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Alexa Schmitz,” Mark Biilow,” Dana Schmidt,”” Dzmitry H. Zaitsau,”® Fabian Junglas,”
Tim-Oliver Knedel,” Sergey P. Verevkin,® Christoph Held,” and Christoph Janiak*"

S-alkyltetrahydrothiophenium, [C,THT]* bis(trifluorosulfonyl)
imide, [NTf,]~ room temperature ionic liquids (ILs) and tetraphe-
nylborate, [BPh,]” salts with alkyl chain lengths from C, to C,,
have been prepared. The ILs and salts were characterized and
their purity verified by 'H- and "*C-nuclear magnetic resonance,
elemental analysis, ion chromatography, Karl-Fischer titration,
single crystal X-ray diffraction as well as thermogravimetric
analysis. The experimentally determined density and viscosity

1. Introduction

Novel room temperature ionic liquids (RTILs) are attractive as a
replacement for organic solvents due to their chemical and
thermal stability, negligible vapor pressure, nonflammability as
well as high ionic conductivity and wide electrochemical
window. The common ILs are pyridinium- and imidazolium-
based ILs (Figure S1, SI).” Therefore, IL-cations with nitrogen
atoms have been extensively investigated.?*>%”!

Even if ILs are of interest for several decades by now, studies
on sulfonium cations are not very advanced.®®'” The first
reported sulfonium-based ILs were trialkylsulfonium aluminum
halides,™ which are air and moisture sensitive. Matsumoto
etal. described low viscosity, high conductivity and high
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decrease with increasing temperature. The experimental sol-
ubility of the [C,THT][NTf,]-ILs in water (75 to 2.2 mg/L for C, to
C,0) was modelled with very good agreement by Perturbed
Chain Statistical Associating Fluid Theory (PC-SAFT), based on
the extremely low vapor pressures for the [C,THT][NTf,]-ILs
measured in this work (4.15 to 0.037-10"xp,, for C, to C,,).
PC-SAFT is able to predict and correlate different thermody-
namic properties by estimating the Helmholtz residual energy.

electrochemical stability for symmetric trialkylsulfonium cations
and various anions (for example bis(trifluoromethylsulfonyl)
imide, [NTf,]7).">"¥ Orita et al. reported the physical properties
of various sulfonium-, thiophenium- or thioxonium-based ILs
(for the structure see Scheme 1) and their possible application
as electric double-layer capacitors."

In general, the resulting sulfonium salts are less stable than
their imidazolium salts and therefore got less attention.'
Zhang et al. reported some cyclic sulfonium RTILs (Scheme 1)
which have decomposition temperatures between 272 and
285°C, lower than for 1,3-dialkylimidazolium-based RTILs."”
However, studies on cyclic sulfonium-based ILs are very rare,
even if most of the developed cyclic sulfonium-based ILs
exhibited strong hydrophilicity, restricting them to be used as
electrolytes.” Guo et al. reported a novel family of hydrophobic
cyclic sulfonium cations with [NTf,]-, which were applied in
dye-sensitized solar cells."® However, their potential use as
reaction media for the synthesis of nanomaterials is less
explored."” Furthermore, due to the sulfur atom such sulfonium
ILs have unique stabilizing abilities for bioenzymatic reactions.
The sulfur moiety supports the enzymatic reactivity, leading to
higher turnover rates in biocatalytic reactions."

The solubility of ILs is a key factor for industrial application,
e.g. for the utilization of ILs as additives to allow for larger
hydrophobicity in aqueous solutions. IL application can thus
allow for larger operating windows, effectively reducing con-
sumption of energy and resources. The ability to incorporate
solubility knowledge into process intensification or process
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Scheme 1. (From left to right) Sulfonium, thiophenium, tetrahydrothiophe-
nium (THT), cyclic sulfonium and thioxonium cations.
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development through thermodynamic models gives way
towards a greener chemistry. Thermodynamic models, like the
here used Perturbed-Chain Statistical Associating Fluid Theory
(PC-SAFT) equation of state'” are nowadays integrated as
fundamentals in process simulation software.

PC-SAFT, able to predict and correlate various thermody-
namic properties through estimating the residual Helmholtz
energy, was already successfully applied to model solubilities in
ternary mixtures of water, alcohol, and common imidazolium
ILs.?” Its electrolyte counterpart, ePC-SAFT,”" was used to
screen the solubility of the most common ILs and TAAILs
(Tunable Aryl-Alkyl ILs) in binary and ternary aqueous
systems.”??¥ Solubility predictions with ePC-SAFT was used to
ensure interactions of TAAILs with various washing agents did
not interfere the aggregation processes in catalytic nanoparticle
synthesis.*!

Aqueous solutions are still the primary reaction medium in
the bio- and chemical industry. Thus, PC-SAFT is here again
used to model the THT-IL solubility in water for future use in
process intensification and development.

First of all, absolute vapor pressures are required as input
for the PC-SAFT parameterization. However, these data are per
se important for science and practical applications. One of the
key advantages that are often highlighted for ILs is that they
are considered non-volatile at ambient temperatures. However,
as the temperature increases, the volatility of an IL also
gradually increases. Consequently, at practically relevant and
elevated temperatures typically used in industrial applications
(e.g. for catalysis with Supported lonic Liquid Phase (SILP)®
and Supported Catalyst with lonic Liquid Layer (SCILL))"®, the IL
volatility could already be significant. The volatility is directly
related to the vapor pressure. Hence, the vapor pressure of the
IL at a certain temperature is therefore decisive for the IL mass
loss from the catalyst. The comparison of the volatility of
differently structured ILs enables an appropriate selection of
suitable ILs for every practical purpose.

This  work introduces S-alkyltetrahydrothiophenium,
[C,THTI" bis(trifluorosulfonyl)imide, [NTf,]- room temperature
ionic liquids and tetraphenylborate, [BPh,]” salts with alkyl
chain lengths from C, to C,,. A detailed characterization was
performed, including solid-state structures, density, viscosity
and vapor pressure measurements. Additionally, PC-SAFT was
applied to model the solubility in water for [C,THTI[NTf,]-ILs
based on parametrization including the extremely low vapor
pressures measured in this work.

2. Results and Discussion
2.1. Synthesis

Seven S-alkyl tetrahydrothiophenium bis
(trifluoromethylsulfonyl)imide ILs, [C,THTI[NTf,] and the corre-
sponding tetraphenylborate salts, [C,THT][BPh,] were synthe-
sized in two steps. The S-alkyl chains varied from n-butyl (C,) to
n-decyl (Cyo) (Scheme 1). First, the [C,THT]" iodide intermedi-
ates were prepared from tetrahydrothiophene, THT and
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iodoalkanes, based on the synthesis of Zhang etal””’ The
second step involved the iodide anion exchange with either
Li[NTf,] or Na[BPh,] (for further information see experimental
section).

White crystalline products and yellow/orange oils were
obtained for the S-alkyl tetrahydrothiophenium iodides,
[C,THT][I] salts in yields between 35% and 90% and verified by
'H- and "C-nuclear magnetic resonance (NMR) as well as
thermogravimetric analysis (TGA). The iodides still contained
significant amounts of iodoalkane residues (by NMR, Figure S2—
Figure S15), up to 40% for octyl/nonyl/decyl which could not
be removed in high vacuum (1077 mbar) for pentyl- or longer
alkyl chains because of the high boiling points (157 °C for CgH,;l
to 264°C for C;oHyl). The iodoalkanes could also not be
removed from a solution of [C,THTI[l] in CH,Cl, by extraction
with heptane (as was successful for the purification of the
[C, THTIINTS,]-ILs (see below)).

The compound 1-nonyltetrahydrothiophenium iodide could
be grown as colorless crystals from methanol. The molecular
structure shows the nonyl group to be arranged in a straight,
non-folded chain (Figure 1). The C-S-C angles at the pyramidal
sulfur range from 94.1° in the ring to ~102° for C,,-S-C;irq, the
angle sum 298.3°. The crystal packing is dominated by the van
der Waals interactions of the parallel-arranged nonyl chains
together with the Coulomb interactions (Figure S54, SlI). The
shortest distance between sulfur and iodide is 3.66 A. None of
the other [THT] " iodides could be crystallized.

