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Abstract

The effects of water content on physicochemical properties such as density, dynamic vis-
cosity, and electrical conductivity of HHexen(Tf,N), composed of monoprotic N-hexyleth-
ylenediaminium as cation and bis(trifluoromethylsulfonyl) imide as anion, were studied in
the temperature range 7=303.15-353.15 K. HHexen(Tf,N) was dissolved a small amount
of water (up to 6.53 wt%, corresponding to w,=[H,O)/[PIL]=1.65) as it is a hydrophobic
protic ionic liquid (PIL). The physicochemical properties of HHexen(Tf,N) were signifi-
cantly influenced by its water content. The temperature dependence of the physicochemical
properties at different water contents (0.50 wt%, 0.95%, 1.93%, 3.02%, 4.03%, 5.14% and
5.95%, corresponding to w,=0.12, 0.23, 0.47, 0.74, 1.0, 1.28 and 1.50, respectively) were
studied. With an increase in the water content, the density and dynamic viscosity decreases
while the electric conductivity increases in a given temperature range. The Walden lines
of HHexen(Tf,N) show a good ionic character as the curves are all located in the range of
AW=0.5+0.2 (AW=log,,1/n—log,, A) at different water contents. The ionicity shows an
increasing trend with an increase of water content; this is evident when the water content
rises to approximately 4.0% (w,=1.0). Additionally, HHexen(Tf,N) was used to extract
Co(Il) ions from an aqueous solution. Inductive coupled plasma emission spectrometry
results showed that more than 99.5 wt% of Co(II) ions moved from the 100 mmol-kg‘1
aqueous layer to the HHexen(Tf,N) layer (of equal volume). After extraction of the Co(II)
ions, the PIL layer contained 7.90% of water (w,=2.0).
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1 Introduction

Ionic liquids (ILs) are molten salts in which the cations and anions are poorly coordi-
nated. Hence, they exist as liquids at temperatures lower than 373 K or even at room
temperature (i.e., room-temperature ILs (RTILs)) [1-4]. Ionic liquids are composed
of relatively large asymmetric organic cations and inorganic or organic anions [5-7].
Room-temperature ILs are utilized at high temperatures as green solvents for organic
reactions and as extraction solvents for transition metal ions, lubricants, or lubricant
additives because of their good thermostability, non-volatility, and non-flammability
[5, 8-10]. Ionic liquids are generally classified as either protic (PILs) and aprotic ILs
(AILs). Aprotic ILs essentially consist of cations, which are not protonated, and counter
anions. The key property that distinguishes PILs from other ILs is that PILs are formed
via proton transfer from a Brgnsted acid to a Brgnsted base (Eq. 1) [11-13]. This leads
to the presence of proton donor and acceptor sites, such that a hydrogen bond network is
developed [14]. In this study, bis(trifluoromethylsulfonyl) imide acid (HTf,N) was used
as the Brgnsted acid and hexylethylenediamine (Hexen) was the Brgnsted base.

B + HA = HB* - A~ (1)

The HHexen(Tf,N) studied here is a hydrophobic RT-PIL with a low melting point.
The characteristic feature of this PIL (Scheme 1a) is that its cationic unit has the chelate
ring moiety of ethylenediamine and thus it is advantageous for encapsulating transi-
tion metal ions, compared to monoamine-type PILs (Scheme 1b) [15, 16]. Therefore, in
this study, the Co(II) extraction ability of HHexen(Tf,N) from an aqueous solution was
investigated. To identify the chelate effect on the incorporation of transition metal ions,
an HHexam(Tf,N) PIL (Scheme 1b) having hexylammonium (monoamine) as cation
and bis(trifluoromethylsulfonyl) imide as anion was additionally used in an extraction
experiment.

