility of liquid sulfur in
the temperature range of 120-580 °C. The susceptibility is strongly influ-
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enced by the paramagnetic contribution of the diradicals. These authors de-
rived the enthalpy of the bond dissociation reaction of sulfur chains as
148 k] mol™! at 578 °C. The mean chain-length of the polymer in liquid sul-
fur was estimated as 10 atoms near 400 °C and 10° atoms near 550 °C. These
data were confirmed by Radscheit and Gardner who obtained 152 k] mol™
for the dissociation enthalpy above 550 °C [70].

23
Doping of Sulfur Melts

Many authors have shown that the physical properties of liquid sulfur as re-
ported in the Introduction change dramatically with even small concentra-
tions of “impurities” or “dopants”. These dopants react chemically with the
elemental sulfur at the temperatures of the liquid and therefore change the
composition and in particular the chain-length of the polymeric sulfur. This
is one of the reasons that studies on the properties of sulfur should be per-
formed only with samples of extremely high purity as obtained by the meth-
od of Bacon and Fanelli [4, 71]. The latter authors investigated the impact of
impurities such as organic matter, SO,, H,SO4, H,S, H,S,, amines and halo-
gens. Organic substances of unknown nature are present as impurities in all
commercial sulfur samples including the so-called 99.999+% sulfur! On
heating to 200 °C a sulfur sample containing 0.038% oil and 0.05% H,SO,
produced, inter alia, hydrogen sulfide which has a pronounced impact on
the chemical equilibria in liquid sulfur lowering the viscosity in the range
160-230 °C to less than 4 Pa s (40 Poise). On repeated heating and cooling
these samples more and more behaved like pure sulfur with its pronounced
viscosity maximum at 187 °C since the hydrogen sulfide either evaporated
or was oxidized to elemental sulfur and water which escapes [4]. Sulfur di-
oxide and sulfuric acid have no effect on the viscosity of liquid sulfur.

If gaseous hydrogen sulfide is passed through pure liquid sulfur while ris-
ing its temperature from 125 to 190 °C within 90 min the sample does not
attain the viscous state. Its viscosity at the end of this period is only
0.09 Pa s as compared to about 93 Pa s for untreated sulfur [4]. The depen-
dence of the viscosity on the H,S content of the melt at temperatures of be-
tween 170 and 300 °C has been determined [72]. The H,S reacts with sulfur
in a reversible reaction to polysulfanes H,S, which have been detected by in-
frared [73] and 'H NMR [74] spectroscopy in such melts. For this reason the
solubility of H,S in liquid sulfur increases with temperature up to 385 °C [72,
73, 75] while usually gases are less soluble if the temperature is increased.
Polysulfanes therefore lower the viscosity of liquid sulfur as efficiently as hy-
drogen sulfide does [4]. The freezing point of sulfur is also lowered by H,S
[76]. Many commercial samples of elemental sulfur contain traces of hydro-
gen sulfide or polysulfanes which are not easy to remove.

The viscosity maximum of sulfur treated for several days with ammonia
is only slightly lower (ca. 78 Pa s) than that of untreated samples which has
been explained by the formation of minute amounts of H,S and H,S,. For
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the same reason, some amines lower the viscosity because of reactions of the
organic groups with sulfur producing some hydrogen sulfide [4].

The impact of the halogens chlorine, bromine and iodine on the viscosity
of liquid sulfur has been studied most extensively. They all lower the viscos-
ity dramatically, even in low concentrations, and the effectiveness in this re-
spect decreases from chlorine to iodine. At the same time the maximum of
the viscosity curve is shifted to higher temperatures. For example, the addi-
tion of 0.02% of I, gives a viscosity maximum of 5.7 Pa s at 225 °C while
0.75% chlorine, added as sulfur chloride, give maximum viscosity values be-
low 0.2 Pa s in the entire temperature region of 150-320 °C [4]. It is generally
assumed that the halogens as well as the sulfur chlorides react with liquid
sulfur to chain-like dihalopolysulfanes S,X,. In this way the chain-length of
the polymeric sulfur molecules is reduced and the viscosity thus lowered:

—S—S—+X, = 2-5X (9)

—S—S— +8X, = —SX+—S—SX (10)

Since these reactions are reversible and since the elemental halogens as
well as the low molecular mass sulfur chlorides are volatile they slowly es-
cape from the hot melt if the sample is kept open to the atmosphere. In this
case, the viscosity rises again with the heating time [4].

If selenium is added to liquid sulfur the transition temperature is some-
what lowered since mixed selenium-sulfide chains and rings are formed [77]
the dissociation energy of which is lower than for sulfur-sulfur bonds. The
maximum viscosity is also lower compared to pure sulfur. Above a concen-
tration of 70% Se the melt is highly viscous and obviously consists mainly of
polymeric molecules at all temperatures as is the case with pure selenium
[23].

The effects of phosphorus and arsenic are more complicated. These ele-
ments are added as such or as P,S; or As,Ss, respectively, followed by heat-
ing to 400 °C for homogenization and cooling to the melting point. The
maximum viscosity of these melts is lowered by approximately one order of
magnitude if between 0.25% and 1.5% of arsenic are added but the increase
in viscosity begins at much lower temperatures compared to pure sulfur [23,
78]. The polymer obtained from such melts is more stable thermally since
the three-valent phosphorus or arsenic atoms obviously knit the sulfur
chains together in a process similar to the vulcanization of organic polymers
by elemental sulfur resulting in oligosulfane bridges of the type R—S,—R
with x=1, 2,...[79].

Dilution of liquid sulfur with an inert organic solvent shifts the polymer-
ization temperature to higher values.
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3
Recent Results

Since about 1970 it has been shown that almost all metastable sulfur homo-
cycles between S¢ and S,, can be prepared as pure solids by kinetically con-
trolled syntheses at moderate temperatures [71]. The investigation of their
physical properties and in particular of their spectra allowed the molecular
composition of liquid sulfur to be determined using modern spectroscopic
and chromatographic techniques. As a result of these investigations the pure
sulfur rings S;, Si2, S1s, and S;p can now be prepared from quenched sulfur
melts by fractional crystallization [71]. The analytical work will be described
below while the preparation of solid sulfur allotropes is reported elsewhere
[71].

3.1
Analysis of Liquid Sulfur by Vibrational Spectroscopy

The interpretation and assignment of the vibrational spectra of liquid sulfur
and of quenched sulfur melts requires the knowledge of the spectra of the
likely components of these mixtures. Therefore, the infrared and Raman
spectra of all sulfur allotropes existing at ambient pressure had to be record-
ed to collect the data needed to assign the spectra of the melt. It turned out
that the vibrational spectra of the various sulfur rings and of polymeric
chains are different enough to identify each species by this method in mix-
tures, provided the particular concentration is not too low and the composi-
tion of the mixture is not too complex. The differences in the spectra result
from the increase in the vibrational degrees of freedom with increasing
number of atoms in the molecule. But in addition, the molecular symmetry
plays a major role since high-symmetry molecules like S (Dsq), Ss (Dad)s
and S;, (Dsqg) give simpler spectra than molecules of similar size such as S;
(Cs) due to degeneracies of some of their vibrational modes.

Most of the sulfur rings have either no or only small dipole moments ow-
ing to the low or lacking polarity of the sulfur-sulfur bonds. Therefore, infra-
red spectra of these species are of low intensity as a result of the selection
rule for infrared absorption. In contrast, the Raman scattering intensity of
S-S bonds is very strong and Raman spectra are therefore the best technique
to study sulfur melts and samples prepared from the melt like z-sulfur and
u-sulfur. In Fig. 1 a schematic comparison is made to demonstrate the differ-
ences in the Raman spectra of the homocycles with between 6 and 12 atoms.

Compounds containing S-S bonds are light sensitive and this holds partic-
ular true for solid sulfur allotropes. Since Raman spectroscopy involves the
irradiation with a high-intensity laser beam one has to take care that the
sample composition is not affected by the irradiation. Therefore, red (kryp-
ton ion) or infrared (Nd:YAG) laser lines are recommended and the solid
samples should be cooled to at least —100 °C whenever possible. The low
sample temperature at the same time improves the spectral resolution since
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Fig. 1 Schematic representation of the Raman spectra of some sulfur allotropes consist-
ing of homocycles (fundamental modes given only; after [80])

1

narrower Raman lines are obtained. Green and blue laser lines usually initi-
ate photoreactions even at low temperatures.

3.1.1
Raman Spectra of Liquid Sulfur

Several authors have reported Raman spectra of sulfur melts without obtain-
ing any novel information besides the fact that cyclo-Sg is the main con-
stituent and that the polymer content increases with temperature, in particu-
lar above 159 °C [49, 81-85]. These spectra show the strong lines of Sg at
151, 218 and 474 cm™! and—at higher temperatures—the broad line of S,
at ca. 460 cm™! which prevents the detection of any weaker lines of the other
components of the melt. With rising temperature the Sg lines also get broad-
er and broader [83]. Only the use of modern spectrometers revealed the
weak lines of additional components [80]: High-purity sulfur sealed in a
glass ampoule was measured in the range 110-300 °C using a krypton ion
laser (647.1 nm) after the thermal and chemical equilibria had been estab-
lished. In addition to the lines of Sg two weak lines at 264 and 235 cm™!
(1 cm™!) were observed at temperatures above 130 °C. These lines can defi-
nitely be assigned to the symmetrical ring bending vibrations of S¢ and S;,
respectively [86]. The additional Raman signals of these two molecules are
obscured by the dominating and very broad Sg lines. Compared to the solid
allotropes a- and f3-Sg the lines of liquid Sg of a; and e, symmetry are shifted
to lower wavenumbers as higher the temperature of the melt [80]. At tem-
peratures where the melt contains a substantial concentration of polymeric
sulfur a broad Raman “band” in the region 350-460 cm™' was observed
which partly must be caused by the polymer [80].



96 Ralf Steudel

3.1.2
Raman Spectra of Quenched Sulfur Melts

To avoid the problems with the rather broad Raman signals of Sg and S, in
the spectra of hot sulfur melts it seemed helpful to record spectra of liquid
sulfur rapidly quenched in liquid nitrogen [80]. To prepare such samples the
equilibrated melt of high-purity sulfur was allowed to flow into stirred liquid
nitrogen in as thin a string as possible resulting in a fine yellow powder of
solid sulfur provided the melt temperature was below 160 °C. At higher melt
temperatures thin wires of solidified sulfur were obtained. All samples were
handled and measured at temperatures below —78 °C. The spectra now
showed clearly the presence of S¢ (268 cm™) and S; (175, 288, 360, 402,
518 cm™') by the lines given in parentheses. In addition, 3-Sg was detected
[80].

The time-dependent formation of S; from Sg in liquid sulfur at 120 °C was
monitored using the two neighboring Raman lines of S; (360 cm™) and Sg
(196 cm™) in the spectra of the melt quenched at certain time intervals after
the start of the melting procedure of pure Sg in the aluminum oven. The in-
tensity ratio 1(360)/1(196) continuously increased from zero to 0.28, the final
value being reached after ca. 10 h. By independent experiments it had been
shown before that this intensity ratio is proportional to the S; concentration
in liquid Sg. The temperature dependence of 1(360)/1(196) was used to
demonstrate that the S; concentration in liquid sulfur increases from 115 to
159 °C approximately by a factor of 2 but absolute concentrations could not
be determined in this way [80].

313
Infrared and Raman Spectra of n-Sulfur

Above it has been shown that the Raman spectra of liquid sulfur and of
quenched sulfur melts are obscured to a large extend by the strong lines of
the main component Sg. Therefore, to obtain spectral information on the mi-
nority species one has to reduce the Sg concentration in the quenched sam-
ples by extraction with carbon disulfide at 25 °C followed by cooling of the
filtered extract to —78 °C whereupon most of the Sg together with some
S12:CS; crystallizes out (see above). The a-Sg is obtained as large yellow crys-
tals while S;,:CS, forms almost colorless small plates which can easily be
separated from the Sg by flotation. These plate-like crystals have been char-
acterized by X-ray structure analysis as well as by vibrational spectra [87].
Infrared and Raman spectra of the filtered solution of Sg+S, as well as of its
evaporation residue showed once more the presence of Sg, S;, and Sg but in
addition a Raman line at 460 cm™' was observed which was assigned to the
S-S stretching vibrations of soluble rings larger than Sg (in the following
termed as Sy). All these components were observed in sulfur melts quenched
from temperatures of 120, 140, 250, 350, and 445 °C [80].

To obtain quantitative data on the composition of the Sg+S;, solution cali-
bration curves were recorded using solutions of pure S¢, S7, and Sg in CS,.
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Table 2 Molecular composition of liquid sulfur determined by vibrational spectroscopy of
quenched melts (T: equilibration temperature; concentrations in mass %; Sy are soluble
rings larger than Sg; the homocycles Sg, S7, and S, are the constituents of S) [88]

T (°C) Sg (%) Sy (%) Sz (%) S (%) S7 (%) Sx (%)
115 95 0.05 4.9 0.6 2.8 1.5
130 94 0.2 5.9 0.9 3.6 1.4
145 93.4 0.4 6.2 0.9 4.0 1.3
159 90.4 2.4 7.2 1.4 4.7 1.1
250 43.8 51.3 4.9 0.9 3.3 0.7
350 42.8 52.0 5.2 1.0 3.5 0.7

The concentration of S, was obtained as the difference between the total sul-
fur concentration and the sum of the concentrations of S¢, S;, and Sg. To
double-check the results the molecular mass of the Sg+S, solution was deter-
mined osmometrically and the result compared with the molecular mass cal-
culated from the analytical composition data assuming an average value of
x=25; excellent agreement was obtained [88]. The final results were then
used to calculate the composition of the melt with the assumption that the
quenching procedure does not change the composition. These analytical re-
sults are given in Table 2.

The data in Table 2 demonstrate that the concentration ratio c¢(S;)/c(Sg) in-
creases with increasing temperature for rings with i<8 but decreases for
rings with i>8 as is to be expected from the impact of the entropy. The data
obtained for the S, content are in agreement with earlier values derived from
the depression of the melting temperature of liquid sulfur (see above).

The maximum amounts of pure sulfur allotropes [71] isolated from 400 g
liquid sulfur quenched from 160 °C, extracted at 20 °C by CS; followed by
fractional crystallization are as given below [88]:

- S7Z 0.8 g 812: 0.25 g S]gl 80 mg 820: 40 mg

The maximum amount of Sy isolated from 400 g melt was 1.2 g.

By chromatography on silica gel 60 at a column temperature of —40 °C the
S, mixture has been separated into six fractions; the mean molecular mass
of the sulfur rings dissolved in these fractions ranged from 1100 (first frac-
tion) to 733 (last fraction). In other words, S, must contain rings with up to
35 atoms at least [88]. A more sophisticated chromatographic separation will
be described in the following section.

3.2
Analysis of Quenched Sulfur Melts by HPLC

High-performance liquid chromatography (HPLC) using the reversed phase
technique is used to separate the most complex mixtures of organic and in-
organic molecules with base-line separation quality. In the case of sulfur ho-
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mocycles so-called C18 stationary phases have turned out to be the best,
e.g., silica gel the surface OH groups of which have been modified by substi-
tution of the hydrogen atoms by dimethyloctadecylsilyl groups (Me,CysH37.
Si-). While untreated silica gel decomposes metastable sulfur rings such as
S7 to Sg, the C18 phases are inert provided the surface OH groups have been
substituted quantitatively. High-purity methanol is used as a mobile phase.
Addition of cyclo-hexane to the methanolic eluent (up to 30 vol.%) reduces
the retention time and at the same time enhances the solubility of the larger
sulfur rings, while addition of water (up to 5%) increases the retention time
[89, 90]. In some cases ethanol has been added as a third component, and
gradient techniques helped to reduce the retention time of the larger rings
[91]. All homocycles S, with n=6-28 have been separated and can be deter-
mined in this way alongside one another. The rings larger than S,s which are
definitely present in z-sulfur (see above) cannot be separated by this tech-
nique owing to their low solubility in the polar mobile phase, owing to their
low concentration in the quenched sulfur melt and owing to their large re-
tention times which result in broad and therefore small peaks due to diffu-
sion broadening.

The retention times tg of sulfur homocycles systematically increase at
identical conditions with the ring size allowing the estimation of tg for new
S, species by inter- or extrapolation. The capacity factors

K'=(tr —t0) /1, (11)

are linearly dependent on the number 7 of the sulfur atoms in a semiloga-
rithmic plot (tp: dead time of the chromatographic system) [89, 91]. The
most sensitive detection technique for the separated components is the mea-
surement of the UV absorption at or near 254 nm since all compounds con-
taining S-S bonds show a very strong absorbance in this wavelength region
[92]. The samples are injected into the flowing mobile phase as very dilute
CS; solutions (1 mg S,/100 ml CS,).

Chromatograms of quenched sulfur melts, of 7-sulfur and of S, demon-
strate that sulfur melts contain all homocycles from Sq to at least Syg [91].
There is no reason to assume that larger rings are absent; it is just not possi-
ble to detect them by the presently available techniques. If these rings are
too large they will be insoluble and in this way become components of the
polymeric sulfur S..

To analyze sulfur ring mixtures quantitatively by HPLC requires the deter-
mination of the calibration functions A=f(c) by analysis of solutions of dif-
fering concentrations c for all the allotropes available as pure materials (A:
peak area). In most cases this function has the form A=a-c with the slope de-
pending systematically on the ring size or the number of sulfur atoms, re-
spectively [89].

The quantitative composition of liquid sulfur as determined by HPLC
analysis after quenching in liquid nitrogen, extraction with CS, and separa-
tion from the insoluble S, is shown in Table 3 [93]. These data are the most
reliable information about the composition of liquid sulfur in the tempera-
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Fig. 2 Temperature dependence of the concentrations of Sg and of the polymer S, (top),

of S; (center), and of Sg, So, S10, and Sy, (bottom) in liquid sulfur according to the data in
Table 3. Note the two different ordinate scales

ture region 116-387 °C available at present. The temperature dependence of
the concentrations of the major components of liquid sulfur is shown in
Fig. 2.

According to the data in Table 3 the Sg content decreases from 93.6 mass
% at 116 °C via 83.4% at 159 °C to 50.7% at 269 °C at which temperature it
reaches a minimum followed by a slight increase to 56.3% at 387 °C. Simul-
taneously, the polymer content increases from 0.2% at 116 °C via 3.0% at
159 °C to a maximum of 39.9% at 243 °C followed by a slight decrease to
33.9% at 287 °C. Of all the rings soluble in CS, the concentration of Sg is
highest, of course; second comes S; the concentration of which first increas-
es from 3.1% at 116 °C to 5.2% at 159 °C followed by a decrease at higher
temperatures as a consequence of the decreasing Sg concentration. At 159 °C
the order of decreasing ring concentration is Sg>>S;>>S¢>S9>S1,>S10>S19,
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Sz(), 815>Sls>811, 813, 514, Slﬁ, 817, 821, 522>Sz3. Larger rings, though present,
could not be determined quantitatively [93].
The chemical equilibria

Sg = S/nSn (12)

are governed by the Gibbs energy AG°=AH°-T-AS°. At higher temperatures
the entropy term favors the rings smaller than Sg since AS® will be positive
in these cases and —T-AS° overcompensates the always positive term AH® re-
sulting in a negative value of AG®. The rings larger than Sg are thermody-
namically unfavorable and their concentrations remain small at all tempera-
tures; only the entropy of mixing may work in favor of them. However, since
a large number of different ring sizes is possible including an increasing
number of different conformations of the same ring size they cumulatively
contribute substantially to the concentration of 7-sulfur. The missing “rest”
of the 100% assay in the last column of Table 3 is attributed to the soluble
rings with more than 23 atoms as well as to analytical errors [93].

In principle, one would also expect the homocyclic S5 to be present in hot
sulfur melts but this species may be too unstable to survive the quenching
and extraction procedure since never has ever a peak at the expected reten-
tion time been observed. However, according to Rau et al. [94] saturated sul-
fur vapor contains only 0.7 mol% Ss but 20% S and 12% §S; at 200 °C. At
higher temperatures the melt will also contain traces of Sy, S; and S, [61]; see
also the next section. The sum of the concentrations of the non-Sg rings at
116 °C is 4.87%, practically identical to the concentration of z-sulfur as de-
rived from the freezing point depression (see above), thus confirming the re-
liability of the HPLC analysis.

The data in Table 3 have been used to calculate the enthalpies of forma-
tion of the various rings in liquid sulfur from Sg using Eq. (12). From these
enthalpies the mean bond energies of the sulfur homocycles were derived.
The differences of these mean bond energies to the value of Sg
(266.6 k] mol™! [95]) are shown in Fig. 3 [93]. As can be seen, S;, and the
rings larger than S;; are most stable (besides Sg) with mean bond energies of
just 1 k] mol™! below that of Sg. Of the smaller rings Ss seems to be most
strained but even in this case the difference in bond energies of ca.
4 k] mol™! is only 1.5% of the total bond energy. Density functional calcula-
tions confirmed that the mean bond energies of sulfur rings larger than S;,
are practically identical [96].

Ludwig et al. have tried to model the composition of liquid sulfur by
quantum-chemical calculations [97] which is not accurately possible since
the polymeric molecules—a major component above 159 °C—cannot be cal-
culated. Therefore, the results are of little use and no novel insights were
achieved.

The critical parameters of sulfur have been determined as follows:
T.=1313 K, p.=179.7 atm (18.2 MPa), p.=0.563 g cm™> [98]; T.=1313 K,
p=20.3 MPa, p.=0.58 g cm™> [99].
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Fig. 3 Mean bond energies of the sulfur homocycles Se...S,3 in liquid sulfur relative to
Ss. AE is the difference in mean bond energies between Sg and the particular ring
(in kJ mol™') [93]

If equilibrated liquid sulfur was allowed to cool down from 122 to 35 °C
at a controlled rate of between 2.4 and 0.01 K min~! (cooling time between
0.6 and 145 h) all the metastable rings S, (n#8) partly or completely decom-
posed to a mixture of Sg and polymeric sulfur [100]. The slower the cooling
the more Sg was formed in this way while the concentration of the polymer
was maximum at a cooling time of 2-15 h, depending on the purity of the
sample. However, even if the cooling rate was very low and the solidified
product was stored for several months at 20 °C it still contained traces of S;
(0.1-0.2%) as some kind of memory to its former liquid state. Since com-
mercial sulfur samples are prepared from liquid sulfur it is not surprising
that they always contain between 0.10 and 0.56% S; which, by the way, is re-
sponsible for the bright-yellow color of these samples while pure ¢-Sg, ob-
tained by recrystallization of the commercial samples from organic solvents,
is greenish-yellow [100]. The traces of S; in solid Sg may be considered as
“matrix-isolated molecules” or as stable solid state “defects” or simply as a
solid solution of little S; in Sg.

33
UV-Vis Spectroscopy of Liquid Sulfur

At 200 °C liquid sulfur is as deep-yellow as a synthetic mixture of its compo-
nents Sg, S; and S, would be. With increasing temperature the color changes
via orange and dark-red to dark red-brown [3]. The saturated sulfur vapor
shows the same colors. Several research groups have tried to use absorption
spectroscopy in the UV-Vis region to detect and identify the molecular spe-
cies responsible for the color changes [101-105]. Because of the extremely
high absorbance of sulfur one usually obtains spectra characterized by a
steep absorption edge. At 120 °C melt temperature this edge begins to rise at
480 nm (2.6 eV) and is very steep near 450 nm (path length 0.1 mm). With
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increasing temperature the edge shifts to larger wavelengths. This red-shift
is explained by the increasing excitation of molecular vibrations resulting in
a broadening of the absorption bands of Sg. This view is in agreement with
the measured activation energy for the red-shift of 10+1 kJ mol™' [106].
From about 400 °C a strong increase of the absorption in the region of
950+100 nm (ca. 1.3 eV) is observed resulting in shoulders at the absorption
edge. This new absorption has been assigned to the chain-end atoms of the
free radicals since the temperature dependence of this additional absorption
has been shown to be about the same as that of the ESR signal intensity
(while in fact it is slightly smaller) [103, 105]. The band gap between the va-
lence and conduction bands of liquid sulfur is 3.65 eV at 150 °C; it slightly
decreases with increasing temperature [105].

The spectra of very thin films of liquid sulfur exhibit absorptions which
are not present in the spectra of pure Sg. Even at as low a temperature as
145 °C a shoulder at 360 nm is observed which has been assigned to S¢
[103]. This absorption band can also be seen in the spectra of liquid sulfur
at 250 °C [102, 103] and in the spectrum of the melt quenched from 250 °C
[102]. The assignment to S¢ is rather unlikely since this molecule has practi-
cally no absorption in this region [92]. Furthermore, the S¢ concentration at
145 °C is only 0.8% [93]. Most probably the 360 nm band is caused by the
collective absorption of the components of z-sulfur and in particular by the
S, content of the melt, i.e., the rings larger than Sg which have higher extinc-
tion coefficients at 360 nm than the smaller rings [92].

However, Tamura et al. [105] found a linear correlation between the ab-
sorbance at 380 nm and the polymer content of the melt quenched from
temperatures in the region 160-300 °C as determined by Koh and Klement
[24]; they consequently assigned this band to the central atoms in the poly-
meric chains of S...

