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Thermodynamic properties of selenoether-
functionalized ionic liquids and their use for
the synthesis of zinc selenide nanoparticles†

Karsten Klauke, a Dzmitry H. Zaitsau, b Mark Bülow,c Li He,a

Maximilian Klopotowski, a Tim-Oliver Knedel,a Juri Barthel, d

Christoph Held, *c Sergey P. Verevkin *b and Christoph Janiak *a

Three selenoether-functionalized ionic liquids (ILs) of N-[(phenylseleno)methylene]pyridinium (1),

N-(methyl)- (2) and N-(butyl)-N‘-[(phenylseleno)methylene]imidazolium (3) with bis(trifluoromethanesulfo-

nyl)imide anions ([NTf2]) were prepared from pyridine, N-methylimidazole and N-butylimidazole with in situ

obtained phenylselenomethyl chloride, followed by ion exchange to give the desired compounds. The

crystal structures of the bromide and tetraphenylborate salts of the above cations (1-Br, 2-BPh4 and

3-BPh4) confirm the formation of the desired cations and indicate a multitude of different supramolecular

interactions besides the dominating Coulomb interactions between the cations and anions. The vaporiza-

tion enthalpies of the synthesized [NTf2]-containing ILs were determined by means of a quartz-crystal

microbalance method (QCM) and their densities were measured with an oscillating U-tube. These thermo-

dynamic data have been used to develop a method for assessment of miscibility of conventional solvents in

the selenium-containing ILs by using Hildebrandt solubility parameters, as well as for modeling with the

electrolyte perturbed-chain statistical associating fluid theory (ePC-SAFT) method. Furthermore, structure–

property relations between selenoether-functionalized and similarly shaped corresponding aryl-substituted

imidazolium- and pyridinium-based ILs were analyzed and showed that the contribution of the selenium

moiety to the enthalpy of vaporization of an IL is equal to the contribution of a methylene (CH2) group. An

incremental approach to predict vaporization enthalpies of ILs by a group contribution method has been

developed. The reaction of these ILs with zinc acetate dihydrate under microwave irradiation led to ZnSe

nanoparticles of an average diameter between 4 and 10 nm, depending on the reaction conditions.

Introduction

Ionic liquids (ILs), in particular room temperature ILs such as
[BMIm][BF4], [BMIm][PF6] or [BMIm][NTf2], have attracted con-
siderable attention in recent years due to their diverse appli-

cations, e.g. in the fields of catalysis,1,2 analytics,3,4 electro-
chemistry,5 CO2-capturing,

6–8 energy storage and
generation9–11 as well as for material synthesis.12–15

Accordingly, ILs were used as non-conventional solvents for
organic and inorganic reactions with an expectation of
unusual results compared to conventional organic
solvents.16–21 In particular, the synthesis of nanomaterials in
ILs was possible without the addition of capping ligands so as
to retain the surface activity of the nanoparticles.22 For
example, ILs have a low interfacial tension, which in turn
leads to a high nucleation rate and thus to smaller particles.23

In addition, ILs have an intrinsic “nanostructure” caused by
hydrogen bonds and electrostatic and van der Waals inter-
actions, which enables both an electrostatic and steric (elec-
trosteric) stabilization of nanoparticles.22,24,25

In many cases, ILs are considered inert solvents. However,
since 2000 the increasing number of publications dealing with
the chemical and thermal stability of ILs has questioned the
assumed inertness.26–36 For example, the thermal stability of
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ILs, which is highlighted in most publications, is typically
based on thermogravimetric analyses (TGA), which is a
dynamic method and provides only a short-term stability of
the compound.31,34 A thermal degradation of an IL can also
occur over a longer period of time, such as hours or days at sig-
nificantly lower temperatures than the TGA might
suggest.34,36–38 In terms of the chemical stability of ILs, it was
also shown that a large number of reactions, such as the for-
mation of carbene complexes, reactions with CO2, CS2, OCS or
chalcogenides, the cleavage of C–N bonds and nucleophilic
reactions or the hydrolysis of anions under suitable conditions
are possible.26–30

A designed reactivity of ILs may even be advantageous. This
was demonstrated by the use of ILs as precursor compounds
(termed: Ionic Liquid Precursors, ILPs) for the synthesis of
nanoparticles. Examples are the synthesis of metal fluoride or
metal oxide nanoparticles using ILs such as [BMIm][BF4],

39,40

[BMIm][PF6],
41 or tetrabutylammonium hydroxid.42–44

Mesoporous carbon/iron carbide hybrid nanoparticles were
synthesized using mesoporous silica as template and the IL
[BMIm][FeCl4] as carbon and iron source.45 CuCl46 and Sb2Se3
and Bi2Se3

47 nanoplatelets were obtained from the halometa-
late IL with 6-O-palmitoyl ascorbic acid or (Et3Si)2Se, respectively.

These examples make it apparent that knowledge of the
chemical and thermodynamic properties of ILs is an impor-
tant aspect in terms of their respective application. Trial and
error methods for the selection of a suitable IL are of course
not practical. It is therefore important to understand the pro-
perties of ILs at the molecular level in order to develop theo-
retical models that accurately predict their properties over a
wide temperature and pressure range. These models include
structure–property relationships48–51 and more holistic
approaches such as the perturbed-chain statistical associating
fluid theory (PC-SAFT) and its various variants.52–57 In the
past, the electrolyte perturbed-chain statistical associating
fluid theory (ePC-SAFT) was successfully applied to predict
e.g. densities and gas solubility52 for different imidazolium-
based ILs and their mixtures with common solvents.52

Herein, we synthesized three examples of the selenoether-
functionalized ILs containing the [NTf2]-anion in order to
investigate their thermodynamic properties: vapor pressures,
vaporization enthalpies and densities. The results have been
used to develop parameters of the empirical method
(Hildebrand solubility parameters) and the theoretical
ePC-SAFT method. Both methods are able to predict the solu-
bility of precursors of ionothermal synthesis reactions, as well
as common solvents in the selenium-containing ILs. All three
ILs studied were used as ILPs for the synthesis of ZnSe
nanoparticles.

Results and discussion
Synthesis of the ionic liquids

The halide salts of of N-[(phenylseleno)methylene]pyridinium (1),
N-(methyl)- (2) and N-(butyl)-N’-[(phenylseleno)methylene]

imidazolium (3) (1-Br, 2-Cl and 3-Br, respectively) were pre-
pared in a two-step synthesis under inert conditions based on
literature procedures of closely related ILs (Scheme 1).58 The
first step involves the in situ formation of phenylselenomethyl-
ene chloride from diphenyl diselenide, which is used in the
second step for the alkylation of pyridine or imidazole. The
colorless to yellowish crystalline products were obtained in
yields of 50–90% and were characterized via 1H-, 13C- and 77Se-
NMR-spectroscopy as well as electron spray ionization mass
spectrometry (ESI-MS). The 1H-NMR spectra reveal a signal of
the methylene group at 5–6 ppm, with small selenium satel-
lites. In the 77Se-NMR spectra a singlet occurs between 440
and 500 ppm. The melting points of the halides (2-Cl) and
(3-Br) lie below 100 °C (Table 1).

The halide containing ILs are not practical due to their
hygroscopic character and high melting points while the
corresponding and hydrophobic [NTf2]-containing salts (1- to
3-NTf2) are room-temperature ILs (Table 1). The latter were
prepared by an aqueous ion exchange reaction with Li[NTf2]
(Scheme 2).

The purity of the [NTf2]-ILs (1- to 3-NTf2) was verified by
ion-chromatography (IC) yielding an anion purity of all three
ILs of over 99% (Fig. S1 and Table S1†).

Although thermogravimetric analysis (TGA) often does not
adequately describe the thermal stability of ILs over an

Scheme 1 Synthetic methodology for the preparation of 1-Br, 2-Cl and
3-Br.

Table 1 Overview of the melting points of the synthesized compounds

Compound Melting point [°C]

1-Br 155.6
2-Cl 98.1
3-Br 66.0
1-NTf2 <R.T.
2-NTf2 <R.T.
3-NTf2 <R.T.
2-BPh4 164.2
3-BPh4 110.5
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extended time, TGA measurements of the selenoether-functio-
nalized pyridinium salt (1-Br) and the ILs 2-Cl, 3-Br and 1- to
3-NTf2 have been performed as preliminary stability indicators
(Fig. S29†). The TGA curves showed a significantly lower
decomposition temperature of the halides (180–220 °C) over
the [NTf2]-ILs (225–295 °C).