In general, PILs are more hydrophilic than AILs and, hence, tend to absorb water,
which is generally difficult to eliminate. Occasionally, the water content has significant
effects on the physicochemical properties of PILs, and it is important to investigate
these influences [17]. As these PILs have the hydrophilic moiety of ethylenediamine,
they can easily absorb water despite their macroscopic hydrophobicity. Hence, in the
present study, the effects of water content on the physicochemical properties, such as
density, dynamic viscosity, and electric conductivity for an HHexen(Tf,N) PIL were
studied in the temperature range of 7=303.15-353.15 K [11, 18].
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Scheme 1 Structures of a HHexen(Tf,N) and b HHexam(Tf,N)
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2 Experimental Section
2.1 Materials

Ethylenediamine (>99%, CAS 107-15-3, Tianjin Kemiou Chemical Reagent Co.,
Ltd.), n-hexylbromide (>99%, CAS 111-25-1, Nanjing Duodian Chem. Co., Ltd.), and
bis(trifluoromethylsulfonyl)imide acid (HTf,N, >99%, CAS 82113-65-3, Nanjing Duo-
dian Chem. Co., Ltd.) were used as received. Diethyl ether (>99.5%, CAS 60-29-7,
Beijing Chemical Works) was treated in molecular sieves overnight and then distilled.
Cobalt(Il) chloride (CoCl,, 98%, CAS 7646-79-9, Energy Chemical) was used as
received.

2.2 Synthesis and Characterization of PlLs

N-hexylethylenediamine was synthesised via the reaction between n-hexylbromide and
ethylenediamine (molar ratio of 1:5) according to a procedure previously reported [19].
Monoprotic HHexen(Tf,N) was synthesised via a simple neutralization reaction of the
base, N-hexylethylenediamine, with the acid, HTf,N (molar ratio of 1:1), in diethyl
ether. The base and acid were mixed for 4 h and the product then isolated via the com-
plete evaporation of diethyl ether, yielding HHexen(Tf,N) as a pale yellowish, transpar-
ent liquid at room temperature, according to our previous work [11, 20]. The purity of
HHexen(Tf,N) was confirmed by 13C-NMR spectra and CHN elemental analysis (see
supplementary information).

HHexen(Tf,N) was freeze-dried for 48 h at 223 K using an Alpha 1-2 LD plus freeze
dryer (Martin Christ Freeze Dryers). Although we tried to remove the trace amounts of
water to the extent possible, 0.50 wt% of water remained in the sample, which was des-
ignated as ‘dried’” HHexen(Tf,N). The water contents of the water/PIL mixed solutions
were determined using a V20 volumetric Karl Fischer titrator (Mettler Toledo).

2.3 Preparation of HHexen(Tf,N) with Different Water Contents

The density, dynamic viscosity, and electric conductivity, of HHexen (Tf,N) with an
initial water content of 0.50 wt% were investigated in our previous study [11]. Similar
investigations were carried out in the present study based on our previous work. The ini-
tial water content of HHexen (Tf,N) in the present study was 0.50%. Firstly, the solubil-
ity of water in HHexen (Tf,N) was examined and determined to be 6.53 wt%, although
it is a hydrophobic PIL. The water/PIL systems were prepared with water contents of 1
wt%, 2%, 3%, 4%, 5%, and 6%. These water/PIL systems were mixed completely using
a vortex mixer with adjustable speed prior to the experiments, and the water contents
were confirmed using the V20 Karl Fischer titrator (Mettler Toledo). The water contents
were measured to be 0.95 wt% (corresponding to wy=[H,O]/[PIL]=0.23, w,: molar
ratio of water to PIL), 1.93% (wy=0.47), 3.02% (wy,=0.74), 4.03% (wy,=1.0), 5.14%
(wy=1.28), and 5.95% (w,=1.50).
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2.4 Density

Density values with the uncertainty of +0.0001 g-mL~' were measured simply by
measuring the weight of HHexen(Tf,N) with different water contents filling a 1 mL
volumetric Ostwald-type pycnometer in the temperature range of 7=303.15-353.15 K.
The temperature was controlled by a thermostatic silicone oil bath with an accuracy
of +0.1 K. The time to attain thermal equilibrium of the cell was approximately 30 min.
[21].