At temperatures of 300-700 °C another additional absorption is observed
at 400 nm, and in the region of 500-900 °C another one at 520 nm [102,
103]. By comparison with the spectra of sulfur vapor [61] as well as with the
spectra of photolytic dissociation products of S;Cl, and S4Cl, [102] the ab-
sorption at 520-530 nm was assigned to the cis-planar isomer of the S, mol-
ecule and the 400-410 band to the cherry-red S; molecule [102]. The saturat-
ed sulfur vapor contains about 1 mol% each of S; and S, at 500 °C but about
10 mol% each at 1000 °C [61, 94]. At temperatures below 300 °C these spe-
cies are practically absent and therefore can hardly play any significant role
in liquid sulfur. The deep red-brown color of sulfur melts at temperatures
above 400 °C has also been assigned to the red S; molecule [102] but in ad-
dition S and the diradicals S,© will contribute. The extinction coefficient of
S; is one order of magnitude larger than that of S, [107]. The diradicals
probably absorb at practically any wavelength owing to their widely differ-
ing chain-lengths x [102].

However, in addition to the chain-like and cyclic species discussed so far
the presence of branched rings and chains in sulfur vapor and in liquid sul-
fur has also been discussed [108] but no conclusive experimental evidence
for such isomers is presently available. For example, an isomer of cyclo-Sg
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Fig. 4 Structures of nine isomeric molecules of composition Sg with internuclear dis-
tances (in pm) as optimized at the B3LYP/6-31G(2df) level of theory. The relative Gibbs
energies AG®,95 are given in parentheses [109]

could be a candidate since ab initio MO calculations at the very high
G3X(MP2) level of theory place the lowest energy isomer of Sg at only
AG®,95=28.3 k] mol™! above the eight-membered ring [109]. This isomer is
of C, symmetry [110] and has the structure of a partly opened ring or a clus-
ter-like spiral (species 2 in Fig. 4); its concentration in liquid sulfur was esti-
mated from the calculated Gibbs energy of formation as ca. 1% of all Sg spe-
cies at the boiling point. The structurally related homocyclic sulfur oxide
S;=0 is known as a pure compound and has been well characterized by
X-ray crystallography and vibrational spectroscopy [111].

In addition, Sg ring conformations of lower symmetry than Dyq4 are likely
candidates in liquid sulfur. For example, the exo-endo isomer 3 (Fig. 4) is by
only AG°3=27.8 k] mol™! less stable than the ground state conformation
and therefore its relative concentration in liquid sulfur at the boiling point
will be also ca. 1% of all Sg species [109].

The HOMO/LUMO gaps of the isomeric sulfur molecules shown in Fig. 4
(generally of branched rings and chains) are considerably smaller than for
the crown-shaped Sg ring [109]. Therefore, the UV-Vis spectra of these spe-
cies will exhibit absorption bands at longer wavelengths than the ground
state species Sg. In addition, these species possess a dipole moment in con-
trast to the Sg ring of Dyg symmetry. All of these species can be expected to
be present in liquid sulfur at high temperatures, and from the Gibbs energies
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of formation their relative concentrations at the melting point and the boil-
ing point of sulfur have been calculated as follows (related to the concentra-
tion of species 1) [109]:

At 393 K (melting point):

- 1:2:3:4:5:6:7:8:9=

1:2x107%:2x107%: 1x107*: 3%107% : 4x1077 : 1x107 M : 3x10712: 7x107!8
At 718 K (boiling point):

1:2:3:4:5:6:7:8:9=

1:9%x1073:9x107%: 6x107%: 11072 : 3x107*: 1x107%: 5x1077 : 4x1071°

Branched long chains of the type -S-S-S(=S)-S-S- must also be compo-
nents of the polymeric S, present in liquid sulfur at higher temperatures
since the model compound H-S-S-S(=S)-S-S-H was calculated to be by only
AG®95=51 kJ mol~! less stable at the G3X(MP2) level than the helical isomer
of hexasulfane, H,Sq [109].

Isomeric forms of cyclo-Sg and cyclo-S; can also be suspected as compo-
nents of liquid sulfur at high temperatures. However, their relative energies
have not been calculated yet on a high enough level of theory to obtain real-
istic concentrations.

The reflectance spectra of solidified liquid sulfur previously equilibrated
at temperatures of between 120 and 440 °C have been measured at 25 °C and
color pictures of these solidified melts were published [112]. These data are
used to explain the yellow, orange and red colors of the sulfur flows on Jupi-
ter’s moon Io on which a number of very active sulfur volcanoes have been
discovered [113]. These volcanoes are powered by SO, gas which forces the
liquid sulfur from its underground deposits to the surface.

If hot sulfur melts or hot vapors at low pressure are condensed at low
temperatures highly colored samples are obtained which may be black,
green or red depending on the temperature and pressure conditions and the
rate of quenching. These colors originate from the small molecules and radi-
cals present at high temperatures and which are trapped in the solid sample.
At room temperature these samples turn yellow, or—if not—the sulfur has
not been pure.

3.4
Photochemistry of Liquid Sulfur

The photochemistry of elemental sulfur has been studied using solid, liquid
and dissolved sulfur rings as well as solid polymeric sulfur. The general out-
come is that the absorption of photons of sufficient energy triggers a ho-
molytic bond dissociation with formation of free radicals as well as a break-
down of Sg rings into smaller singlet molecules like S;+Ss or two Sy. In liquid
solutions photochemical interconversion as well as polymerization reactions
of sulfur homocycles are observed [114]. In the case of liquid sulfur only
very few investigations are available. Sakaguchi and Tamura [115] illuminat-
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ed very thin samples of liquid sulfur with a pulsed laser (355 nm) and ob-
served the time dependence of the transient absorption spectra of the photo-
generated species. Irradiation at sulfur temperatures of between 130 and
150 °C produced two types of species with relaxation times of 60 s and
40 min at 130 °C, respectively. Both species showed absorption maxima near
3.5 eV (354 nm). The short-lived product was formed by repeated illumina-
tion with 1.0 mJ pulses and was interpreted as polymeric chains of sulfur
atoms. The long lived product was originally assigned to the short chains
which were assumed to bind to Sg rings as charge-transfer complexes [115].
As a seemingly more convincing species the branched S;=S structure was
later proposed as the long-lived product which had been found by molecular
dynamics simulations of the photochemistry in liquid sulfur [116] (see be-
low). However, as has been demonstrated in the previous section, the most
likely candidate(s) for the long lived product absorbing near 360 nm is the
n-sulfur in the sulfur melt, especially the medium-sized rings S,(x>8) which
form from polymeric sulfur by depolymerization. This follows from the
rates of formation and decay of the long-lived product when it was generated
thermally [115]; these rates agree very well with the rates of formation and
decay of m-sulfur of which the Japanese authors were however not aware.

3.5
Electrical Conductivity of Liquid Sulfur

Under ambient conditions elemental sulfur is one of the best electrical insu-
lators known. In fact, sulfur is the prototype of a non-metal defined as a ma-
terial of zero electrical conductivity at 0 K. However, this statement applies
to ambient pressures only. At very high pressures sulfur—Ilike other typical
non-metals—becomes an electrical conductor and, at very low tempera-
tures, even a superconductor [117]. Because of the very low conductivity at
standard conditions (e.g., 1077 Q7' cm™ at 550 °C) impurities play a major
role and those studies which reported the lowest conductivity must be con-
sidered the most trustworthy.

The electrical conductivity o of liquid sulfur increases with temperature
except near the viscosity maximum of ca. 170 °C where a minimum of the
conductivity is observed. Above 200 °C the plot of log 6 vs 1/T'was found by
several authors to be linear but the slopes of these linear relationships as
well as the absolute conductivities vary considerably [118-122]. On the as-
sumption that the conductivity at these temperatures is intrinsic, values of
about 1.6 eV were derived for the activation energy at high temperatures (up
to 900 °C) [121, 122], an energy which is much higher than the activation
energy for the formation of free spins by homolytic bond dissociation (see
above).

In a more recent investigation the conductivity of highly purified sulfur
was measured in the range of 300-900 °C using gold electrodes and a quartz
cell. It was found that the slope of the linear function log o vs 1/T changes
relatively sharply near 550 °C (see Fig. 5). Activation energies of 1.9 eV be-
low this temperature and of 1.05 eV above 550 °C were obtained for the gen-
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Fig. 5 Temperature dependence of the electrical conductivity of very pure liquid sulfur
[123]

eration of the charge carriers [123]. In other words, liquid sulfur at high
temperatures is a semiconductor. It was assumed that the conductivity is
caused by the unpaired electrons at the chain-end atoms (“dangling bonds”)
of polymeric sulfur which are assumed to form acceptor states within
the bandgap. Using an activation energy of 0.8 eV for the formation of a
“dangling bond” (free spin) from the ESR measurements of Koningsberger
et al. (see above) the activation energy above 550 °C was calculated as 1.3 eV
in agreement with the position of the optical absorption band of 1.25 eV as-
sociated with the sulfur atoms at the chain-ends [123] (see above). The high-
er value observed at lower temperatures was explained by the influence of
impurities at the ppm level; the deviating results of the earlier authors were
explained similarly [123].

From measurements of the dielectric constant of liquid sulfur in the tem-
perature range 134-206 °C [15] it was concluded that the molar polarization
increases from 134-159 °C which was explained by the assumption of a tem-
perature dependent equilibrium between Sg(crown) and Sg(chair) molecules,
the latter possessing a permanent dipole moment owing to their low symme-
try (C;). However, the most natural rationalization of the findings is that cer-
tain components of 7-sulfur like S; and Sy—molecules of low symmetry pos-
sessing a dipole moment—contribute to the molar polarization. Since their
concentration increases with temperature up to the polymerization transi-
tion it is to be expected that the molar polarization changes accordingly.
Above 159 °C the molar polarization is proportional to the polymer content
of the melt.
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3.6
Polymerization Theories for Liquid Sulfur

The polymerization reaction of liquid sulfur above 157 °C, often termed as
“S,-S, transition” or simply “A-transition”, cannot be considered as a phase
transformation in the normal sense but is a kinetically controlled equilibri-
um reaction. In fact, over the whole temperature range there is an equilibri-
um between small cyclic monomer molecules and polymeric sulfur mole-
cules of differing molecular sizes and types (rings and chains). Thus, there
is no spontaneous and complete polymerization reaction at a defined tem-
perature but only an additional polymer formation on rising the temperature
above 157 °C! This temperature follows from the temperature dependence of
the heat capacity [14] and of the polymer concentration [124]. Neutron dif-
fraction measurements on liquid sulfur support this view [125]. Since the
equilibrium is established only slowly owing to the high activation energy
the polymerization reaction is considerably heating-rate dependent.

Several authors have tried to simulate the mechanism of the reactions in
liquid sulfur by molecular dynamics (MD) calculations. The starting reac-
tion, that is the opening of the Sg ring by homolytic bond dissociation, was
achieved either thermally [126] or photochemically [116, 127]. The thermal
treatment of a theoretical system initially consisting of 125 Sg rings resulted
in mixtures of diradical-chains of various sizes together with some medium
sized rings like S;, besides Sg. However, the rather simple potential function
used and the restriction of the density to a fixed value are probably respon-
sible for the fact that the molecular composition of this system shows hardly
any similarity to the real sulfur melt [126].

The same kind of criticism has to be applied to a MD calculation based
on density functional theory in which only nine Sg molecules placed in a
cubic box were heated or photoexcited followed by quenching [128]. As
expected the rings turned into chains of different lengths but no rings other
than Sg were produced.

A more realistic treatment is the simulation of a ring opening polymeriza-
tion by Ballone and Jones [129]. These authors investigated the behavior of
10,000 cyclic particles in a periodically squared (cubic) simulation box. To
start the reaction one molecule of an initiator was added, and the develop-
ment of the system as a function of temperature, density and “reaction time”
was studied. At low densities the initially present cyclic tetramers turned
into a mixture of smaller and larger rings while at higher densities one huge
chain-like polymer molecule resulted together with a “background” of medi-
um sized rings consisting of up to several thousand monomers (since the
initiator molecule is incorporated into the polymer only one such molecule
can form in such a simulation). The formation of these species is entropy-
driven since the reaction enthalpy was assumed to be zero. The larger num-
ber of possible configurations in the polymer as well as in the medium sized
rings results in a positive reaction entropy. In addition, the fact that a “living
polymer” is formed which is able to undergo bond interchange reactions
also adds to the entropy gain. Although sulfur was not considered specifical-
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ly in this work the results show many similarities to the experimental find-
ings regarding the composition and thermal behavior of sulfur as described
in the previous sections.

To simulate the first step in the photochemical polymerization of liquid
sulfur by ab initio molecular dynamics calculations one electron of an Sg
ring was promoted from the HOMO to the antibonding ¢* orbital (LUMO)
which resulted in immediate ring opening [127]. This electron configuration
was then relaxed. The following adjustment in a system of ten Sg rings at
400 K revealed interesting reactions [116]. The eight-atomic diradical-chain,
now in the ground state, did not recombine back to the original Sg ring nor
did it react with another Sg molecule to form an S;4 chain but instead it iso-
merized to a novel type of structure which is best described as S;=S:

Sk — S5 — S;=8 (13)

One atom of this structure is exocyclic while the others form an asymmet-
rical seven-membered ring. Even if another Sg chain was generated by elec-
tron excitation in the same system of ten Sg rings it also relaxed to S;=S
rather than recombining to cyclo-Sg or reacting with a neighboring Sg ring.
This S;=S structure survived for a long time in the MD simulation [116].
However, if the concentration of Sg diradical-chains was increased (by excit-
ing four electrons in the system of ten Sg rings) it was found that, after the
excitation was terminated, the four Sg chains recombined pairwise forming
two S chains. The reaction of an Sg chain with the S;=S species also result-
ed in an S;4 chain [116]. These results indicate that diradical-chains as well
as the branched rings or the other isomers of Sg shown in Fig. 4 may be im-
portant intermediates in the polymerization of liquid sulfur.

Numerous authors have tried to model the equilibrium composition and
the related physical properties of liquid sulfur theoretically assuming certain
reversible reactions and adjusting the thermodynamic functions AH® and
AS° in such a way that the polymerization behavior, that is the polymer con-
tent of the melt at various temperatures as known at the particular time,
could be simulated or “explained”. In almost all cases, however, the melt was
considered to consist entirely of Sg rings (Sg¥) and polymeric chain-like di-
radicals (S,€). The other small and/or medium sized rings were neglected
despite the fact that at the time there was already experimental evidence
available for the presence of such species in liquid sulfur. Nevertheless, we
will discuss some of these theories or models here to illustrate the complexi-
ty of the problem.

Powell and Eyring [65] in 1943 proposed the equilibrium

x/8 Sy S¢ with 0 <x<oo (14)

and used a reaction enthalpy of AH°=115 kJ mol(S,“) which was assumed
to be independent of the chain-length x and of the temperature T. The reac-
tion entropy was assumed to depend on x as follows: A§°=99.8-0.0031-x
(J mol™* K™1). With these assumptions the temperature dependence of the
polymer concentration could be reproduced very nicely including the pla-
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teau of ca. 50% S, reached at temperatures above 250 °C as was later ob-
served by many authors including Koh and Klement [24]. Also, the polymer
content started to increase right from the melting point of 5-Sg in agreement
with the experimental observations and not only above 157 °C. However, this
model is nevertheless unsatisfactory since it predicts a diradical concentra-
tion of 7% at 150 °C in contradiction to the ESR spectroscopic results which
show first traces of free spins at 153 °C only [69] (see above). If these radi-
cals are assumed to be extremely long chains (resulting in a low spin con-
centration) one would expect an increase in viscosity from 120 to 150 °C in
contrast to the observed decrease. Furthermore, the existence of rings other
than Sgin liquid sulfur is ignored in this model.

In 1952, Gee [64] analyzed the thermal behavior of liquid sulfur. He was
aware of the fact that the melt contains traces of cyclo-S¢ (since he noticed
that S¢ is present in sulfur vapor) besides Sg rings as well as diradical chains
but initially he based his model solely on the following ring addition reac-
tion:

Si+Sy = S (j=i+8) (15)
Assuming AH°>0 and AS°>0, Gee derived the equation
—In(1-®)=AH°(1/Te —1/T)/R (16)

using Flory’s polymerization theory. The polymer concentration @ is then
predicted as zero below a certain “critical transition temperature” Tg at
which ® suddenly increases. Using older literature data for the temperature
dependence of the polymer content of the sulfur melt Gee derived
AH°=17 k] mol™ for the ring addition reaction at Eq. (15). Equation (16)
predicts a continuous increase of the polymer content @ with increasing
temperature resulting in a value of ca. 80% at 400 °C while for temperatures
below T the equation is invalid. This behavior is in sharp contrast to many
experimental observations. Therefore, the author proposed a second equilib-
rium reaction:

S¢ = 8¢ +SS (i>>x) (17)

With a number of assumptions regarding the enthalpy of this reaction
and the maximum chain-length of the polymer another mathematical equa-
tion was derived which is applicable at all temperatures but yields a polymer
concentration of only 107'2% at 120 °C in contradiction to all analytical data
available at the time. In a supplementary publication by Gee et al. [66] the
enthalpy of the ring addition reaction was reduced to 13.3 k] mol™ and the
reaction entropy assumed as 31 ] mol™ K™! but novel results were not ob-
tained. The authors discussed however the possibility that the sulfur melt
may contain rings larger than Sg and that the polymer S, present at temper-
atures below 159 °C may consist of very large rings rather than chains.

Tobolsky and Eisenberg [67, 68] presented another general analysis of
equilibrium polymerization systems and based their model for liquid sulfur
on the following reversible reactions:
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Ss = Sy Ki=c(Sg)/c(Sy) (18)

Si+Sg = Sig  Ka=c(Sf)/c(Sg) -¢c(SF) (19)

The diradical chain Sg¢ obtained by ring opening of a cyclic S molecule
is assumed to act as an initiator in the following stepwise ring addition poly-
merization shown in Eq. (19). It was assumed that the equilibrium constant
Ky=c(Si+s%)/c(S%)-c(S;°) is independent of the chain-length i. The number
average chain length P is then given by Eq. (20):

Mo=(P—1)/P-K; + K -P(P — 1) /K, (20)

M,=3.90 mol kg™! is the total concentration of pure sulfur. Using crude
literature data for the polymer content and for P at various temperatures (as
estimated before by Gee), the following thermodynamic data were derived
from plots of log Kvs 1/T:

- AH°(18)=137 k] mol™}, AS°(18)=96 ] mol™! K™!
- AH°(19)=13.3 k] mol™!, A§°(19)=19.4 ] mol~! K~!

However, this model also predicts a continuous increase in the polymer
content with temperature resulting in 48% at 250 °C and 68% at 350 °C while
the best analytical data show that the maximum value for S, in high-purity
sulfur melts is 40% [93]. In addition, the equilibrium reactions between
rings other than Sg and the polymer as well as the substantial polymer con-
tent at temperatures below 157 °C are neglected in this model. Therefore, the
polymerization theory by Tobolsky and Eisenberg as well as its slightly mod-
ified versions [42, 69, 130-132] are also unsatisfactory.

In 1963 Gee [133] published a modified version of his polymerization the-
ory which in principle allows for the incorporation of small rings other than
Ss. The general description of a ring addition reaction (Eq. 21) is given by
Eq. (22) if no solvent is present:

Si+S, = S; (j=i+n) (21)

—RIn(1 - ®)=AS" - AH’/T (22)

This assumption is approximately valid in the case of liquid Sg which is
always the majority ring species in sulfur melts below 170 °C. For S, the sec-
ond most abundant ring in liquid sulfur, the term R:In ¢ must be added to
Eq. (22) (c is the fraction of that ring in the mixture of Sg and dissolved poly-
mer):

—R-In(1-®)=AS—AH/T+R:Inc (23)

In the case of Sg the ring addition reaction is endothermic and endentrop-
ic (AS>0). This results in a “floor temperature” for the polymerization and
Eq. (23) can be simplified to the form Eq. (16) given above [133]. No poly-
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mer can exist below the floor temperature, and above the floor temperature
the polymer concentration rises steeply.

The polymer dissolved in liquid Sg must be in equilibrium with all dis-
solved species. Steudel et al. have shown in 1984 that the addition of an S;
ring to a polymeric diradical-chain is exothermic and endentropic if pure
liquid S; is considered [124]. Therefore, pure cyclo-S; is thermodynamically
unstable with respect to polymeric chains at all temperatures while in the
case of pure cyclo-S¢ the ring addition is exothermic and exentropic result-
ing in a (very high) “ceiling temperature” for the polymerization above
which no polymer can exist [124]. Since the enthalpy and entropy data for
the ring addition reactions of S¢ and S; are not accurately known the conse-
quences for liquid sulfur can be discussed only qualitatively. At the so-called
onset of the polymerization at 157 °C liquid sulfur contains about 1% S¢ and
5% S; [93]. The term R:ln c in Eq. (23) has then values of —38 ] mol™! K™! for
S¢ and —25 J mol™! K7! for S;. Under these circumstances the addition of
both rings in liquid sulfur to the polymer is exentropic. However, the ceiling
temperatures cannot be calculated as long as the necessary polymerization
enthalpies and entropies are not known accurately.

Whether the polymer in liquid sulfur actually consists of long chains or
very large rings does not make any difference since the thermodynamic
properties of the ring addition reactions (Eq. 21) are independent of the
structure of the polymer as long as it is macromolecular. In fact, it is highly
unlikely that the polymer present in liquid sulfur at temperatures below
157 °C is exclusively chain-like. This follows not only from the high dissoci-
ation enthalpy of S-S bonds of 150 k] mol™ which is not available at moder-
ate temperatures. More convincing is the following argument: the viscosity
minimum of liquid sulfur is observed at 157 °C at which temperature the
melt contains already ca. 3% of polymeric sulfur! At 157 °C the viscosity
suddenly rises sharply while the polymer content rises only gradually. Obvi-
ously, a new type of polymer is formed at this temperature which must be
responsible for the dramatic increase in viscosity. This polymer is evidently
chain-like and a diradical in agreement with the first observation of free rad-
icals near 153 °C by ESR spectroscopy [38]. Only chain-like macromolecules
can form catenane-like molecules and entangled chains which cannot longer
flow and slip easily without breaking covalent bonds and which therefore
give rise to the observed viscosity increase. This view is supported by the
analytical data of quenched melts which showed the presence of relatively
large rings up to at least S35 (see above). There is no reason to exclude even
larger rings which, above a certain molecular mass, will be insoluble in car-
bon disulfide and therefore qualify as “polymeric sulfur”.

On quenching and extraction the long diradical-chains of polymeric sul-
fur will pick up some impurity atoms from the solvent or from the air to
chemically satisfy the chain ends with, for example, H or OH groups. There-
fore, polymeric sulfur prepared in this way is diamagnetic (S,). If this view
is correct the polymer generated at temperatures below 157 °C is mainly
composed of very large rings, formed by some kind of ring-fusion reaction
with no or little involvement of radicals, while the polymer formed at tem-
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peratures higher than 157 °C mainly consists of long chains together with a
certain percentage of very large rings. However, never has any author report-
ed a qualitative difference in the properties of polymeric sulfur isolated from
below or above the “polymerization temperature” of ca. 157 °C, respectively.

Finally, it should be mentioned that several times species with four-coor-
dinate sulfur atoms (tetrathiasulfuranes) have been claimed to be present in
polymeric sulfur [134] or to be intermediates in the interconversion of sulfur
rings and chains [135, 136]. However, recent high-level ab initio MO calcula-
tions [137] demonstrated that tetrathiasulfuranes like S(SH), are much too
unstable (endothermic) to play any role in liquid sulfur.
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Abstract Sulfur vapor at temperatures of between 200 and 1000 °C consists of all molecules
with 2-10 atoms, some of which exist as two or more isomers. Extensive mass spectromet-
ric investigations and vapor pressure measurements provided reliable thermodynamic data
for the various dissociation reactions Sg=?%/, S,. Earlier quantum-chemical calculations
yielded data partly in conflict with these experimental findings, but the most recent high-
level ab initio MO and DFT calculations confirmed more or less the best experimental re-
sults. These theoretical data may now be considered as the most trustworthy. At low tem-
peratures Sg, S7, and S¢ are dominating in saturated sulfur vapor, the concentration of S,
passes through a maximum at 900 K, S; is always more abundant than S, and S is the dom-
inating species above 1100 K. The S, molecule is of cis-planar geometry but under non-
equilibrium conditions the trans-planar isomer has also been observed. Triplet chain mole-
cules S," as well as branched rings S,=S and other isomers are too unstable to contribute
more than 1% in each group to the equilibrium vapor composition at any temperature.

Keywords Sulfur clusters - Quantum-chemical calculations - Stability - Isomers - Spectra

1 Introduction. . . . ... ... ... 118
2 Sulfur Vapor. . ... ... ... . . . 118
21 Gemeral ... e 118
2.2 MassSpectrometry. . . ..t e 119
2.3 Pressure and Density Measurements. . . .. ............... 121
2.4 More Mass Spectrometry . . ...... ... i i 122
2.5 Vibrational Spectra. . .. ... ... .. .. 122
26 UV-VisSpectra . ... .o i ittt ittt e e 124
2.7 Quantum-Chemical Calculations . . . . . ................. 125
3 Summary . ........ . 132
References . . . .. ... ...ttt e 132

© Springer-Verlag Berlin Heidelberg 2003


Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 436.535 666.142 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


118 Ralf Steudel et al.

1
Introduction

Elemental sulfur is produced on a huge scale, partly by mining (Frasch pro-
cess) but mainly by desulfurization of “sour” natural gas (Claus process)
and of crude oil (hydrodesulfurization in combination with the Claus pro-
cess) [1]. Approximately 1000 Claus plants are operating worldwide. The to-
tal amount of elemental sulfur recovered annually from these three sources
was 43 million tons in 1999 [2]. The sulfur is obtained in the liquid form
and is often also shipped as a liquid. On the other hand, sulfur is the element
with the largest number of solid allotropes. At least 30 crystalline sulfur
phases have been prepared and characterized by X-ray diffraction [3]. Most
of these allotropes consist of homocyclic molecules with ring sizes ranging
from Sg to Sy but in some allotropes polymeric chain-like molecules are
present [3-5]. The molecular structures of the sulfur homocycles Sq [6], S;
[7], Ss [8], So [9], and Sy¢ [10] are known from accurate X-ray diffraction
studies on single crystals, usually carried out at low sample temperatures. At
very high pressures three-dimensional networks are formed and the various
phases of sulfur eventually become metallic conductors. Below 10-17 K sul-
fur is even superconducting under high pressure [3, 11, 12].