In order to obtain a crystal structure elucidation of the imid-
azolium IL-cations 2 and 3, the room-temperature solid and
non-hygroscopic tetraphenylborate salts (2-BPh4 and 3-BPh4)
(Fig. 2 and 3) were prepared by an ion exchange reaction with
the Na[BPh4] in ethanol.

Crystal structure determination

The compounds 1-Br, 2-BPh4 and 3-BPh4 could be grown as
colorless to yellowish crystals from CHCl3 or CHCl3/EtOH.

The molecular structure of the N-[(phenylseleno)methyl-
ene]pyridinium bromide (1-Br) (Fig. 1) shows a phenyl ring
inclined towards the pyridinium ring. The interplanar angle of
27.0(1)° and a centroid–centroid distance of 4.08(1) Å speak
against significant intramolecular π-interaction. Instead, the
supramolecular package exhibits intermolecular pyridinium–

phenyl interactions with a centroid–centroid distance of
3.73(1) Å and an interplanar angle of 3.7(1)°.59

The packing in 1-Br is organized by Coulomb interactions
which are supported by secondary interactions such as,
C–H⋯Br,60 Se⋯Se (3.44(1) Å) and Se⋯Br (3.52(1) Å) contacts
(Fig. S30–S33 and Tables S3–S5†). The van der Waals radii of
selenium and bromine are 1.90 and 1.85 Å, respectively.

Both compounds 2-BPh4 and 3-BPh4 feature crystal struc-
tures with a high number of symmetry-independent mole-
cules, resulting in values of Z′ > 1. Such Z′ > 1 structures can
derive from a metastable structure, that is often referred to as
“a crystal on the way” or “frustrated”, since such structures

often reveal a competition or a balance of several strong and
special supramolecular (e.g. hydrogen bonding, interhalogen
or π–π) interactions between the symmetry-independent
units.61–65

The compound N-methyl-N′[(phenylseleno)methylene)]imid-
azolium tetraphenylborate (2-BPh4) crystallizes with an asym-
metric unit consisting of four symmetry-independent ion pairs
to give Z′ = 4 (Fig. S34,† only one ion pair shown in Fig. 2).
Besides the predominant Coulomb interactions, the molecular
packing features C–H⋯π interactions (Tables S6–S8, Fig. S35–
S38†).66

The compound N-[(phenylseleno)methylene)]-N′-butyl-
imidazolium tetraphenylborate (3-BPh4) crystallizes with two
symmetry-independent ion pairs in the asymmetric unit,
Z′ = 2. The two cations differ in the C–Se–C–N torsion angle
(Fig. 3). With a torsion angle of 60.8(1)° conformer 1 has the
phenyl ring oriented towards the imidazolium ring analo-
gously to compound 1-Br and 2-BPh4. In conformer 2 the
phenyl ring is facing away from the imidazolium ring (torsion
angle: −89.3(2)°). Also in 3-BPh4 the Coulomb interactions are
supplemented by C–H⋯π interactions (Fig. S40–S43 and
Tables S9, S10†).66

Scheme 2 Synthetic methodology of the aqueous ion-exchange
exemplified for the reaction N-(methyl)-N’-[(phenylseleno)methylene]-
imidazolium chloride (2-Cl) to the respective [NTf2]-IL (2-NTf2).

Fig. 1 Molecular structure of N-[(phenylseleno)methylene]pyridinium
bromide (1-Br) with one of the secondary Se⋯Br interactions (50%
thermal ellipsoids, H-atoms of arbitrary radii).

Fig. 2 Molecular structure of N-methyl-N’-[(phenylseleno)methyl-
ene)]imidazolium tetraphenylborate (2-BPh4) with imidazolium-phenyl
π-interactions between cation and anion (50% thermal ellipsoids and
H-atoms of arbitrary radii). Only one ion pair out of the four symmetry-
independent ion pairs in the asymmetric unit is shown for clarity (see
Fig. S34† for the full asymmetric unit).

Fig. 3 Molecular structures of both cation conformers in N-butyl-N’-
[(phenylseleno)methylene)]imidazolium tetraphenylborate (3-BPh4)
(50% thermal ellipsoids, H-atoms of arbitrary radii, anions have been
omitted for clarity, see Fig. S39† for the full asymmetric unit).
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Absolute vapor pressures of the selenoether-functionalized ILs
with [NTf2]-anion

Admittedly, ILs have a negligible vapor pressure at ambient
temperatures, however the practical applications as catalysts or
thermofluids are performed at elevated temperatures and for
this reason the knowledge of IL’s absolute vapor pressure is
required for safety reasons as well as to assess mass uptake
during the long-term processing. The frequency changes rates
(df/dτ) measured by a quartz-crystal microbalance (QCM) were
used for calculation of the absolute vapor pressures psat of the
ILs according to eqn (5) (Table S12†) with help of the empirical
constant K′ evaluated for our experimental setup recently.67

The temperatures 373 K and 473 K seem to be a reasonable
choice for many practical applications, such as the usage of
ILs as extraction agents68 or as solvents for chemical reac-
tions,69 and ILs are also important for electric battery appli-
cations or usable as entrainers for azeotrope braking. Further,
extremely low values of vapor pressures of the ILs 1- to 3-NTf2
at these temperatures (Table 2) indicate that the negligible
mass uptake of the IL in different catalytic or separation appli-
cations can be expected even at elevated temperatures.

It has turned out that irrespective of the structure of the
cation the absolute vapor pressures of the selenium-containing
ILs are on a comparable level, but they are about three to four

times lower in comparison to the structurally parent ILs
without selenium (e.g. comparison of 3-NTf2 and [N-butyl-N′-
phenylimidazolium][NTf2], 4).

Molar vaporization enthalpies from vapor pressure
measurements

Vapor pressures and vaporization enthalpies of the seleno-
ether-functionalized ILs have been measured for the first
time. The standard molar enthalpies of vaporization derived
from the temperature dependence of the vapor pressures
measured with the QCM (Table 3, column 4) are referenced to
the average temperature Tav (Table 3, column 3), which is the
middle of the temperature range under study. However, the
measured enthalpies of vaporization Δg

l H
°
mðTavÞ have to be

adjusted to the reference temperature 298.15 K, for the
purpose of comparison with results derived from other
methods and for the understanding of the structure–property
relations. In order to adjust vaporization enthalpies to this
temperature the Δg

l C
°
p;m-values are required. Formally, the

value Δg
l C

°
p;m ¼ C°

p;mðgÞ � C°
p;m (l) is the difference of the molar

heat capacities of the gaseous C°
p;m ðgÞ and the liquid phase

C°
p;m ðlÞ, respectively. As a rule, the values of C°

p;m ðlÞ are often
available in the literature or even they can be assessed by some
simple empirical rules.70 In our recent work,70 we suggested a
simple way for the estimation of the Δg

l C
°
p;m-values, which is

based on the experimental data of C°
p;m l; 298:15 Kð Þ of the imi-

dazolium-based ILs containing a [NTf2]-anion and developed
the empirical equation (eqn (1)) (in J K−1 mol−1):

Δg
l C

°
p;m ¼ Co

p;mðl; 298:15 KÞð�0:26+ 0:05Þ þ ð68:7+ 37:0Þ:
ð1Þ

Taking into account the similar shape of the [CnMIm][NTf2]
and the selenoether-functionalized containing ILs from this
study, we estimated the Δg

l C
°
p;m-values according to eqn (1),

using the C°
p;m l; 298:15 Kð Þ-values assessed in Table 4. In the

total absence of physico-chemical data for selenoether-functio-
nalized ILs, the same procedure was also applied for the pyrid-
inium-based ILs containing selenium. The C°

p;m l; 298:15 Kð Þ
and the Δg

l C
°
p;m-values are required for the temperature adjust-

Table 2 Absolute vapor pressures of ILs 1–3-NTf2, 4 and 8 at 373 K and
at 473 K

IL
10−7 × psat, [Pa] 10−3 × psat, [Pa]
373 K 473 K

1-NTf2 0.70 2.6
2-NTf2 25 0.25
3-NTf2 7.9 5.1
4a 26 19
8b 17 9.4

a See Fig. 4 for the structure of 4. Vapor pressure measurements pub-
lished in ref 75 were evaluated using the calibration coefficient devel-
oped in our recent work.67 b See Fig. 4 for the structure of 8. Vapor
pressure measurements published in ref. 72 were evaluated using the
calibration coefficient developed in our recent work.67