Subsequently, the iodide anion was exchanged with
tetraphenylborate [BPh,]™ in ethanolic solution to improve the
crystallization of the [C,THT]"-cations. The tetraphenylborate
salts were obtained in quantitative yield and verified by 'H- and
3C-NMR (Figure S16-Figure S29, Sl), elemental analysis as well
as thermogravimetric analysis (TGA). Calculated and found CHS
values were in excellent agreement (Table S3, SI). The com-
pounds [C,THT][BPh,] could be grown as colorless crystals from
dichloromethane and ethanol for n=4, 5 and 8 (Figure 2,
Figure 3 and Figure 4).

The crystal packing in the compounds [C,THTI[BPh,] is
organized by Coulombic forces and CH-m interactions. There
were no significant s-m-stacking interactions (Fig. S56-558, SI).

In comparison to the corresponding S-alkyl tetrahydrothio-
phenium, [C,THT]" iodide and tetraphenylborate salts, the
hydrophobic bis(trifluoromethylsulfonyl)imide, [NTf,]~ anion

Q1

Figure 1. Molecular structure of an ion pair of 1-nonyltetrahydrothiophe-
nium iodide, [C,THTII (50 % thermal ellipsoids). See Figure S54 (Sl) for the
packing diagram. Selected bond distances and angles are listed in Table S6,
Sl

154 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Molecular structure of one of the two symmetry-independent ion
pairs in the asymmetric unit in the crystal structure of [C,THTI[BPh,] (50 %
thermal ellipsoids). Selected bond distances and angles are listed in Table S8,
Sl.

Figure 3. Molecular structure of one of the two symmetry-independent ion
pairs in the asymmetric unit in the crystal structure of [C;THTI[BPh,] (50%
thermal ellipsoids). A slight disorder for atom C8 A with 90% versus C8B
with 10% occupancy is indicated. Selected bond distances and angles are
listed in Table S9, SI.

Figure 4. Molecular structure of an ion pair of [C;THT][BPh,] (50% thermal
ellipsoids). Selected bond distances and angles are listed in Table S10, SI.

renders the ion pairs as RTILs. These NTf,-ILs were prepared by
an |~ to [NTf,]” anion exchange of [C,THTIl with Li[NTf,] in an
aqueous solution (Scheme 2). After anion exchange, the ILs

ChemistryOpen 2021, 10, 153-163 www.chemistryopen.org
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Scheme 2. Synthesis of S-alkyltetrahydrothiophenium bis
(trifluoromethylsulfonyl)imide [NTf,]-ILs and tetraphenylborate salts.

were extracted from the aqueous phase with dichloromethane
and washed iodide-free with water and by stirring with
activated charcoal. After filtration over acidic aluminum oxide,
the ILs were extracted with heptane to remove iodoalkane
impurities. In the "H-NMR spectra of [C,THT][NTf,] (Figure S30-
Figure S43) no signals for iodoalkane impurities could be
observed anymore. In the “C-NMR an additional quartet is
observed at 119.7 ppm with 'J.=321 Hz for the CF; group in
NTf,” (Figure S30-Figure S43).

The water content was measured by coulometric Karl-
Fischer Titration for all ILs and was below 10 ppm, except for
[C,THT]INTf,] (<100 ppm). All ILs were obtained with an anion
purity of over 99% and an overall IL purity®®* of >97%,
typically >99% (Table S1 and Figure S44-Figure S50). In addi-
tion, calculated and found CHNS elemental analysis values for
[C,THT][NTf,] were in very good agreement to each other
(Table S4).

From thermogravimetric analyses (Figure S51-Figure S53)
the [C,THT]™ triflimide ILs exhibit the highest thermal stability
of up to 270°C, the iodides showed a decomposition temper-
ature of 170°C and tetraphenylborate salts had the lowest
stability of only about 100°C. (Table S2). In this work the
thermal stability of an ionic liquid is defined as the ability of the
material to resist thermal stress and to maintain its physical
properties without degradation (decomposition). According to
this definition, we studied the vapor pressure behavior of the
series of ionic liquids in the as large as possible temperature
range. This range is restricted by sensitivity of the quartz crystal
microbalance (QCM) at low temperatures and by the thermal
stability of the IL (i.e. the onset of decomposition) at elevated
temperatures.

2.2. Ambient Pressure Liquid Density and Viscosity of
[C, THTIINTf,]-ILs

The temperature-dependent liquid density and viscosity are
two important parameters for the design of processes. In the
respective unit operations, the viscosity defines mass- and heat-
transfer rates and influences the flow behaviour in tubing and
reactors. For a possible application of ILs in the CO, separation,
the viscosity is one of the most important physical properties.
The dynamic viscosity of [C,THT][NTf,]-ILs has been measured in

155 © 2020 The Authors. Published by Wiley-VCH GmbH
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the temperature range of 293.15 to 323.15K at ambient Table 3. Absolute vapor pressures of ionic liquids [C,THT][NTf,] at 373 K
pressure, summarized in Table 1. The viscosity increases with and at 473 K.
increasing alkyl chain length and decreases with rising temper- I 10 7%y, [Pal 107X pygy [Pal]
atures. 373K 473K
.Ll.keW|se, .the liquid der.15|ty provides fundan?enfals in (C,THTIINTS,] 415 559
decision making for extraction and general application to [CsTHTIINTS,] 2.59 560
processes. Furthermore, liquid densities give easy access to the [CETHTIINTF,] 1.82 633
N . . [C,THTIINTF,] 1.0 742
parametrization procedure of thermodynamic models like (C,THTIINTE,] 039 608
equation of states. The liquid density of the [C,THTI[NTf,]-ILs [CoTHTI[NTF,] 0.23 627
was measured in the temperature range of 293.15 to 323.15K | [CoTHTIINTf)] 0.037 244
. . . A . [(C,H5)5SIINTS,] 525 881
at ambient pressure, summarized in Table 2. The liquid density

decreases with increasing alkyl chain length of the
[C, THTI[NTS,]-ILs. Likewise, the expectable temperature depend-
ency for ILs with decreasing density at higher temperatures is
valid for [C, THT][NTf,]-ILs.

2.3. Absolute Vapor Pressures of ILs

Knowledge of vapor pressures is indispensable for practical
applications of ILs, e.g. as thermofluids or catalysts. Vapor
pressures of ILs measured in this work are significant for
localization and optimization of the temperature for practical
application of ILs, e.g. as a catalyst carrier. The vapor pressures
of the ILs at the level of 1072 Pa (even at elevated temperatures)
are very good indicators that even in a flow chemical reactor
the loss of the IL from the reactor can be considered as
negligible (even at a large time scale). At the same time, it is
meaningless to run the reactor at temperatures where thermal
degradation could be possible. The TGA results do not reflect
the actual processes occurring in the bulk IL, because the
sample in the TGA crucible has a large surface/mass ratio, which
is significantly different with those in QCM experiments and in
a flow reactor. The frequency change rates (df/dr) measured by

ChemistryOpen 2021, 10, 153-163 www.chemistryopen.org

the quartz-crystal microbalance (QCM) were used for calculation
of the absolute vapor pressures p,,. of ILs (see Table S14) with
help of the empirical constant K’ evaluated for our experimental
setup recently.®” The temperatures 373 K and 473 K seem to be
of reasonable choice for many practical applications and
extremely low values of vapor pressures of the [C,THTI[NTf,]-ILs
at these temperatures (see Table 3, Figure 5) indicate that the
negligible mass uptake of the IL in different catalytic or
separation applications can be expected even at elevated
temperatures.

2.4. Standard Molar Vaporization Enthalpies From Vapor
Pressure Measurements

The standard molar enthalpies of vaporization derived from the
temperature dependence of the vapor pressures measured with
the QCM (see Table 4, column 5) are referenced to the average
temperature T,, (see Table 4, column 4), which is the middle of
the temperature range under study.