All sulfur rings from S¢ to Syg have been detected in liquid sulfur by high-
pressure liquid chromatography of extracts of quenched sulfur melts which
had been equilibrated before at temperatures of between 116 and 250 °C
[13]. Raman spectra of hot sulfur melts also showed the presence of cyclo-S;
besides Sg [14]. In addition, the sulfur melt contains varying concentrations
of polymeric insoluble sulfur [13-15]. Above 150 °C trace amounts of sulfur
radicals have been detected in liquid sulfur by ESR spectroscopy [16, 17] as
well as by magnetic measurements [18]. It can be expected that the equilib-
rium sulfur vapor exhibits a similarly complex molecular composition as
the melt although the smaller molecules will be enriched in the gas-phase, of
course.

2
Sulfur Vapor

2.1
General

Sulfur vapor, saturated and unsaturated, has been investigated by UV-Vis
spectroscopy [19], by mass spectrometry (see below), by resonance Raman
spectroscopy [20-23], as well as by a sophisticated mathematical analysis
[24] of carefully performed pressure measurements as a function of temper-
ature and total sulfur concentration [25-27]. It was concluded that the vapor
consists of all molecules from S, to Sg in temperature- and pressure-depen-
dent equilibria of the following type:
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Table 1 Reaction enthalpies AH® (k] mol™) for the equilibrium reactions cyclo-Sg=?/, S, in
the gas-phase at selected temperatures according to various experimental investigations

Temperature 400 K 400 K 435-669 K 298 K 298 K 298 K
(2nd law) (3rd law)
Sg=4 S, 393 414 405+9 420 404 387
Ss=5%/5S; 251 255 257+11 275 253 231
Sg=2 S4 172 231 169+13 190 150 137
Ssﬁ8/5 Ss 96 96 85+13 73 90 77
Sg=*/5 S¢ 35 35 35+2 34 48 34
Sg=%/,S; 27 28 2812 28 28 20
Reference [28] [30] [31] [24] [32] [32]
cyclo—Sg = 8/nS, (n=2-7) (1)

The presence of even larger molecules such as Sg and Sy in equilibrium
sulfur vapor has been suspected [20] but the mass spectroscopic evidence is
weak. Sulfur atoms can be expected in sulfur vapor only at extremely high
temperatures (>2000 K) owing to their high enthalpy of formation of
277 k] mol™! [29].

Many authors have tried to derive the enthalpies of the gas-phase reac-
tions (Eq. 1) as well as the entropies S° of the various S, molecules for n=2-
8 from the temperature dependence of the mass and Raman spectra in com-
bination with the total pressure of saturated and unsaturated sulfur vapor.
These results are summarized in Table 1 and will be commented on in detail
in the following sections. Most authors assumed that only one species is
present for each molecular size; in other words, possible isomers were ne-
glected. It has later been found out that this is an oversimplification (see be-
low).

2.2
Mass Spectrometry

The first reliable spectroscopic analysis of saturated sulfur vapor was pub-
lished by Berkowitz and Marquart [28] who used a combination of a Knud-
sen effusion cell with a mass spectrometer and generated the sulfur vapor by
evaporating either elemental sulfur (low temperature region) or certain met-
al sulfides such as HgS which decompose at high temperatures to sulfur and
metal vapor. These authors observed ions for all molecules from S, to Sg and
even weak signals for So* and S;¢". From the temperature dependence of the
ion intensities the reaction enthalpies for the various equilibria (1) were de-
rived (see Table 1). Berkowitz and Marquart carefully analyzed their data to
minimize the influence of fragmentation processes in the ion source of the
spectrometer. They also calculated the total pressure of sulfur vapor from
their data and compared the results with the vapor pressure measurements
by Braune et al. [26]. The agreement is quite satisfactory but it probably
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could have been even better if they had not used too high a value for the en-
tropy of gaseous Sg (430 J mol™' K™! at 298 K). This entropy value had been
published in 1954 by Guthrie et al. [33]. The latter authors had assigned the
vibrational spectra of cyclo-Sg and calculated the entropy by the methods of
statistical thermodynamics. It was later shown by Steudel and Méusle [34]
that the earlier vibrational assignment of Sg was partly in error. The new as-
signment based on the infrared and Raman spectra of *?Sg and **Sg led to an
entropy value for gaseous Sg of 423 ] mol™' K™! at 298 K. The outdated entro-
py value of Guthrie et al. has been used by many subsequent authors includ-
ing so-called critical reviews of the thermodynamics of sulfur compounds
[35, 36] and it is still listed in the thermodynamic data bank of the National
Institute of Standards (NIST) [29].

In a subsequent publication Berkowitz and Chupka [37] investigated the
fragmentation pattern of S¢, S7, and Sg and reached a somewhat better agree-
ment than previously between their calculated total vapor pressures in the
temperature region 350 to 1000 °C and the vapor pressure measurements of
Braune et al. [26]. In a review article of 1965, Berkowitz published another
set of enthalpy values [30] with the S, value considerably higher than his
earlier data (see Table 1).

Another attempt to elucidate the thermodynamics of sulfur vapor was
made by Detry et al. [31, 38] who used an electrochemical Knudsen cell built
into a mass spectrometer. The elemental sulfur was generated by electro-
chemical decomposition of silver sulfide (Pt,Ag/Agl/Ag,S,Pt cell) which al-
lows the determination of the total amount of sulfur leaving the Knudsen
cell. In this way it is possible to eliminate the contribution of the fragmenta-
tion processes to the various ion intensities in the mass spectrum. Therefore,
the data obtained by Detry et al. for the temperature region 200-400 °C (Ta-
ble 1) should be more accurate than the previous data obtained by Berkowitz
et al. but the agreement of the two sets of data is astonishingly good (except
the data on S,). The ratio of the partial pressures calculated by Detry et al.
for saturated sulfur vapor at a temperature of 300 °C is as follows:
S5:57:56:55:54:55:5,=1:0.35:0.44:0.026:0.001:0.001:0.007. Note that the standard
deviations given in Table 1 are lowest for the species which have the highest
partial pressures. It should be pointed out, however, that the standard en-
tropies Syused for these calculations are not in good agreement with the en-
tropy data which later were derived from the experimental vibrational spec-
tra of most of these molecules (see below).

Berkowitz and Lifshitz [39] determined the photoionization efficiencies
for gaseous sulfur molecules and concluded that the species S5 to Sg must be
cyclic molecules rather than chains. While the structure of S, was unknown
at that time, the smaller molecules S, and S; were obviously treated as ho-
mologues of O, (symmetry Do) and O; (symmetry C,,). The photoioniza-
tion potentials were found to lie in the region 8.6-9.7 eV.
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Table 2 Concentrations (c) of the various sulfur species (mmol 17!) in the saturated vapor at
500 °C [23], calculated from the thermodynamic data of Rau et al. [24]. Total pressure:
0.2 MPa. The molar ratio refers to c(Sg)=100

Species Concentration Molar ratio
Sz 1.58 15

S3 0.41 4

Sy 0.34 3

Ss 0.91 9

Se 8.13 77

S; 9.58 91

Ss 10.5 100

23

Pressure and Density Measurements

The most elaborate analysis of the composition of sulfur vapor was pub-
lished by Rau et al. in 1973. These authors first measured the pressure of sat-
urated sulfur vapor up to 1273 K and estimated the critical temperature T,
as 1313 K (p=182 bar) [27]. The mean number of atoms per molecule at the
critical point was calculated as 2.78. In a second publication [24] the densi-
ties of saturated and unsaturated sulfur vapor in the temperature range of
823-1273 K were reported. Using literature data for the entropy of Sg a set of
equations was derived which allow the partial pressures of the molecules S,
to Sg to be calculated as a function of total pressure and temperature (real
gas corrections included). The obtained reaction enthalpies for the equilib-
ria (Eq. 1) are listed in Table 1 (calculated from the data in Table 2 of [24]).
Although one has to take into account that these data apply to 298 K, the
agreement with the results of Berkowitz et al. and Detry et al. is rather poor
except for the formation of the larger molecules S¢ and S; from Sg. On
the other hand, the ratio of the partial pressures calculated from Rau
et al’s enthalpies for the saturated vapor at 300 °C (Sg:S7:S¢:S5:54:53:S,=
1:0.36:0.43:0.024:0.001:0.001:0.005) is in excellent agreement with the corre-
sponding ratios calculated from the data of Detry et al. as given above. The
absolute concentrations of the various sulfur species in the saturated vapor
at 500 °C (0.2 MPa) calculated from the data of Rau et al. [24] are given in
Table 2.

It is not easy to locate the origin of the deviations between the various
sets of thermodynamic data listed in Table 1. Rau et al. mentioned that the
enthalpies of all reactions except for the formation of S, could be varied
slightly without much effect on the total sulfur pressure which, on the other
hand, was taken as the final proof of the consistency of the data set. In addi-
tion, the entropy of Sg used by these authors (430 ] mol™ K™ at 298 K) does
not agree well with the experimental value of 423 ] mol™' K™! (298 K) derived
from the geometrical data and the vibrational spectra [34].
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24
More Mass Spectrometry

In 1983 another study of the thermodynamics of reactions (1) appeared.
Rosinger et al. [32] also used a combination of a Knudsen cell with a mass
spectrometer to study the composition of sulfur vapor generated by evapo-
ration of either elemental sulfur or mercury sulfide (HgS). Using an electron
beam energy of only 12 eV the authors tried to suppress fragmentation pro-
cesses as much as possible. The equilibrium constants and reaction en-
thalpies for the equilibria (Eq. 1) were determined by the second and third
law methods for the temperature range 430-490 K and were converted to
298 K using literature data for the entropies and heat capacities. The two sets
of data obtained by Rosinger et al., given in Table 1, do not agree well with
each other nor with the previously published reaction enthalpies, probably
as a consequence of the small temperature range investigated. In particular,
the enthalpies for n=6 and 7 deviate significantly from the values reported
by the other authors. The previous values for S¢ and S; are supported by the
corresponding reaction enthalpies derived for sulfur solutions and for liquid
sulfur. In carbon disulfide solution 32 k] mol™! are needed for the formation
of S¢ from 1 mol of Sg, and 24 k] mol™! for S; [40]. In liquid sulfur at 116-
159 °C, 30 kJ mol™' were obtained for the S formation from Ss and
24 kJ mol™! for S; [13].

Thus, it is obvious that more work and new approaches are needed to es-
tablish finally reliable thermodynamic data for the various equilibrium reac-
tions in sulfur vapor.

2.5
Vibrational Spectra

In 1988, it became obvious that the composition of sulfur vapor is even
more complex than had been thought before: Lenain et al. published a
Raman spectroscopic study of the sulfur vapor composition at temperatures
of up to 700 °C [20]. Signals for the cyclic species Ss, S7, and Sg as well as for
the acyclic molecules Sy, S3, and S, were observed and spectroscopic evi-
dence for the presence of two conformational isomers of S, and for either
chain-like (S,”) or branched-bonded species (S,=S with n>4) was presented.
These authors came to the conclusion that the thermodynamic data of Rau
et al. [24] are reliable except for the enthalpy of S; formation from Sg which
was said to be too high.

The structure of S, has been a puzzling problem for a long time since the
infrared spectra, recorded after matrix isolation of quenched sulfur vapor
[41-43], did not allow a convincing assignment to just one particular molec-
ular structure, and theoretical calculations yielded different results depend-
ing on the level of theory and the method applied. No fewer than six differ-
ent structures have been reported by different authors to be the global mini-
mum (see Scheme 1).
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Scheme 1

Table 3 Relative energies or enthalpies (k] mol™) calculated for various singlet isomers of
S, since 1990 (ordered chronologically)

Method Cyy Con Dy, Cs Doy D3, Reference
QCISD(T)/6-31G* 7 38 0 75 120 [47]
TC-CISD(Q)/TZ2P 0 24 (1) 37b 69 77°  [44]
MRCI 0 41 (4)2 128 73 134 [48]
QCISD/6-311G(d) 0 37 (22)2 64°¢ 83¢ [49]
BLYP/CEP-121(BPF) 0 (1) [50]
B3LYP/6-31G* 0 29 (6)* 74 90 113 [51]
B3LYP/aug-cc-pVDZ 0 29 9)2 75 [52]
CCSD(T)/aug-cc-pVDZ 1 39 (0)? - 77 [52]
G3X(MP2) 0 41 a 62 80 107  [53]
CCSD(T)/aug-cc-pVTZ 0 37 (4) 57 58 109 [53]
MD/DF 2 32 0 - 112 [46]

# Not a minimum but a transition state for the degenerate cis-cis interconversion
® CISD(Q)/TZP value
¢ G3(MP2) value

The S, structural problem was partly resolved in 1990 by Quelch et al.
[44] who presented a high-level two-configuration CISD study of S,. They
showed that the cis-planar C,, singlet structure is the global minimum while
the trans-planar Cyj, isomer is by 24 k] mol™! less stable (AE) and a branched
three-membered ring of C; symmetry (S;=S) is even less stable at the highest
level of theory applied (Table 3). However, a planar rectangular S4 structure
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of Dy, symmetry (“S; dimers”) may also be a minimum of comparable ener-
gy as was predicted by the density functional calculations published by
Jones et al. [45, 46]; see Table 3.

In fact, matrix infrared spectra of quenched sulfur vapor originally pro-
vided some evidence for two planar chain structures of S; as well as for di-
mers of S, [42] but a subsequent reinvestigation of the spectra by Hassan-
zadeh and Andrews yielded a different assignment [43]. The latter authors
identified two S4 isomers: The cis-planar structure (absorbing green light
near 520 nm) and the branched three-membered ring S;=S (absorbing red
light in the 560-660 nm region). By proper illumination of the matrix-sam-
ples these two isomers could even be reversibly converted into each other
[43]! However, Picquenard et al. assigned certain lines observed in the reso-
nance Raman spectra of hot sulfur vapor also to two different isomers of S,.
Saturated and unsaturated vapors were investigated and a strong depen-
dence of the spectra on the laser power was observed and explained by a
photothermic effect. In other words, the vapor was not always in the thermal
equilibrium. On the basis of isotopic shifts and force constant calculations
the species absorbing at 530 nm was now identified as the trans-planar
structure of S, and the species absorbing at 620 nm was proposed to have
the branched three-membered ring structure [23]; only the latter assignment
is in agreement with the suggestions by Hassanzadeh and Andrews [43].

Despite much effort, the full set of the six fundamental vibrations of any
S4 isomer has not been observed yet. Most recent high-level G3X(MP2) and
CCSD(T)/aug-cc-pVTZ [53] calculations confirmed the singlet planar C,,
structure as the global minimum with the Cy, isomer significantly higher in
energy (see Table 3). The rectangular D,;, geometry is not a stable equilibri-
um structure at all. It corresponds to a transition state which interconverts
two cis-planar forms. All calculations agree that the branched three-mem-
bered ring is considerably higher than the global minimum. The calculated
order of stability of the various S4 isomers is: Cp,<Cyp<Cs<D,q<Dsp. These
results are in sharp contrast to the spectroscopic work cited above which
seem to indicate that the higher energy S, isomers of Cy, and C; symmetry
are also or even exclusively present in hot sulfur vapor which in the light of
the data in Table 3 seems rather unlikely. As with the singlet, the lowest-en-
ergy triplet of Sy has also a cis-planar geometry (°B,, C,, symmetry). It lies
ca. 40 k] mol™! above the singlet ground state.

2.6
UV-Vis Spectra

Sulfur vapor exhibits three electronic absorption bands in the visible range
at 400, 530, and 625 nm. Meyer et al. [54] first convincingly assigned the
400 nm band to S; and the 530 nm band to S,. Several authors confirmed
this assignment [55-57]. The third band at 625 nm was suspected to origi-
nate from an isomer of S [58] which was later confirmed [43]. High-temper-
ature sulfur vapor at low pressure is said to be pale-violet due to the pres-
ence of S, [59].



Speciation and Thermodynamics of Sulfur Vapor 125

Billmers and Smith [60] measured the UV-Vis absorption spectra of sul-
fur vapor at various pressures (9-320 Torr) and temperatures (670-900 K).
They attempted to evaluate the thermodynamic data of the equilibrium be-
tween the molecules S; and S, using their broad absorption bands at 400
and 530 nm, respectively. The authors assumed that no other molecules con-
tribute to these bands and that only one S, isomer is present in sulfur vapor.
Their reaction enthalpy of 78 k] mol™! (at 800 K) for the conversion of 3 S,
into 4 S; is in sharp contrast to the data in Table 1. For example, Rau et al.
[24] determined this enthalpy as 128 k] mol™' (at 298 K) and Detry et al.
[31] obtained a value of 132 kJ mol~!. However, if the 530 nm band is to be
assigned to just one of two isomers of Sy, the enthalpy determined by Bill-
mers and Smith applies only to the reaction 3 S4(C,,)=4 S; and not to the
total amount of S, in the vapor as studied by all previous authors using mass
spectrometry. Furthermore, the enthalpy of 78 k] mol™! is also not in agree-
ment with the thermodynamic data obtained by high-level ab initio MO cal-
culations which give a reaction enthalpy of 126 k] mol™ at 700 K for the
conversion of 3 S4(C,,) into 4 S3 (see Table 5). Hence, we conclude that the
results of Billmers and Smith are seriously in error probably due to the high-
er concentration of S; compared to S, in sulfur vapor and due to the much
higher molar extinction coefficient of S; which exceeds that of S, by more
than one order of magnitude!

2.7
Quantum-Chemical Calculations

From the above discussion, it follows that the molecular composition of gas-
eous and liquid sulfur is too complex to be elucidated fully by experimental
techniques alone. Fortunately, theoretical methods have now developed to
such a high level that reliable thermodynamic and structural information on
sulfur molecules with up to 10 atoms may be obtained by ab initio MO cal-
culations. Numerous theoretical calculations on S, molecules have already
been published but most of them can be considered outdated. Recent studies
have shown that inclusion of a considerable number of polarization func-
tions in the basis set as well as correction for electron correlation effects are
essential not only in the single-point energy calculation but also in geometry
optimizations. For this reason most of the empirical, semiempirical and ab
initio MO calculations published before 1990 resulted in either incorrect
ground-state structures of some of the treated S, molecules or in incorrect
relative energies of the various isomers, especially for n>3. These results
will, therefore, not be discussed here. An exception is the theoretical treat-
ment of the S; molecule where the lowest-energy structure was correctly pre-
dicted in 1986 to be of C,, symmetry on the basis of CASSCF and MR-CISD
calculations while SCF and CISD calculations resulted in a global minimum
of D5, symmetry [61]. This result was later confirmed by two other theoreti-
cal investigations [50, 62]. The Dj, structure is calculated to be 31-
44 k] mol™ less stable than the bent open chain, depending on the method
of calculation and the level of theory applied [46, 52].
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Table 4 Gas-phase reaction energies (k] mol™!) for three equilibrium reactions cyclo-Sg=?/,
cyclo-S, calculated by different theoretical methods

Reaction MP2/pDZ MP4/6-31G*//HF/ B3LYP/6-311G* MP2/6-311G*
3-21G*
AI-IO298 Aan A1_10298 AI_IO298
Sg=3/5 S5 122 127 119 122
Sg="*/5 S¢ 40 45 49 44
Ss=%/, S, 31 34 30 32
Reference [63] [47] [64] [64]

? Without zero-point energy correction

Table 4 summarizes ab initio results of the energetics of the reaction in
Eq. 1 published by three different groups after 1989 [47, 63, 64]. While these
data agree reasonably well with each other, the agreement with the experimen-
tal results in Table 1 is somewhat poor, especially in the case of Ss. It, there-
fore, needs to be investigated whether this disagreement comes from deficien-
cies in the calculations or from errors in the experiments. In addition, density
functional calculations of sulfur molecules have been carried out [65].

Very recently, high-level ab initio MO calculations on various isomers of
homoatomic sulfur molecules S, with #n=2-10 have been carried out [53]. The
results are given in Table 5. As can be seen, these computed data agree rather
well with the experimental data by Rau et al. [24] shown in Table 1, with the
exception of Ss. This molecule is likely to undergo pseudorotation in the vapor
phase resulting in an enhanced molecular entropy which is not taken into ac-
count in ab initio calculations. Furthermore, since Ss is a minority species in
sulfur vapor at all temperatures and pressures, it is possible that the data by
Rau et al. are somewhat unreliable as far as this molecule is concerned.

The data in Table 5 may now be used to estimate very approximately the
partial pressures of S and Sj in saturated sulfur vapor at 300 °C (assuming
a fugacity of 1 for all species). At this temperature the partial pressure of Sg
is 3.69 kPa [24] while for S¢ 0.072 kPa and for S;; 0.014 kPa are obtained re-

Table 5 Calculated [G3X(MP2)] reaction energies (k] mol™) for the equilibrium reactions
cyclo-Sg=?%/, S, in the gas phase. All molecules are in their global minimum geometries; the
species larger than S, are rings [53]

ReaCtiOl’l AEO AH°298 AGOZQS AH°700 AG°700
Sg—4 S, 423 427 283 414 270
Sg—3/5 S5 282 281 191 270 179
Sg—2 Sy 193 193 134 186 126
Sg—%/5 S5 106 105 68 101 64
Sg—’4/3 SG 35 34 20 32 18
Sg—217 S, 26 25 12 25 11
Ss—5/5 Sg 17 18 17 19 18

Ss—*/5 S1o 16 17 22 18 23
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Scheme 2

sulting in a pressure ratio of Sg:Se:S;0=1:0.020:0.004 (equal to the molar ra-
tio). Lower fugacities will of course reduce the concentrations of Sg and Sy
in the vapor. This result is in fair agreement with the composition of the
equilibrium sulfur melt which, after quenching in liquid nitrogen, extraction
and HPLC analysis, contains ca. 54 mass % of Sg, 0.6% of Sg and 0.2% of Sy
at 300 °C, equivalent to a molar ratio of 1:0.010:0.003 [13]. Thus, Sy and
probably also S;y should be detectable by mass spectrometry in saturated
sulfur vapor, which has in fact been demonstrated [28].

The infrared spectra of quenched sulfur vapor exhibit an absorption at
683 cm™! which has tentatively been assigned by several authors to a
branched sulfur chain or a ring of the type S,=S (n>4) with one exocyclic
atom [43, 66]. In search for plausible isomers of Sg, molecular-dynamics
density-functional calculations had shown that the energy of a cluster-like Sg
isomer of C, symmetry is only 42 k] mol™! higher than that of cyclo-Sg [67].
This isomer has a bicyclic structure and is only loosely related to a branched
ring; its structure is shown in Scheme 2 (bond lengths in pm).

Our recent high-level ab initio MO calculations by the G3X(MP2) method
placed this isomer only 33 k] mol™ (AH®s) higher than the crown-shaped
Ss ring [68]. This means that 1% of all Sg molecules in sulfur vapor at the
boiling point (445 °C) will be present as isomers of C, symmetry. Further-
more, these calculations demonstrated that several other isomers of Sg exist
with relative energies between those of the C, structure and the diradical
chain which also has a C, symmetry. Some of these species exhibit SS
stretching fundamentals in the 600-700 cm™ region. For instance, the iso-
mer S;=S with a structure similar to that of the related homocyclic oxide
S;=0 [69] is by 93 k] mol ™! less stable than the Sg crown if the exocyclic sul-
fur atom is in an axial position but by 96 k] mol™! if this atom is in an equa-
torial position with respect to the ring (AH,9g values) [68].

The formation of an S;=S species was recently “observed” in a molecular-
dynamics simulation of the reactions in liquid sulfur at 400 K [70]. It was
found that some of the Sg ring molecules homolytically open up on excita-
tion of one electron from the HOMO to the LUMO. The chain-like diradicals
S." thus generated partly recombine intramolecularly with formation of
S;=S rather than cyclo-Sg. The S;=S molecule may then react with another
S, diradical to form a chain of 16 atoms. Such chains are, of course, also
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formed by direct combination of two S, diradicals. The conformation of
this S;=S species observed after 933 fs is, however, different from the cluster
structures mentioned above [67, 68]. Nevertheless, evidence is accumulating
that branched sulfur rings and chains are present in liquid sulfur as well as
in sulfur vapor at high temperatures [68].