Table 3 Thermodynamics of vaporization of the selenoether-functionalized ILs derived from QCM measurements

Cation

T-range Tav Δg
l H

°
mðTavÞ Δg

l G
°
mðTavÞa Δg

l C
°
p;m

b Δg
l H

°
mð298:15 KÞc

[K] [kJ mol−1] [J K−1 mol−1] [kJ mol−1]

Column 1 2 3 4 5 6 7

1 378–433 407.3 155.2 ± 3.0 80.4 ± 1.4 −89 164.9 ± 3.6
2 369–406 388.1 123.7 ± 1.0 73.8 ± 1.4 −93 132.1 ± 2.0
3 369–416 391.3 132.2 ± 1.0 76.6 ± 1.3 −118 143.2 ± 2.4
4 363–408 385.0 132.3 ± 1.0 73.7 ± 1.4 −65 137.9 ± 2.075

5 — — — — — 132.7 ± 2.0d

6 — — — — — 144.8 ± 2.0d

7 — — — — — 160.4 ± 1.6d

8 375–422 398.0 128.1 ± 1.0 73.5 ± 1.4 −66 134.5 ± 1.672

a The standard Gibbs energies of vaporization were evaluated using the calibration coefficient developed in our recent work.67 b From Table 4.
c Adjusted to 298.15 K using the Δg

l C
°
p;m -values from (column 6). Uncertainties in the temperature adjustment of vaporization enthalpies from

Tav to the reference temperature are estimated to account with 20% to the total adjustment. dCalculated as described in the text.
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ments of vaporization enthalpies according to eqn (1) are com-
piled in Table 4.

Structure–property relationships in molecular and ionic
compounds

Vaporization enthalpy is the bulk thermophysical property
related to the whole scope of intermolecular interactions. For
the molecular compounds the Δg

l H
°
m 298:15 Kð Þ -value generally

reflects the energetics of the van der Waals interactions among
molecules in the liquid phase (provided that hydrogen
bonding is absent in the molecular compound under consider-
ation). For the ILs, the specific Coulomb forces additionally
contribute to the overall interactions of molecules in the liquid
phase. Thus, in contrast to the molecular liquids, the vaporiza-
tion behavior of an IL is generally stipulated by the interplay of
the van der Waals and Coulomb interactions. Introduction of a
heteroatom like selenium within the alkyl chain of any mole-
cular or ionic compound could additionally impact the inter-
play of intermolecular interaction in the liquid phase of the
selenium-containing compound, and, as a consequence, the
amount of vaporization enthalpy should indicate the extent of

changes introduced by the selenium unit. In this context, it is
interesting to compare vaporization enthalpies of the seleno-
ether-functionalized ILs 1- to 3-NTf2 studied in this work
with the vaporization enthalpies of a structurally similar ILs
where the selenium atom is exchanged with the CH2 fragment
(see ILs 5–7). Such a comparison will help to quantify the ener-
getic extent of introduction of the Se-unity in the alkyl chain of
the imidazolium cation. The vaporization enthalpies of the sel-
enium-containing ILs 1 to 3-NTf2 studied in this work are
given in Table 3 (column 7), but unfortunately the experi-
mental vaporization enthalpies Δg

l H
°
m 298:15 Kð Þ of the com-

parable ILs 5–7 are absent in the literature. Nevertheless, the
required values for ILs 5–7 can be reliably derived from the
available data on the N-phenyl-N′-butylimidazolium-, 4 based
and the N-propylpyridinium-, 8 based ILs with the common
[NTf2]-anion (Fig. 4). The experimental vaporization enthalpies
Δg

l H
°
m 298:15 Kð Þ of the ILs 4 and 8 have been reported in our

earlier work and are given in Table 3.72,75 However, the struc-
tures of the compounds 4 and 8 are only partially similar to
the desired structures of the ILs 5–7 intended for the compari-
son. In order to derive the vaporization enthalpies of these ILs
we combined the experimental vaporization enthalpies
Δg

l H
°
m 298:15 Kð Þ of the ILs 4 and 8 with the group-additivity

(GA) procedure as follows. Indeed, in our recent study of ionic
compounds (substituted N-phenylimidazolium-based ILs) and
similarly shaped molecular compounds we have shown that
the group-additivity parameters well-established for prediction
of vaporization enthalpies of molecular compounds are gener-
ally transferable to the estimation of vaporization enthalpies of
the ionic compounds.75 This knowledge helps to combine the
experimental vaporization enthalpies of the ILs 4 and 8 with
the group-contribution values specific for molecular liquids
(e.g. alkanes and alkylbenzenes) in order to assess the
Δg

l H
°
m 298:15 Kð Þ-values of the model compounds 5–7,

desired for comparison with those of the selenium-containing
ILs. In order to set an example, let us consider the
model compound 4 with the well-established value
Δg

l H
°
m 298:15 Kð Þ ¼ ð137:9+ 2:0Þ kJ mol�1 (Table 3). In order to

derive the enthalpy of vaporization of the IL 6, we need to pull
out the phenyl substituent from IL 4 and insert in-between two

Table 4 Compilation of data on molar heat capacities C°
p;m and heat

capacity differences [J K−1 mol−1] at 298.15 K

Compound C°
p;m (l) Δg

l C
°
p;m

a

1-NTf2 605.7c −89
2-NTf2 622.9b −93
3-NTf2 718.6b −118
[BMIm][NTf2] 565.473 —
[C6Py][NTf2] 612.074 —

a Calculated by eqn (1). b Values of C°
p;m l; 298:15 Kð Þ of the imidazo-

lium family were calculated based on the experimental value
C°
p;m l; 298:15 Kð Þ, [BMIm][NTf2]) = 565.4 J K−1 mol−1 and group-contri-

butions for the alkyl chain.70,73 The specific increment [substituted imid-
azolium ring][NTf2] = 399.9 J K−1 mol−1 has been defined. c Values of
C°
p;m l; 298:15 Kð Þ of the pyridinium-based ILs were calculated from the

experimental value C°
p;m l; 298:15 Kð Þ, [C6Py][NTf2]) = 612 J K−1 mol−1

and the group-contributions for an alkyl chain.73,74 The specific incre-
ment [N-substituted pyridinium][NTf2] = 417.6 J K−1 mol−1 has been
defined.

Fig. 4 Structures of the cations of the selenoether-funtionalized ILs 1–3, of the aryl containing ILs 5–7 (taken for comparison with the selenium-
containing ILs) and of the N-butyl-N’-phenylimidazolium cation 4 and N-propylpyridinium cation 8 (used for group-additivity calculations). The
cations 4–8, which are discussed in this work, were combined with the common [NTf2]-anion for comparison with the selenoether-functionalized
ILs 1–3-NTf2.
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groups CH2–(N,C) = 3.17 kJ mol−1 and CH2–(Cb,C) = 3.78
kJ mol−1 (the numeric values for the contributions to vaporiza-
tion enthalpy due to inserting of groups CH2–(N,C) and CH2–

(Cb,C) have been parametrized recently).76 The resulting value
Δg

l H
°
m 298:15 Kð Þ¼ð137:9þ 3:17þ 3:78Þ¼ð144:8+ 2:0Þ kJ mol�1

(Table 3) for IL 6 can now be used for comparison with the
vaporization enthalpy of the selenoether-functionalized IL
3-NTf2, as it is shown in Fig. 5. In the similar way, starting
with IL 4, adding of CH2–(N,C) and CH2–(Cb,C) groups at
the left part and subtracting CH2–(N,C) and 2 × CH2–(2C)
groups at the right side, the resulting value
Δg

l H
°
m 298:15 Kð Þ ¼ ð132:5+ 2:0Þ kJ mol�1 (Table 3) for IL 5

was calculated and it can now be used for comparison with the
vaporization enthalpy of the selenoether-functionalized IL
2-NTf2, as shown in Fig. 6.

Starting with the pyridinium-based IL 8 with
Δg

l H
°
m 298:15 Kð Þ ¼ ð134:5+ 1:6Þ kJ mol�1, subtracting the

CH3–(3C) contribution and adding the contribution for the
phenyl ring [5 × CbH–(2Cb) + Cb–(2Cb,C)] the resulting value
Δg

l H
°
m 298:15 Kð Þ ¼ ð160:4+ 1:6Þ kJ mol�1 (Table 3) for IL 7

was derived and used for comparison (Fig. 7) with the vapori-
zation enthalpy of the selenium-containing IL 1-NTf2.