2.5 Dynamic Viscosity

The dynamic viscosities of HHexen(Tf,N) with different water contents were measured
using a Lovis 2000 M micro-viscometer (Anton Paar) with a ¢ 1.8 mm glass capillary
in the temperature range, 7=303.15-353.15 K. The Lovis 2000 M micro-viscometer
has several advantages such as wide temperature range with an uncertainty of +0.1%,
T=243.15-373.15 K, and wide viscosity range with the uncertainty of+0.1%,
0.3-10,000 mPa-s. Prior to the measurements, the viscometer was calibrated using a
standard calibration oil (APN415) provided by Paragon Scientific Ltd. The relationship
between viscosity and density for the measurement is described as:

n=c(p, — ps)At, )

where 7 is the dynamic viscosity, p, and p, are densities of HHexen(Tf,N) and the steel
ball, respectively, c is a constant, and At is the rolling time of the steel ball [21].

2.6 Electric Conductivity

The electric conductivities of HHexen(Tf,N) with different water contents were meas-
ured using an electrical conductivity meter (Model DDS-11A, Leici Instrument, Shang-
hai, DJS-1. A cell with platinum black electrodes with cell constant of 0.985 cm™!) was
used for values in the order of magnitude of 0—10* pS-cm™'; a Mettler Toledo Conduc-
tivity Measurement Instruments, Shanghai, the electrode Inlab 731 ISM with cell con-
stant of 0.570 cm™' was used for values in the order of magnitude of 10°~10* pS-cm™"
and was calibrated by the calibration solution with 1413 pS-cm™' [21]. The uncertainty
for the measurement of the conductivity is + 1.0%.

2.7 The Measurement of Co(ll) lon Concentration

The Co(II) ion concentration in the water layer was measured using an inductively cou-
pled plasma spectrometer (model ICP-7000, Kingreid Ltd. Co., Beijing) under argon gas
(purity >99.996%) as protecting gas at 80-90 psi, nitrogen gas (purity >99.999%) as
flowing gas at 40 psi and as cutting gas at 70 psi; the temperature for the recycling water
is 293 K. The accuracy of measurement for the metal concentration is 0.001 mg-L™".
Calibration data for Co(Il) ion are shown in the supplementary information.
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Fig. 1 Plots of p vs. temperature
for HHexen (Tf,N) with different 138

water contents .
137 F LN

0.5%
0.95%
1.93%

[
A
v
*

1.36 |

-3
=
[
R
T

133 F

1.32 f

131 F

1.30 T T T T T T
300 310 320 330 340 350 360

3 Results and Discussion
3.1 Density

The density of HHexen(Tf,N) decreases with an increase in water content and tempera-
ture (Fig. 1, data reported in Table S1). This may be because the denser packing of the
HHexen(Tf,N) PIL formed at lower water content and at lower temperature is destroyed by the
hydration of each PIL ion and by raising of the temperature [22].

The experimental values of p were fitted using the following empirical equation, Eq. 3. The
parameters obtained, i.e., b and a, and the correlation coefficient, R?, are listed in Table 1 [23].

p=b+a-T 3)

In addition, the excess molar volumes V¥ were calculated from the molar fractions, molar
masses, and the densities of water, pure ionic liquid and the mixtures as given by Eq. 4:

x M, +x,M x M X, M.
yE= 0 22_(1 1>_<2 2> @)
P12 P1 P2

where x; is the molar fraction of water, x, is molar fraction of PIL; p,,, p, and p, are the
densities of the mixture, water and PIL, respectively. M, and M, are the relative molar
masses for the water and PIL, respectively [24]. The excess molar volume is defined as

Table 1 Fitting parameters, i.e., @ and b, and correlation coefficient R? from Eq. 3

Water content wt% 0.50% 0.95% 1.93% 3.02% 4.03% 5.14% 5.95%
(molar fraction of water (0.11) (0.19) (0.32) 0.42) (0.50) (0.56) (0.60)
X))

10* a/K™! —-9.2690 —-9.6436 -—9.1182 -—-9.1873 —8.6836 —9.2691 —9.7709
b 1.6562 1.6572 1.6358 1.6371 1.6192 1.6562 1.6515
R? 0.9978 0.9968 0.9949 0.9946 0.9887 0.9949 0.9954
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Fig.2 Plots of a VEand b Oy exp,r vs- molar fraction of water (x;) at various temperatures

the difference between the ideal and the real molar volume, and the VE value reflects the
strength of the interaction between the different molecules.