600 -
Table 1. Measured dynamic viscosity of [C,THT][NTf,] (n=4-10) at ambient
pressures for the temperature range of 293.15 to 323.15 K. 550 1 *
TK] Dynamic viscosity [mPa e s] 500
(P (o N (o R (A N (o R (% (e 4501 o
293.15 11270 13250 15290 180.10 201.10 231.20 294.50 © 400 o
29815 8767 10200 11690 13840 15230 173.00 220.10 o 3501 =« X %
303.15 69.32 79.98 91.00 103.90 11640 13190 164.00 E‘ 300
308.15 56.07 63.75 72.18 81.72 91.10 102.70 127.20 3‘8) 250 1 X -
313.15 45.82 51.74 58.30 65.56 72.37 80.99 99.00 Q
318.15 37.92 4252 4764 5481 5869 6495 7831 200 A X
323.15 31.85 35.40 39.41 4448 48.00 53.08 63.49 150 4
A Q
100 ” n <
o - - 501 o o o
Table 2. Measured liquid density of [C,THT][NTf,] (n=4-10) at ambient 8 P
pressures for the temperature range of 293.15 to 323.15 K. 0 T T T T T
2 4 6 8 10
TIK] Liquid density [g e cm™] .
(<P N (o R (R (cf N (o N (o R (o nin [C,MIM], [C,THT]
293.15 1.4585 14311 1.3925 13700 13422 1.3163 1.2932 Figure 5. Chain-length dependence of absolute vapor pressures scaled with
298.15 14536 14265 1.3878 13652 13369 13118 1.2885 k at T=423.15 K for the homologous series [C,MIM][NTf,] (O) from ref. [31]
303.15 1.4486 1.4218 1.3829 13630 1.3342 13072 1.2837 (k=1/3), [C,MIM][PF] (¢) from ref. [30] (k=3), [C,MIM][BF,] (A) from ref. 30
308.15 1.4436 14172 13780 13586 13298 1.3034 1.2787 (k=3), [C,MIMI][FAP] (3%) from ref. [32] (k=1/3), [C,THTIINTf,] (x) this work
313.15 14384 14127 13748 13541 13252 1.2987 1.2735 (k=1/3) (C,MIM = 1-alkyl-3-methyl-imidazolium, FAP =tris(perfluoroalkyl)
318.15 14359 14079 13692 1.3498 13206 1.2942 1.2691 trifluoro-phosphate). For illustrative reason the absolute vapor pressures of
32315 14312 14033 13658 13432 13159 1.2904 1.2644 ILs were scaled with the coefficients k given in parenthesis.

156 © 2020 The Authors. Published by Wiley-VCH GmbH
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Table 4. Thermodynamics of vaporization of the [C,THT][NTf,]-ILs derived from QCM measurements.
Cation T-range To APH (T, APGE (T, )™ Afc, ™ APH? (298.15 K)'9
K kJ mol™ J-K" mol™ kJmol™
1 2 4 5 6 7
[C,THT] 364-411 387.2 13534+1.0 76.6+1.5 —86 143.0+1.8
[CSsTHT] 369-416 392.7 137.7+1.0 76.0+1.5 —94 146.6+2.0
[CsTHTI] 369-419 3935 140.6 1.0 765+15 —99 150.0+2.1
[C,THT] 369-423 394.8 143.4+1.0 774+15 —109 153.94+23
[CsTHT] 374-423 398.5 146.4+1.0 783+15 —-118 158.24+2.6
[CoTHT] 374-424 399.1 149.5+1.0 792+15 —124 162.0+2.7
[C,oTHT] 382-431 406.0 153.8+1.0 814+15 —134 168.2+3.1
[(C,H5)5S] 357-405 380.1 120.6+1.0 71.5+£15 —70 126.4+1.5
[a] The standard Gibbs energies of vaporization were evaluated using the calibration coefficient developed in our recent work.*® [b] From Table S15. [c]
Adjusted to 298.15 K using the ?C‘;.m—values from column 6. Uncertainties in the temperature adjustment of vaporization enthalpies from T,, to the reference
temperature are estimated to account with 20% to the total adjustment.

Absolute vapor pressures and vaporization enthalpies of the
[C,THT][NTf,]-ILs have been measured for the first time.
According to thermochemical praxis, the measured enthalpies
of vaporization AYHZ,(T,,) have to be adjusted to the reference
temperature 298.15 K, for the sake of the understanding of the
structure-property  relations. The vaporization enthalpy
APH;(298.15K) at the reference temperature is calculated
according to Eq.7. The A?C‘;Vm—values were calculated with an
empirical equation:®"

A, = (,298.15K)

(—0.26 £0.05) + (68.7 £+ 37.0) M

which is based on the experimental data on C:m(l, 298.15 K) of
the [C,THTINTf,]. The C7 | (/, 298.15K) and the AJC  -values
required for the temperature adjustments of vaporization
enthalpies according to Eq. 1 are compiled in Table S15.

2.5. Chain Length Dependence of Vaporization Enthalpies

A monotonic increase of vaporization enthalpies in a homolo-
gous series with the growing chain length is well-established
phenomena. This behaviour is common for molecular as well as
for ionic compounds.?” For example, the A?H? (298.15 K)-values
in a homologous series of imidazolium based ionic liquids
[C,MIM][NTf,] increases with the number of carbon atoms, (N,),
in the alkyl chain (from 2 to 18) according to Eq. 2:3"

AVH° (298.15K)/kJ - mol™" =

2
3.9 x (N¢) + 115.7 (with R? = 0.999) @

The enthalpy of vaporization in the homologous series
[C,THT][NTf,] studied in this work also correlates linearly with
the chain length as follows:

APHC (298.15K) /kJ - mol™" =

3
4.1 x (N¢) +125.9 (with R? = 0.992) )

The linear trends have been also observed (see Table S16)
for the imidazolium-based ILs with the fluorinated cations

ChemistryOpen 2021, 10, 153-163 www.chemistryopen.org

[NTf,]-, [PFl~, [BF,1~, [FAPI". It is apparent from Table S16 that
slopes of all considered linear dependencies are very close and
they are generally representing the very similar “additive”
contribution of the CH,-group to the vaporization enthalpy
AVH;,(298.15 K) independent on the structure of the IL-cation
and IL-anion. This observation indicates the general consistency
of the experimental data on vaporization enthalpies measured
in this work.

2.6. Comparison of Vaporization Enthalpies of Cyclic and
Non-Cyclic lonic and Molecular Compounds

Structure-property relationships is important quantitative and
qualitative way to rationalize experimental results. Indeed, in the
frame of this work we studied ionic liquids with the cyclic S-
containing cations of general formula [C,THT]?, as well as the ionic
liquid with non-cyclic cation [(C,Hs);S] *. It is interesting now to
reveal an impact of cyclisation on the vaporization enthalpy. For
this purpose we need to compare enthalpy vaporization of
[(C,H:);SIINTS,] with those of [C,THTIINTf,] which has the same
molecular formula. The latter value APH? (298.15 K, [C,THTIINTF,])
= 134.1435k)-mol™ was calculated according to Eq.3. This
value is somewhat larger in comparison to the value
APHC (298.15K, [(CH5);SIINTF,])=1264+1.5k)-mol™' (see Ta-
ble 2). It is apparent, that cyclisation of the IL-cation in ionic
compounds increases vaporization enthalpy, because the cyclic
molecules are arranged in the liquid phase more compact in
comparison to the branched [(C,Hs);S] * cation. Is this trend the
same in molecular compounds? Let us compare enthalpy vapor-
ization of the cyclic amine N-ethyl-pyrrolidine (A?H? (298.15 K)=
37.440.7 kJ-mol'®¥) with those of open-chained tri-ethylamine
(CHg)sN (APHC (298.15 K) = 35.040.2 kJ-mol"®%) which has the
same molecular formula. The value for the cyclic molecular
compound is somewhat larger in comparison to those for open-
chained branched compound. Thus, the regularities observed for
the ionic and for the molecular compounds have shown the same
trend. This observation again indicates the general consistency of
the experimental data on vaporization enthalpies measured in this
work.