It is apparent from Fig. 6 and 7, that differences between
the vaporization enthalpy Δg

l H
°
m 298:15 Kð Þ of each selenium-

containing IL 1- to 3-NTf2 and the vaporization enthalpy
Δg

l H
°
m 298:15 Kð Þ of the corresponding analogous CH2-contain-

ing ILs (5–7) are hardly distinguishable (within their experi-
mental uncertainties) for all three pairs taken for comparison.

Due to the limited vaporization enthalpy data available it is
not possible to draw similarly safe conclusions for molecular
selenium-containing compounds. Nevertheless, the compari-
son of the Δg

l H
°
m 298:15 Kð Þ value available for di-butyl selenide

with the vaporization enthalpy of a structurally analogous
“CH2-containing” compound n-nonane (Fig. 8) reveals that the
contribution to the vaporization enthalpy through the intro-
duction of a selenium atom into the alkyl chain can be
suggested to be equal to those of the CH2-group, both for the
molecular compounds and ILs. This observation opens the
way for reliable assessment of the Δg

l H
°
m 298:15 Kð Þ for seleno-

ether-functionalized ILs based on the available vaporization
enthalpies of imidazolium, pyridinium or pyrrolidinium-based
ILs with the help of group contributions derived from the
molecular compounds. Vaporization enthalpies are commonly
used for an assessment of a mutual solubility of different
molecular or ionic compounds, making this data important
for synthesis of materials e.g. in ILs.

Solubility parameters of the selenoether-functionalized ILs
with [NTf2]-anion

The solvation powers of solvents are conventionally predicted
by the Hildebrand solubility parameters. The solubility para-
meters are generally the numerical values that indicate the
strength of the intermolecular interactions between solute and
solvent molecules. The solubility parameters have been widely
used in many practical applications. This concept is useful for
selecting a suitable composition of a solvent and a solute
because the possible miscibility is indicated by similar

Fig. 5 Scheme of the procedure for the estimation of the
Δg

l H
°
mð298:15 KÞ-value for the IL 4, starting with the experimental vapor-

ization enthalpy of the model compound N-butyl-N’-phenylimidazolium
bis(trifluoromethanesulfonyl)-imide 4.

Fig. 6 Comparison of the vaporization enthalpies, Δg
l H

°
mð298:15 KÞ, in

kJ mol−1 (given below for each molecule) of the imidazolium-based ILs
(left is the comparison of IL 2 and 6 and right is the comparison of IL 1
and 5).

Fig. 7 Comparison of vaporization enthalpies, Δg
l H

°
mð298:15 KÞ, in

kJ mol−1 (given below for each molecule) of the pyridinium-based ILs 3
and 7).

Fig. 8 Comparison of vaporization enthalpies, Δg
l H

°
mð298:15 KÞ, in

kJ mol−1 (given below for each molecule) for dibutyl-selenide77 and
n-nonane.78
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numerical values of the solubility parameters. The Hildebrand
or total solubility parameter (δT) is defined by eqn (2),79

δT ¼ ½ðΔg
l H

°
m � RTÞ=Vm�0:5 ð2Þ

where Vm is the molar volume, Δg
l H

°
m is the standard molar

enthalpy of vaporization, R is the ideal gas constant, and T is
the temperature. The vaporization enthalpies, Δg

l H
°
m and

Δg
l C

°
p;m -values, required for calculations of δT of the sele-

noether-functionalized ILs at any temperature of interest have
been developed in this work (Table 3). Values of the density
temperature dependences measured in this work are given in
Table S12.†

The solubility parameters, calculated according to eqn (2),
are given in Table 5. Having established the solubility para-
meters of the selenium-containing ILs 1- to 3-NTf2 and the sol-
vents (dichloromethane, acetone, etc. herein), one can easily
calculate the Flory–Huggins interaction parameters x12 at infi-
nite dilution, required for the assessment of the miscibility of
any solute in ILs, according to eqn (3),80

x12 ¼ V *
1 δ1 � δ2ð Þ2

RT
ð3Þ

where δ2 is the solubility parameter of the IL and δ1 is the solu-
bility parameter of the solute, R denotes the universal gas con-
stant, T is the temperature, V1* is the molar volume of the
solute.

Values of the solubility parameters δ1 and δ2 have been cal-
culated according to eqn (2) with the help of experimental data
on vaporization enthalpies and densities for the solutes (taken
from ref. 81 and for the solvents (selenium-containing ILs 1–3)
taken from Table 3.

Modelling with ePC-SAFT

The procedure for ePC-SAFT modelling of ILs follows the strat-
egy established in a prior work and will not be discussed in
detail.52 Briefly, ePC-SAFT uses an ion-based approach in
which IL-ions interactions caused by hard-chain repulsion,
van-der-Waals attraction and electrostatics are explicitly
accounted for. Three pure-component parameters for each IL-
ion are required for ePC-SAFT modelling; the segment number
mseg, the segment diameter σ as well as the dispersion-energy
parameter u/kB with the Boltzmann constant kB. In general,
these parameters are fitted directly to thermodynamic pro-
perties that are easily measured, and for ILs these are typically
pure–component densities.

Since in the previous work the parameters of the [NTf2]-
anion have already been obtained, only the IL-cation para-
meters were fitted to experimental densities of the three ILs at
different temperatures under atmospheric pressure. As the
pure IL 2-NTf2 was too viscous for density measurements using
the equipment from Anton Paar, mixtures of acetonitrile and
2-NTf2 were prepared, and mixture densities were measured
(Table S12†). The fitted ePC-SAFT parameters for the IL-
cations are listed in Table 6 together with the corresponding
ARDs between ePC-SAFT modelled densities and experimental
values. The respective density plot is shown in Fig. 9.

Table 5 Flory-Huggins interaction parameters, x12 at infinite dilution of
different solutes in the selenoether-functionalized ILs at 298 K and at
323 K

Solute
1-NTf2

a 2-NTf2
b 3-NTf2

c

T/K x12 x12 x12

Dichloromethane 298 0.3 0.1 0.1
323 0.4 0.1 0.1

Chloroform 298 0.7 0.1 0.1
323 0.8 0.1 0.1

Acetone 298 0.4 0.1 0.1
323 0.5 0.1 0.1

Acetonitrile 298 0.3 1.2 1.7
323 0.1 0.9 1.2

Benzene 298 0.8 0.1 0.1
323 0.9 0.2 0.2

n-Hexane 298 3.6 1.7 1.2
323 3.6 1.8 1.4

Water 298 44 52 55
323 39 46 49

a For 1-NTf2: Vm(298.15 K) = 330.3 cm3 mol−1 and δ298.15 K = 22.2
MPa0.5; Vm(323.15 K) = 336.4 cm3 mol−1 and δ323.15 K = 21.8 MPa0.5.
b For 2-NTf2: Vm(298.15 K) = 325.3 cm3 mol−1 and δ298.15 K = 20.0
MPa0.5; Vm(323.15 K) = 329.9 cm3 mol−1 and δ323.15 K = 19.6 MPa0.5.
c For 3-NTf2: Vm(298.15 K) = 379.9 cm3 mol−1 and δ298.15 K = 19.2
MPa0.5; Vm(323.15 K) = 385.6 cm3 mol−1 and δ323.15 K = 18.9 MPa0.5.

Table 6 ePC-SAFT pure-component parameters for IL-ions of the
selenoether-functionalized ILs considered in this work

IL-ion MW m σ [Å] u/kB ARD

IL-cation
1 249.195 5.1443 3.2862 266.4032 0.09%
2 252.199 6.7780 3.2013 773.0798 0.76%
3 294.280 3.5598 4.4858 890.3716 0.07%
IL-anion
[NTf2]

a 280.145 6.0103 3.7469 375.6529

a Taken from ref. 52, ARD ¼ 100� 1
NP

XNP
i¼1

1� ρcalc

ρexp

����
����.