Figure 2a (data are reported in Table S2a) shows that the value of VE is the larg-
est and positive at 0.95% (x;: 0.19). This means that the interaction mode of the cat-
ion—anion—water ternary system changes at around x, =0.19. There is a different interac-
tion mode for the “dried” PIL (0.5%, x;=0.11) system compared to the others. Negative
values of VF are only observed at higher water content.

Furthermore, the reduced Redlich and Kister function Qy,,,, 7 gives a much better han-
dle on the origin of the non-ideality than the direct excess property VE. The relationship of
Oyexp,r vS- Xy s illustrated in Fig. 2b (Table S2b) [25].

QV,exp,T = VE/xl (1 - xl) (5)

It is remarkable that in the region from x;=0.11 (0.5%, “dried”) to x;=0.19 both the
VE and Qyexp,r Values increase with an increase in the water content. This indicates that the
strong interaction between the cation and the anion at the lowest water content (x;=0.11,
i.e., “dried” condition) is loosened with an addition of small amounts of water by the
hydration of the ions, which causes an increase in the molar volume of the contracted ion-
pair structure of the dried PIL. The Qy,,, r values in Fig. 2b show a similar profile as that
for VE, whereas at higher water content, the dependence of Oy exp,r 0N the temperature and
on the water content becomes significantly smaller with an increase in the water content.
This trend and the monotonic decrease with an increase in the water content at around
x,>0.2 indicates that interstitial accommodation of water in the ion-pair network of PIL
occurs and some stable hydration structures of the cation and the anion are formed.

3.2 Dynamic Viscosity

The dynamic viscosity of HHexen(Tf,N) decreases with an increase in water content or
temperature (Fig. 3a). The data are shown in Table S3 (see supplementary information).
The viscosity of HHexen(Tf,N) strongly depends on the water content. This is because
the interactions between the cation and the anion are weakened by the hydration from
an increase in the water content. In order to discuss the effect of cations on the viscosity
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Fig.3 a Viscosity of HHexen(Tf,N) with different water contents as function of temperature, and b Arrhe-
nius plots for viscosities

at the same water content, the viscosity of HHexen(Tf,N) is compared with the case of
HHexam(Tf,N) studied in our previous work [26]. For these two PILs, the anion is the
same and the polar groups are two amines and a mono-amine for HHexen(Tf,N) and
HHexam(Tf,N), respectively. The results show that the effect of water on the viscosity is
obvious for these two PILs and especially for the HHexam(Tf,N) with the smaller mono-
amine polar group. For example, the viscosity of HHexam(Tf,N) is 45.4 mPa-s, about half
of the 86.6 mPa-s for HHexen(Tf,N) at 7=308.15 K and w,=0.74. This is due to fact that
the viscosity is governed by the size of PIL with increasing the water content [26].

The relationship between dynamic viscosity and temperature is usually fitted using the
Arrhenius equation, Eq. 6 [27]:

1 = Nexp(E, [kpT) (6)

where E,, 1, and kg are the activation energy, maximum dynamic viscosity, and Boltz-
mann constant, respectively. The fitted parameters obtained are listed in Table 2. The In 5
versus T~! plot is presented in Fig. 3b. The relationship is almost linear and indicates that
the viscosity of HHexen(Tf,N) approximately follows the Arrhenius equation at different
water contents (0.50-5.95%) in the temperature range of 7=303.15-353.15 K.