157 © 2020 The Authors. Published by Wiley-VCH GmbH
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2.7. PC-SAFT Parametrization of [C,THT][NTf,]-ILs Using Vapor

Pressure and Liquid Density 4
-6
Thermodynamic models are nowadays important tools for process =
development, optimization and controlling, such as Perturbed- @ -87
Chain Statistical Associating Fluid Theory (PC-SAFT). Providing the ;,'_‘.: -10- d-.z.:..:.:._:.‘:_‘lg -
necessary inputs for the here synthesized [C,THT][NTf,]-ILs, pure- ‘:?:D it " WY Aoy,
component parameters for PC-SAFT have been regressed. PC-SAFT o =121 ¢
is a vital thermodynamic model for predicting and correlating =
process properties, including e.g. liquid-liquid equilibria. The pure- =147
component parameters are a physically meaningful abstraction of -16-
the actual molecule ([C,THTIINTf,J-IL). In total, five pure-compo- . . . ; . '
nent parameters for each [C,THT]INTf,]-IL are fitted directly to the 234 240 246 252 258 264
measured pure liquid density and the extremely low vapor 1T/ 10—3 K-
pressures. This fitting routine is a new development™ accessing a)
the unbiased modelling of thermodynamic properties for electro- 1300+
Iytes. Handling the very low vapor pressure of [C,THT][NTf,]-ILs is
numerically challenging and needs a sophisticated algorithm. *
Computational details on PC-SAFT modelling are listed in the SI. 12904 M
The pure-component parameters for the [C,THT][NTf,]-ILs are ' 9
summarized in Table 5. Following previous publications on IL E 1280 % :
parametrization with electrolyte PC-SAFT,®**” a linear dependency g R
with the chain length of the [C,THTIINTf,]-ILs, and thus molecular < ic
weight, as depicted by both vapor pressure and liquid density was 12704 ""--*__
also assumed for the pure-component parameters of the " N
[C,THT]INTS,]-ILs. Figure 6 exemplarily shows the results of the
parameter estimation for [C,,THT]INTf,]. Linear equations for the 1260 : ' g ! )
pure-component parameters are listed in the SI. 296 304 312 320 328
b) TIK

Figure 6. (a) PC-SAFT modelled and experimental vapor pressure for
[CioTHTIINTF,]. (b) PC-SAFT modelled and experimental liquid density for
[C,,THTIINTf,] at ambient pressure.

2.8. Solubility of ILs

For the use of ILs in aqueous-based applications (e. g. extraction
of impurities or as co-solvent in enzymatic reactions) it is
important to know their solubility in water. Because these
mostly take place in aqueous solutions in which the IL should
only be used as an additive. For the solubility three solution of
each ionic liquid were prepared above the solubility limit. The

2.9. Modelling the Solubility of [C,THTI[NTf,]-ILs in Water
with PC-SAFT

content of the IL in the aqueous phase was then determined by
ion chromatography, after the solutions was stirred for seven
days so that both phases are in an equilibrium. The results are
shown in Figure 7.

The solubility of [C,THTI[NTf,]-ILs in water is a key property for
the application in chemical and biochemical processes.
[C, THTIINTf,]-ILs are superior additives in enzymatic reactions®
and can be used to widen the solubility of hydrophobic

compounds. PC-SAFT is used to model the solubility of the
[C,THT][NTf,]-ILs in water for 298.15 K, giving easy access to
further applications of the [C,THTI[NTf,]-ILs. The experimental

Table 5. PC-SAFT pure-component parameters for the [C,THT][NTf,]-ILs.”!
Pure-component [C,THT] [CsTHT] [CeTHT] [C,THT] [CeTHT] [C,THT] [C,oTHT]
parameters [NTf2] [NTf2] [NTf2] [NTf2] [NTf2] [NTf2] [NTf2]
Molar Mass [g/mol] 4254 439.5 453.5 467.5 481.5 495.6 509.6
o; [A] 5.70 5.65 5.60 5.55 5.51 5.46 541
Mieq 2.67 293 3.18 344 3.69 3.94 4.20
u,/kB [K] 752.14 723.12 694.23 665.33 636.44 607.34 578.44
£"81/kB [K] 2412.92 2577.15 2740.67 2904.20 3067.73 323242 3395.95
KA 0.051 0.044 0.037 0.031 0.024 0.017 0.010
[a] 2B association scheme, see Supp. Info. Table S18 and S19.
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1604 The RTILs could be obtained as pure compounds with water
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Figure 7. Solubility of the seven ILs in water at room temperature and
ambient pressure.

data is summarized in Table S20 in the SI. The modelling results
are presented in Figure 8 and are in good agreement with the
experimental data. Using the very small vapor pressures of
[C,THT][NTf,]-ILs in the parametrization is complex, however,
gives advantages in the modelling process.

3. Conclusions

This work describes the synthesis of seven RTILs [C,THT][NTf,]
starting from tetrahydrothiophene (THT) with the addition of
the respective alkyl iodide C,H,,.,l. From the intermediate S-
alkyl tetrahydropthiophenium iodides, [C,THT]I the salt-metha-
sis iodide anion exchange with Li[NTf,] or Na[BPh,] delivered
the bis(trifluoromethylsulfonyl)imide ILs and the tetraphenylbo-
rate [C,THTI[BPh,] salts. For the latter, three examples (C,, Cs
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Figure 8. Experimental and modelled solubility of [C,THTI[NTf,)-ILs in water
at 298.15 K and 1 bar. PC-SAFT pure-component parameters and binary
interaction parameters listed in Table 5 and Table S20.
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contents below 10 ppm (except C, below 100 ppm) and an
anion purity of 99%. Viscosities, liquid densities and vapor
pressures were determined experimentally and modelled with
PC-SAFT. Viscosities and densities decreased with increasing
temperature. Additionally, the viscosities increased with longer
alkyl chains whereas the densities decreased with the alkyl
chain length. The vapor pressures for the ILs were very small
even at higher temperatures. Finally, the solubility of the ILs in
water could be successfully modelled with PC-SAFT and
verified/measured by ion chromatography. Solubility is as a key
property for potential applications of IL in aqueous systems,
e.g. for the utilization of ILs as additives to provide for larger
hydrophobicity in aqueous solutions.

Experimental Section

General

All synthetic experiments were carried out under nitrogen or argon
using Schlenk techniques, since the iodide ILs are hygroscopic. Just
the anion exchanges were carried out under air atmosphere. All
products were stored in a glovebox (mBraun Labmaster 130) under
argon atmosphere. 1-iodobutane (99%), 1-iodoheptane (98%), 1-
iododecane (98 %) and tetrahydrothiophene (99 %) were purchased
from Sigma Aldrich, 1-iodooctane (98%) and 1-iodohexane (98 %)
from Acros Organics, 1-iodopentane (98%) from Alfa Aesar, 1-
iodononane (98 %) from TCl and sodium tetraphenylborate (99.5 %)
from Merck. Lithium bis(trifluoromethylsulfonyl)imide was obtained
from J&K. All chemicals were used without further purification. The
sample of [(C,H;);SIINTf,] was of commercial origin (lolitech GmbH).

Instrumentation

Coulometric Karl Fischer titration was performed with an ECH/
Analytik Jena AQUA 40.00 Karl Fischer titrator. The measurements
were done with the headspace module with dried sample container
and crimp caps (@ =20 mm, with PTFE septum). The measurements
were done at a temperature of 170°C.

Thermogravimetric analysis (TGA) was carried out with a Netzsch
TG 209 F3 Tarsus, equipped with Al-crucible using a heating rate of
5K min~' under inert atmosphere (N,) between 30°C and 600°C.
The TGA studies have been used in this work as an auxiliary
method in order to only assess the highest possible temperature
for the QCM experiment below the decomposition temperature of
the IL. The mass-loss (decomposition or evaporation) temperatures
in the TGA were determined by the onset value which in turn was
derived from the intersection of the two tangents placed at the
mass-temperature curve.

The melting points were measured on a Melting Point B-540 from
Buichi.

lon chromatographic measurements (IC) were carried out using a
Dionex ICS 1100 instrument with suppressed conductivity detec-
tion. The system was equipped with the analytical column lonPac
AS 22 from Dionex (4x250 mm) with the corresponding guard
column AG 22 (4x50 mm), respectively. The suppressor (AERS 500,
Dionex) was regenerated with an external water module. The
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instrument was controlled by Chromeleon® software (version
7.1.0.898). The injection volume was 25 pL. To the standard eluent
(45mmol L' Na,CO;+1.0mmol L' NaHCO,) 30vol-%
acetonitrile was mixed.

IR-spectra were recorded on a Bruker Tensor 37 IR with ATR unit in
the range of 4000-600 cm™".

'H- and "*C-NMR spectra were measured on a Bruker Avance I11-600,
an Avance llI-300 or an Avance DRX 500 NMR-spectrometer at
298 K. The H,H coupling constants are reported as absolute values.
The assignment of the [THT]" resonances was confirmed by 2D
techniques and is consistent with earlier studies by Wenzel and
Cameron.®?

The elemental analyses were measured at a Perkin Elementar Vario
EL lll analyzer.