The formation of chain-like sulfur diradicals by homolytic ring opening re-
actions of Sg, S7, and S in liquid sulfur requires enthalpies of 150, 127, and
124 kJ mol ™, respectively (+5 k] mol™' each; 298 K). While the S value was
obtained from temperature dependent ESR [16, 17] and magnetic susceptibili-
ty measurements [18], the data for Sg and S; were estimated from the Sg value
using simple thermodynamic cycles and certain assumptions [71]. For com-
parison, the dissociation enthalpy of the central S-S bond of chain-like organic
tetrasulfanes (e.g., Me,S;) amounts to 142+16 k] mol*! in the gas phase [72].
Since the entropies of the chain-like sulfur molecules obtained by homolytic
ring opening were not known until recently, the equilibrium concentration of
such chains in liquid and gaseous sulfur could not be calculated accurately.
However, it is generally believed [73] that their equilibrium concentration
near 160 °C becomes high enough to trigger the well-known ring-opening po-
lymerization of liquid sulfur which can best be recognized from the sudden
increase of the viscosity by three orders of magnitude [74]. High-level ab ini-
tio MO calculations based on the G3X(MP2) method have now provided the
Gibbs energy of the ring opening reaction of cyclo-Sg at 298 K as 129 k] mol™!
and AH®9s=154 k] mol™! [68] in excellent agreement with the experimental
data. If the temperature dependence of this enthalpy as well as mixing effects
are neglected the molar ratio of catena-Sg to cyclo-Sg can be calculated as
7-107'7 at 393 K (melting point of sulfur) and as 4-107'° at 718 K (boiling
point) [68]. While the direct experimental evidence for such diradical-chains
in liquid sulfur comes from the cited ESR spectroscopic and magnetic suscep-
tibility measurements, no comparable investigations have been made in the
case of sulfur vapor. Therefore, high-level ab initio MO calculations have been
carried out to determine the relative energies and enthalpies of all triplet di-
radical chains of molecular size 2-10 [53]. These data are given in Table 6. As
expected, the homolytic ring opening of the Sg molecule requires the highest

Table 6 Calculated [G3X(MP2)] energy differences (k] mol~!) between the global minimum
structures and the chain-like triplet diradicals of S, molecules (n=3-10). All species are of
C, symmetry except S;” and S~ which both are of C,, symmetry [53]

Sn" species AEO() AHozgg AGOZQS
S3” 96 96 92
Sy 49 50 43
Ss” 109 111 99
Se” 117 120 101
Sy 135 138 121
Sg” 151 154 129
So” 134 137 115

Sio” 133 136 111
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Fig. 1 Calculated structures of the lowest-energy branched ring molecules S, of size
n=4-10 [53]

reaction enthalpy (154 k] mol™") while the transformation of the cis-planar S,
structure into a triplet chain requires the lowest enthalpy (50 k] mol™). It is,
however, evident that all of these enthalpy values are too large for triplet mo-
lecules to substantially contribute to the molecular composition of equilibri-
um sulfur vapor except as reaction intermediates present in trace amounts.

As mentioned above, branched sulfur rings with one exocyclic atom are
also potential isomers which may be present in hot sulfur vapor. Their rela-
tive energies and enthalpies with respect to the ground state structures have
also been examined by the G3X(MP2) theory [53]. For the species with be-
tween 4 and 10 atoms these isomers are shown in Fig. 1, and their relative
energies are given in Table 7. It follows that the ratio Sg(D4q):Ss(C,) in sulfur
vapor at the boiling point is 1:7x107°. For all other molecules, this ratio is
much larger. Branched rings other than Sg (C,) will therefore hardly be de-
tected.

There remains the unresolved problem of the isomeric S4 structures (see
Scheme 1 above). To provide a more definitive assignment of the various ob-
served S, isomers, we have calculated their electronic and vibrational spec-
tra. Table 8 summarizes the three strongest absorptions in the UV-Vis region
and their transition probabilities obtained at the CIS/6-311+G(2df) level. As
demonstrated by the computed transition energies, only the C,, and Cyy, iso-
mers have UV absorptions at wavelengths above 400 nm. The branched ring
S;=S is predicted to absorb at 240 nm. This is in agreement with the ob-
served UV spectrum of F,S=S, which is characterized by a peak at 244 nm
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Table 7 Energy differences (k] mol™') between the global minimum structures and the low-
est-energy branched isomers of S, molecules (n=4-10), calculated at the G3X(MP2) level of
theory [53]

S(n_l):S species AEOO AHozgg AG°293
S3=S 62 62 61
S4=S 119 120 117
S5=Seq® 104 106 95
S6=S 58 58 58
S$7=S 33 33 28
Sg=$S 32 32 32
So=8 54 54 52

2 The Ss=S,x species with the exocyclic atom in an axial position is not a stable equilibri-
um structure at this level of theory but collapses to the prismatic isomer of Ds, symme-
try. On the other hand, Ss=S.q with an equatorial exocyclic atom is a local energy mini-
mum. All other species in this table have the exocyclic atom in the axial position

Table 8 The three strongest UV absorptions (T;, T, and T3, >200 nm) of various singlet Sy
isomers, calculated at the CIS/6-311+G(2df)//B3LYP/6-31G(2df) level. The computed transi-
tion energies are given in nm and the values of oscillator strength are in parenthesis [53]

Species T, T, T;

Cyyv 212 (0.063) 272 (0.056) 566 (0.192)
Con 201 (0.486) 227 (0.200) 634 (0.292)
C, 203 (0.016) 211 (0.033) 241 (0.339)
Dyg 201 (0.018) 203 (0.006) 433 (0.004)
Dsy 213 (0.095) 320 (0.216) a

2 Only two UV absorptions above 200 nm

[75]. Thus, our calculated electronic spectra clearly indicate that the assign-
ment of S;=S as the red light absorbing isomer [23, 43] is incorrect. More
importantly, the calculated transition energies of the C,, and C,, isomers
(566 and 634 nm, respectively) match very well with the experimental re-
sults. We therefore conclude that the observed green and red absorbing S4
isomers correspond to the C,, and Cyy, structures of Sy, respectively.

In Table 9 the calculated vibrational wavenumbers of the three most stable
S, isomers are listed together with their infrared and Raman intensities.
These data, obtained at the B3LYP/6-31G(2df) level of theory allow the reli-
able identification of two isomers observed in hot [23] and quenched [43]
sulfur vapor.

Our assignment of the infrared and Raman spectra of the S, isomers is
given in Table 9. The evidence for the cis-planar isomer is strong. In particu-
lar, the two calculated Raman lines at 373 and 674 cm™' of the C,, isomer
have also been observed in the spectrum of ultramarine red, the red color
being caused by the 520 nm absorption band of Sy [76]. The observed IR ab-
sorption at 642 cm™! and the Raman line at 635 cm™" can be assigned to the
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Table 9 Harmonic fundamental modes of the three most stable isomers of S, with infrared
and Raman intensities calculated at the B3LYP/6-31G(2df) level of theory (this work). Sym-
metrical modes (A symmetry) are shown in italics. For connectivities of the S isomers, see
Scheme 1 above. Experimental wavenumbers are given for comparison. Assignments made
by the present authors using data from [23, 43]

Symmetry  C* Co? C& Matrix Resonance
infrared Raman spectra
spectra (hot vapor)

(12 K) [43] [23]
v 674 wl76 649 0/100 665 vs/26 683 (S,=S)¢ 678 (Cy)P 635 (Cop)°
601(Cyy: 2%303)P
v, 649 vs/13 637 vs/0 541 m/100 662 (Cyy) 575P<
642 (Cyp)®
Vs 373w/100  4710/51 390 s/50 - 400 (Cyp: 2XV4)©
375 (Cay)P

Vs 330 vw/35  2250/55 308 m/27 - 322sh (Cyy: Vs+Ve)P
303 (Cy)P

Vs 207 vw/1 124 w/0 215 w/52 - -

Ve 104 vw/33 93 vw/0 164 vw/4l - -

2 Wavenumbers (unscaled; cm™) and relative infrared/Raman intensities as follows. In-
frared intensities: very strong-strong-medium-weak-very weak-0. Raman intensities:
0-100 (sh: shoulder). In the case of the centrosymmetric point group Cyj, the rule of mu-
tual exclusion applies

b Observed in the spectra excited with green light (488-530 nm)

¢ Observed in the spectra excited with red light (647 nm)

4 Observed only after annealing of the matrix at 38 K; n>4 [43]; may be assigned to the
Sg isomer of C, symmetry [68]

¢ The other Raman lines calculated for this species at 471 and 225 cm™ may have been

obscured by the strong lines of Sg, S;, and S near 475 cm™! (stretching) and 213/232/
263 cm™! (totally symmetrical bending) in the Raman spectra of sulfur vapor

trans-planar G,y structure. Although there are a few Raman lines that may
fit well to the calculated wavenumbers of S;=S, we found no evidence for its
presence based on the calculated electronic spectrum. Interestingly, we note
that Andrews et al. [43] reported a new IR absorption at 635 cm™! on anneal-
ing the argon matrix containing S4. This may, perhaps, be assigned to S;=S
(calc. 665 cm™) or even more likely to the cluster-like isomer of Sg shown in
Scheme 2 (calc. 662 cm™!') which may arise from the dimerization of S,.

We conclude that the cis-planar isomer is the dominating S, species in
equilibrium sulfur vapor and the trans-planar isomer is generated by photo-
thermal effects during laser irradiation [23] or by the microwave discharge
applied to the sulfur vapor before matrix isolation [43].

For S5 the vibrational wavenumbers are well established. The experimen-
tal values are: v,;=674 cm~! (IR, Ar matrix [77]), vs=581 cm™' and
6=281 cm™! (both Raman vapor [78]). Our calculated wavenumbers are: 686
(vs/24), 594 (vw/100) and 261 cm™! (vw/31) which agree within 20 cm™ with
the observed data (relative IR and Raman intensities in parentheses).
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3
Summary

The molecular composition of sulfur vapor is much more complex than had
been thought by all authors before the year 1990. Not only the molecular size
can vary between 2 and—at least—10, but there are cyclic and chain-like
isomers as well as branched rings and chains and even clusters to be taken
into account. This makes experimental investigations rather difficult. How-
ever, the reaction enthalpies calculated by the most sophisticated ab initio
MO methods (Table 5) are in good agreement with the most reliable experi-
mental data obtained by mass spectrometry and vapor pressure measure-
ments (Table 1, column 5).

While the structures of S, (D4y) and S; (C,,) are well known, there are at
least two S4 isomers in sulfur vapor: the green light absorbing ground state
cis-planar structure of C,, symmetry with a characteristic infrared absorp-
tion at 662 cm™' and the red light absorbing isomer characterized by an in-
frared band at 642 cm™! (both in Ar matrix) [43]. On the basis of recent
high-level ab initio MO and DFT calculations (see Table 3), the latter isomer
is reassigned as the trans-planar form with C,; symmetry (see Scheme 1).
Since these two isomers occur mainly under non-equilibrium conditions
their energy difference of 41 k] mol™! may not be an obstacle. In equilibrium
sulfur vapor, the absorption at 520 nm is much stronger than the absorption
at 600 nm, i.e., the C,, form of S, is the dominating isomer. This finding is
also supported by the excellent agreement between the calculated and mea-
sured enthalpies of formation of S4 from Sg. The structures of all S, species
larger than S, are cyclic in sulfur vapor.
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Abstract This chapter gives an account on the recent achievements in an understanding of
the synthesis, solution behavior, structure and bonding of the homopolyatomic sulfur cat-
ions. A focus is put on the developments aimed to understand experimental observations,
i.e.,, quantum chemical calculations of these electronically delicate species. The synthesis of
the highly electrophilic sulfur cations requires the use of very weakly basic conditions
throughout, that is weakly coordinating counterions such as AsFs~, SbFs~, SbyFy; ™ as well as
weakly basic solvents such as SO,, HF, HSOsF. Structure and bonding of the currently struc-
turally characterized S,*, Sg>*, and S,4** cations are governed by positive charge delocaliza-
tion brought about by 3p,-3ps, #°-n" and 3p>—30" bonding interactions. The solution be-
havior of Sg?* salts, which give rise to several sulfur radical cations such as S5, was ana-
lyzed in detail based on (calculated) thermodynamic as well as spectroscopic considerations
and hitherto unknown D4 symmetric S¢** and Dy, symmetric Sy are likely players in SO,
solutions of Sg(AsFg),.
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1

Introduction

Elemental sulfur with its relatively high electronegativity of 2.4 (Allred-
Rochow) is commonly used as an electron acceptor and thus as an oxidizing
agent. Accordingly a plethora of structures of homoatomic sulfur anions S,~
and S,*” (n>2) and derivatives thereof is known but only three sulfur cat-
ions S,/ (n>2, m=1, 2) were characterized in the solid state and a few more
are known in solution and in the gas phase. This is in part due to the high
Ist and 2nd ionization energies of the sulfur homocycles that required the
development of special experimental techniques to handle the thermody-
namically stable but very reactive polysulfur cation salts in condensed phas-
es. Notwithstanding these problems, the chemistry of the homoatomic sulfur
cations emerged from being poorly understood laboratory curiosities to ful-
ly understood and thoroughly examined textbook examples of fundamental
interest to the chemistry of the elements [1].

1.1
Historical Development

The first written account of species which now have been accepted to be sul-
fur cations dates back to 1804 when Bucholz [2] reported on the blue color
obtained upon addition of elemental sulfur to freshly distilled oleum. The
nature of these blue species gave rise to much speculation and is currently—
almost 200 years later—still under investigation [3]. Considerable progress
was made in sulfur cation chemistry in the late 1960s until the early 1980s.
This was connected to the development of a facile synthesis of salts of sulfur
cations with weakly basic (mainly) fluoroarsenate(V) and -antimonate(V)
anions and the use of weakly basic solvents such as HF, HSO;F, oleum, SO,,
and AsFs;. The first structural information on sulfur cations dates back to
1971 when the solid state structure of Sg(AsFs), containing the weakly
transannularly bonded C; symmetric Sg** dication was determined [4]. In
1980 the structures of square planar S;°* and irregular S;y** cations were
elucidated by single crystal X-ray diffraction methods [5, 6]. However, the
situation is less clear in solution and already 45 years ago it was noticed that



Homoatomic Sulfur Cations 137

sulfur cation solutions contain larger quantities of at least two (radical-)cat-
ions S,,;* (n>4). Only the existence of dissolved Ss* was established in 1976
with great certainty [7] while another cation was tentatively assigned as S;™*
[8]. The driving force for the formation of less charged (radical-)monoca-
tions in solutions presumably is due to electrostatics and a “coulomb explo-
sion” of the in the solid state lattice stabilized S,?* dications. Other than the
above-mentioned five species no further sulfur cations were identified with
confidence in condensed phases. However, very recently evidence for the ex-
istence of D3q symmetric S¢** and square planar S;* was presented [3].

2
Synthesis of Sulfur Cations in Condensed Phases

The synthesis of the highly electrophilic sulfur cation salts requires the use
of strong one or two electron oxidizing agents such as SOs, S,04F,, or MFs
(M=As, Sb) in weakly basic and oxidation resistant solvents. From all report-
ed synthetic procedures (see [1a] for an overview) the oxidation using MFs
in a suitable solvent such as SO, emerged as the most straight forward meth-
od, i.e., Egs. (1-3) [(ss)=standard state]:

4/8Sg(55) -+ 3MFs(sq) — S4(MFq), (MF3) o A H(M = As) = —348kJmol ' (1)
SS(SS) =+ 3MP5(ss) — Sg (MFG)Z(SS) + MF3(SS)ArH(M = AS) = —278k]m01‘1 (2)

19/888(ss) + 3MF5(ss) — Sy9 (MF6>2(55) + MF3(SS) <3>

The synthesis of the highest oxidized S,** salt in Eq. (1) necessitates the
presence of a trace amount of halogen (=“facilitator”).[9] Salts containing
the S42* cation are colorless, while those of Sg?* appear to be blue [10] and
S19°* salts are orange-red. Crystalline samples of all three sulfur cation salts
were characterized by a variety of experimental techniques including vibra-
tional and UV-Vis spectroscopy as well as X-ray diffraction (see [1a] for a
detailed overview on the physical characterization of sulfur cation salts in
condensed phases).

3
Solid State Structures of Sulfur Cations

The solid state structures of the known S,**(n=4, 8, 19) dications including
their basic structural parameters are collected in Fig. 1.

All known solid state structures shown in Fig. 1 contain sulfur homocy-
cles. While the S,** cation is a regular square, the Sg** cation adopts an ap-
proximately C; symmetric exo-endo conformation with three transannular
contacts and S;9°* consists of two seven membered rings linked by a penta-
sulfur chain and incorporates two tricoordinate sulfur atoms. An analysis of
the solid state anion contacts of the S,* and Sg?* cations showed that the
positive charge is delocalized almost equally over the entire cations [11, 23].
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2.037

Fig. 1 The solid state structures of all currently known structurally characterized sulfur
cations S,2* (n=4, 8 19). Distances within the figure are given in A. They originate from
the crystal structures of S4(AsFs),(AsFs) [11] (averaged according to local Dy, symme-
try), Ss(AsFg), [23] (averaged assuming local C; symmetry) and S;9(SbFs), [12]. For
comparison: the S-S distance of neutral Sg corrected for librational motion is 2.060 A
[13]

From the structural data collected in Fig. 1 we note the following: (i) most of
the S-S bond distances between the dicoordinate sulfur atoms are slightly
shorter than those in neutral Sg [d(S-S)=2.060 A [13], corrected for libra-
tional motion]; (ii) the S-S bond lengths around the truly tricoordinate sul-
fur atoms in S;o** are the longest of all S-S bond lengths in Fig. 1; (iii) in
both, Sg** and S;9**, a small bond lengths alternation is evident; (iv) in Sg**
three ra:[her odd weakly bonded transannular contacts occur at d(S-S)=2.85
to 3.00 A.

4
Sulfur Cations in Solution

The successive oxidation of sulfur by S,0¢F,, oleum or AsFs was monitored
with several experimental techniques such as Magnetic Circular Dichroism
(MCD) [14], UV/Vis spectroscopy [6], ESR spectroscopy [7], and magnetic
measurements [4]. The last two methods pointed out the existence of singly
charged radical cations S, *(n>4) in equilibrium with the diamagnetic solid
state cations Sg?* and S;9**, while pure S,** solutions are ESR-silent. Of the
detected radical(mono-)cations only Ss* was unambiguously characterized
on experimental grounds [7]. The lower the polarity of the solvent used to
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examine the properties of the dissolved sulfur dication salts, the higher was
the concentration of radical cations present, i.e., the radical concentration in
relatively less polar SO, with a dielectric constant (DC) of 14 was much high-
er than in the strong acid HSO;F (DC=110). Based on a joined ESR and UV-
Vis spectroscopic study the very intense blue color of solutions of Sg** salts
with a broad absorption at 585 nm was attributed to the Ss* cation [8]. How-
ever, recently evidence was presented [3] that this blue color is almost en-
tirely due to the 7'-7" transition of a hitherto unknown cation: the D34 sym-
metric S¢2* dication with 107 electrons (see below).

The above may be summarized as follows: it is clear from MCD and Ra-
man studies that S,>* occurs as such in solution in various solvents. Whether
the dications Sg** or S;4** also exist as such in solution may depend on the
solvent with polar solvents favoring the dications over their dissociation
products. However, this is far from being fully understood and subject to
ongoing research.

5
Gaseous Sulfur Cations

5.1
Sulfur Monocations S,,*

In the gas phase sulfur (radical-)cations S,* (n=2-8) are well known and
their basic thermodynamic (see section below) and for S,™* also the structur-
al properties were determined (i.e., by mass spectrometry and/or photo ion-
ization) [15]. It was shown [16] that the simplest homopolyatomic sulfur cat-
ion S, is highly z bonded as evident from the short S-S distance of 1.825 A
corresponding to a bond order of 2.5 (cf. the MO treatment of the lighter ho-
mologue O,*). However, no structural information based on experimental
data is available for the larger cations S, with n>3 but some gas phase re-
actions of S,* were assessed [17]. With the advent of easy to use quantum
chemical program codes, powerful computers and advanced ab initio or
DFT methods it is nowadays possible to reliably assess the structural proper-
ties of these species by calculations. Figure 2 shows the most recently at the
B3PW91/6-311+G" level calculated minimum structures of the S, * (n=3-7)
cations [3, 18].

All radical cations S, in Fig. 2, with the exception of S;*, form homocy-
cles in which the positive charges as well as the spin densities are delocalized
over at least four to five atoms. Within the structures of the less regular un-
even S5 and S;* cations a small bond lengths alternation is evident similar
to the situation in Sg?* and S;4** above or in neutral S;.
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+0.42 (-0.06) (s1) , +0.25 (0.25)
101.4NZ,

023009 @) |
,
‘}7

+0.29 (0.53) S;*
(Cy, *By) Eq= 0 kJ mol!
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(Cyy ?A’) Enq=6.84 k] mol"!

+0.17 (0.17)

2.044
S-S-S-S: 62.4
S (Do) S," (C,, nearly C»)

Fig. 2 Optimized geometries, calculated Mulliken charges (spin densities) of the true
S,* (n=3-7) minima at the B3PW91/6-311+G" level of theory

5.2
Sulfur Dications S,2*

Gaseous dications S,2* reduce the unfavorable Coulomb repulsion of the two
positive charges in close proximity and dissociate with formation of two
monocations S, and S, with x+y=n. This is called a “Coulomb Explosion”.
For the same reason classical solid state ions like sulfate SO,*~ are unstable
in the gas phase. This instability of gaseous S,** cations makes quantum
chemical calculations of sulfur cations delicate and requires the use of flexi-
ble basis sets and highly correlated methods. The consequences of this be-
havior for the chemistry of the sulfur cations are discussed below in the
thermodynamics section.

5.2.1
Triplet S3**

The S;** dication was the subject of extensive investigations, since it ap-
peared likely that it has a triplet ground state. A detailed CI study on the ge-
ometry, bonding and energetics of several S;?* isomers and electronic states
showed that the triplet is the ground state. The global minimum is a regular
Ds;, symmetric S;2* triangle with a 3A,’ electronic state and a relatively short
“best” S-S bond length of about 2.03 A [19].
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1.832
2.053
2.054
\ 2.997 m 2.150
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D E

Fig. 3 Optimized geometries and relative energies of all true S4* minima at the B3PW91
level of theory [21]

5.2.2
S/ Isomers

Due to the high local Dy, symmetry it appeared simple to obtain reliable
quantum chemical results not only on the structure but also on the energet-
ics of the S,2* dication. It was shown, however, that especially the calculation
of S4** required great care and the highest level of theory available in order
to obtain reliable results (see thermodynamics section) [20]. From this pub-
lication also followed that the only affordable and comparably fast computa-
tional technique for the correct structural and energetic description of sulfur
homopolyatomic cations is the hybrid HF-DFT level B3PW91 and its newer
modified version MPW1PWO9I. In the following, therefore, the potential en-
ergy surface of the gaseous S,** dication was examined with the B3PW91
method and this investigation revealed the presence of at least five local
minima (Fig. 3) [21].

From Fig. 3 it is clear that, as in the solid state, square planar S22t (A) is
the global minimum of all assessed isomers. It should be noted though that
the second favorable isomer B has an unexpected non-classical highly 7 and
7'-7" bonded structure and only the next all o bonded isomer C with a high
relative energy of +155 k] mol ™" has a classically expected geometry with the
tricoordinate sulfur atoms formally bearing the positive charge.

5.23
Exo-Endo Sg**

MP2, B3LYP, BLYP, BP86, and HF levels were unsuccessfully [22] employed
to optimize the geometry of isolated Sg** dication. By contrast, the B3PW91
and MPW1PWO91 levels for the first time led to a geometry of gaseous Sg**
similar to solid Sg?* in Sg(AsFg), including the three long transannular con-
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Experimental Structure Best Computed Structure

2.998
Long 2.059

Fig. 4 Comparison of experimental and computed structure of the Sg?* dication (inter-
nuclear distances in A) [23]

tacts at 2.85 to 3.00 A (see Fig. 4) [23]. This again demonstrated the special
usefulness of the B3PW91 and MPW1PW91 levels for quantum chemical in-
vestigations of sulfur cations.

5.24
Other S, Cations

After it had become evident that the electronically delicate geometry opti-
mization of Sg?* was successfully achieved by the B3PW91 method, the hith-
erto unknown dications Ss**, S¢** and S;o** were also calculated (see Fig. 5,
cf. experimentally found Tes**, Tes** and Se;o**) [1].

It should be noted that a D;q symmetric S¢** cation is considerably fa-
vored over a C,, symmetric boat structure that was observed in several Tes*"
salts [1]. The structures of the S¢** and S,¢** dications are in good qualita-
tive agreement with their heavier homologues and the optimized geometry

$-5-8-8:47.6° ‘
8¢ (Dx) =031

Sé4 ' (D3l|)

Fig. 5 Fully optimized geometries and calculated partial charges of Ss**, S¢**, and S;¢**
at the B3PW91 level (distances in A) [3]
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Table 1 Enthalpies of formation of gaseous and solid sulfur cations in k] mol™! at 298 K

Cation SZ'+ 53.+ S4'+ SS'+ S6'+ S7'+ 53.1— -

AfHg(g) 1031 1076 [15] 972 [21] 939 971 [15] 951 976 [15] -

[15] [15] [15]
Dication = 532+ S42+ = S62+ - SgZJr 5102+
AfHp5(g) - 2538 [3] 2318 [21] - 2238 [3] - 2151 [23] 2146
(3]
Salt - - S4(ASF6)za - Sﬁ(ASFé)Z - Sg(ASF5)2 -
AHjo(s) - - -3104 [11] - -3103 [3] - -3122[23] -

2 S4(ASF6)2(ASF3)I —4050 [11]

of S1o** shows a similar bond length alternation as observed in S;o** with
similarly long S-S distances around the two tricoordinate sulfur atoms.