Fig. 9 Density of the pure selenoether-functionalized ILs 1-NTf2 and
3-NTf2 as well as the mixture density of 2-NTf2 with acetonitrile
(14.78 wt% IL). Symbols: experimental data; lines: ePC-SAFT modelling
results.
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Based on the obtained parameters for the IL-ions, it was
predicted with ePC-SAFT whether the ILs and classical solvents
are miscible or not. Water and six different organic solvents
were studied. For all solvents, the required ePC-SAFT para-
meters are available from the literature. No binary interaction
parameters were applied for these predictions, i.e. the miscibil-
ity is predicted in silico. The results are listed in Table 7.

The results are in complete agreement with the experi-
mental data. For both, n-hexane and water, the experimentally
found immiscibility was also predicted with ePC-SAFT. Please
note, that quantitative solubility data were not measured in
this work. Further, ePC-SAFT predicted complete miscibility of
the three ILs with the organic solvents acetone, acetonitrile,
benzene, chloroform, and dimethyl sulfoxide. This was also
found by miscibility experiments carried out in this work.

Thus, ePC-SAFT can be successfully used to screen solvents
for the family of selenoether-functionalized ILs based on pure-
component parameters for IL-ions that were obtained from
experimental density data.

Nanoparticle synthesis

In order to synthesize ZnSe nanoparticles (NPs) using the sele-
noether–functionalized ILs, two different approaches under
microwave irradiation at or near 250 °C were investigated
(Scheme 3). In Method A the nanoparticles were synthesized
from zinc acetate dihydrate in the selenoether-functionalized
IL. Thus, the IL as reaction medium was present in large
excess. Method B used the non-functionalized IL [BMIm][NTf2]

as a reaction medium, whereas the selenoether-functionalized
IL was used as a near-stoichiometric selenium reagent with
zinc acetate. The synthesis of ZnSe was chosen as a model
compound since ZnSe NPs are well studied, air stable and stoi-
chiometrically well defined.

In all cases ZnSe NPs with a cubic crystal structure and an
average diameter below 10 nm could be observed, as verified
by transmission electron microscopy (TEM) (Fig. 10), energy
dispersive X-ray (EDX) spectroscopy and powder X-ray diffrac-
tion (PXRD). The average particle diameters from TEM match
the crystallite sizes calculated from the respective powder pat-
terns (Fig. 11 and 12) using the Scherrer equation with a
Scherrer factor of 1 (Table 8). The TEM images of the nano-
particles obtained by method A exemplified for compound

Table 7 Comparison of experimental IL solubility in solvents and
ePC-SAFT prediction resultsa

ePC-SAFT Experimentc

IL + water Immiscibleb Immiscible
IL + n-hexane Immiscibleb Immiscible
IL + acetone Completely miscible Miscible
IL + acetonitrile Completely miscible Miscible
IL + benzene Completely miscible Miscible
IL + chloroform Completely miscible Miscible
IL + DMSO Completely miscible Miscible

a ePC-SAFT predictions with IL-ion parameters from Table 6 using iso-
fugacity approach. b The weight fraction of IL was predicted to be
<10−8. c 1 volume equivalent IL was mixed with 3 equivalents of
solvent.

Scheme 3 Synthetic methodology for the synthesis of ZnSe nano-
particles directly in the functionalized IL (method A) and in [BMIm][NTf2]
(method B).

Fig. 10 Transmission electron microscopy (TEM) images and particle
diameter distribution of ZnSe nanoparticles obtained by method A (a)
and method B (b) from the selenoether-functionalized IL 2-NTf2 (further
TEM images and EDX-spectra are given in Fig. S46 and S47†).

Fig. 11 Powder X-ray diffraction pattern of the ZnSe nanoparticles pre-
pared according to method A directly in the selenoether-functionalized
ILs (1-NTf2 (a), 2-NTf2 (b), 3-NTf2 (c) and reference simulation for cubic
ZnSe (COD-ID: 9008879)).
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2-NTf2, give an average diameter of 5–10 nm (Fig. 10 and
S46†). The TEM images of the particles obtained by method B
(Fig. 10 and S47†) yield an average diameter of 3–6 nm. This
indicates that the exchange of the reaction medium has a
certain effect on the particle size, presumably by influencing
the nucleation and growth rate. This corresponds to known
studies which have shown that the size of nanoparticles
during the synthesis in ILs is essentially determined by the
anion and that the effect of the cation appears to be relatively
limited.22,82,83

Regarding the decomposition mechanism of the sele-
noether–functionalized ionic liquids and the formation of zinc
selenide nanoparticles, we note that the formation of elemen-
tal selenium was not observed by microwave irradiaiton to
250 °C when using the selenoether-functionalized ILs as sol-
vents (method A). Hence, there is no IL decomposition
induced at this temperature. Therefore, we suggest that coordi-
nation of the selenoether functionality to the zinc cation is a
prerequisite for a polarization and weakening of the selenium–

carbon bond. Selenium is considered a soft Lewis base,84

whereas Zn2+ is intermediate between a strong and weak Lewis
acid. In the case of the selenoether-functionalized imidazo-
lium ILs, the in situ formation of a carbene precursor complex
appears to be a distinct possibility to induce the Zn–Se coordi-
nation by the spatial vicinity.85

Conclusions

Three selenoether-functionalized ILs with the bis(trifluoro-
methanesulfonyl)imide ([NTf2]) anion were synthesized and
their vaporization enthalpies and densities were determined.
With regard to the vaporization enthalpies of the produced
ILs, it could be shown on the basis of structure–property
relationships between selenium-containing and similarly
formed aryl-substituted imidazolium- and pyridinium-based
ILs that the contribution of the Se-moiety to the enthalpy of
vaporization of an IL is equal to the contribution of the
methylene group. An incremental approach for the prediction
of vaporization enthalpy of ILs by means of a group-contri-
bution method was developed for this purpose, which is based
on the vaporization enthalpy of an initial IL and respective group
contributions, which are known from molecular compounds.

Based on their experimentally determined densities and
vaporization enthalpies, their miscibility with classical sol-
vents such as water, n-hexane or toluene was predicted both
conventionally using Hildebrand solubility parameters and by
modelling the ILs using the fully predictive method ePC-SAFT.
The results of both methods correspond to the experimental
miscibility observations.

Furthermore, it was shown that selenoether-functionalized
ILs could be used for the synthesis of ZnSe nanoparticles (with
cubic crystal structure) in a microwave-assisted synthesis. In all
cases, ZnSe nanoparticles below 10 nm could be obtained
without the need of other stabilizing agents besides the func-
tionalized IL or [BMIm][NTf2].

ePC-SAFT as well as the incremental approach for model-
ling the vaporization enthalpies of ILs demonstrated to be
useful tools for the predictive screening of new ILs. However,
further investigations, such as the quantitative prediction of
phase equilibria or the contribution of other functional groups
to the vaporization enthalpy, must be carried out.

Experimental section
General Remarks

Standard Schlenk techniques under inert gas atmosphere (N2)
were used for the syntheses of the ILs. Ethanol, tetrahydro-
furane, dichloromethane and diethylether were dried over
molecular sieves 3 Å. Diphenyldiselenide 96% and buthylimid-
azole 98% was purchased from TCI, sodium borohydride
99.99% and sodium tetraphenylborate 99.9% from Merck,
methylimidazole 99% from Fluorochem and pyridine from
Fluka. The IL [BMIm][NTf2] was prepared according to litera-
ture procedures by the reaction of 1-methylimidazole with
1-chlorobutane in acetonitrile at 60 °C for three days. The reac-
tion was followed by ion exchange with Li[NTf2] in water and
an additional extractive treatment.

Instrumentation
1H-, 13C- and 77Se-NMR spectra were measured on an Avance
III-600 or a Bruker Avance III-300 NMR-spectrometer at 298 K.

Fig. 12 Powder X-ray diffraction pattern of the ZnSe nanoparticles pre-
pared according to method B in [BMIm][NTf2] by reaction with two
equivalents of 1-NTf2 (a), 2-NTf2 (b), 3-NTf2 (c) and reference simulation
for cubic ZnSe (COD-ID: 9008879).

Table 8 Results of the microwave-assisted synthesis of ZnSe nano-
particles from selenoether-functionalized ILs

IL Ø (TEM)a [nm] Ø (XRD) [nm]

Method A 1-NTF2 5 ± 2 4
2-NTF2 9 ± 3 11
3-NTF2 6 ± 2 6

Method B 1-NTF2 6 ± 2 4
2-NTF2 3 ± 1 4
3-NTF2 6 ± 1 4

a Approximate width of diameter distribution covering about 90% of
the particles from smallest to largest particle.
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For the 77Se-NMR-measurements a standard solution of
KSeCN in D2O was used.