The single-crystal X-ray structure data were collected on a Bruker
Kappa Duo APEX-Il with CCD area-detector, Mo-Ka radiation (A=
0.71073 A), microfocus tube, multilayer mirror, » and ¢-scan scan;
data collection with Apex2,“® cell refinement and data reduction
with SAINT, experimental absorption correction with SADABS."*"
Structure solution by direct methods using SHELXS-2018; refine-
ment by full-matrix least squares on F? using the SHELXL-2018
program suite.***! All non-hydrogen positions were refined with
anisotropic displacement parameters. Hydrogen atoms on carbon
atoms were positioned geometrically (with, C—H=0.98 A for CH,,
and C—H=0.99 for CH,) and refined using riding models (AFIX 137
and 23, respectively) with U,,(H) =1.2U,(C) and U,;(H) = 1.5U,4(C).
Graphics were drawn with DIAMOND (Version 4).%%

Measurements of Vaporization Enthalpies by the Quartz
Crystalline Microbalance (QCM)

Heat Capacity Measurements

Isobaric heat capacities of liquid samples of [C,THT][NTf,] ionic
liquids were determined by use of a heat-compensation technique
in the Perkin Elmer Pyrus DSC 1 over the temperature range from
310K to 376 K. The temperature calibration of the DSC was
conducted with highly pure (>99.9 mas%) reference materials
indium, tin and lead. Temperature was measured with the standard
uncertainty of 0.2 K. Standard calorimetric pans and samples
(around 10 to 15 mg) were weighted with a Sartorius MSE3.6P-000-
DM microbalance with the standard uncertainty of 5-107° g.

The heat capacity measurements were carried in three steps. The
first thermal scan was performed for an empty pan. In the second
thermal scan the reference material (sapphire) was measured. The
third run was carried out with the sample of the ionic liquid.

According to and elaborated by the Perkin Elmer procedure, the
whole temperature range of the typical DSC run was split in
intervals of 50 K. The thermal profile of each interval started with a
2 min isothermal step followed with a temperature rise of 50 K
(with a heating rate of 10 K-min™") and finished with an isothermal
step over a 2 min period at the final temperature. The whole
measuring profile was repeated four times and the results were
averaged. The heat capacity was evaluated with the Perkin Elmer
software.

The procedure of the heat capacity determination was tested with
measurements on the reference sample of benzoic acid. The
expanded uncertainty (k=2) for the heat capacity measured by this
method for ILs was estimated to be 0.02xC] _ (liq, 298 K).

ChemistryOpen 2021, 10, 153-163 www.chemistryopen.org

Before beginning the heat capacity measurements, the IL samples
were kept at 333 K and 107° Pa for 1 hour to remove possible traces
of moisture and residual solvents.

The absolute vapor pressures and the standard molar enthalpies of
vaporization of the S-ILs series were determined by using the QCM
method.* The vaporization enthalpies were derived from the
temperature dependencies of the experimentally measured change
in the vibrational frequency of the quartz crystal. In the QCM
method a sample of an IL is placed in an open cavity (Langmuir
evaporation) inside of the thermostatted block and it is exposed to
vacuum (107> Pa) with the whole open surface of the loaded
compound. The QCM sensor is placed directly above the measuring
cavity containing the sample. During the vaporization into vacuum,
a certain amount of sample is deposited on the quartz crystal. The
change of the vibrational frequency Af was directly related to the
mass deposition Am on the crystal according to the Sauerbrey
equation:*®

Af=—C-f - Am . S 4

where f is the fundamental frequency of the crystal (6 MHz in this
case) with Af<f, Sc is the surface of the crystal, and C is a
constant.”’” The measured frequency change rates (df/dr) can be
used for calculation of absolute vapor pressures p, according to
equation:

df [T

where the K'=(9.541.1)-107°Pa-s-kg"?-Hz'-K™"2.mol"? is the
empirical constant containing all parameters of the Sauerbrey
equation as well as parameters specific for the geometry of the
experimental setup.*® The K-value for our apparatus was evaluated
with the help of reliable vapor pressure data on imidazolium and
pyridinium based ILs compiled in references 30. Using the
experimental vapor pressures p, measured with the QCM technique
the molar enthalpy of vaporization, APH(T) at experimental
temperatures is obtained according to the Clarke-Glew equation:*”

AG,(Ta)

. 1 1
Rln(ps/po) = - Ti + AIgHm(Tav) (T_ - T)

o [Ty T
e (B 1n(L)

where T,, is the average temperature interval of the study. The
value AYC;  =C, (9)—C;  (lig) is the difference between the molar
heat capacities of the gaseous, C; (9), and the liquid phase,
G, m(liq), respectively. The vaporization enthalpy APH? (298.15 K) at
the reference temperature is calculated according to the Kirchhoff's
equation:

A?PH? (298.15K) =

AH(T,,) + A7C;,(298.15-T,,) ),

where T,, is the average temperature of the temperature range of
the QCM study. In order to detect and avoid any possible effect of
impurities on the measured frequency loss rate (df/dt), a typical
experiment was performed in a few consequent series with
increasing and decreasing temperature steps. Every series consisted
of 7 to 11 temperature points of mass loss rate determination.
Several runs have been performed to test the reproducibility of the
results. The study was finished when the enthalpy of vaporization,
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AYH? (298.15 K), obtained in the sequential runs by adjusting Eq. 7
to the temperature dependent rates (df/dz) agreed within the
assessed experimental uncertainty of about &1 kJ-mol™". In order
to confirm the absence of decomposition of IL under the
experimental conditions, the residual IL in the crucible and the IL-
deposit on QCM were analyzed by ATR-IR spectroscopy. As can be
seen in Figure S59 of the Supporting Information no changes in the
spectra have been detected for ILs under study. Primary exper-
imental results of the QCM studies are given in Table S14 in the
Supporting Information. The final uncertainty of the absolute vapor
pressure determination is estimated to be 50% and mostly
determined by the uncertainty of K’ coefficient.

General Synthesis of Tetrahydrothiophene lonic Liquids

The synthesis of ILs was a two-step synthesis consisting of
alkylation of the tetrahydrothiophene and anion exchange with
Li[NTf,] or Na[BPh,] (Scheme 2). In the first step, the tetrahydrothio-
phene was dissolved in dry acetone and 1.25 eq. of the iodoalkane
was added. After seven days in the dark the solvent was removed
under reduced pressure and the IL was recrystallized several times
in diethyl ether. For the anion exchange, the IL was dissolved in
water and 1eq. of lithium bis(trifluoromethylsulfonyl)imide was
added. The two-phase system was stirred for 24 h at room
temperature. The organic phase was extracted two times with
dichloromethane and washed with water until the aqueous phase
is iodide free. Then the IL was washed with hexane three times. The
solvent was removed in vacuum and the IL was dried in vacuum at
80°C for several hours. The IL was obtained as colorless liquid. For
further characterization and for the NMR spectra see Supporting
Information.

1-Butyltetrahydrothiophenium lodide: The product was ob-
tained as a white solid (54.6 g, 89%). '"H-NMR (CDCl;, 300 MHz,
298 K): 8 0.95 (t, *Jyy=7.3 Hz, CHs, 3H); 1.53 (h, *J,,=7.4 Hz, CH,,
2H); 1.78 (q, *Jyy=7.55 Hz CH,, 2H); 2.42-2.50 (m, (CH,),, 4H);
3.52 (t, *Jyy=7.5 Hz, CH,, 2H); 3.56-3.67 (m, (CH),, 2H); 3.76-3.92
(m, (CH),, 2H). C-NMR (CDCl;, 75 MHz, 298 K): & 13.64 (CH,);
21.52 (CH,); 27.44 (CH,); 29.15 ((CH,),); 42.27 (CH,); 44.35
((CH,),). TGA (5 K-min™"): decomp. (T, e0): 123 °C.

1-Pentyltetrahydrothiophenium lodide: The product was ob-
tained as a light-yellow oil (50.4g, 86%). 'H-NMR (CDCl;,
300 MHz, 298 K): & 0.37 (t, *Jyu=7.2 Hz, CH,, 3H); 0.81-0.99 (m,
(CH,),, 4H); 1.29 (q, *Jyy=7.5 Hz, CH,, 2H); 1.92-2.03 (m, (CH,),,
4H); 3.08 (t, *Jyy=7.6 Hz, CH,, 2H); 3.62-3.69 (m, (CH),, 2H);
3.81-3.93 (m, (CH),, 2H). *C-NMR (CDCl;, 75 MHz, 298 K): 6 12.32
(CH5); 20.56 (CH,); 23.68 (CH,); 27.64 (CH,); 28.56 ((CH,),); 40.68
(CH,); 42.70 ((CH,),). TGA (5 K-min™"): decomp. (T,n.): 118°C.