6
Thermodynamics of the Sulfur Cations

6.1
Basic Thermochemical Data

The enthalpies of formation of several gaseous and solid sulfur cations were
experimentally determined or computationally assessed. Table 1 summarizes
the currently established “best” values.

6.2
The Preference of S,2* Over 2 S, in the Solid State

In order to understand the observation that oxygen in the oxidation state
+0.5 forms salts that contain the O,™ cation with a variety of anions while
sulfur in the same oxidation state forms a dimer of the composition
S42*[=(S,%),], the gas phase dissociation enthalpy of S,** giving two S, was
assessed by quantum chemical calculations [20, 21], i.e. [(g)=gaseous]:

2 .
Sie) ~ 2
Initial results gave dissociation enthalpies that ranged from -200 to

—530 kJ mol™! with a rather erratic behavior within all methods employed
[20]. A systematic investigation of correlation and basis set effects on this
reaction enthalpy finally revealed a dissociation enthalpy of —257 k] mol™
obtained at the extremely expensive CCSD(T)/cc-pV5Z level of theory, while
the B3PW91/6-311+G(3df) level was the only affordable energy calculation
that systematically gave the same result [20]. Using this reaction enthalpy, a
suitable Born-Haber cycle and estimation of the lattice potential enthalpies
of the respective salts eventually showed that the preparation of solid S,*
salts is impossible with all currently available anions and that S,**, although

AH(g) =1 (4)
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unstable in the gas phase with respect to two S, ions, is lattice stabilized in
the solid state by the much higher lattice potential enthalpies of a 2:1 vs a
1:1 salt [11]. For example, solid S,(AsFg), is by 362 kJ mol™! favored over
2 S,(AsFe). In order to overcompensate the lattice enthalpy gain of S,** salts
and stabilize a S, salt, anions with a thermochemical volume of at least
5000 A3 would be needed [11]. Given the thermochemical volume of the
AsF¢~ anion of 110 A® this appears unlikely to be achieved in the future!

6.3
Dissociation of S,2* (n=4, 6, 8, 10) in the Gas Phase and in Solution

The Sg?* dication is also lattice stabilized in the solid state [la, 23, 24]. In
1994 [24] it was shown that isolated gaseous Sg** is unstable with respect to
a stoichiometric dissociation into various monocations S,* (n=2-7) and by
analogy one expects the same to hold for S;o**. However, due to the great
difficulties in obtaining a good quantum chemical calculation of the gaseous
Sg>" cation, it was not before the year 2000 that reliable numbers could be
put on the various dissociation equilibria [23]. Moreover, the puzzling fact
that solutions of S,** (n=8, 19) salts in several solvents also contain varying
amounts of sulfur radical cations S,* (n>4) sparked additional quantum
chemical calculations which included approximate solvation energies [3] as
calculated by one of the modern PCM models (=Polarizable Continuum
Model) developed by Thomasi et al. [25]. Other recent publications on the
use of PCM solvation models established the quality of this method [26].
The results of these calculations are collected in Table 2.

From the energetics summarized in Table 2 it is evident that all doubly
charged gaseous sulfur cations are unstable with respect to a dissociation
into monocations due to a relief of electrostatic repulsion upon dissociation
(i.e., a Coulomb explosion). However, the solvation energies of dications are
much higher than those of monocations and, consistently, none of the disso-
ciation reactions in Table 2 giving only monocations is exergonic in solu-
tion. But how are the monocations in solutions of Sg* and S;¢>* salts then
formed? Especially bearing in mind that both observed or tentatively as-
signed monocations S5* and S;* have a lower average oxidation state than
Ss**. This then pointed out that in dissociation reactions of Sg** another spe-
cies with a higher average oxidation state than Sg** must form. S4** could be
a player; however, it was convincingly shown that in the absence of halogen
facilitator the S,** oxidation stage was never reached [9] for kinetic reasons
and therefore this dication, although thermochemically possible, is no player
in equilibria of dissolved Sg**. Eventually and in agreement with a reinter-
pretation of earlier experimental work it was concluded that the higher oxi-
dized species necessary to account for the observation of reduced S5 and
S;* is the Dsg symmetric Sg** dication (=dimer of S3*). The Ss** dication
with 107 electrons shown in Fig. 5 is apparently also responsible for the in-
tense blue color of solutions of Sg?* salts (see below) and the most favored
dissociation reaction of Sg**, excluding S,**, is Eq. (g) in Table 2. The picture
changes when a small amount of halogen facilitator is added: the formation
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Fig. 6 Solvent dependence of the calculated free energies of the dissociation of selected
equilibria of Sg** giving S¢** and radical cations S, (n=4-7) [in k] mol™! at 298 K. [3]

of S,** in solution is no longer kinetically hindered and, therefore, S22t is in
equilibrium with Sg** and the most favored equilibria include the formation
of the hitherto unknown S radical cation in addition to the established
Ss* (Egs. ¢, d, and j in Table 2). This is in agreement with preliminary tem-
perature and concentration dependent ESR and magnetic measurements
[27].

The quantity of radical cations formed by dissociation of Sg** is depen-
dent on the polarity of the solvent with less polar solvents such as SO, or
SO,CIF favoring the formation of radical (mono-)cations if compared to po-
lar solvents like HF or oleum. This can be understood by quantum chemical
calculations with inclusion of solvation energies that approximate solvents
of different polarities. A measure for the polarity of a solvent is the dielectric
constant (DC) and a graphic representation of the calculated Gibbs energies
of selected dissociation equilibria of Sg?* in solvents with dielectric constants
between 1 and 30 is given in Fig. 6 [3]. For comparison: the DC of SO, at
298 K is 14 and that of HF is 83.

Analysis of the data in Fig. 6 shows that, in agreement with the experi-
ment, non-polar solvents favor the dissociation of Sg** to sulfur monocations
as the overall solvation energies decrease with decreasing dielectric con-
stant.

7
Bonding

The structure and bonding of the sulfur cations has been the focus of recent
work and revealed the presence of non-classical 3p,-3p,, 7 -7, and 3p*—30"
bonding interactions as a means to delocalize the unfavorable localized pos-
itive charges expected from classical electron precise structures [1a].
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Fig. 7 Molecular orbitals of 7 symmetry in S,**

71
Bonding in S;2* with 67 electrons

The square planar S,** dication (as well as its heavier homologues E,** with
E=Se and Te) was shown to be an inorganic 6z Hiickel aromat; the S42* mo-
lecular orbitals of 7 symmetry are shown in Fig. 7.

Overall the four atomic 3p, orbitals combine to one 7 bonding, two non-
bonding and one anti bonding empty 7* MO and in total one 7z bond is delo-
calized over all four atoms giving a bond order of 1.25 which is in agreement
with the by 5 pm shortened S-S distance in S,** salts [5, 11] as well as with
recent calculations [21].

7.2
Bonding in S¢?* with 107 Electrons

The recently suggested Dsq symmetric S¢** cation is also 7 bonded. Albeit
not being completely planar, the 107 electrons reside in orbitals of local 7
symmetry and S¢** may be viewed as being a Hiickel aromat with 107 elec-
trons, although a strict differentiation between o- and 7-MOs is impossible
[3]. Removal of two electrons from the occupied 3p* lone pair orbitals of the
neutral S¢ molecule with formally 127 electrons leads to one 7 bond delocal-
ized over all six sulfur atoms. In agreement with this the S¢** dication ex-
hibits an increased S-S-S bond angle a of 113.7° and a smaller S-S-S-S tor-
sion angle 7 of 47.6° compared to Sg and S¢* (cf. Sg: @=103.0°, 7=73.1°% S¢*:
0=108.5°, 7=62.4° calculated values throughout for consistency; see Fig. 8a).
The (calculated) S-S distance in S¢2* is shortened from 2.050 A in the clearly
all o-bonded Sy molecule to 2.028 A in 107 S¢2*. The electronic transition re-
sponsible for the blue color of S¢>* is of 7°-7" nature and the S¢** molecular
orbitals of 7 and 7" symmetry are shown in Fig. 8b [28].



148 Ingo Krossing

a) : b)

Antibonding n* Orbitals

+ Bonding = Orbitals

Fig. 8 a Structural changes upon oxidation of S5 to S¢**. b Top view of the S¢** molecular
orbitals of local 7 and 7~ symmetry with the HOMO-LUMO transition of #"-z" symme-
try being the reason for the intense blue color of S¢** in solution

7.3
Bonding in Sg**

The overall structure of exo-endo Sg?>* was not unexpected since it is inter-
mediate between the structure of crown (exo-exo) Sg and endo-endo SNy
(isolectronic with Sg**) as shown in Fig. 9:

or: S4Ng (S =N)

Fig. 9 Structural relationships between Sg, Sg** and Sg**

However, the long transannular bonds at 2.85 to 3.00 A and the entirely
delocalized charges are not accounted for by this model. Since the central
six atoms of Sg** have a similar structural arrangement as the six atoms of
Se,I,**=(Sel,™*), it was postulated that the bonding in Sg** should be related
and due to a 7'-7" interaction; see Fig. 10a. Later [23] it was verified that the
weak cross ring bonds are due to a weakly bonding #"-z" interaction [29] of
the partially occupied 3p orbitals of the six central sulfur atoms of the Sg**
dication (HOMO in Fig. 10b).

An interaction as shown in Fig. 10b leads to a delocalization of one #
bond over the central six sulfur atoms and the two halves of the HOMO,
which is best described as being of 7" nature, provide a non-cancelled weak-
ly bonding interaction between the three transannular pairs of sulfur atoms.
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Fig. 10a,b 7 and #n"-z" bonding molecular orbitals in: a Se,I,**=(Sel,*),; b the struc-
turally similar Sg?*

A further interaction that allows to delocalize the positive charge also onto
the two apical sulfur atoms was found to be the 3p>—30" hyperconjugation
as shown in Fig. 11.

With this interaction, initially suggested by Steudel et al. [30] to explain
the bond length alternation in neutral S;, electron density from the occupied
apical 3p? lone pair orbitals is transferred into the empty 36" orbitals of the
vicinal S-S bonds. The overall process can be summarized as shown in
Fig. 12.

Starting from the classically expected structure with a short transannular
bond and localized charges residing on the tricoordinate atoms the positive
charges are delocalized over the central six sulfur atoms by a 7'~ interac-
tion which is further responsible for the three weak transannular bonds. Ad-
ditionally the positive charge is delocalized onto all atoms—as found in the
experiment—by a further 3p>—3¢" interaction. The combination of both in-

occupied
p2 lone pair
orbitals
no*orbital
(empty)

Fig. 11 Further charge delocalization in Sg** by a 3p>—30” interaction
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Fig. 12 Charge delocalization in Sg**

teractions leads to the observed slightly shortened S-S bond lengths and the
small long-short-short-long bond lengths alternation starting from the api-
cal sulfur atom [23].

7.4
Bonding in So%*

Little is known about the S;o** dication and no quantum chemical calcula-
tion of this species has been reported to date. However, by analogy to the
bonding modes established for Sg** it was suggested that the marked bond
length alternation within the two seven membered rings, which decreases
with increasing distance from the tricoordinate sulfur atoms, is due to mul-
tiple 3p?—30" interactions. The tricoordinate sulfur atoms in S;** are, pre-
sumably, the only atoms that only possess a 3s* lone pair, but no 3p* lone
pair orbital. The unfavorable localized positive charge formally residing on
the two tricoordinate chalcogen atoms is then delocalized by several
3p’—30" interactions, which transfer electron density from the vicinal 3p?
lone pair orbitals into the empty, antibonding 3¢" orbital of the bonds adja-
cent to the tricoordinate atoms. Therefore the bonds around the tricoordi-
nate chalcogen atoms are relatively long. Strong interactions around the tri-
coordinate sulfur atoms, in turn, induce a positive charge to reside on the
vicinal sulfur atoms which is then subsequently delocalized by the formation
of further 3p>—30" interactions. This and the bond lengths alternation in-
herent in an S; ring [30, 31] lead to the bond lengths alternation observed
throughout the seven membered rings.

8
Summary, Conclusion, and Outlook

Homoatomic sulfur cation are a fascinating class of compounds that maxi-
mize non-classical bonding in their solid state structures. Synthesis as well
as quantum chemical calculations of these species are difficult but yet possi-
ble tasks and their structures and bonding interactions are now well under-
stood. Structure and bonding of the in the solid state characterized sulfur
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cations is governed by positive charge delocalization which enforces the for-
mation of thermodynamically stable 3p,-3p,, 7 -7, and 3p*—3c" bonded
species. In the gas phase and in solution the higher charged and in the solid
state lattice stabilized S,** dications (n=4, 8, 19) are unstable with respect to
a dissociation into smaller cations, and recently it has been concluded that
solutions of Sg?* salts contain at least S¢**, S5¥, and S;+ or S42F, S,*, S5,
and S;* depending on whether halogen facilitator is present or not. With the
help of quantum chemical calculations, which now already have predictive
power, the experimental access to new sulfur cations in condensed phases is
only a matter of time. Promising new preparative routes to salts of these
new mono- or dications include the use of large and weakly coordinating an-
ions, i.e., AI(OR),~ (R=C(CF;)3) [32, 33], that drastically change the lattice
energies of all species in question and, therefore, should allow the synthesis
of crystalline samples of hitherto in the solid state unknown sulfur cations.
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Abstract Sulfur sols are colloidal solutions of elemental sulfur or of sulfur-rich compounds.
The particles in these solutions have diameters of 0.1-1.0 um and consist either of Sg mole-
cules (hydrophobic sulfur sols) or of chain-like sulfur compounds with hydrophilic end
groups like sulfonate or functionalized organic groups (hydrophilic sulfur sols). Both types
of sols are stabilized by the negative charge of the particles which results in mutual repul-
sion. Therefore, cations and especially multivalent cations are able to precipitate the sol par-
ticles. While hydrophilic sulfur sols can be prepared with sulfur concentrations of up to
600 g 17!, hydrophobic sols are much more dilute (<0.1 g1™!). Sols of these types occur both
in industrial desulfurization plants where sulfide is oxidized to elemental sulfur as well as
in cultures of certain oxidizing sulfur bacteria.
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Introduction

Emulsions of very small droplets of liquid sulfur or of sulfur-rich com-
pounds (e.g., polythionates) in water are called “sulfur sols”. Such mixtures
can be prepared by a variety of methods. Hydrophobic sulfur sols are ob-
tained on dilution of saturated solutions of elemental sulfur in organic sol-
vents like ethanol or acetone with a large excess of water. These preparations
are usually called Weimarn sols honoring the principal author who first re-
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154 Ralf Steudel

ported this method [1]. Hydrophilic sulfur sols are obtained by decomposi-
tion of aqueous thiosulfate solutions with strong mineral acids (Raffo sols
[2]) or by reaction of aqueous sulfite ions with sulfide ions at acidic pH val-
ues (Selmi sols [3]). Similar sols are obtained by hydrolysis of S,Cl, with
cold water. Collectively, the hydrophilic sulfur sols are sometimes termed
Odén sols [4].

Weimarn sols are metastable but exist only at rather low sulfur concentra-
tions (<0.1 g 1) while stable Raffo sols with up to 600 g 17! have been pre-
pared. Thermodynamically, all sulfur sols are unstable with respect to trans-
formation into orthorhombic sulfur Sg which is water-insoluble and precipi-
tates from the solution.

Sulfur sols play an important role in certain industrial desulfurization
processes where elemental sulfur is formed [5]. This sulfur sometimes stays
in the liquid state for several days creating separation and clogging prob-
lems. Furthermore, certain sulfur bacteria produce so-called “globules” of
liquid sulfur or sulfur-rich compounds by oxidation of sulfide HS™, thiosul-
fate $,05%” or polythionate ions S,0;*~ (see later). The characterization of
these globules has considerably stimulated the interest in sulfur sols in re-
cent years.

Historically, aqueous sulfur sols are related to the so-called “Wacken-
roder’s solution” which is obtained by reaction of H,S with SO, in water at
0 °C and which contains polythionic acids as well as elemental sulfur besides
other sulfur compounds (e.g., sulfate). For a detailed early investigation and
vivid description of this mixture, see ref. [6]; for more recent studies, see
later. A compilation of 23 patents for the preparation of colloidal sulfur
mixtures from the years 1931-1948 has been published by Meyer [7].

2
Hydrophobic Sulfur Sols

Weimarn sols can be obtained by dilution of an Sg solution in a solvent
which is indefinitely miscible with water [4, 8]. Most often ethanol or ace-
tone is used to dissolve the sulfur and this mixture is then poured into a
large excess of water (>35 times the volume of the Sg solution). Since the sol-
ubility of Sg in water at 25 °C is only 5x107® g 1! [9] the sulfur precipitates
practically quantitatively, but not necessarily in the solid form. At sulfur
concentrations of <100 mg 1! the freshly prepared sol shows initially a blu-
ish-white opalescence which after ca. 10 min changes to a reddish-violet
hue. One hour after preparation the sol is of white, milk-like appearance.
Under a microscope spherical particles with diameters of up to 0.8 um can
be recognized (magnification 1000x). Using polarizers the particles exhibit
the typical Malteser cross pattern which is known from lamellar phases of
amphiphilic substances [10]. In other words, the particles are composed of
liquid rather than crystalline sulfur. Such a sol is metastable at 20 °C for a
few days but since liquid sulfur is thermodynamically unstable at 20 °C, the
sulfur eventually crystallizes and the small crystals of a-Sg form aggregates
of up to 50 um diameter which settle to the bottom of the flask. This process
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takes about 1 week to be completed and can be accelerated by centrifugation
[4, 10].

To obtain a monodispersed sol it is necessary to add the water to the or-
ganic sulfur solution and not the other way round. The observed particle size,
derived from higher order Tyndall spectra, ranges from 0.20 to 0.45 um if the
initial sulfur concentration in ethanol is between 0.25 and 2.9 mg ™! [8].

The pH value of a freshly prepared Weimarn sol, obtained from ethanolic
solutions of recrystallized Sg and deionized and doubly distilled water, was
5.4 and this value remained practically constant when the sol was stored un-
der nitrogen. However, in the presence of air the pH slowly decreased to 5.2
after 7 days and to 4.3 after 17 days. The most likely explanation is the fol-
lowing disproportionation reaction:

3/8 Sg+2H,0 = 2H,S+ SO, (1)

Since both H,S and SO, are weak acids in water the drop in pH can be
understood by the following reactions:

H,0 +H,S = H;0" +HS™ (2)
2H,0 + S0, = H;0"+HSO; (3)

The driving force of the reaction at Eq. (1) comes from the thermody-
namic instability of elemental sulfur in water. The Pourbaix diagram of the
Ss/H,0 system at 20 °C shows elemental sulfur to exist as a separate phase
only at very low pH values and redox potentials in the range 0.1-0.3 V [11].

Electrophoretic measurements have demonstrated that the particles of
Weimarn sols are negatively charged. This charge originates from the ad-
sorption of anions. Therefore, the charge can be increased by adding OH~
ions to the aqueous phase [4]. The anions HS™ and HSO;™ resulting from the
reactions at Egs. (2) and (3) will also be partly adsorbed by the liquid Sg par-
ticles and in this way contribute to their negative charge.

As a consequence of the negative charge of the sol particles they can be
precipitated by cations the efficiency of which increases in the order H;0%,
K*, Na*, Li*<Be?*, Ca**, Zn**, Mg?**, Ba**<Ce**. In the case of Ce** approxi-
mately 0.2 mmol 17! are sufficient while 2-4 mmol 17! are needed for the
two-valent ions and 10-35 mmol 17! for the univalent cations. The obtained
precipitate dissolves in CS, but cannot be peptized in water [4]. If two types
of cations are used their action works in the same direction: Less of the sec-
ond cation is needed for precipitation if there is already another ion present
[12].

The most interesting property of Weimarn sols is their stabilization by
surfactants as well as by certain biopolymers. Most effective seems to be
gelatine of which only 0.025 ug are needed to prevent the precipitation of
2 ml sol by aqueous NaCl (10%) within 5 min. The same result is obtained
by 3 ug of saponin, by 5 ug each of egg albumin, gum arabic or sodium
stearate, by 25 ug of dextrin, or by 500 ug of sodium cholate [13-15]. It can
be assumed that the biopolymer molecules are adsorbed by their hydropho-
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bic parts on the surface of the sulfur particles and that the hydrophilic parts
face the aqueous phase. In this way the fusion of the sol particles is sup-
pressed. This fusion process is to some extend a prerequisite for the crystal-
lization and the following sedimentation.

In the case of surfactants it has been observed that sodium dodecylsulfate
(SDS), Tergitol 7 [sodium 4-ethyl-1(3-ethylpentyl)octyl sulfate], and CTAB
[hexadecyl(trimethyl)ammonium bromide] increase the solubility of Sg in
water dramatically, provided the critical concentration for micelle formation
is exceeded. For instance, 50 g I™! SDS enhance the solubility of Sg at 20 °C
from 5 ug 17! to 20 mg 17, i.e., by a factor of 4000. This enhanced solubility
increases further with increasing temperature. It is believed that the surfac-
tant molecules form micelles and that the Sg molecules dissolve in the hydro-
phobic interior of these micelles in a similar fashion as in a liquid hydrocar-
bon solvent [16].

The stability of freshly prepared Weimarn sols towards crystallization and
sedimentation can be increased by addition of surfactants at concentrations
below the critical concentration for micelle formation [10]. At a molar ratio
Sg:surfactant of 1:1 the commercial surfactant Triton X-100 was most effec-
tive followed by CTAB and SDS. After storage for seven days, a Triton stabi-
lized sol contained about twice as much sulfur as an unstabilized but other-
wise identical Weimarn sol. The stabilizing effect of Triton X-100 can also be
observed if the aqueous phase contains Ca?* or Mg®* ions at a concentration
of 1-2 mmol 17! [10].

Hydrophobic sulfur sols can also be prepared by blowing sulfur vapor
into cold water where it immediately condenses [17]. After filtration these
sols are polydisperse, exhibit a strong Tyndall phenomenon, and can be kept
for two to six weeks at 20 °C before the sulfur starts to settle to the bottom
of the flask. The crystalline precipitate obtained in this way cannot be pep-
tized in water but dissolves quantitatively in carbon disulfide. The sulfur
content of the original but filtrated sol was between 0.01 and 0.08 mass %;
the particles are negatively charged and move in an electrical field to the an-
ode.

3
Hydrophilic Sulfur Sols

3.1
General

Elemental sulfur is an extremely hydrophobic material and the same holds
for sulfur-rich compounds R-S,-R with hydrophobic organic terminal
groups R like alkyl or aryl. However, strongly hydrophilic groups like -SO;~
are able to turn these hydrophobic substances into hydrophilic materials
even at very high sulfur contents. Sulfane disulfonate anions S,(SOs),>", bet-
ter known as polythionate anions, are such species which qualify for amphi-
philic behavior in water. These ions exist as a long homologous series with n
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ranging from 1 (trithionate) via 2 (tetrathionate) to probably more than
50 (polythionates) [18]. On the other hand, the free polythionic acids are
unstable and subject to slow disproportionation on attempts to prepare
them from their salts by ion exchange, for instance. Therefore, the structures
of these species have not been determined experimentally but the lower
members as well as their monoanions have been studied by ab initio MO
calculations (for n=2-4) [19]. The structures of the corresponding dianions
are known from the X-ray structural analyses of a number of salts [20].

Long-chain polythionate anions can be dispersed in water to form emul-
sions called hydrophilic sulfur sols [21]. Depending on how these anions are
synthesized from small precursors two types of sols are known. Raffo sols
result from the acid decomposition of sodium thiosulfate by concentrated
sulfuric acid, while Selmi sols are obtained by comproportionation of sulfide
and sulfite ions in acidic solution or by the reaction of H,S with an excess of
SO, in water, respectively. Bassett and Durrant [22] have been the first to
recognize “Odén’s colloidal sulfur” (hydrophilic sulfur sol) as the “soluble
sodium salt of a sulfur-polythionate complex” although these authors be-
lieved that only one polythionate, namely hexathionate, was present which
they thought to be “the highest polythionate capable of existence” at that
time. More recent analyses using modern chromatographic techniques have
shown that the sulfur is present as a number of different homocycles and a
mixture of many different long-chain polythionate ions (or their sodium
salts). The latter can be separated by ion-pair chromatography [23], while
the sulfur rings may be analyzed and determined using reversed-phase
HPLC [24, 25]. UV absorbance detectors are employed in both cases since all
compounds containing bonds between two-valent sulfur atoms show a
strong absorption near 230 nm. Linear calibration functions have been ob-
tained for the concentration dependence of the UV absorption of polythion-
ates and of sulfur homocycles allowing quantitative analyses.

3.2
Raffo Sols

So-called Raffo or LaMer sulfur sols are used most frequently. These can be
prepared by dropwise addition of aqueous sodium thiosulfate to concentrat-
ed sulfuric acid followed by cooling and precipitation of the hydrophilic sol
by a saturated solution of sodium chloride. The sol originates from the
spontaneous decomposition of the primary product thiosulfuric acid
(H,S,05) which disproportionates in a series of complex redox reactions
producing elemental sulfur, hydrogen sulfide, sulfur dioxide and polythionic
acids:

Na,S,03+H,S04 — H,S,05+Na, S04 (4)
XH28203 —>yH20+ZSOZ+stmO6 (5)

HszOG — HZSm—n06+Sn(n> 5) (6)
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Sulfane monosulfonic acids H-S,-SO3;H are intermediates in the reaction
at Eq. (5); see below. As indicated by Eq. (6) the elemental sulfur formed will
be a mixture of homocycles S, from S¢ via S; and the main product Sg up to
traces of larger rings.