The melting points of the prepared compounds were deter-
mined at a Büchi melting point apparatus B-540.

ESI-Mass-spectra were measured on a Finnigan LCQ Deca
Ion-Trap-API-mass-spectrometer in positive and negative ion
mode.

Thermal analyses were performed on a NETZSCH TG
Tarsus 209 F3 with a heating rate of 5 K min−1 under N2

atmosphere.
The purity of >99% of the ILs was assessed by ion chrom-

atography (Dionex ICS-1100, with IonPac® AS22, 4 × 250 mm
column).

The measurements for the pure-component densities of
1-NTf2 and 3-NTf2 as well as the densities of mixtures aceto-
nitrile + 2-NTf2 were performed using the oscillating U-tube
apparatus DMA 4200 (Anton Paar GmbH, Graz, Austria) with a
maximum uncertainty of ±1.5 × 10−6 g cm−3 calibrated with de-
ionized water at atmospheric pressure.

The synthesis of the nanoparticles was carried out by
decomposition of the precursors in a CEM Discover microwave
reactor system.

The measurements of the powder patterns were done at
room temperature on a Bruker D2 phaser in 2-theta angles
with Cu-Kα-radiation (λ = 1.54182 Å) at a voltage of 35 kV.

The TEM images as well as the EDX-spectra were acquired
with an FEI Tecnai G2 F20 operated at an accelerating voltage
of 200 kV.86 For TEM-EDX the exposure time for individual
EDX spectra was 3 min (The EDX analyses always showed
traces of oxygen as a result of the preparation of the grids in
air).

X-ray crystallography

The single-crystal X-ray structure data were collected on a
Bruker Kappa Duo APEX-II with CCD area-detector, Mo-Kα
radiation (λ = 0.71073 Å), microfocus tube, multilayer mirror, ω
and ϕ-scan scan; data collection with Apex2,87 cell refinement
and data reduction with SAINT, experimental absorption cor-
rection with SADABS.88 Structure solution by direct methods
using SHELXS-97; refinement by full-matrix least squares on F2

using the SHELXL-97 program suite.89 All non-hydrogen posi-
tions were refined with anisotropic displacement parameters.
Hydrogen atoms on carbon atoms were positioned geometri-
cally (with C–H = 0.95 Å for aromatic CH, C–H = 0.98 Å for
CH3, and C–H = 0.99 for CH2) and refined using riding models
(AFIX 43, 137 and 23, respectively) with Uiso(H) = 1.2Ueq and
Uiso(H) = 1.5Ueq. Details of X-ray structure determination and
data refinement are provided in Table S2.† Graphics were
drawn with DIAMOND (Version 4.4.0).90 The structural data
has been deposited with the Cambridge Crystallographic Data
Center under deposition numbers CCDC 1589574–1589576.†

Measurements of vaporization enthalpies by the quartz
crystalline microbalance (QCM)

The absolute vapor pressures and the standard molar enthal-
pies of vaporization of the Se–ILs series were determined

using the QCM method.91 The vaporization enthalpies were
derived from the temperature dependences of the experi-
mentally 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 thermo-
stated block and it is exposed to vacuum (10−5 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 Δf was directly related to
the mass deposition Δm on the crystal according to the
Sauerbrey equation (eqn (4)),92

Δf ¼ �C � f 2 � Δm � SC�1 ð4Þ
where f is the fundamental frequency of the crystal (6 MHz in
this case) with Δf ≪ f, SC is the surface of the crystal, and C is
a constant.67 The measured frequency change rates (df/dt ) can
be used for calculation of absolute vapor pressures ps accord-
ing to eqn (5),

ps ¼ K ′
df
dt

ffiffiffiffiffi
T
M

r
: ð5Þ

where K′ = (9.5 ± 1.1) × 10−6 Pa s kg1/2 Hz−1 K−1/2 mol−1/2 is
the empirical constant containing all parameters of the
Sauerbrey equation as well as parameters specific for the geo-
metry of the experimental setup.67 The K′-value for our appar-
atus was evaluated with the help of reliable vapor pressure
data on imidazolium- and pyridinium-based ILs compiled in
references.67 Using the frequency change rate df/dt measured
by the QCM the molar enthalpy of vaporization, Δg

l H
°
mðTÞ at

experimental temperatures is obtained by eqn (6),

ln
df
dt

ffiffiffiffi
T

p� �
¼ A′� Δg

l H
°
m T0ð Þ � Δg

l C
°
p;mT0

R
1
T
� 1
T0

� �

þ Δg
l C

°
p;m

R
ln

T
T0

� �
ð6Þ

where A′ is the empirical constant; T0 appearing in eqn (6) is
an arbitrarily chosen reference temperature, which we have
set to 298.15 K in this study. The value
Δg

l C
°
p;m ¼ C°

p;mðgÞ � C°
p;mðlÞ is the difference between the molar

heat capacities of the gaseous, C°
p;mðgÞ, and the liquid phase,

C°
p;mðlÞ, respectively. The vaporization enthalpy

Δg
l H

°
mð298:15 KÞ at the reference temperature is calculated

according to the Kirchhoff′s equation (eqn (7)),

Δg
l H

°
mð298:15 KÞ ¼ Δg

l H
°
mðTavÞ þ Δg

l C
°
p;mð298:15� TavÞ ð7Þ

where Tav 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/dτ),
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
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reproducibility of the results. The study was finished when the
enthalpy of vaporization, Δg

l H
°
mð298:15 KÞ, obtained in the

sequential runs by adjusting eqn (7) to the temperature depen-
dent rates (df/dτ) agreed within the assessed experimental
uncertainty of about ±1 kJ mol−1. In order to confirm the
absence of decomposition of the 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 Fig. S44–S46 of the ESI† no changes in the spectra have
been detected for ILs 2-NTf2 and 3-NTf2. Spectra of the IL
1-NTf2 show some minor changes in comparison to the initial
material, and the uncertainty of the vaporization enthalpy for
this IL was multiplied by factor 2. Primary experimental results
of the QCM studies are given in Table S13 in the ESI.†

N-[(Phenylseleno)methylene]pyridinium bromide (1-Br)

In a 250 mL Schlenk flask 12.79 g (35.7 mmol) of diphenyldi-
selenide were dissolved in a mixture of 30 mL of dry ethanol
and 20 mL of dry THF. The resulting orange-yellow solution
was then added slowly within 15 min to a suspension of 4.03 g
NaBH4 (106.5 mmol) in 250 mL of dry CH2Cl2 in a 500 mL
Schlenk flask. The reaction mixture was stirred overnight to
give a colourless suspension, which was then washed with
100 mL of each 1 mol L−1 HCl, water and brine. The organic
phase was dried with MgSO4 and the solvent was evaporated.
Afterwards, one equivalent (85.68 mmol) of freshly distilled
pyridine and one equivalent KBr (85.7 mmol) was added to the
residue, which then was stirred for 3 days at room temperature
and refluxed afterwards for one hour. After the reaction
mixture was cooled to room temperature the solution was
diluted into 300 mL dry Et2O and stirred for an additional
hour. The etherous solution was decanted and the raw product
was dissolved in CHCl3, filtered and allowed to stand for crys-
tallization to give colourless plate-like crystals.

Yield: 51%; 1H-NMR (600 MHz, CDCl3): δ (ppm) = 6.61 (br.
s, 2H, NCH2,

2J1H,77Se = 17.2 Hz); 7.20–7.30 (m, 3H, CHortho +
CHpara), 7.42 (t, 2H CHmeta,

3J = 7.2 Hz); 7.88 (br. s, 2H, CHmeta

pyridyl), 8.48 (br. s, 1H, CHpara (pyridyl), 9.19 (br. s, 2H,
CHortho pyridyl); 13C-NMR (150 MHz, CDCl3): δ (ppm) = 56.25
(NCH2,

1J13C,77Se = 97.4 Hz), 125.11 (Cipso,
1J13C,77Se = 105.6 Hz),

127.74 (Cmeta), 129.61 (Cmeta pyridyl) 129.90 (Cpara), 135.45
(Cortho), 144.28 (Cortho pyridyl), 145.75 (Cpara pyridyl);

77Se-NMR
(114 MHz, CDCl3): δ (ppm) = 493.19; ESI-MS (m/z): 250.0
([C12H12NSe]

+); TGA (5 °C min−1): decomp. (Tonset): 195 °C.