1-Hexyltetrahydrothiophenium lodide: The product was ob-
tained as a light orange oil (52.6 g, 90%). 'H-NMR (CDCl;,
600 MHz, 298 K): 80.78 (t, *Jyy=7.0 Hz, CH,;, 3H); 1.19-1.23
(m,(CH,),, 4H); 1.42 (p, *Jyy=7.4Hz, CH, 2H); 1.71 (p, Jyu=
7.7 Hz, CH,, 2H); 2.37-2.47 (m, (CH,),, 4H); 3.49 (t, *J,,=7.8 Hz,
CH,, 2H); 3.55-3.62 (m, (CH),, 2H); 3.78-3.85 (m, (CH),, 2H). *C-
NMR (CDCl;, 150 MHz, 298 K): & 12.30 (CHs); 20.51 (CH,); 23.77
(CH,); 26.02 (CH,); 27.47 (—CH,); 29.32 ((CH,),); 40.49 (CH,); 42.53
((CH,),). TGA (5 K-min™"): decomp. (T,s0): 116 °C.

1-Heptyltetrahydrothiophenium lodide: The product was ob-
tained as a light-yellow oil (18.66 g, 65%). 'H-NMR (CDCl;,
300 MHz, 298 K): 6 0.82 (t, *J,y=6.9 Hz, CH;, 3H); 1.20-1.31 (m,
(CH,),, 6H); 1.46 (p, *Jyy=7.4 Hz, CH,, 2H); 1.76 (p, *Jyy=7.7 Hz,
CH,, 2H); 2.41-2.50 (m, (CH,),, 4H); 3.52 (t, Juy=7.7 Hz, CH,, 2H);
3.56-3.65 (m, (CH), 2H); 3.81-3.90 (m, (CH),, 2H). C-NMR
(CDCl;, 75 MHz, 298 K): & 13.46 (CH,); 21.87 (CH,); 25.01 (CH,);
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27.55 (CH,); 28.10 (CH,); 28.62 (CH,); 30.79 ((CH,),); 41.83 (CH,);
43.74 ((CH,),). TGA (5 K-min™"): decomp. (T,ps0): 115 °C.

1-Octyltetrahydrothiophenium lodide: The product was ob-
tained as a light-yellow oil (22.79 g, 44%). 'H-NMR (CDCl;,
300 MHz, 298 K): & 0.82 (t, *Jyy=5.7 Hz, CHs, 3H); 1.21-1.50 (m,
(CH,)s, 10H); 1.76 (p, *Jyy=7.3 Hz, CH,, 2H); 2.42-2.52 (m, (CH,),,
4H); 3.53 (t, *Jyy=7.5Hz, CH,, 2H); 3.57-3.68 (m, (CH),, 2H);
3.81-3.93 (m, (CH),, 2H). *C-NMR (CDCls, 75 MHz, 298 K): & 14.04
(CH3); 22.53 (CH,); 25.59 (CH,); 28.23 (CH,); 29.13 (CH,); 30.45
(CH,); 31.61 (CH,); 33.51 ((CH,),); 42.59 (CH,); 44.37 ((CH,),). TGA
(5 K-min™"): decomp. (T,,,): 106 °C.

1-Nonyltetrahydrothiophenium lodide: The product was ob-
tained as a light-yellow oil (43g, 81%). 'H-NMR (CDCl,,
500 MHz, 298 K): 8 0.66 (t, *Jyy=6.8 Hz, CH;, 3H); 1.05-1.15 (m,
(CHye 12H); 1.31 (p, *Jyy=7.3 Hz, CH,, 2H); 1.61 (p, *Jyy=7.6 Hz,
CH,, 2H); 2.27-2.36 (m, (CH,),, 4H); 3.41 (t, *Jyy=8.2 Hz, CH,, 2H);
3.47-3.55 (m, (CH),, 2H); 3.66-3.76 (m, (CH),, 2H). *C-NMR
(CDCl3, 125 MHz, 298 K): 8 13.57 (CH,); 22.08 (CH,); 25.18 (CH,);
27.75 (CH,); 28.61 (CH,); 28.73 (CH,); 29.96 (CH,); 31.25 (CH,);
33.06 ((CH,),); 42.06 (CH,), 43.94 ((CH,),). TGA (5K-min™"):
decomp. (Typser): 148°C.

1-Decyltetrahydrothiophenium lodide: The product was ob-
tained as a light-yellow oil (18.28 g, 38%). 'H-NMR (CDCl;,
500 MHz, 298 K): 6 0.78 (t, *J,,y=6.8 Hz, CH;, 3H); 0.98-1.33 (m,
(CH,),, 14H); 1.42 (p, *Jyy=8.4 Hz, CH,, 2H); 1.71 (p, *Jyy=7.4 Hz,
—CH,, 2H); 2.19-2.41 (m, (CH,),, 4H); 3.51 (t, *Juy=8.15 Hz, CH,,
2H); 3.56-3.65 (m, (CH),, 2H); 3.78-3.89 (m, (CH),, 2H). *C-NMR
(CDCly, 125 MHz, 298 K): & 13.92 (CH,); 22.47 (CH,); 25.53 (CH,);
28.13 (CH,); 28.36 (CH,); 29.05 (CH,); 29.29 (CH,); 30.33 (CH,);
31.66 (CH,); 33.43 ((CH,),); 42.49 (CH,); 44.32 ((CH,),. TGA
(5 K-min™"): decomp. (T,,.): 166 °C

1-Butyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as a white solid (0.79g, 93%). 'H-NMR:
(500 MHz, CD5CN, 298 K): & 0.95 (t, *J,,y=7.35 Hz, CH3, 3H); 1.46
(h, *Jyy=7.4 Hz, CH,, 2H); 1.75 (p, *Jyy=7.6 Hz, CH,, 2H); 2.13-
2.29 (m, (CH,),, 4H); 3.01 (t, 3J,,y=7.6 Hz, CH,, 2H); 3.17-3.26 (m,
(CH),, 2H); 3.36-3.46 (m, (CH),, 2H); 6.85 (t, *Juy=7.2 Hz, (CH)pora,
4H); 7.00 (t, *Jyu=7.5Hz, (CH)\nerr 8H); 7.22-7.34 (M, (CH)yunor
8H). "™C-NMR: (125 MHz, CD,CN, 298 K): & 13.60 (CH,); 22.11
(CH,); 27.72 (CH,); 29.27 (CH,); 42.72 (CH,); 44.18 ((CH,),); 122.80
(Cpara)i 126.58 (Crpera); 136.80 (Copno); 164.66 ('JCB=49 Hz, Cy.o)-
Elemental analysis [%] calc. for C3,H3,SB: C: 82.74 %, H: 8.03%, S:
6.90%; Found: C: 83.01%, H: 7.58%, S: 6.94%. Melting point:
180°C TGA (5 K-min™"): decomp. (T, e0): 234 °C.

1-Pentyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as a white solid (0.8g, 93%). 'H-NMR:
(500 MHz, CD,CN, 298 K): § 0.92 (t, 3J,,y="7.1 Hz, CHs, 3H); 1.30-
1.45 (m, CH,, 4H); 1.70 (p, *Jyu=7.6 Hz, CH,, 2H); 2.11-2.27 (m,
(CH,),, 4H); 2.95 (t, *Jyy=7.4 Hz, CH,, 2H); 3.10-3.21 (m, (CH),,
2H); 3.29-3.42 (m, (CH),, 2H); 6.86 (t, *Jyy=7.2 Hz, (CH),.r0 4H);
7.01 (t, *Jyy=7.4 Hz, (CH) erar 8H); 7.20-7.34 (M, (CH),openo, 8H). °C-
NMR: (125 MHz, CD,CN, 298 K):  14.00 (CH;); 22.69 (CH,); 25.51
(CH,); 29.27 (CH,); 30.87 (CH,); 42.94 (CH,); 44.15 ((CH,),); 122.82
(Cpara)i 126.81 (Crrera); 136.81 (Conno)i 164.80 (Ueg=49 Hz, Ciyo).
Elemental analysis [%] calc. for C3;H;,SB: C: 82.83%, H: 8.21%, S:
6.70%; Found: C: 82.91%, H: 8.07%, S: 6.56%. Melting point:
192°C TGA (5 K-min™"): decomp. (T,,,): 230°C.