To purify the sol the mixture is first separated by centrifugation and de-
cantation from the mother liquor which is discarded. The solid sol is then
peptized (“dissolved”) in water and precipitated again by aqueous sodium
chloride followed by filtration. This procedure is repeated ten times to ob-
tain a sol free of sulfate ions, SO,, H,S, and lower polythionates [22, 26].
After this procedure the average composition of the precipitated sol has
been determined as Naj; ¢4S:5606%/, S,-1.0 NaCl with the relative amounts of
sulfur rings decreasing in the order Sg>S7>S¢>S10>S11>512>S13>S14 [26]. The
missing cations will be present as H;O*. In other words, the sol basically
consists of sodium salts of higher polythionate anions which in water are ex-
pected to form micelles and maybe even vesicles. Earlier analyses of freshly
prepared Raffo sols showed compositions like Na,Sss06 but the analytical
data for a number of different sols varied considerably and compositions
with more than 100 sulfur atoms in the formula have been reported [21, 22].

The reaction mechanism for the formation of sulfur sols can be under-
stood on the basis of the following sulfur-transfer reactions. While thiosul-
fate ions are stable in water at 20 °C, the protonated anion will be attacked
by the more nucleophilic dianion resulting in a growth of the sulfur chain
[27]:

SSO?"+H" = HSSO; (7)
HSSO; +SS0%~ = HSSSO; +80%~ (8)
HSSSO; +SS02~ = HSSSSO; +50%~ (9)

This process continues until long-chain sulfane monosulfonate ions
HS,SO5™ (n>5) have been formed from which both sulfur homocycles S, as
well as higher polythionate ions can be generated:

HS,S0; S,+HSO; (10)

2HS,S0; — H,8+S,,0f (m=2n—1) (11)

The reactions at Eqs. (7)-(10) are reversible: At pH values above 7 ele-
mental sulfur dissolves in aqueous sulfite solutions and thiosulfate is ob-
tained [28] which is produced industrially in this manner.

In the concentration range of up to 15 g sulfur in 100 ml of the sol the
density and the refraction index of Raffo sols increase first linearly (up to
10 g/100 ml) and at higher concentrations more or less linearly with the sul-
fur content [29, 30]. The density of the dissolved particles was calculated as
1.9-2.1 g cm™ which is roughly identical to the density of liquid sulfur at
20 °C. The thermal expansion coefficient, the viscosity as well as the surface
tension of Raffo sols have also been studied in detail [30].
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After aging at 20 °C for some hours the aqueous phase of Raffo sols con-
tains lower polythionate anions and the amount of elemental sulfur increas-
es resulting eventually in the crystallization and precipitation of a-Sg [26];
see Eq. (12):

Sn0Z — Sy nOF +8S, (12)

Nucleophiles like alkali hydroxides, ammonia, H,S, sulfide, and thiosul-
fate anions destroy the long-chain polythionates and the Raffo sol decom-
poses with precipitation of crystalline Sg [14, 31]. Therefore, Raffo sols are
metastable only at pH values below 7.

The particle diameters of some dilute Raffo sols have been determined as
0.1-0.5 um [31, 32]. The densities of Raffo sols increase linearly with the sul-
fur content and reach a value of 1.24 g cm™ at 16 °C for a sulfur content of
450 g 17! [30]. After evaporation of some of the water sulfur contents of up
to 600 g 17! have been obtained! Such sols are of oily or honey-like viscosity
[30]. More dilute sols are clear yellow liquids stable for several weeks and
undecomposed even when heated to 100 °C, provided all salts have been
carefully removed. No phase transition occurs on heating up to 150 °C [30]
which indicates that the sulfur and the polythionates of the sol are in a lig-
uid-like state.

It is believed that the long-chain polythionate ions of Raffo sols aggregate
in water by self-organization in such a way that the hydrophobic sulfur
chains stick together forming a core the structure of which must resemble
the structure of liquid sulfur at higher temperatures [33]. These particles ob-
viously are able to dissolve small sulfur homocycles to some extend. From
the hydrophobic core the sulfonate groups will be sticking out making the
particles hydrophilic at the outside; see Fig. 1. In other words, the sol parti-
cles are giant multivalent anions which will bind some cations and probably
many water molecules on their surface. Their negative charge results in a
certain stabilization due to the Coulomb repulsion between single particles.

This Coulomb repulsion can however be overcome by addition of multi-
valent cations which are attracted more efficiently than univalent ions and
therefore stimulate further aggregation, fusion and precipitation. The cat-
ions then become part of the coagulated sol particles. The efficiency of the
coagulation by various cations decreases in the order Nd**>Th*'>Al**
>Ba?*>Sr**>Ca**>Mg**>Zn?" [8, 31, 34]. In contrast to the precipitation by
NaCl, LiCl, or HCI, the coagulation by multivalent cations is irreversible, and
the univalent ions H" and Li* act antagonistically to the multivalent cations.
This not only means that a higher concentration of multivalent cations is
needed for precipitation if Li* or H' are present, but the precipitation by
multivalent cations can even be reversed by the subsequent addition of H*
or Li* [8, 12, 22]! The charge of the anions also affects the coagulation pro-
cess: Compared to chloride ions, sulfate ions enhance the antagonistic action
of univalent cations, evidently by increasing the negative particle charge [12,
35]. These observations also hold for Selmi sols (see below).
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Fig. 1 Schematic model for the composition of the particles in hydrophilic sulfur sols
consisting of long-chain polythionates S,(SO;7); and sulfur homocycles S,

The average density of the sol particles has been determined both before
and after precipitation. For the dissolved particles a value of 1.92 g cm™ has
been found at 16 °C [30, 36] which is close to the density of liquid sulfur
when extrapolated to 16 °C [37]. A value of 1.9 g cm™ was obtained for sol
particles precipitated by K* or Ba’*' ions, while coagulation by Na* ions
yields particles with densities of between 1.2 and 1.4 g cm™ [36]. Evidently,
the sodium salts of Raffo sol particles contain considerable amounts of H,0
molecules and therefore can be peptized in water while the more or less
water-free potassium and barium salts do not re-dissolve in water.

The reversible coagulation of Raffo sols is strongly temperature depen-
dent. The higher the temperature the more “soluble” the particles are. In
other words, peptization is promoted by increasing temperatures, and since
this dependence is exponential an increase in temperature T from 10 °C to
just 17 °C may result in an increase in sulfur concentration c in the aqueous
phase by a factor of 1000 (at a NaCl concentration of 0.101 mol 1"!) [14].

Odén has shown that Raffo sols can be separated into fractions of differ-
ing particle size by fractional precipitation with increasing concentrations of
NaCl. As larger the particles as less NaCl is needed for precipitation [38].
Under special conditions monodispersed Raffo sols of particle size between
0.1 and 1.0 um can be prepared directly from very dilute aqueous thiosulfate
and sulfuric acid or hydrochloric acid without fractionation. These sols are
characterized by higher order Tyndall spectra [39].

Several authors [12, 40] prepared Raffo sols free of cations other than
H;0" by removing the sodium ions by electrodialysis and studied the prop-
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erties and composition of the resulting “acidoid” sols. Pauli et al. [40] per-
formed electric conductivity measurements, titrations with NaOH, Ba(OH),,
BaCl,, AgNOs, and HgNOs, reactions with I, and NaOH as well as heating,
freezing and coagulation of the sol with salts. All reported observations can
be explained by the model described above, i.e., with particles consisting
mainly of long-chain polythionic acids (as oxonium salts) with a certain
amount of sulfur homocycles, but the original authors came to a totally dif-
ferent conclusions and proposed a model in which elemental sulfur is the
main component and adsorbed thiosulfuric acid as well as traces of poly-
thionic acids were assumed to make these particles hydrophilic. The acidoid
sol may be titrated with NaOH or Ba(OH), like a normal mineral acid, the
endpoint can been observed conductometrically. Addition of BaCl, sets the
hydrogen ions free (by ion exchange) which then can be titrated acidimetri-
cally with NaOH:

S,(SOsH),+Ba’" — S,(S0;3),Ba+2H" (13)

The reaction with AgNO; (or HgNO3) is slow and proceeds according to
Eq. (14):

Sn(SO3H),+2AgNO,+2H,0 — Ag,S + 2HNO;+2H,S0, + (n — 1) /8 Sg
(14)

The freshly prepared sol did not react with iodine which indicates that no
-SH groups and therefore no sulfane monosulfonic acids HS,SOsH are pres-
ent. However, the following reaction takes place slowly:

S, (SOsH),+1,4+2H,0 — 2H,S0,+2HI+1/8 Sg (15)

In the reactions at Eqs. (14) and (15) the S—SO; bonds are hydrolytically
cleaved because these are the longest and obviously weakest SS bonds in
polythionate anions [41]. Sodium hydroxide destroys polythionic acids in a
similar reaction:

S,(SO3H),+5NaOH — 2Na,SO4+(n — 1) /8 Sg-+3H,0 + NaHS (16)

Pauli et al. studied all of these reactions quantitatively but interpreted the
results erroneously in terms of the presence of H,S,0; [40]. They also ob-
served that the conductivity of the acidoid sol increased with aging which
can be understood in terms of the reaction at Eq. (6) in which lower poly-
thionate anions are formed which are soluble in water in contrast to the very
long-chain anions in the sol particles. Coagulation by electrolytes was most
efficient with AgNO; and La(NOs); followed by BaCl,.

33
Selmi Sols

Selmi sols are obtained either by reaction of gaseous H,S with aqueous SO,
[4] or by reaction of aqueous Na,S with aqueous Na,SO;, if both solutions
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have previously been acidified with sulfuric acid [42]. In the first case, H,S
is slowly bubbled into a concentrated cold solution of SO, in water until no
SO; can be detected any longer in the headspace [4, 43]. The reactions taking
place are not completely understood [44] but polythionates and elemental
sulfur are formed in a series of redox reactions, e.g.:

HzS+3SOz —>H25406 (17)

2H,S + S0, — 3/8 Sg+2H,0 (18)

Other lower oxoacids of sulfur including sulfane monosulfonic acids must
be intermediates which then undergo reactions according to Eqs. (7)-(12).
The freshly prepared sol is purified by precipitation with saturated aqueous
NaCl, isolated by centrifugation, peptized in water and precipitated again.
This procedure is repeated several times until no sulfate ions can be detected
in the aqueous phase any longer.

Selmi sols are yellow and clear at low concentrations but turbid at higher
concentrations. They have properties very similar to those of Raffo sols and
sometimes these two types of hydrophilic sulfur sols are summarized as
Odén sols [4]. Sols prepared by hydrolysis of S,Cl, also resemble Raffo sols
since the hydrolysis in cold water produces H,S, SO,, HCI and polythionic
acids in the first place [4].

The particles of Selmi sols prepared by the method of Janek [42] have
been investigated by infrared and Raman spectroscopy as well as by ion-pair
chromatography. They consist of polythionates S,,0s>~ with m=4-16 as well
as of sulfur homocycles S, (n=6-10), but depending on the method of prepa-
ration and purification a certain amount of salts (Na,SO,, NaCl) will be pres-
ent in addition. The sulfur atoms in the zero oxidation state are distributed
between elemental sulfur and polythionates in an approximate ratio of 2:1
[45].

Sols obtained from H,S and aqueous SO, and purified by repeated precip-
itation with saturated aqueous NaCl are polydispersed and metastable at
20 °C for a long time but are decomposed by NaOH, NH3, or H,S. They con-
sist of negatively charged particles of ca. 0.2 um diameter which can be pre-
cipitated by cations. Most effective in this respect are the chlorides of Ce’*,
APP*, Sm**, and Th** followed by Ba**, Sr**, and Ca®* [4, 31]. If H;0%, Li*, or
Na™ ions are present higher concentrations of the precipitating agents are
necessary. For this antagonistic effects of these and other cations, see [46]
and also the analogous behavior of Raffo sols above.

Odén has shown that Selmi sols can be separated into fractions of differ-
ing particle size by fractional precipitation with increasing concentrations of
NaCl. The larger the particles the less NaCl is needed for precipitation [38].

Selmi sols are metastable for many weeks [4], but on aging the sol slowly
decomposes to elemental sulfur (which precipitates as Sg crystals) and lower
polythionates (which remain dissolved in water) in a similar fashion as Raffo
sols do, but it should be pointed out that the relative content of elemental
sulfur in Selmi sols is higher from the beginning compared to Raffo sols [4].
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Verstraete [31] prepared Selmi sols free of cations other than H;0" by re-
moving the sodium ions by electrodialysis and studied the properties and
composition of the “acidoid” or “ash-free” sols. Conventional dialysis also
yields sols free of an evaporation residue and of chloride [47].

4
Sulfur Sols by Oxidation of Hydrogen Sulfide

Autoxidation of aqueous H,S solutions results in elemental sulfur, sulfite,
thiosulfate, and eventually sulfate. However, under certain conditions
monodispersed sulfur sols with particle diameters of between 0.2 and
1.2 um are obtained [48]. For example, a solution of H,S of concentration
46 mmol ™! in pure H,0 exposed to air at 25 °C became turbid after an in-
duction period of ca. 8 h and then showed brilliant higher-order Tyndall
spectra. A solution saturated in H,S exhibited a pH value of 4.1 and was
rapidly oxidized in an atmosphere of pure O,. At pH values >8 no elemental
sulfur was formed (clear colorless solution), in the range pH=7-8 yellow so-
lutions were obtained (polysulfide anions), while at pH<7 turbid solutions
were produced but the induction period was as longer as lower the pH value
[48]:

2HS™ +0, — 28°+20H" (19)

At pH values around 6 the formation of sulfur was most rapid. Several
metal salts like AlCl3;, Fe(NH,4),(SO,4), and K4[Fe(CN)4] decreased the induc-
tion period considerably while KCl, K,SO,, and MgCl, had no effect. The
growth of the sulfur particles was found to be diffusion controlled but the
molecular nature of the particles was not investigated [48].

5
Sulfur Sols Produced by Bacteria

Numerous so-called sulfur bacteria produce sulfur sols which are similar in
their chemical and physical properties to the above described Weimarn,
Raffo, or Selmi sols. Such bacteria live in all wet environments from soils,
ponds, creeks, rivers, and lakes to seashores [49]. The oxidizing sulfur bacte-
ria oxidize reduced sulfur compounds like sulfide ions either by molecular
oxygen or, using sunlight as an energy source, by carbon dioxide to the level
of S°, i.e., sulfur in the zero oxidation state:

HS = S$°+e +H" (20)

This sulfur is excreted as a globule, i.e., a tiny droplet of spherical or ellip-
soidal shape of up to 1 um in diameter and consisting of a non-crystalline
sulfur-rich material [50]. Depending on the organism the globules are pro-
duced either inside or outside the bacterial cells, and different organism pro-
duce sulfur globules of differing molecular composition [49, 51, 52]. Except
from sulfide ions the sulfur globules can also be produced from other re-
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duced compounds like thiosulfate and tetrathionate, probably via the follow-
ing reactions:

25,03 — S,0% +2e~ (21)

H,0 + 5,02 — HSSSO; +HSO, (22)

In cultures of sulfur bacteria the reactions at Eqs. (20)-(22) are catalyzed
by appropriate enzymes. The sulfane monosulfonate formed in the reaction
at Eq. (22) is unstable and decomposes to polythionate anions and elemental
sulfur which are the components of Raffo and Selmi sols as shown above;
see Egs. (10) and (11). These reactions take place, for example, if cultures of
Acidithiobacillus ferrooxidans (formerly Thiobacillus ferrooxidans) are “in-
cubated” (mixed) with tetra- or pentathionate at 30 °C in air. After some
time all polythionate anions with up to 17 sulfur atoms could be detected by
ion-pair chromatography in the filtrated aqueous phase while the sulfur
globules excreted extracellularly were isolated and extracted by CS,. Accord-
ing to a HPLC analysis this extract contained Sg and small amounts of the
homocycles Sg, S7, and Sy, [53].

Other types of sulfur bacteria produce globules which seem to consist of
organic polysulfanes R-S,-R although the chain-terminating groups have not
been identified yet [54, 55].

Many times it has been observed that sulfur bacteria enter chemical
plants in which sulfur compounds are treated. Sulfate reducing bacteria
(SRB) produce sulfide ions which may then be used by oxidizing bacteria
like thiobacilli to generate sulfur sols consisting of polythionates. In this
way, serious disturbances of the production conditions may occur. This
holds in particular for desulfurization plants of the Stretford and Sulfolin
type in which hydrogen sulfide is oxidized to elemental sulfur which is sup-
posed to crystallize rapidly to be separated by flotation [5].

Mixed cultures of sulfur bacteria are used industrially for the desulfuriza-
tion of wastewater and waste gases by biological conversion to elemental sul-
fur which has colloidal properties [56, 57].
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Abstract Sulfur compound oxidizing bacteria produce sulfur as an intermediate in the oxi-
dation of hydrogen sulfide to sulfate. Sulfur produced by these microorganisms can be
stored in sulfur globules, located either inside or outside the cell. Excreted sulfur globules
are colloidal particles which are stabilized against aggregation by electrostatic repulsion
or steric stabilization. The formed elemental sulfur has some distinctly different proper-
ties as compared to “normal” inorganic sulfur. The density of the particles is for instance
lower than the density of orthorhombic sulfur, and the biologically produced sulfur parti-
cles have hydrophilic properties whereas orthorhombic sulfur is known to be hydropho-
bic. The nature of the sulfur and the surface properties of the globules are however not
the same for sulfur produced by different bacteria. The globules produced by phototro-
phic bacteria appear to consist of long sulfur chains terminated with organic groups,
whereas chemotrophic bacteria produce globules consisting of sulfur rings (Ss). Adsorbed
organic polymers such as proteins cause the hydrophilic properties of sulfur produced by
a mixed culture of Thiobacilli. The hydrophilicity of extracellularly stored sulfur globules
produced by Acidithiobacillus ferrooxidans can probably be explained by the vesicle
structure consisting mainly of polythionates (703S-S,-SO;7). Sulfur compound oxidizing
bacteria, especially Thiobacilli, can be applied in biotechnological sulfide oxidation instal-
lations for the removal of hydrogen sulfide from gas streams and the subsequent oxida-
tion of sulfide to sulfur. Due to the small particle size and hydrophilic surface, biologically
produced sulfur has advantages over sulfur flower in bioleaching and fertilizer applica-
tions.
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List of Abbreviations

Ac. Acidithiobacillus

Al Allochromatium

B. Beggiatoa

HPLC High pressure liquid chromatography
SB Sulfur compound oxidizing bacteria
SRB Sulfate reducing bacteria

XANES X-ray absorption near-edge spectroscopy
XRD X-ray diffraction

1

Introduction

1.1

Biological Sulfur Cycle

Biologically produced sulfur (often termed biosulfur, elemental sulfur, or S
is a form of sulfur of oxidation state zero that is produced by microorgan-
isms. At the end of the nineteenth century, first reports on the formation
and the identification of sulfur globules were published with Beggiatoa bac-
teria fed with a solution containing hydrogen sulfide [1]. Since then, a large
variety of bacteria that are capable of sulfur formation have been reported
[2-4]. The sulfur formed by these bacteria is an intermediate in the oxida-
tion of sulfide or thiosulfate to sulfate and the bacteria are sulfur compound
oxidizing bacteria, often called sulfur bacteria (SB). In Fig. 1 the role of these
sulfur compound oxidizing bacteria in the biological sulfur cycle is pointed
out.

The biological sulfur cycle consists of a continuous oxidation and reduc-
tion of sulfur compounds by microorganisms or plants. On the left hand
side of the cycle in Fig. 1 the most reduced sulfur compound is shown (sul-
fide) and on the right hand side the most oxidized form of sulfur (sulfate).



Biologically Produced Sulfur 169

dissimilatory
sulfur oxidation
(SB)

dissimilatory sulfate
reduction (SRB) _
80,2

S0

dissimilatory sulfide
oxidation (SB)

H,S ¢

mineralization assimilatory sulfate
reduction (plants,

. microorganisms)
organic sulfur

compounds

Fig. 1 The biological sulfur cycle. SB: sulfur compound oxidizing bacteria; SRB: sulfate
reducing bacteria

Sulfur compound oxidizing bacteria cover the oxidation of sulfide to sul-
fate with reduced sulfur compounds such as sulfur, thiosulfate, and
tetrathionate as intermediates. It should be noted that there is a large variety
in sulfur compound oxidizing bacteria of which some species are only capa-
ble of covering a specific step in the oxidation of sulfide to sulfate (e.g., oxi-
dation of thiosulfate to sulfate). Also the pathways in which the oxidation
takes place may vary so that not always the same intermediates are formed.
The reduction of sulfate back to sulfide takes place in two ways. In the first
way, sulfate reducing bacteria (SRB) reduce sulfate via dissimilatory reduc-
tion (inorganic compounds reduced to other inorganic compounds). Sec-
ond, inorganic sulfur compounds can be incorporated into organic sub-
strates, such as proteins, by plants or other microorganisms (assimilatory
reduction). Sulfide is then formed by mineralization of the organic matter.

In natural ecosystems the sulfur cycle should be in balance, meaning that
the amount of sulfide that is oxidized should correspond to the amount of
sulfate that is reduced. Such a balance can be found in a ‘sulfuretum’. This is
a syntrophical community of bacteria in which H,S produced by sulfate re-
ducing bacteria is reoxidized by the sulfur compound oxidizing bacteria.

1.2
Sulfur Compound Oxidizing Bacteria

Sulfur compound oxidizing bacteria were often called ‘sulfur bacteria’,
which was used to indicate autolithotrophic (using inorganic compounds to
obtain carbon and hydrogen) sulfur compound oxidizing bacteria. These
sulfur bacteria consisted of phototrophic (purple and green) and chemotro-
phic (colorless) bacteria. A number of sulfur bacteria were however found to
be able to grow organoheterotrophically (using organic compounds as car-
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Table 1 Properties of some sulfur compound oxidizing bacteria

Organism Energy Carbon Sulfur pH of Ref.
source globules growth

Chlorobiaceae Phototrophic ~ Autotrophic  Extracellular [3]

[B-Proteobacteria

Thiobacillus Chemotrophic  Autotrophic  Extracellular  6-8 [5]

thioparus

Thiobacillus Chemotrophic  Autotrophic  Extracellular  6-8 [5]

denitrificans

Thiobacillus sp. W5 Chemotrophic  Autotrophic  Extracellular ~ 7-9 [6]

p-Proteobacteria

Allochromatium Phototrophic ~ Mixotrophic Intracellular 7.5 (3, 7]

vinosum?

Halorhodospira Phototrophic =~ Mixotrophic  Extracellular 8.4 (3, 8]

abdelmalekii®

Beggiatoa alba Chemotrophic Mixotrophic Intracellular [4, 9]

Acidithiobacillus Chemotrophic  Autotrophic  Extracellular — 2-5 [5]

thiooxidans®

Acidithiobacillus Chemotrophic Mixotrophic  Extracellular  2-6 [5]

ferrooxidans®

Thioalkalivibrio Chemotrophic  Autotrophic  Extracellular ~ 7.5-10.5 [10]

denitrificans

Thioalkalimicrobium  Chemotrophic Autotrophic  Extracellular ~ 7.5-10.5 [10]

cyclicum

Xanthomonas Chemotrophic  Heterotrophic 7 [11]

Cyanobacteria

Oscillatoria limnetica ~ Phototrophic ~ Autotrophic  Extracellular 6.8 [12]

2 Allochromatium vinosum was formerly known as Chromatium vinosum [13]

® Halorhodospira abdelmalekii was formerly known as Ectothiorhodospira abdelmalekii
(14]

bon and hydrogen source) and other bacteria than the sulfur bacteria were
found to be able to grow autotrophically. The term ‘sulfur bacteria’ is there-
fore not used, but sulfur compound oxidizing bacteria is used instead.

There is a wide variety of sulfur compound oxidizing bacteria consisting
of different groups and genera. Each of the bacteria has its own specific
properties, such as the source for energy, carbon or hydrogen, the sulfide ox-
idizing pathway, the size and shape of the bacteria and location of storing
intermediate sulfur. In Table 1 a number of sulfur compound oxidizing bac-
teria are listed with some of their distinctive properties. Classification of sul-
fur compound oxidizing bacteria is however not straightforward. Different
bacteria of the same bacterial family can have different properties. Each
family consists of a wide variety of genera and strains, which can differ sub-
stantially in sulfur-oxidizing capacities or other properties. Therefore, the
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data in Table 1 should be seen only as a list of properties of some sulfur
compound oxidizing bacteria.

Most important in the classification of sulfur bacteria is the distinction
between phototrophic and chemotrophic sulfur bacteria. Phototrophic
(purple or green) bacteria use light as energy source to reduce CO, to carbo-
hydrates. Reduced sulfur compounds are used as an electron donor for this
reduction, which takes place under anaerobic conditions. The oxidation re-
actions of sulfide to sulfur and sulfate by phototrophic bacteria are called
the Van Niel reactions:

2H,S + CO,light{CH,0} + H,0 + 25° (1)
light

The first Van Niel reaction Eq. (1) has a strong parallel with the photosyn-
thesis in plants [3]:

light

In fact, cyanobacteria are capable of both ways of photosynthesis, which
is why it was found difficult to place them in the group of plants (prokary-
otes) or bacteria (eukaryotes) [12].