N-(Methyl)-N′-[(phenylseleno)methylene]imidazolium chloride
(2-Cl)

In a 250 mL Schlenk flask 12.79 g (35.7 mmol) of diphenyldi-
selenide were dissolved in a mixture of 20 mL of dry ethanol
and 20 mL of dry THF. The resulting orange-yellow solution
was then added slowly within 15 min to a suspension of 4.03 g
NaBH4 (106.5 mmol) in 250 mL of dry CH2Cl2 in a 500 mL
Schlenk flask. The reaction mixture was stirred overnight to
give a colourless suspension, which was then washed with
100 mL of each 1 mol L−1 HCl, water and brine. The organic
phase was dried with MgSO4 and the solvent was evaporated.

Afterwards, one equivalent (85.68 mmol) of freshly distilled
N-methylimidazole was added to the residue, which then was
refluxed for 4 h. After cooling at room temperature the solu-
tion was diluted into 300 mL dry Et2O and stirred for an
additional hour. The etherous solution was decanted and the
viscous residue was dissolved in CH2Cl2. After filtration the
solvent was evaporated and the product was dried under
vacuum for several hours to give the colorless to yellowish
product, which crystallizes upon standing.

Yield: 50–65%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.79
(s, 3H, NCH3); 5.72 (s, 2H, NCH2,

2J1H,77Se = 17.37 Hz);
7.08–7.17 (m, 3H, CHortho + CHpara); 7.19 (s, 1H CHvCH);
7.34–7.37 (m, CHmeta); 7.56 (s, 1H, CHvCH); 9.74 (s, 1H,
NCHN); 13C-NMR (75 MHz, CDCl3): δ (ppm) = 36.39 (NCH3);
44.32 (NCH2, 1J13C,77Se = 94.08 Hz), 121.78 (CHvCH), 123.65
(CHvCH), 126.11 (Cipso,

1J13C,77Se = 100.14 Hz), 128.92 (Cpara),
129.61 (Cmeta), 134.41 (Cortho,

2J13C,77Se = 9.90 Hz), 136.70
(NCHN); 77Se-NMR (114 MHz, CDCl3): δ (ppm) = 434.13;
ESI-MS (m/z): 253.0 ([C11H13N2Se]

+); TGA (5 °C min−1):
decomp. (Tonset): 243 °C.

N-(Butyl)-N′-[(phenylseleno)methylene]imidazolium bromide
(3-Br)

In a 250 mL Schlenk flask 12.79 g (35.7 mmol) of diphenyldi-
selenide were dissolved in a mixture of 20 mL of dry ethanol
and 20 mL of dry THF. The resulting orange-yellow solution
was then added slowly within 15 min to a suspension of 4.03 g
NaBH4 (106.5 mmol) in 250 mL of dry CH2Cl2 in a 500 mL
Schlenk flask. The reaction mixture was stirred overnight to
give a colourless suspension, which was then washed with
100 mL of each 1 mol L−1 HCl, water and brine. The organic
phase was dried with MgSO4 and the solvent was evaporated.
Afterwards, one equivalent (85.7 mmol) of freshly distilled
N-butylimidazole and 1 equivalent of KBr (85.7 mmol, 10.19 g)
was added to the residue, which then was stirred for 3 days
and refluxed afterwards for one hour. After the reaction
mixture was cooled to room temperature the solution was
diluted into 300 mL dry Et2O and stirred for an additional
hour. The etherous solution was decanted and the viscous
residue was dissolved in CH2Cl2. After filtration the solvent
was evaporated and the product was dried under vacuum for
several hours to give the colorless to yellowish product, which
crystallizes upon standing.

Yield: 83%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.78 (t,
3H, CH3,

3J = 7.3 Hz), 1.09 (sxt, 2H, C̲H2̲CH3,
3J = 7.5 Hz), 1.64

(quin., 2H, C̲H ̲2CH2CH3,
3J = 7.5 Hz) 4.08 (t, 2H, NC̲H ̲2CH2,

3J = 7.2 Hz), 5.82 (s, 2H, NCH2,
2J1H,77Se = 17.5 Hz); 7.17–7.21

(m, 3H, CHortho + CHpara), 7.38 (s, 1H CHvCH); 7.43–7.44 (m,
CHmeta), 7.57 (s, 1H, CHvCH); 9.90 (s, 1H, NCHN) 13C-NMR
(75 MHz, CDCl3): δ (ppm) = 13.72 (CH3), 19.10 (C̲H2̲CH3),
31.86 (C̲H ̲2CH2CH3) 44.18 (NCH2,

1J13C,77Se = 93.5 Hz), 49.73
(NC ̲H2̲CH2), 122.02 (CHvCH), 122.33 (Cipso), 125.81
(CHvCH), 129.08 (Cpara), 129.75 (Cmeta), 134.80 (Cortho,
2J13C,77Se = 9.9 Hz), 136.16 (NCHN); 77Se-NMR (114 MHz,
CDCl3): δ (ppm) = 440.72; ESI-MS: (m/z) = 295.1
([C14H19N2Se]

+); TGA (5 °C min−1): decomp. (Tonset): 233 °C.
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Synthesis of 1- to 3-NTf2

The halide 1-Br, 2-Cl or 3-Br (31.0 mmol) was dissolved in
50 mL of water in a 100 mL Schlenk flask. To this solution
8.89 g (31.0 mmol) of Li[NTf2] were added. The reaction
mixture was stirred overnight at room temperature. The
solvent was evaporated and the residue was stirred in 100 mL
of CH2Cl2 for 2 hours. After filtration the resulting solution
was washed with water until no chloride could be detected by
reaction of the aqueous solution with AgNO3. The etherous
phase was dried with MgSO4, the solvent evaporated and the
product was dried in vacuum for several hours.

N-[(Phenylseleno)methylene]pyridinium bis
(trifluoromethanesulfonyl)imide (1-NTf2)

Yield: 83%; 1H-NMR (600 MHz, CDCl3): δ (ppm) = 5.84 (s, 2H,
NCH2,

2J1H,77Se = 17.3 Hz); 7.27 (t, 2H, CHortho,
3J = 7.6 Hz)

7.35–7.39 (m, 3H, CHmeta + CHpara); 7.82 (t, 2H, CHmeta

(Pyridin), 3J = 7.0 Hz); 8.47 (t, 1H, CHpara (pyridyl),
3J = 7.3 Hz);

9.18 (d, 2H, CHortho (pyridyl),
3J = 5.8 Hz); 13C-NMR (150 MHz,

CDCl3): 56.06 (NCH2,
1J13C,77Se = 99.0 Hz), 119.44 (CF3,

1J13C,19F =
321.3 Hz), 124.18 (Cipso,

1J13C,77Se = 97.04 Hz), 129.96 (Cmeta),
127.88 (Cmeta (pyridyl)) 130.42 (Cpara), 135.43 (Cortho), 143.25
(Cortho (pyridyl)), 145.91 (Cpara (pyridyl)); 77Se-NMR (114 MHz,
CDCl3): 492.95; ESI-MS (m/z) = 250.0 ([C12H12NSe]

+) or
279.9 ([NTf2]

−); TGA (5 °C min−1): decomp. (Tonset): 227 °C.
Anal. calcd for [C12H12NSe] [C2F6N2O4] (529.34 g mol−1):
C 31.77, H 2.28, N 5.29, S 12.12, found: C 30.80, H 2.38,
N 5.64, S 11.54%.

N-(Methyl)-N′-[(phenylseleno)methylene]imidazolium bis
(trifluoromethanesulfonyl)imide (2-NTf2)

Yield: 86%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 3.69 (s, 3H,
NCH3); 5.38 (s, 2H, NCH2,

2J1H,77Se = 17.4 Hz); 7.14–7.48 (m,
7H, 2 × CHvCH, CHpara, CHmeta, CHortho), 8.23 (s, 1H, NCHN);
13C-NMR (150 MHz, CDCl3): 36.02 (NCH3), 44.12 (NCH2,
1J13C,77Se = 94.6 Hz), 119.44 (CF3,

1J13C,19F = 320.5 Hz)
122.19 (CHvCH), 123.82 (CHvCH), 125.73 (Cipso,

1J13C,77Se =
97.9 Hz), 129.58 (Cpara), 129.88 (Cmeta), 134.99 (Cortho),
135.34 (NCHN); 77Se-NMR (114 MHz, CDCl3): 444.49; ESI-MS
m/z = 253.0 ([C11H13N2Se]

+) or 279.9 ([NTf2]
−); TGA

(5 °C min−1) decomp. (Tonset): 285 °C. Anal. calcd for
[C11H13N2Se][C2F6N2O4] (523.34 g mol−1): C 29.33, H 2.46,
N 7.89, S 12.05, found: C 29.08, H 2.64, N 7.64, S 11.74%.