1-Hexyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as a white solid (0.81g, 95%). 'H-NMR:
(500 MHz, CD5CN, 298 K): 8 0.91 (t, *Jyy=7.0 Hz, CH,, 3H); 1.24-
1.47 (m, CH,, 6H); 1.69 (p, *Juy=7.5 Hz, CH,, 2H); 2.10-2.27 (m,
(CH,),, 4H); 2.95 (t, *Juy=7.8 Hz, CH,, 2H); 3.11-3.22 (m, (CH),,
2H); 3.30-3.41 (m, (CH),, 2H); 6.85 (t, *Jyy=7.1 Hz, (CH),, 4H);
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7.01 (t, *Jyy=7.4 Hz, (CH)neras 8H); 7.20-7.35 (M, (CH)openo, 8H). *C-
NMR: (125 MHz, CD,CN, 298 K): 6 14.23 (CH,); 23.03 (CH,); 25.76
(CH,); 28.45 (CH,); 29.27 (CH,); 31.71 (CH,); 42.95 (CH,); 44.15
((CH,),); 122.81 (Cpara)i 126.81 (Crrera); 136.80 (Coreno)i 164.86 (g =
49 Hz, C,,,). Elemental analysis [%] calc. for C3,H,,SB: C: 82.91 %,
H: 8.39%, S: 6.51%; Found: C: 83.02%, H: 8.17%, S: 6.27 %.
Melting point: 166 °C TGA (5 K-min™"): decomp. (T,,...): 228 °C.

1-Heptyltetrahydrothiophenium  Tetraphenylborate: The
product was obtained as a white solid (0.78 g, 94%). '"H-NMR:
(500 MHz, CD5CN, 298 K):  0.91 (t, *J,y=7.0 Hz, CH,, 3H); 1.23-
1.45 (m, CH,, 8H); 1.68 (p, *Jyu=7.5 Hz, CH,, 2H); 2.07-2.25 (m,
(CH,),, 4H); 2.92 (t, *Jyy=7.6 Hz, CH,, 2H); 3.08-3.18 (m, (CH),,
2H); 3.28-3.38 (m, (CH),, 2H); 6.86 (t, *Jyy=7.2 Hz, (CH) ., 4H);
7.01 (t, *Jyy=7.4 Hz, (CH)ecar 8H); 7.22-7.34 (M, (—CH)o1ho, 8H).
BC-NMR: (125 MHz, CD5CN, 298 K): 8 14.34 (CH,); 23.26 (CH,);
25.81 (CH,); 28.75 (CH,); 29.23 (CH,); 29.27 (CH,); 32.19 (CH,);
42.95 (CH,); 44.15 ((CH,), (1)); 122.83 (Cpara); 126.63 (Cpners); 136.82
(Cortno)i 164.88 ('Jig=49 Hz, C,,.,). Elemental analysis [%] calc. for
Cy5H,5SB: C: 82.98%, H: 8.56%, S: 6.33%; Found: C: 83.23%, H:
8.23%, S: 6.11%. Melting point: 129°C. TGA (5K-min™"):
decomp. (Typeer): 228°C.

1-Octyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as a white solid (0.76 g, 95%). 'H-NMR:
(500 MHz, CD5CN, 298 K): 6 0.90 (t, *Jyy=7.0 Hz, CHs, 3H); 1.23-
1.46 (m, CH,, 10H); 1.71 (p, *Juy=7.5 Hz, CH,, 2H); 2.13-2.29 (m,
(CH,),, 4H); 2.99 (t, *Jyy=7.5 Hz, CH,, 2H); 3.16-3.25 (m (CH),,
2H); 3.36-3.45 (m, (CH),, 2H); 6.85 (t, *Jyy=7.2 Hz, (CH),,. 4H);
7.00 (t, *Juy=7.4 Hz, (CH), ero 8H); 7.23-7.30 (M, (CH)q,ipor 8H). 1°C-
NMR: (125 MHz, CD,CN, 298 K): & 14.37 (CH,); 23.34 (CH,); 25.79
(CH,); 28.78 (CH,); 29.27 (CH,); 29.50 (CH,); 29.65 (CH,); 32.46
(CH, ); 42.96 (CH,); 44.16 ((CH,),); 122.80 (Cpur); 126.62 (Crrera);
136.80 (Corno)i 164.86 (Jeg=49 Hz, C;,,.). Elemental analysis [%]
calc. for C3H,sSB: C: 83.05%, H: 8.71%, S: 6.16%; Found: C:
83.24%, H: 837%, S: 5.93%. Melting point: 108°C. TGA
(5 K-min™"): decomp. (T,se): 229 °C.

1-Nonyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as a white solid (0.75g, 95%). 'H-NMR:
(500 MHz, CD5CN, 298 K): 6 0.93 (t, *J,y=7.0 Hz, CHs, 3H); 1.25-
1.458(m, CH,, 12H); 1.74 (p, *Juy="7.5 Hz, CH,, 2H); 2.17-2.32 (m,
(CH,),, 4H); 3.02 (t, ¥y=7.4 Hz, CH,, 2H); 3.20-3.28 (m, (CH),,
2H); 3.39-3.48 (m, (CH),, 2H); 6.88 (t, *Jyy=7.2 Hz, (CH)parar 4H);
7.03 (t, *Jyy=7.4 Hz, (CH) et 8H); 7.25-7.34 (M, (CH)openo, 8H). °C-
NMR: (125 MHz, CD,CN, 298 K): & 14.39 (CH,); 23.39 (CH,); 25.79
(CH,); 28.77 (CH,); 29.27 (CH,); 29.54 (CH,); 29.8 (CH,); 29.93
(CH,); 32.57 (CH,); 42.96 (CH,); 44.16 ((CH,),); 122.79 (Cpar);
126.61 (Cppeca); 136.80 (Copno); 164.85 (Jeg=49 Hz, Cypy.). Elemen-
tal analysis [%] calc. for C;,H,,SB: C: 83.12%, H: 8.86 %, S: 6.00 %;
Found: C: 83.14%, H: 8.71%, S: 5.81%. Melting point: 116°C.
TGA (5 K-min™"): decomp. (T,,..): 228°C.

1-Decyltetrahydrothiophenium Tetraphenylborate: The prod-
uct was obtained as white solid (0.75g, 96%). 'H—NMR:
(500 MHz, CD5CN, 298 K): 6 0.90 (t, *J,y=6.2 Hz, CHs, 3H); 1.20-
1.45 (m, CH,, 14H); 1.69 (p, *Juy=7.5 Hz, CH,, 2H); 2.13-2.27 (m,
(CH,),, 4H); 2.96 (t, *Jyy=7.8 Hz, CH,, 2H); 3.13-3.23 (m, (CH),,
2H); 3.32-3.43 (m, (CH),, 2H); 6.85 (t, *Jyy=7.2 Hz, (CH),,. 4H);
7.00 (t, *Juy=7.4 Hz, (CH), et 8H); 7.21-7.31 (M, (CH)¢,1p0r 8H). 1°C-
NMR: (125 MHz, CD5CN, 298 K):

14.41 (CH,); 23.42 (CH,); 25.80 (CH,); 28.78 (CH,); 29.27 (CH,); 29.54
(CH,); 29.98 (CH,); 30.01 (CH,); 30.36 (CH,); 32.64 ((CH,),); 42.96
(CH,), 44.16 ((CH,),); 12281 (Coyra)i 12661 (Crrera)i 136.80 (Cono);
164.86 ('Jig=49 Hz, C,,). Elemental analysis [%] calc. for CsgH,oSB:
C: 83.18%, H: 9.00%, S: 5.84%; Found: C: 83.25%, H: 8.91%, S:
5.53%. Melting point: 97°C TGA (5 K-min"): decomp. (T,s.0): 226 °C.
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1-Butyltetrahydrothiophenium  Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (68.2 g, 76%). 'H-NMR (CDCl,;, 500 MHz, 298 K): 8 0.97 (t,
*Jun=7.3 Hz, CH;, 3H); 1.51 (h, *Jyy=7.3 Hz, CH,, 2H); 1.76 (p,
3Juu=7.6 Hz, CH,, 2H); 2.31-2.40 (m, (CH,),, 4H); 3.16 (t, *Jyy=
7.5 Hz, CH,, 2H); 3.33-3.43 (m, (CH),, 2H); 3.53-3.66 (m (CH),,
2H). *C-NMR (CDCl;, 125 MHz, 298 K): & 12.93 (CH;); 21.13 (CH,);
26.95 (CH,); 28.32 ((CH,),); 42.17 (CH,); 43.18 ((CH,),); 119.76 (q,
(CF5),). Elemental analysis [%] calc. for C,oH,,FsNO,S;: C: 28.2%,
H: 4.0%, N: 3.3%, S: 22.6%; Found: C: 28.4%, H: 4.1%, N: 3.2%,
S:22.8%. TGA (5 K-min~"): decomp. (T,pser): 275 °C.