The chemotrophic (colorless) sulfur bacteria obtain energy from the
chemical aerobic oxidation of reduced sulfur compounds. The overall reac-
tions occurring, concerning the biological oxidation of sulfide, are the for-
mation of sulfur (at low oxygen concentrations) and the formation of sulfate
(when there is an excess of oxygen):

2H,S+ 0, — 28° 4+ 2H,0 (4)
st+202 b HzSO4 (5)

Apart from the above sulfide oxidation reactions, other sulfur com-
pounds, such as sulfur and thiosulfate, can be oxidized by sulfur compound
oxidizers. Furthermore, nitrate can be used as oxidant instead of oxygen. In
Table 2 a list is shown of some other sulfur compound oxidation reactions
occurring in chemotrophic sulfur compound oxidizing bacteria. It should be

Table 2 Overall reactions occurring in sulfur compound oxidizing bacteria (after [5])

Overall reactions

SO —+ 3/202 + Hzo — stO4 (6)
$,0% 420, + H,0 — H,80, + S0~ %
$,027 +1/40, +1/4H,0 — 128,02~ + OH~ (8)
2840% +70; + 6H,0 — 6H,S0, + 250%™ (9)
5H,S +2HNO; — 58° + N, + 6H,0 (10)

5H,S +8HNO3; — 5H,SO4 + 4N, +4H,0 (11)
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noted that not all sulfur compound oxidizing bacteria are capable of all the
reactions listed in this table.

With respect to the carbon source, the sulfur compound oxidizing bacte-
ria can be classified as heterotrophs, autotrophs, or mixotrophs. Autotrophic
bacteria use CO; as the major carbon source for production of organic mole-
cules. Heterotrophic bacteria use organic material as carbon source. Obligate
autotrophs strictly need CO, as carbon source and facultative autotrophs (or
mixotrophs) can also grow heterotrophically. Heterotrophic sulfur com-
pound oxidizing microorganisms need a nutrient feed containing organic
substrates (e.g., meat or yeast extracts [11]). Sulfur compound oxidizing
bacteria can also be classified according to the nature of the hydrogen
source. Lithotrophic bacteria use inorganic substrates (e.g., NHs, H,S) as a
source for hydrogen atoms. Organotrophic bacteria obtain hydrogen from
organic molecules. In most organisms lithotrophy is linked to autotrophy,
which means that for instance obligate autotrophic Thiobacillus bacteria are
also called chemolithotrophic.

Elemental sulfur is often observed as an intermediate product in the oxi-
dation of sulfide to sulfate in sulfur compound oxidizing bacteria. It can be
present in considerable concentrations but will eventually be further oxi-
dized to sulfate. The elemental sulfur is stored in sulfur globules, which
some bacteria deposit inside the cell membrane and others outside the cell
membrane. Later in this chapter the properties of these sulfur globules are
discussed.

The optimum pH of growth of the bacteria differs per species. Neutral
and acidiphilic sulfur compound oxidizing bacteria have been long known,
mostly isolated from marine or freshwater sediments (e.g., [2, 5]). From
highly alkaline salt lakes a number of alkaliphilic sulfur compound oxidizing
bacteria have been isolated, both phototrophic [8] and chemotrophic [10,
16]. The technological relevance of alkaliphilic sulfur compound oxidizers is
discussed later in this chapter.

2
Colloidal Stability of Sulfur Particles

Sulfur particles formed by sulfur compound oxidizing bacteria have particle
sizes that fall in the range of the colloidal domain (approximately up to
1.0 um). The internally stored sulfur particles produced by four different
chemotrophic Beggiatoas as well as by a phototrophic Allochromatium bac-
terium have a particle diameter around 250 nm (both observed with electron
microscopy) [17, 18] but the diameter of internally stored sulfur globules
can reach up to 1 um. Extracellularly stored sulfur globules produced by
Thiobacillus bacteria in a sulfide-oxidizing reactor initially have approxi-
mately the same diameter (observed with electron microscopy and size dis-
tribution measured with Single Particle Optical Sizing) [19].

The balance between attractive and repulsive forces governs stability of
colloidal sulfur particles. The most important forces are the van der Waals
attraction and electrostatic repulsion, on which the DLVO-theory of colloidal
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stability is based. The attractive van der Waals force depends on the size of
and the distance between two bodies. The repulsive electrostatic force origi-
nates from the surface charge of the colloidal particles. Apart from this,
structural forces (e.g., hydrogen bonding) can stabilize or destabilize colloi-
dal particles depending on the nature of the particles, and adsorption of
polymer material at the sulfur-solvent interface can cause steric stabiliza-
tion.

The origin of charge can be the presence of surface functional groups,
such as carboxylic acid or amino groups. Surfaces on which proteins are ad-
sorbed show a dependency of the surface charge on the pH value due to the
presence of carboxylic acid and amino groups. At high pH a protein-covered
surface will be negatively charged (-COO™ and -NH, groups) and at low pH
the surface will show an overall positive charge (-COOH and -NH;* groups).
The pH at which the overall surface charge is zero is called the point of zero
charge. In the absence of specific adsorption it coincides with the iso-elec-
tric point.

This surface charge attracts oppositely charged ions to the surface and
equally charged ions are repelled from the surface. This results in an ion
concentration profile as is represented in Fig. 2, which is called the diffuse
electric double layer. Presence of salt causes a screening of the electric dou-
ble layer.

The repulsive and attractive energies of two interfaces can be calculated
as a function of their distance (Fig. 3). When salt is added to a colloidal so-
lution the electrostatic repulsion can be screened, resulting in a destabiliza-
tion of the colloids.

Long chain polymers, such as proteins, can often adsorb to the surface of
colloidal particles (because they gain adsorption energy), which can have a
significant influence on colloidal stability. Adsorption of polymeric material
at an interface takes place in such a way that the chains can extend from the
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Fig. 2 Concentration profile of positive (thick line) and negative (thin line) ions in a dif-
fuse electrical double layer near a negatively charged surface. [NaCl]=0.01 mol 1™
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Fig. 3 Electrostatic repulsive (thick line), van der Waals attractive (dotted line) and total
(thin line) interaction energies of two approaching spherical particles. Particle radius,
R=100 nm; Stern potential, ¥4=10 mV; Hamaker constant, A=0.5x1072°

surface into the solution and can rearrange their position and orientation.
The effect of polymer adsorption can be both attractive and repulsive but in
most cases the effect is repulsive.

Stabilization of colloidal particles by adsorption of an uncharged polymer
is called steric stabilization. The two main contributions to this influence
are a volume restriction effect and an osmotic effect. The volume restriction
effect is caused by the loss of configurational entropy if the adsorbed poly-
mer chain is compressed (less possible configurations of the flexible part of
the polymer). The osmotic effect is caused by the increase in osmotic pres-
sure between two particles if the polymer layers of two particles overlap.
This effect depends on the quality of the solvent. In a good solvent polymer
segments favor contact with the solvent over contact with other polymer seg-
ments which causes repulsion. In a poor solvent, polymer segments favor
contact with other polymer segments over contact with the solvent.

Apart from polymer adsorption for uncharged macromolecules, charged
macromolecules (polyelectrolytes), such as proteins can also adsorb at sur-
faces [20, 21]. Adsorption of a charged macromolecule is different from ad-
sorption of an uncharged polymer in that there is a high dependency on the
salt concentration. At a low salt concentration, repulsive electrostatic forces
between charged polymer chains will inhibit formation of loops and tails
(Fig. 4). This has been predicted and confirmed, for instance for adsorption
of humic acids on iron-oxide particles [22].

3
Properties of Biologically Produced Sulfur

In the last 30 years a significant amount of research has been done on sulfur
globules that are stored intracellularly (especially sulfur globules of AL vinosum
and Beggiatoa alba) and that are excreted outside the cell membrane
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Fig. 4 The effect of salt concentration on the adsorption of charged polymers at a sur-
face

(especially Thiobacillus sp.). This section is about the physico-chemical
properties of those biologically produced sulfur globules stored intracellu-
larly and extracellularly.

Research by Vetter [23] on externally excreted sulfur globules suggested
that sulfur is stored as an energy reservoir rather than as a way of detoxifi-
cation of excess hydrogen sulfide. As long as dissolved sulfide is available,
sulfur is stored in globules. When sulfide is depleted, the stored sulfur is ox-
idized.

The identification of the nature of elemental sulfur in globules produced
by sulfur compound oxidizing bacteria is not straightforward. Several stud-
ies have been performed with several different techniques but unfortunately
the interpretation of the results sometimes seems to be contradictory.
Although several studies propose models for the nature of sulfur globules
produced by all sulfur compound oxidizing bacteria [24-26] it is safer to
distinguish between sulfur globules produced by different bacteria because
there are indications that not all sulfur globules are comparable [27, 28]. To
give a clear overview of what is known about the nature of sulfur in globules,
studies on sulfur globules from each organism are discussed separately.

3.1
Intracellularly Stored Sulfur

Several sulfide-oxidizing bacteria contain globules inside the cell membrane.
The globules are membrane-limited and extracytoplasmic [17, 29]. In that
way these globules could also be called extracellular, however we will call
them intracellular because the globules are stored within the cell membrane.

In 1887 Winogradsky had already stated that living cells would contain
globules of amorphous sulfur while in dead cells the sulfur would crystallize
(ref. in [1]). X-ray diffraction (XRD) on intracellularly produced sulfur glob-
ules (among which Allochromatium sp.) has shown a difference between the
isolated sulfur structure of fresh globules in the wet-state and the dried sul-
fur globules. The XRD pattern for fresh globules resembled the pattern of
liquid sulfur whereas the pattern for dried globules and globules that were
kept in a wet-state for several days, resembled the pattern of crystalline or-
thorhombic sulfur [1, 30]. This indicated that the structure of fresh sulfur
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globules is not crystalline orthorhombic sulfur, but rather a liquid or amor-
phous form of sulfur, which converts into crystalline orthorhombic sulfur
on drying or aging. After this, it was shown that the density of the sulfur
globules produced by two Allochromatium species is 1.31 g cm™ [31, 32].
This is considerably lower than the density of liquid sulfur (1.89 g cm™) or
that of any form of crystalline sulfur (1.9-2.2 g cm™) [33], indicating that
the globules did not consist of pure liquid sulfur either. The suggestion was
made that sulfur globules consist of sulfur and an unidentified moiety,
which is probably water. In a model proposed by Steudel et al. [34] the glob-
ules consist of a nucleus of sulfur rings (Sg) with water around it and long-
chain sulfur compounds such as polysulfides or polythionates as amphiphi-
lic compounds at the interface. Polythionate chains were however not detect-
ed in cultures of Al vinosum storing sulfur globules inside the bacterial cell,
thereby limiting the possible amphiphilic compound in the model to long-
chain polysulfides or sulfanemonosulfonates [32]. Polythionates in sulfur
globules of Al. vinosum were also not detected by Prange et al. [28] who
used X-ray absorption near-edge spectroscopy (XANES) [27]. Moreover,
they ruled out the presence of sulfur rings and found the globules to consist
of long sulfur chains terminated by organic groups (R-S,-R), indicating the
inapplicability of Steudel’s model of a core of sulfur rings surrounded with
water and polythionates or polysulfides for AL vinosum sulfur globules.
Some controversy has however arisen around these XANES measurements
since Pickering et al. [25] claimed that the experimental results were misin-
terpreted due to artifacts and that sulfur globules of AL vinosum consisted
of ‘simple, solid sulfur’. The discussion around this topic focuses on the
measurement mode, with each mode having its own problem (electron yield
mode with a sample charging effect; fluorescence mode with a self-absorp-
tion effect; transmittance mode with a ‘pinhole’ effect) [35, 36]. The model
for sulfur globules of Al vinosum that corresponds best with the available
experimental data consists of long sulfur chains terminated by organic
groups as was suggested by Prange et al. [28]. This can account for the ob-
served low density and does not need to assume that the observed density is
erroneously low.

XANES seems to be a useful technique because it can give information on
the structure of sulfur globules in situ. Prange et al. showed that isolation of
sulfur globules from the bacteria affects the structure of the sulfur [28],
thereby limiting the value of studies with experimental techniques which do
require isolation of the sulfur globules (e.g., XRD). There are however also
certain limitations of the technique concerning interpretation of the data
and availability of reference compounds, such as long chain organic sulfur
compounds.

The sulfur globules of the chemotrophic bacteria B. alba have also been
studied quite extensively. The density of the globules has not been deter-
mined but energy-dispersive X-ray microanalysis showed that the globules
consisted almost entirely of sulfur [9]. XANES [28] and Raman spectroscopy
[26] confirmed that the sulfur globules of B. alba consist of Sg sulfur rings.
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Apart from the nature of the sulfur in the globules, the surface of these
globules has been studied as well. Studies on sulfur globules produced by
Al. vinosum showed that the sulfur particle is bounded by a protein mem-
brane, which appears to be sulfur-free [7, 18]. The proteins of the membrane
were isolated by extraction and separated by reversed-phase HPLC, reveal-
ing three major proteins [37]. Proteins associated with sulfur globules of
Thiocapsa roseopersicina appeared to correspond to the proteins on the
sulfur globules of Al vinosum. Later research was able to locate the genes
responsible for the production of these proteins and it was concluded that
sulfur globules in Al vinosum are extracytoplasmic due to the presence of
this protein cell membrane [27]. Such a cell membrane was also found for
sulfur globules in B. alba, where it was called sulfur inclusion envelope [17].
The exact function of the protein is still not clear. Because of the similarity
to proteins such as keratin or plant cell wall it has been suggested that the
proteins have a structural rather than an enzymatic function [29]. The pro-
teins might also prevent the crystallization of the sulfur in the globule [38].

3.2
Extracellularly Stored Sulfur

Sulfur globules produced by bacteria excreting the globules outside the cell
membrane have also been studied. Especially for biotechnological applica-
tions these sulfur compound oxidizing bacteria are interesting since they al-
low an easy separation of the sulfur from the bacteria. In Fig. 5 sulfur glob-
ules can be seen which have been excreted by a Thiobacillus bacterium.
Steudel proposed a number of models for the composition of bacterial
sulfur globules in which he did not always distinguish between intracellular-
ly and extracellularly stored sulfur. In a model proposed for sulfur globules
excreted by Acidithiobacillus ferrooxidans [39] the globules consist of a sul-
fur nucleus (mainly Sg rings and small amounts of other sulfur rings) and

Fig. 5 Scanning electron micrograph of sulfur excreting Thiobacillus [40]
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Fig. 6 Vesicle model proposed by Steudel for sulfur globules excreted by Ac. ferrooxi-
dans. Vesicles are composed of long chain polythionates (703S-S,-SO;7) in which small
amounts of sulfur rings can be present (after [24])

long-chain polythionates present on the surface. Indeed HPLC [39] and
XANES [28] analysis showed the presence of polythionates in the cultures of
Ac. ferrooxidans excreting sulfur globules. XANES analysis did however also
show that Sg rings were not present. Another model proposed by Steudel
[24] consists of vesicles composed of a polythionate membrane. The inside
of the vesicle may contain water, and sulfur rings are only present in low
concentrations in the membrane part of the vesicle. This model is in accor-
dance with the observed experimental data obtained by XANES analysis and
therefore seems suitable for globules produced by Ac. ferrooxidans.

It should be noted that polythionates are only stable at low pH [33] and it
is therefore unlikely that the polythionate vesicle model is applicable to sul-
fur globules produced by bacteria growing at another pH than the acidic
conditions at which Ac. ferrooxidans grows [5] (see Fig. 6).

Janssen et al. have studied the properties of sulfur produced by bacteria
of the genus Thiobacillus grown at neutral to alkaline pH [19, 40, 41]. The
sulfur was produced in a bioreactor in which a mixed culture of Thiobacilli
was present.

X-ray diffraction of sulfur particles excreted by Thiobacillus sp. showed
the presence of orthorhombic sulfur crystals. The solubility of crystalline or-
thorhombic sulfur in water is known to be only 5 ug 1! [42]. In the solubili-
ty test shown in Fig. 7 it was seen that the biologically produced sulfur par-
ticles can be dispersed in water but not in hexadecane, whereas crystalline
orthorhombic sulfur is soluble in hexadecane but not in water. The reason
for the observed hydrophilicity of the biologically produced sulfur particles
has to be attributed to the hydrophilic properties of the surface of the sulfur
particles. Because of the relatively high stability of the biologically produced
sulfur particles at high salt concentrations, it is concluded that the colloidal
stability is not merely based on electrostatic repulsion. It is known that hy-
drophobic sulfur can be wetted by Thiobacillus thiooxidans bacteria due to
formation of organic surface-active substances [43, 44].

It was concluded that the particles are stabilized by long chain polymers,
most probably proteins. Indeed, measurements with dynamic light scatter-
ing showed a relatively high variation of the determined hydrodynamic radi-
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Fig. 7 Hexadecane-water partition test. Biologically produced sulfur remains in the lower
water phase (1) whereas crystalline sulfur remains in the upper hexadecane-phase (2)
[40]

us with changing salt concentration, indicating the presence of relatively
thick adsorbed layers on the sulfur particles (see Fig. 4). This, as well as sur-
face charge density measurements showing values comparable to surface
charge densities of bacterial cell walls and humic acids, support the sugges-
tion of proteins adsorbed on the particles. In addition, electrophoretic mo-
bility experiments showed an iso-electric point comparable to the pK,-value
of carboxylic acid groups in proteins (pK,=2.3) [45].

As stated above, the presence of proteins on the surface of sulfur globules
stored intracellularly has been demonstrated [8, 37]. These well-defined pro-
teins act as a membrane between the cytoplasm and the intracellular sulfur
particle. It is not known whether the proteins associated with the sulfur par-
ticles excreted by Thiobacillus bacteria are well-defined proteins synthesized
by the bacterium or if they are originating from organic compounds already
present in the liquid reactor system.

33
Formation of Biologically Produced Sulfur

Biologically produced sulfur is often written as ‘S”, which only indicates
that a large part of the sulfur in the sulfur globules is present in oxidation
state zero. It should not be mistaken for atomic sulfur, which has a very high
enthalpy of formation and therefore cannot exist at ambient temperature
[33]. In the previous sections it has been shown that the sulfur in globules
can be present as sulfur rings, long-chain polythionates and long sulfur
chains terminated by organic groups. The mechanisms in which these forms
of sulfur are formed are not known but the formation of sulfur rings is as-
sumed to proceed through the formation of polysulfides [3].

Steudel [38] proposed a reaction mechanism for the chemical oxidation
of sulfide to sulfur rings (Sg), which should take place in a similar way in
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Fig. 8 Model for the deposition of sulfur inside or outside the cells in which the position
of the electron acceptor on the membrane (o) determines the location of sulfur storage
(after [46])

sulfur compound oxidizing bacteria. In this mechanism HS™ anions are oxi-
dized forming sulfide radicals (HS® or S°7):

HS™ — HS*+e” (12)
HS* —S*” +H" (13)

These radicals are the basis for a complex sequence of reactions involving
radicalization of ions and dimerization of radical ions, resulting in polysul-
fide anions (S4*), e.g.:

28°" —S2° (14)

S5 +8" — 85 (15)

Sy +S =8 (16)

283 — 82 (17)
etc.

Upon acidification of long chain polysulfide anions, elemental sulfur rings
are formed:

S +H" —HS +Sg (18)

In chemical oxidation reactions, the first oxidation step (forming of sul-
fide radicals) is catalyzed by metal-ions like V°*, Fe**, and Cu?*. In most sul-
fur compound oxidizing bacteria, the first step in the oxidation of sulfide to
sulfur is catalyzed by the enzyme flavocytochrome ¢ [3]. In a number of
bacteria with the capacity to oxidize sulfide to sulfur, flavocytochrome c has
not been found and other cytochromes or quinones are believed to catalyze
the oxidation of sulfide in these organisms.

Brune [3] has suggested that the location of the catalyst for the acidifica-
tion of polysulfide anions to elemental sulfur determines whether sulfur is
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stored extracellularly or intracellularly. Van Gemerden however suggested
that the location of the electron acceptor in the HS™ oxidation step deter-
mines whether sulfur is stored extracellularly or intracellularly [46] as is ex-
plained in Fig. 8. This is supported by research of Then and Triiper [8] on
sulfide oxidation in Halorhodospira abdelmalekii, excreting sulfur globules
extracellularly. They showed the cytochrome c-551 to have a catalytic effect
on the oxidation of sulfide and to be located on the outside of the cell mem-
brane. In AL vinosum cytochrome c-551 is located in the periplasmic space,
the space between the outer cell wall and the cytoplasmic membrane, which
is also the location of storage of sulfur globules [47].

4
Sulfur Compound Oxidizing Bacteria in Industrial Applications

4.1
Removal of Hydrogen Sulfide From Gas Streams

A number of environmental problems are strongly related to the emission of
sulfur compounds, such as SO,, in the atmosphere. SO, emission is mainly
due to combustion of fossil fuels containing H,S or organic S-compounds.
In the atmosphere, SO, is oxidized forming sulfuric acid resulting in acid
rain. Fortunately, the emission of SO, has decreased considerably since the
1970s due to selection of low sulfur-content fuels, waste gas treatment and
specialized combustion processes.

In order to prevent SO, emission, H,S has to be removed from gas streams
prior to combustion. Apart from environmental reasons, removal of H,S
from waste gas streams is also required for health reasons (H,S is a toxic
gas, lethal at concentrations exceeding 600 ppm) and to prevent corrosion of
equipment. Gases that can contain H,S and need treatment are, for instance,
natural gas, syngas and biogas (formed in anaerobic wastewater treatment).

Removal of H,S from gas streams is generally done in two steps. In the first
step, H,S is separated from the gas stream and in the second step, the removed
H,S (dissolved in liquid or as concentrated gas) is converted into elemental
sulfur. Several processes exist that purify gases according to these two steps.

The method most commonly used is based on absorption of H,S in an
amine solution and the subsequent stripping of the dissolved H,S from this
solution forming a concentrated gas (’Claus gas’) which is then converted
into elemental sulfur in the Claus process. In the Claus process, a third of
the H,S gas is first burned to SO, after which the remaining H,S reacts with
the formed SO, to elemental sulfur:

H,S +1/20, — 2/3H,S +1/380, + 1/3H,0 (19)

2/3H,8+1/380,=S"+2/3H,0 (20)

H,S+1/20,=S"+H,0 (21)
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In other methods H,S is absorbed in a solution after which the dissolved
H,S is converted to elemental sulfur without stripping the gas from the solu-
tion. Differences between different methods basically consist of a different
absorption solution or a different oxidation catalyst.

Disadvantages are the high operational costs due to high pressures and
high temperatures and the need of special chemicals (catalysts).

4.2
Biotechnological Removal of Hydrogen Sulfide from Gas Streams

To overcome the disadvantages of physico-chemical processes for H,S re-
moval, the use of microorganisms can be an interesting alternative. Several
microorganisms are capable of the oxidation of H,S at ambient temperatures
and pressures, and both phototrophic and chemotrophic organisms have
been studied for their industrial application. The phototrophic sulfur oxidiz-
ing bacteria Chlorobium limicola forma thiosulfatophilum has been studied
[48, 49] but phototrophic bacteria have the disadvantage of the requirement
of light and therefore the need of a transparent reactor surface and reaction
solutions. Of the chemotrophic bacteria, heterotrophs as well as autotrophs
have been studied. The heterotrophic Xanthomonas bacterium has been
studied for H,S removal [11] but showed lower removal rates than other au-
totrophic bacteria and, in addition, heterotrophic organisms have the disad-
vantage of the requirement of organic compounds. Chemoautotrophic bacte-
ria (especially Thiobacilli) are the types of sulfur oxidizing bacteria that have
been studied and used mostly in H,S removal processes.

The use of Thiobacillus species has been studied quite extensively. Sub-
lette and Sylvester especially focused on the use of Thiobacillus denitrificans
[50-52] for aerobic or anaerobic oxidation of sulfide to sulfate. In the anaer-
obic oxidation NO;~ was used as an oxidant instead of oxygen (confirm
Table 2). Buisman used a mixed culture of Thiobacilli for the aerobic oxida-
tion of sulfide to elemental sulfur and studied technological applications
[53-55]. Visser showed the dominant organism in this mixed culture to be a
new organism named Thiobacillus sp. W5 [6].

The production of sulfur from sulfide has some distinct advantages over
the production of sulfate. First, elemental sulfur is seen as a less harmful
form of sulfur than sulfate. Secondly, the separation of the insoluble sulfur
from aqueous streams is easier than separation of sulfate and thirdly less
oxygen is needed for the oxidation, which saves energy costs for aeration:

2H,S + 0, — 28° 4+ 2H,0 (22)
HzS—l—ZOz — HzSO4 (23)

According to Kuenen, the formation of sulfate yields more energy than
the formation of sulfur [2]. To stimulate formation of sulfur, the oxygen con-
centration should be limited [56, 57].

Several reactor systems possible for the biotechnological removal of H,S
from a gas exist. Currently, three types of biotechnological process systems
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Fig. 9 Scheme of the process for the biotechnological removal of H,S from gas streams.
G=Gas absorber; B=Bioreactor; S=Settler

are being used; bioscrubber, biotrickling filter, and biofilter. Since in the last
two processes, sulfate is produced and not elemental sulfur, it is not within
the scope of this chapter to elaborate on this (see [58]). The technology of
the bioscrubber is however relevant since it is used in practice for the pro-
duction of “biosulfur”.

The principle of a bioscrubber system is explained in Fig. 9. It consists of
a bioscrubber or gas absorber (G) and a bioreactor (B). In the gas absorber
H,S is scrubbed from a gas stream by an alkaline solution:

H,S(g) — H,S(aq) (24)
H,S(aq) + OH™ — HS™ +H,0 (25)

After this the dissolved hydrogen sulfide is oxidized to elemental sulfur in
a bioreactor:

HS™ +1/0, —S°+O0H" (26)

The formed elemental sulfur is then separated from the liquid by sedi-
mentation in a settler (S). Here, aggregates of sulfur are formed, which can
grow to particles with a diameter of up to 3 mm but which can also be easily
ground down [40].