N-(Butyl)-N′-[(phenylseleno)methylene]imidazolium bis
(trifluoromethanesulfonyl)imide (3-NTf2)

Yield: 78%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.78 (t, 3H,
CH3,

3J = 7.3 Hz) 1.07 (sxt, 2H, C̲H2̲CH3,
3J = 7.6 Hz); 1.56

(quin., 2H, C̲H ̲2CH2CH3,
3J = 7.5 Hz) 3.92 (t, 2H, NC̲H ̲2CH2,

3J = 7.3 Hz), 5.40 (s, 2H, NCH2,
2J1H,77Se = 17.0 Hz); 7.16–7.30

(m, 5H, CHortho + CHpara + CHmeta), 7.34 (br. s, 1H CHvCH),
7.36 (br. s, 1H CHvCH), 8.23 (s, 1H, NCHN); 13C-NMR
(75 MHz, CDCl3): 12.46 (CH3), 18.45 (C ̲H2̲CH3), 31.18
(C ̲H2̲CH2CH3), 43.39 (NCH2,

1J13C,77Se = 93.5 Hz), 49.21
(NC ̲H ̲2CH2), 119.33 (CF3,

1J13C,19F = 321.3 Hz), 121.88

(CHvCH), 122.42 (CHvCH), 124.92 (Cipso), 129.07 (Cpara),
129.46 (Cmeta), 134.18 (NCHN), 134.68 (Cortho,);

77Se-NMR
(114 MHz, CDCl3): 442.84; ESI-MS (m/z) = 295.1 ([C14H19N2Se]

+)
279.9 (NTf2

−); TGA (5 °C min−1) decomp. (Tonset): 285 °C. Anal.
calcd for [C14H19N2Se][C2F6N2O4] (574.42 g mol−1): C 33.45,
H 3.33, N 7.32, S 11.16, found: C 33.58, H 3.53, N 7.33,
S 11.20%.

Synthesis of 2-BPh4 and 3-BPh4

The halide 2-Cl or 3-Br (30 mmol) was dissolved in 50 mL of
ethanol in a 100 mL Schlenk flask. To this solution an excess
of sodium tetraphenylborate was added resulting in the
immediate precipitation of sodium chloride or bromide
respectively. The reaction mixture was stirred for one hour at
room temperature. After the solvent was evaporated the
desired product was extracted with 100 mL of CH2Cl2. After fil-
tration the resulting solution was washed with water until no
chloride could be detected by reaction of the aqueous solution
with AgNO3. The organic phase was allowed to stand for crys-
tallization to give colourless crystals.

N-(Methyl)-N′-[(phenylseleno)methylene]imidazolium
tetraphenylborate (2-BPh4)

Yield: 68%; 1H-NMR (600 MHz, DMSO-d6): δ (ppm) = 3.76 (s,
3H, NCH3), 5.74 (s, 2H, NCH2,

2J1H,77Se = 17.3 Hz), 6.80 (t, 4H,
CHpara (BPh4),

3J = 7.2 Hz), 6.93 (t, 8H, CHmeta (BPh4),
3J =

7.4 Hz) 7.17–7.21 (m, 8H, CHortho (BPh4)), 7.35–7.41 (m, 3H,
CHmeta + CHpara); 7.49 (d, 1H CHvCH, 3J = 1.2 Hz), 7.51 (d, 1H
CHvCH, 3J = 1.3 Hz), 7.62 (dt, 2H, CHortho,

3J = 8.7 Hz, 4J =
1.8 Hz), 8.96 (s, 1H, NCHN); 13C-NMR (150 MHz, DMSO-d6):
δ (ppm) = 35.88 (NCH3); 34.51 (NCH2,

1J13C,77Se = 91.3 Hz),
121.51 (CHpara (BPh4)), 122.40 (CHvCH), 124.03 (CHvCH),
125.30 (CHmeta (BPh4),

3J13C,11B = 2.8 Hz), 126.76 (Cipso), 128.69
(Cpara), 129.69 (Cmeta), 133.70 (Cortho,

2J13C,77Se = 9.90 Hz),
135.53 (CHortho (BPh4)), 136.39 (NCHN), 163.4 ((CHipso (BPh4),
3J13C,11B = 49.0 Hz); 77Se-NMR (114 MHz, CDCl3): δ (ppm) =
428.55; ESI-MS m/z = 253.0 ([C11H13N2Se] + ) or 319.2 ([BPh4]

−).

N-(Butyl)-N′-[(phenylseleno)methylene]imidazolium
tetraphenylborate (3-BPh4)

Yield: 78%; 1H-NMR (300 MHz, CDCl3): δ (ppm) = 0.86 (t, 3H,
CH3,

3J = 7.3 Hz) 1.09 (sxt, 2H, C̲H2̲CH3,
3J = 7.4 Hz); 1.63

(quin., 2H, C̲H ̲2CH2CH3,
3J = 7.3 Hz) 4.07 (t, 2H, NC̲H ̲2CH2,

3J = 7.0 Hz), 5.75 (s, 2H, NCH2, 2J1H,77Se = 17.7 Hz), 6.81 (t, 4H,
CHpara (BPh4),

3J = 7.2 Hz), 6.94 (t, 8H, CHmeta (BPh4),
3J =

7.4 Hz) 7.19–7.24 (m, 8H, CHortho (BPh4)), 7.33–7.40 (m, 3H,
CHmeta + CHpara); 7.48–7.51 (m, 2H CHvCH); 7.70 (dt, 2H,
CHortho,

3J = 8.7 Hz, 4J = 1.8 Hz) 9.05 (s, 1H, NCHN); 13C-NMR
(150 MHz, DMSO-d6): δ (ppm) = 13.16 (CH3), 18.53 (C ̲H ̲2CH3),
31.21 (C̲H ̲2CH2CH3), 43.47 (NCH2Se), 48.59 (NC ̲H ̲2CH2), 121.47
(CHpara (BPh4)), 122.53 (CHvCH), 122.87 (CHvCH), 125.24
(CHmeta (BPh4),

3J13C,11B = 2.9 Hz), 126.33 (Cipso), 128.71 (Cpara),
129.61 (Cmeta), 133.97 (Cortho), 135.50 (CHortho (BPh4)), 135.81
(NCHN), 163.34 ((CHipso (BPh4),

3J13C,11B = 49.0 Hz); 77Se-NMR
(114 MHz, DMSO-d6): δ (ppm) = 427.19; ESI-MS (m/z) = 295.1
([C14H19N2Se]

+) or 319.2 ([BPh4]
−).
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Synthesis of the zinc-selenide nanoparticles

Method A
Suspensions of ∼1 wt% ZnSe in the selenoether-functiona-

lized ILs were obtained by suspending solid zinc acetate dihy-
drate (24 mg, 23 mg or 23 mg) in 1 mL of the IL 1-NTf2, 2-NTf2
or 3-NTf2, respectively, under vacuum and decomposition
under microwave-assisted heating (40 W) at 250 °C (220 °C for
IL 1-NTF2) for 10 min. The gaseous by-products were removed
under reduced pressure. For further analysis the particles were
first precipitated with 1 mL of acetonitrile and then washed
4–5 times with 1 mL of acetonitrile each.
Method B

Suspensions of ∼1 wt% ZnSe were obtained by stirring solid
zinc acetate dihydrate (22 mg, 0.1 mmol) with two molar
equivalents of the IL 1-NTf2 (104 mg), 2-NTf2 (106 mg) or
3-NTf2 (114 mg), respectively, under vacuum. After one hour
1 mL (1.4 g) of [BMIm][NTf2] was added and the reaction
mixture was again stirred under vacuum until the zinc acetate
was finely dispersed. The decomposition was carried out
under microwave-assisted heating (40 W) at 250 °C for 10 min.
The gaseous by-products were removed under reduced
pressure and, identical to method A, the particles were precipi-
tated and washed with acetonitrile for further analysis.
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