1-Pentyltetrahydrothiophenium Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (55.7 g, 72%). "H-NMR (CDCl;, 300 MHz, 298 K): & 0.86 (t,
*Juw=7.1Hz, CHs, 3H); 1.28-1.44 (m, (CH,),, 4H); 1.72 (p, *Jyu=
7.4 Hz, CH,, 2H); 2.22-2.40 (m, (CH,),, 4H); 3.10 (t, *Jyy=7.5 Hz,
CH,, 2H); 3.24-3.39 (m, (CH),, 2H); 3.46-3.60 (m, (CH),, 2H). *C-
NMR (CDCl,, 75 MHz, 298 K): & 13.45 (CH,); 21.85 (CH,); 24.88
(CH,); 28.46 (CH,); 29.95 ((CH,),); 42.50 (CH,); 43.25 ((CH,),);
119.78 (q, (CF;),). Elemental analysis [%] calc. for C;;H,sF¢NO,S;:
C:30.1%, H: 4.4%, N: 3.2%, S: 21.9%; Found: C: 30.4%, H: 4.1 %,
N:3.1%, S: 24.4%. TGA (5 K-min™"): decomp. (T,sr): 274 °C.

1-Hexyltetrahydrothiophenium  Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (51.9 g, 74%). "H-NMR (CDCl;, 300 MHz, 298 K): & 0.80 (t,
*Jun=7.0, CH;, 3H); 1.22-1.43 (m, (CH,);, 6H); 1.68 (p, *Jyu=
7.5 Hz, CH,, 2H); 2.17-2.37 (m, (CH,),, 4H); 3.07 (t, *Juy=7.5 Hz,
CH,, 2H); 3.22-3.35 (m, (CH),, 2H); 3.44-3.57 (m, (CH),, 2H). "C-
NMR (CDCl;, 75 MHz, 298 K): & 13.55 (CH,); 22.03 (CH,); 25.04
(CH,); 27.50 (CH,); 28.34 (CH,); 30.73 ((CH,),); 42.38 (CH,); 43.13
((CH,),); 119.69 (g, (CF3),). Elemental analysis [%] calc. for
C;,H5FgNO,S;: C: 31.8%, H: 4.7%, N: 3.1%, S: 21.2%; Found: C:
32.1%, H: 4.6%, N: 3.1%, S: 22.8%. TGA (5 K-min~"): decomp.
(Tonse): 275°C

1-Heptyltetrahydrothiophenium Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (14.0 g, 71%). "H-NMR (CDCl;, 500 MHz, 298 K): & 0.83 (t,
*Jun=6.8 Hz, CH;, 3H); 1.24-1.29 (m, (CH,);, 6H); 1.41 (p, *Jyu=
6.9 Hz, CH,, 2H); 1.72 (p, *Jy=7.5 Hz, CH,, 2H); 2.26-2.37 (m,
(CH,),, 4H); 3.11 (t, *Juy=6.9 Hz, CH,, 2H); 3.26-3.37 (m, (CH),,
2H); 3.50-3.60 (m, (CH),, 2H). *C-NMR (CDCls;, 125 MHz, 298 K):
8 13.84 (CH,); 22.32 (CH,), 25.26 (CH,); 27.98 (CH,); 28.43 (CH,);
28.51 (CH,); 31.28 ((CH,),); 42.67 (CH,); 44.38 ((CH,),); 119.87 (q,
(CF5),). Elemental analysis [%] calc. for C;3H,3FgNO,S;: C: 33.4%,
H: 5.0%, N: 3.0%, S: 20.6 %; Found: C: 33.6%, H: 5.2%, N: 2.9%,
S:20.1%. TGA (5 K-min™"): decomp. (T,p0): 275 °C.

1-Octyltetrahydrothiophenium  Bis(trifluoromethylsulfonyl)
imide:_The product was obtained as a highly viscous colorless
liquid (41.12 g, 73%)._"H-NMR (CDCl;, 500 MHz, 298 K): & 0.84 (t,
*Jyu=6.6 Hz, CHs, 3H); 1.24-1.45 (m, (CH,)s, 10H); 1.73 (p, *Jyu=
7.85 Hz, CH,, 2H); 2.25-2.41 (m, (CH,),, 4H); 3.12 (t, *Jyy=7.6 Hz,
CH,, 2H); 3.28-3.40 (m, (CH),, 2H); 3.47-3.69 (m, (CH),, 2H). *C-
NMR (CDCl,;, 125 MHz, 298 K): & 14.01 (CH,); 22.55 (CH,); 25.33
(CH,); 28.06 (CH,); 28.56 (CH,); 28.81 (CH,); 28.83 (CH,); 31.58
((CH,),); 42.65 (CH,); 43.36 ((CH,),). Elemental analysis [%] calc.
for Cy4H,5F6NO,S,: C: 34.9%, H: 5.2%, N: 2.9%, S: 20.0%; Found:
C: 35.6%, H: 5.4%, N: 2.5%, S: 19.0%. TGA (5 K-min~"): decomp.
(Tonset): 273 °C.

1-Nonyltetrahydrothiophenium  Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (4.34 g, 70%). 'H-NMR (CDCl;, 300 MHz, 298 K): § 0.83 (t,
*Jun=16.19 Hz, CH,, 3H); 1.22-1.43 (m, (CH,)s, 12H); 1.71 (p, *Jyu=
7.58 Hz, CH,, 2H); 2.23-2.39 (m, (CH,),, 4H); 3.11 (t, *Jy4=7.6 Hz,
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CH,, 2H); 3.27-3.37 (m, (CH),, 2H); 3.49-3.60 (m (CH),, 2H). *C-
NMR (CDCl,, 75 MHz, 298 K): & 13.97 (CH,); 22.54 (CH,); 25.25
(—CH,); 27.99 (CH,); 28.48 (CH,); 28.79 (CH,); 28.99 (CH,); 29.08
(CH,); 31.69 ((CH,),); 42.55 (CH,); 43.28 ((CH,),); 119.79 (q, (CF5),).
Elemental analysis [%] calc. for C,sH,,FsNO,S;: C: 36.5%, H: 5.6 %,
N: 2.8%, S: 19.4%; Found: C: 36.6%, H: 5.7%, N: 2.8%, S: 19.5%.
TGA (5 K-min™"): decomp. (T,,.): 269 °C.

1-Decyltetrahydrothiophenium  Bis(trifluoromethylsulfonyl)
imide: The product was obtained as a highly viscous colorless
liquid (52.74 g, 72%). "H-NMR (CDCl;, 600 MHz, 298 K): & 0.84 (t,
3y =6.9 Hz, CHs, 3H); 1.16-1.33 (m, (CH,),, 12H); 1.43 (p, Y=
7.3 Hz, CH,, 2H); 1.73 (p, 3uy=7.7 Hz, CH,, 2H); 2.23-2.44 (m,
(CH,),, 4H); 3.13 (t, *Juy=7.7 Hz, CH,, 2H); 3.30-3.38 (m, (CH),,
2H); 3.52-3.62 (m, (CH),, 2H). *C-NMR (CDCl;, 150 MHz, 298 K):
8 14.09 (CH,); 22.66 (CH,); 25.35 (CH,); 28.09 (CH,); 28.57 (CH,);
28.88 (CH,); 29.20 (CH,); 29.22 (CH,); 29.37 (CH,); 31.84 ((CH,),);
42.67 (CH,), 43.38 ((CH,),); 119.85 (q, (CF;),). Elemental analysis
[%] calc. for C;gH,FgNO,S5: C: 37.7%, H: 5.7 %, N: 2.8%, S: 18.8 %;
Found: C: 37.6%, H: 5.6%, N: 2.6%, S: 19.2%. TGA (5 K-min™"):
decomp. (T,neer): 275°C.
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