A limitation to the alkalinity of the liquid recycle is the optimum pH of
growth of the bacteria in the bioreactor. Use of alkaliphilic sulfur compound
oxidizing bacteria is therefore very interesting from a technological point of
view.

Apart from this, a number of side reactions take place. In the gas absorber
polysulfides (S,*~, with x<6) can be formed by reaction of hydrogen sulfide
with sulfur:

HS +(x—1)$° =S +H" (27)
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The sulfur particles are fed to the gas absorber by the liquid recycle due
to an incomplete separation of solid sulfur in the separation step of the pro-
cess. In the bioreactor, the polysulfide anions either decompose into sulfide
and sulfur (Eq. 28), or are oxidized to thiosulfate (Eq. 29). Sulfate can also
be formed by oxidation of HS™ (Eq. 30):

S* +HT —HS +(x—1)$° (28)
SZ +3/,0, — 8,05 + (x—2)S° (29)
HS™ +20, — SO +H" (30)

In principal, oxygen from air is the only reagent needed for this process.
However, due to the occurrence of sulfate and thiosulfate formation, extra
sodium hydroxide has to be dosed to the bioreactor and a bleed stream is
necessary to prevent accumulation of sodium salts. The amount of NaOH
that has to be added to the bioreactor can be minimized if the occurrence of
(thio)sulfate formation is minimized. Previous research showed that sulfide
oxidation to sulfate can be selectively prevented by applying a low oxygen
concentration [56]. The oxidation of anionic polysulfides, however, cannot
easily be prevented by controlling of the oxygen concentration because the
oxidation rate of polysulfides is higher than the oxidation rate of sulfide, as
was suggested by Chen and Morris [59]. In order to determine the best way
to prevent the thiosulfate formation, more should be known about the role
of the polysulfide anions and their specific interaction with the biologically
produced sulfur particles.

5
Applications of Biologically Produced Sulfur

Sulfur produced by microorganisms in H,S removal plants such as described
in the previous section, can be handled in a number of ways. Dried sulfur
solids can be used in sulfuric acid production (99% sulfur purity needed) or
the formed sulfur sludge can be directed to a smelter where it is converted
into high purity sulfur (>99.9%). Unfortunately, currently more sulfur is
produced worldwide than is needed as pure chemical and therefore sulfur is
also stored in landfill (95-98% sulfur purity needed). Although solid sulfur
is considered as a non-hazardous refinery waste, landfill is an undesirable
option, partly because acidification by oxidation has to be prevented.

To avoid the landfill, possible applications of the biologically produced
sulfur have been investigated. In bioleaching and in agriculture, it was found
that the specific properties of biologically produced sulfur (small particle
size, hydrophilic surface) have clear advantages over the use of inorganic
sulfur.

Bioleaching is used in mining to dissolve metals from sulfide-ores. The
aim of bioleaching is to achieve pH values that are low enough to solubilize
a maximum of metals. In some cases additional elemental sulfur is added as
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Table 3 Grain yield of Breton Canola for different sulfur sources

Sulfur source Grain yield (kg/ha)
None 14.6
K,S0, 15.9
T90CR 17.4
S95 18.0
Claus sulfur 17.1
Biosulfur paste 22.3
Biosulfur powder 19.8

substrate for bacteria [60], which oxidize the sulfur forming sulfuric acid,
and thereby decrease the pH. Tichy compared the use of sulfur flower with
biologically produced sulfur, produced by sulfide oxidation of Thiobacilli
under oxygen limitation [61]. He concluded that the hydrophilic properties
of biologically produced sulfur have a positive effect in bioleaching because
they cause an increase of the rate of sulfuric acid production.

Another field in which biologically produced sulfur can be used is in agri-
culture. Sulfur is an important nutrient for plants, which can take up sulfur
by their leaves from the atmosphere as very reduced (COS, CS,, and H,S) up
to highly oxidized compounds (SO,). Most of the sulfur, however, is taken
up by plant roots as water-soluble sulfate. Partly due to the decrease in SO,
emissions since the 1970s, there is a widespread sulfur deficiency in soils
that are used for cultivation of several highly S-demanding crops, especially
oilseed rape and cereals in Denmark, England, ER.G. and Scotland. In those
circumstances additional S feeding is required.

First results of studies [62] on the yield of canola showed that the grain
yield is higher when biologically produced sulfur is used than when other
commercially available sulfur sources were used (Table 3).

6
Conclusions

Elemental sulfur produced by sulfur compound oxidizing bacteria (“biosul-
fur”) has distinctly different properties than crystalline elemental sulfur. The
hydrophilic properties of “biosulfur” are the most striking of these differ-
ences. As a result of this, biologically produced sulfur can be dispersed in
aqueous solutions, whereas crystalline inorganic sulfur is hydrophobic and
will not be wetted by an aqueous solution.

The origin of the hydrophilicity of biologically produced sulfur is however
not the same for sulfur produced by different bacteria. Intracellularly stored
sulfur globules produced by Al vinosum consist of long sulfur chains termi-
nated with organic groups. These organic end groups are likely to be re-
sponsible for the hydrophilic character of the sulfur globules. The hydro-
philicity of extracellularly stored sulfur globules produced by Ac. ferrooxidans
probably can be explained by the vesicle structure consisting mainly of poly-
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thionates (703S-S,-SO57). Adsorbed organic polymers such as proteins cause
the hydrophilic properties of sulfur produced in biotechnological sulfide
oxidation installations by a mixed culture of Thiobacilli.

Due to the small particle size and hydrophilic surface, biologically pro-

duced sulfur has advantages over other available sulfur sources in bioleach-

in

g and fertilizer applications.
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-, glass-transition temperature 89

-, HPLC 97

-, Raman spectra 89, 94-95

Sulfur molecule, HOMO/LUMO gap 104

Sulfur radical cation 138-139, 144, 146

Sulfur ring 55

- —, branched 128

- —, Raman spectra 94

Sulfur sol, hydrophilic/hydrophobic
153-157, 160, 162

- -, LaMer 157

Sulfur vapor 117-119, 124-132

-, composition 117-129, 132
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Gmelin Handbook of Inorganic Chemistry, 8th ed., Sulfur, Springer, Berlin:

1953:
1953:
1953:

1960:
1963:
1977:
1978:
1978:
1980:
1983:

Hydrides and Oxides of Sulfur (in German)

Elemental Sulfur (in German)

Occurrence and Technology of Sulfur and Its Compounds
(in German)

Sulfur Oxoacids (in German)

Sulfur Compounds with Nitrogen, Oxygen and Halides (in German)

Sulfur-Nitrogen Compounds, Part 1 (in German)

Sulfur Halides (in German)

Thionyl Halides (in German)

Sulfur Oxides (in German)

Sulfanes (in English)

1985-1994: Sulfur-Nitrogen Compounds, Parts 2-10 (in English)

B. Meyer, Elemental Sulfur: Chemistry and Physics, Interscience, New York,

1965; with Chapters on the following topics:

1.
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Nomenclature of Sulfur Allotropes

. Structures of Solid Sulfur Allotropes

. Phase Transition Rate Measurements

. Preparation and Properties of Sulfur Allotropes
. Properties of Polymeric Sulfur

. Physical Properties of Liquid Sulfur

. Molecular Composition of Sulfur Vapor

. Mechanmical Properties of Sulfur

. High Pressure Behavior of Sulfur

10. Electrical and Photoconductive Properties of Orthorhombic Sulfur Crystals
11. ESR Studies of Unstable Sulfur Forms

12. Vibrational Spectra of Elemental Sulfur

13. Electronic Spectrum and Electronic States of S,

14. Reactions of Atomic Sulfur

15. Reactions of the Sulfur-Sulfur Bond



16. Preparation of Unusual Sulfur Rings
17. Liquid Solutions of Sulfur
18. Potential Applications of Sulfur

F. Tuinstra, Structural Aspects of the Allotropy of Sulfur and the Other Divalent
Elements, Waltman, Delft, 1967.

G. Nickless (Ed.), Inorganic Sulfur Chemistry, Elsevier, Amsterdam, 1968; with
Chapters on the following topics:
1. The Sulfur Atom and its Nucleus
Orbitals in Sulfur and its Compounds
Stereochemistry of Group 16 Compounds
Mechanisms of Sulfur Reactions
Structural Studies on Sulfur Compounds
Analytical Chemistry of Sulfur Compounds
Elemental Sulfur

The Biogeochemical Sulfur Cycle
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. Sulfanes
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—_ =
N =

. Compounds with Sulfur-Halogen Bonds
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. Sulfur-Nitrogen Compounds
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. Lower Oxoacids of Sulfur

. Sulfuric Acid
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. Fluorosulfuric Acid as a Solvent System
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. Amido- and Imidosulfuric Acid

. Metal Sulfides
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M. V. Ivanov, Microbiological Processes in the Formation of Sulfur Deposits,

Jerusalem, 1968.

A. V. Tobolsky (Ed.), The Chemistry of Sulfides, Interscience, New York, 1968.

J. A. Karchmer (Ed.), The Analytical Chemistry of Sulfur and ist Compounds, Part

I, Wiley, New York, 1970; with Chapters on following topics:
1. Elemental Sulfur



Total Sulfur
Sulfur-Containing Gases
Oxygen-Containing Inorganic sulfur Compounds

Other Inorganic Sulfur Compounds
Thiols

AN

A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 1, Dekker,
New York, 1971, with Chapters on the following topics:
The Sulfur-Silicon Bond

The Sulfur-Nitrogen Bond

The Sulfur-Phosphorus Bond

The Sulfur-Oxygen Bond

The Sulfur-Sulfur Bond

The Sulfur-Fluorine Bond

The Sulfur-Chlorine Bond

The Sulfur-Bromine Bond

The Sulfur-lodine Bond
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A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 2, Dekker,
New York, 1972, with Chapters on the following topics:

Chemistry of Atomic Sulfur

Diatomic Species Containing Sulfur

Bond Energy Terms in the Chemistry of sulfur, Selenium and Tellurium
Oxyacids of Sulfur

Pharmacology and Toxicology of Inorganic Sulfur Compounds

Mass Spectra of Sulfur Compounds

Mixed Sulfur Halides

Commercially Important Sulfur Compounds

A R RO

Chromatographic Techniques in Sulfur Chemistry

A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol. 3, Dekker,
New York, 1972, with Chapters on the following topics:
1. Reactions of Elemental Sulfur with Inorganic, Organic and Organometallic
Compounds
2. Inorganic and Organic Polysulfides
3. Quantum Chemistry of sulfur Compounds
4. Steric Aspects of Sulfur Chemistry



NMR spectra of Sulfur Compounds
Labeled Sulfur Compounds
Thione-Enethiol Tautomerism

Nomenclature of Sulfur Compounds
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Nucleophilicity of Organic Sulfur Compounds

J. A. Karchmer (Ed.), The Analytical Chemistry of Sulfur and ist Compounds, Part
II, Wiley, New York, 1972; with Chapters on the following topics:

1. Sulfides

2. Di- and Polysulfides

3. Thiophenes

4. Tetra- and Hexavalent Organosulfur Compounds

D. J. Miller, T. K. Wiewiorowski (Eds.), Sulfur Research Trends, Adv. Chem.
Ser. 110, ACS, Washington, 1972; with Chapters on the following topics:
Semiempirical MO Calculations on Sulfur-Containing Molecules
Electron Behavior in Some Sulfur Compounds
Spectra of Sulfur Allotropes
Transition Metal Complexes with Sulfur-Donor Ligands
Structures of Sulfur-Nitrogen Compounds
Influence of High Pressur on Elemental Sulfur
Reactions of Mercaptanes with Liquid Sulfur
Photolysis of Thiols
Addition of Sulfur Atoms to Olefins
. Sulfur Chlorides and Organochlorides
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. Fluorinated Sulfide Polymers

—
|98)

. Electrical Conductivity of Liquid Sulfur and Sulfur-Phosphorus Mixtures
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. Chemical-Mechanical Alteration of Elemental Sulfur
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. Potential Applications of Sulfur

M. Schmidt, W. Siebert, in Comprehensive Inorganic Chemistry, Vol. 2, Chapter
23 (Sulfur), Pergamon, Oxford, 1973, pp. 795-933 (579 references).



K. C. Mills, Thermodynamic Data for Inorganic Sulfides, Selenides and
Tellurides, Butterworths, London, 1974.

D. M. Greenberg (Ed.), Metabolic Pathways, 3rd ed., Vol. VII: Metabolism of
Sulfur Compounds, Academic Press, New York, 1975.

G. Brauer (ed.), Handbuch der Prdparativen Anorganischen Chemie, Vol. 1,

Enke, Stuttgart, 1975 (Preparation of basic inorganic sulfur compounds).

B. Meyer, Sulfur, Energy, and Environment, Elsevier, Amsterdam, 1977
(containing 1600 references with full titles). Chapters on the follwowing topics:.
History of Sulfur

Properties of sulfur and Inorganic Sulfur Compounds
Analytical Chemistry of Sulfur Compounds
Occurrence and Sources of Sulfur

The Sulfur Cycles

Sulfur Production

Recovery of Sulfur from Combustion Gases
Environmental Control and Legislation

Medical Use and Health Effects
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. Sulfur in Agriculture and Food
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—_—

. Industrial Uses of Sulfur and Its Compounds

—_
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. Sulfur Polymers

—_
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. Sulfur Containing Materials
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. Future Trends

D. J. Bourne (Ed.), New Uses of Sulfur-1I, Adv. Chem. Ser. 165, ACS,
Washington, 1978.

H. G. Heal, The Inorganic Heterocyclic Chemistry of Sulfur, Nitrogen and
Phosphorus, Academic Press, London, 1980.

H. Bothe, A. Trebst (Eds.), Biology of Inorganic Nitrogen and Sulfur, Springer,
Berlin, 1981.



A. Senning (Ed.), Sulfur in Organic and Inorganic Chemistry, Vol.4, Dekker,

New York, 1982, with Chapters on the following topics:

1.
2
3
4.
5
6
7

The Sulfur-Silicon Bond
The Sulfur-Nitrogen Bond
The Sulfur-Phosphorus Bond
The Sulfur-Fluorine Bond
The Sulfur-Chlorine Bond
The Sulfur-Bromine Bond
The Sulfur-lodine Bond

M. V. Ivanov, J. R. Freney (Eds.), The Global Biochemical Sulfur Cycle, SCOPE
19, Wiley, New York, 1983.

A Miiller, B. Krebs (Eds.), Sulfur - Its Significance for Chemistry, for the Geo-,

Bio- and Cosmosphere and Technology, Elsevier, Amsterdam, 1984; with

Chapters on the following topics:

1.
2.
3.
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11.

12.
13.
14.

15.
16.
17.

Elemental Sulfur and Homocyclic Compounds and Ions (R. Steudel)

Sulfur in the Earth’s Crust, Its Origin and Natural Cycle (K. H. Wedepohl)
Role of Sulfur in Black Powder (F. Seel)

Lapislazuli and Ultramarine Pigments (F. Seel)

New Developments in Organic Sulfur Chemistry (G. Kresze)
Organometallic Sulfur Compounds (H. Vahrenkamp)

Thiolates as Ligands in Transition Metal Complexes (J. R. Dilworth)

Metal Complexes of Sulfur and Sulfur-Nitrogen Compounds (H. W. Roesky)
Sulfido-Complexes of Molybdenum and Tungsten (A. G. Wedd)

. Interaction of Metal Centers Through Sulfur-Containing Ligands (O. Kahn, J.-J.

Girerd)

Electronic and Resonance Raman Spectra of Sulfur-Containing Complexes (R. J.
H. Clark)

Technology of Sulfuric Acid (K. Briandle)

Flue Gas Desulfurization (M. Schmidt)

Metal Sulfides in Photovoltaic and Photoelectrochemical Energy Conversation
(H. Tributsch)

Inorganic Chemistry of Rubber Vulcanization (J. A. McCleverty)
Biodegradation of Sulfur Minerals (K. Bosecker)

Microorganisms and the Sulfur Cycle (H. G. Triiper)



18. Phototrophic Bacteria and Their Sulfur Metabolism (H. G. Triiper)

19. Cytochromes and Iron Sulfur Proteins in Bacterial Sulfur Metabolism (U.
Fischer)

20. Sulfur-Containing Ligands in Metalloproteins and Enzymes (W. E. Newton)

21. Genetic Diseases of Sulfur Metabolism in Humans (F. Skovby, S. H. Mudd)

F. Bernardi, I. G. Csizmadia, A. Mangini (Eds.), Organic Sulfur Chemistry:

Theoretical and Experimental Advances, Elsevier, Amsterdam, 1985.

I. Hargittai, The Structure of Volatile Sulfur Compounds, Reidel Publ., Dordrecht,

1985 (structures determined by electron diffraction and microwave spectroscopy).

R. J. Huxtable, Biochemistry of Sulfur, Plenum, New York, 1986.

W. B. Jakoby, O. W. Griffith (Eds.), Methods in Enzymology, Vol. 143: Sulfur
and Sulfur Amino Acids, Academic Press, Orlando, 1987.

M. G. Voronkov, N. S. Vyazankin, E. N. Deryagina, A. S. Nakhmanovich, V. A.
Usov, Reactions of Sulfur with Organic Compounds, Plenum Press, New York,
1987; with Chapters on the following topics:

Structure and Physical Properties of Elemental Sulfur

Preparation and Chemical Properties of Sulfur Allotropes

Action of Sulfur on Hydrocarbons

Reactions with Organic Halides

Reactions with Organic Sulfur Compounds

Reactions with Oxygen-Containing Compounds

Reactions with Nitrogen-Containing Compounds
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Reactions with Organometallic Compounds

B. Zwanenburg, A. J. H. Klunder (Eds.), Perspectives in the Organic Chemistry of
Sulfur, Elsevier, Amsterdam, 1987.

J. A. Cole, S. J. Ferguson (Eds.), The Nitrogen and Sulfur Cycles, Cambridge
Univ. Press, Cambridge, 1988.



R. T. Oakley, Sulfur-Nitrogen Heterocycles, Progr. Inorg. Chem. 1988, 36, 299-
391.

P. Brimblecombe, A. Yu. Lein (Eds.), Evolution of the Biochemical Sulfur Cycle,
SCOPE 39, Wiley, New York, 1989.

E. S. Saltzman, W. J. Cooper (Eds.), Biogenic Sulfur in the Environment, ACS
Symp. Ser. 393, ACS, Washington DC, 1989.

W. L. Orr, C. M. White, Geochemistry of Sulfur in Fossil Fuels, A.C.S. Symp.
Ser., Vol. 429, American Chemical Society, Washington, 1990.

C. Chatgilialoglu, K.-D.Asmus (Eds.), Sulfur-Centered Reactive Intermediates in
Chemistry and Biology, Plenum Press, New York, 1990; inter alia with Chapters
on the following topics:

Force Field and Molecular Orbital Calculations in Organosulfur Chemistry

Electronic Transitions in Sulfur-Centered Radicals

Electronic Properties of Sulfur-Containing Substituents and Molecules

Reactivity of Sulfur-Centered Nucleophiles

1.

2.

3

4

5. Alkenethiylperoxyl Radicals

6. Thermochemistry of Sulfur-Centered Intermediates
7. Single Electron Transfer in Nucleophilic Substitution
8. Electrochemical Reduction of Sulfur Compounds
9. Pulse Radiolysis

10. ESR Spectroscopy of Sulfur-Centered Radicals

11. Three-Electron Bonded Radicals

12. Radical Cations

13. Reaction Kinetics of Sulfur-CentereBiological Radicals
14. Redox Systems with Sulfur-Centered Species

15. Repair in Radiation Biology

16. Actions of the Glutathion/Disulfide System

S. Oae, Organic Sulfur Chemistry: Structure and Mechanism, CRC Press, Boca
Raton, 1991.



H. R. Krouse, V. A. Grinenko (Eds.), Stable Isotopes: Natural and Anthropogenic
Sulfur in the Environment, SCOPE 43, Wiley, New York, 1991.

R. W. Howarth, J. W. B. Stewart, M. V. Ivanov (Eds.), Sulfur Cycling on the
Continents, SCOPE 48, Wiley, New York, 1991.

S. Oae, T. Okuyama (Eds.), Organic Sulfur Chemistry: Biochemical Aspects,
CRC Press, Boca Raton, 1992.

R. B. King (Ed.), Encyclopedia of Inorganic Chemistry, Vol. 7, Wiley,
Chichester, 1994; inter alia with Chapters on the following topics:

1. Inorganic Sulfur Chemistry (D. Woollins)

2. Sulfur-Nitrogen Compounds (T. Chivers)

3. Organic Polysulfanes (R. Steudel, M. Kustos)

4. S-Donor Ligands (M. Schroder)

Ullmann’s Encyclopedia of Industrial Chemistry, Vol. A25, VCH, Weinheim,
1994.

C. N. Alpers, D. W. Blowes (Eds.), Environmental Geochemistry of Sulfide
Oxidation, A.C.S. Symp. Ser., Vol 550, American Chemical Society, Washington

D.C., 1994.

Holleman-Wiberg: Lehrbuch der Anorganischen Chemie, 101. Auflage, de
Gruyter, Berlin, 1995 (textbook with 75 pages on sulfur chemistry).

M. A. Vairaramurthy, M. A. A. Schoonen (Eds.), Geochemical Transformations
of Sedimentary Sulfur, ACS Symp. Ser. 612, Washington, 1995.

L. L. Barton (Ed.), Sulfate-Reducing Bacteria, Plenum Press, New York, 1995.

E. L. Stiefel, K. Matsumoto (Eds.), Transition Metal Sulfur Chemistry, A.C.S.
Symp. Ser., Vol. 653, American Chemical Society, Washington D.C., 1996.



N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, 2nd ed., Butterworth,

Oxford, 1997 (textbook with 101 pages on sulfur chemistry).

R. Steudel, Chemie der Nichtmetalle, de Gruyter, Berlin, 1998 (modern textbook

with 60 pages on sulfur chemistry).

Z. B. Alfassi (Ed.), The Chemistry of Sulfur Radicals, Wiley, Chichester, 1999.

T. Kabe, A. Ishiara, W. Qian (Eds.), Hydrodesulfurization and
Hydrodenitrogenation, Wiley-VCH, Weinheim, 1999.

P. N. L. Lens, L. Hulshoff Pol (Eds.), Environmental Technologies to Treat Sulfur

Pollution: Principles and Engineering, IWA Publishing, London, 2000; with

Chapters on the following topics:

1.

AN

10.
11.

12.

13.
14.
15.
16.

The Chemical Sulfur Cycle (R. Steudel)

The Geochemical Sulfur Cycle (J. J. Middleburg)

The Biological Sulfur Cycle (T. Briiser, P. N. L. Lens, H. G. Triiper)

Removal of Sulfur from Diesel Oil (H. R. Reinhoudt)

Bioleaching of Sulfide Minerals (M. Boon)

Sulfur Transformation during Sewage Transport (T. Hvitvedt-Jacobsen, P. H.
Nielsen)

Biological Treatment of Organic Sulfate-Rich Wastewaters (P. N. L. Lens, F.
Omil, J. M. Lema, L. W. Hulshoff Pol)

Biological Removal of Sulfurous Compounds from Wastewaters (B. Johnson)
Anaerobic Treatment of Sulfate-Rich Wastwaters (J.-P. Steyer, N. Bernet, P. N.
L. Lens, R. Moletta)

Survey of H,S and SO, Removal Processes (J. A. Lagas)

Novel Biological Processes for the Removal of H,S and SO, (A. J. H. Janssen, H.
Dijkman, G. Janssen)

Biological Treatment of Gases Polluted by Volatile Sulfur Compounds (V.
Herrygers, H. Van Langenhove, E. Smet)

Methods of Odor Measurement and Assessment (R. H. Fenner, R. M. Stuetz)
Treatment of Solid Materials Containing Inorganic Sulfur Compounds (R. Tichy)
Agricultural Aspects of Sulfur (W. H. O. Ernst)

Biodegradation of Sulfonated Aromatic Compounds (N. C. G. Tan, J. A. Field)
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17.

18.

19.
20.
21.
22.

Metal Effects on Sulfur Cycle Bacteria and Metal Removal by Sulfate Reducing
Bacteria (O. J. Hao)

Interactions of the Sulfur and Nitrogen Cycles: Microbiology and Process
Technology (P. M. Chazal, P. N. L. Lens)

Sulfur-Storing Bacteria and Bulking of Activated Sludge ((D. H. Eikelboom)
Sulfur Problems in Anaerobic Digestion (V. O’Flaherty, E. Colleran)

Corrosion and Sulfur Bacteria (B. J. Little, R. I. Ray, R. K. Pope)

Recent Developments in Research on Biogenic sulfuric Acid Attack of Concrete
(E. Vincke, J. Monteney, A. Beeldens, N. De Belie, L. Taerve, D. Van Gemert,
W. H. Verstraete)

Holleman-Wiberg: Inorganic Chemistry, Academic Press, New York, 2001 (most

comprehensive inorganic chemistry textbook available).

R. Steudel, Organic Polysulfanes R,S, (n > 2), Chem. Rev. 2002, 102, 3905-3945.

More reviews and monographs on (mainly inorganic) sulfur chemistry are cited in

the various Chapters of Volumes 230 and 231.
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