3.3 Electric Conductivity
The electric conductivity is generally governed by the mobility of the ions in the ILs, and

correlates with viscosity, charge number, molecular weight, density, and ion size [4, 18].
The electric conductivity values of HHexen(Tf,N) with different water contents in the

Table 2 Fitting parameters of E, and correlation coefficient R? from Eq. 6

Water content (wt%) 0.50% 0.95% 1.93% 3.02% 4.03% 5.14% 5.95%

E,,/kamol"l 45 46 41 39 38 36 31
R? 0.9937 0.9977 0.9980 0.9963 0.9966 0.9981 0.9946
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Fig.4 a Conductivity of HHexen(Tf,N) with different water contents as a function of temperature, and b
Arrhenius plots for conductivities

temperature range of 7=303.15-353.15 K, are reported in supplementary Table S4. The
electric conductivity (o) is related to temperature, as plotted in Fig. 4, based on the Arrhe-
nius equation, which is given as follows [28, 29]:

o = ogexp(~E, /ksT) @

where E_, 6, and kg are the activation energy, pre-exponential factor, and Boltzmann con-
stant, respectively. The fitted parameters obtained are presented in Table 3. The relation-
ship of In ¢ vs. T~! (Fig. 4b) shows that the linearity of the Arrhenius plot becomes better
with an increase in water content [30]. At the same time, the value of E, (Table 3) is larger
for the lower water content system and decreases with an increase of water content, since
the ionic interaction in the ion-pair of PIL is stronger at lower water content compared to
the water rich region.

The electric conductivity increases with the water content as observed for the decrease
in the viscosity. These trends can be interpreted as follows. With an increase in the water
content, the extent of hydration to the polar groups of the cation and of the anion increases;
thus the motional restriction of the ions interacting with the counter ion is loosened, which
leads to an enhancement of the mobility of ions.

In addition, by comparing with mono-amine type PIL of HHexam(Tf,N) in our pre-
vious work [26], larger electric conductivity is observed for HHexam(Tf,N) than
for HHexen(Tf,N) at the same water content. For example, the electrical conductiv-
ity of HHexam(Tf,N) is 2480 pS-cm™!, which is much larger than 972 pS-cm™' for
HHexen(Tf,N) at 7=308.15 K and wy,=0.74. This difference can be interpreted as

Table 3 Fitting parameters of E, and correlation coefficient R? from Eq. 7

Water content (wt%) 0.50% 0.95% 1.93% 3.02% 4.03% 5.14% 5.95%

E /kJ-mol™! 45 44 40 42 34 33 31
R? 0.9960 0.9978 0.9972 0.9887 0.9963 0.9985 0.9972
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resulting from the larger size of HHexen(Tf,N) than HHexam(Tf,N) due to the double-
amine headgroup [26].

3.4 Walden’s Rule

The Walden rule has been extensively used to assess the ionicity of ILs. The relationship
between molar conductivity and fluidity is described by the following Walden equation
[31]:

An=k (8)

log oA = logyon~" +log,ok &)

where A, 1, and k are the molar conductivity, dynamic viscosity, and a temperature-depend-
ent constant, respectively. In particular, the Walden rule represents a qualitative approach
to investigating the ‘ionicity’ of ILs [32]. The position of the ideal line was established
using an aqueous KCl solution at high dilution [33]. The molar conductivity (A) was calcu-
lated using the following equation and data are reported in Table S5):

A=c-M-p, (10)

where A, 6, M, and p are the molar conductivity, electric conductivity, molar mass, and
density, respectively. The Walden plots are described by the relationship between log;, A
and log,, 7! (Fig. 5). The Walden lines are approximately straight lines and the slopes are
in the range of 1.0+£0.1 for the water content range of 0.50-5.95%. They present a good
ionic character as the curves are all located in the range of AW = 0.5+0.2 (AW=log,,1/n
—log;, A) [34]. The ionicity shows an increasing trend with an increase of water content.
This trend is evident when the water content rises to approximately 4.0% (w,=1.0). Fur-
thermore, it is characteristic that at the lowest water content (0.5%). the dynamic prop-
erty AW has a value less than 0.5. This result is consistent with the other physical proper-
ties such as VE (Fig. 2a) and the Arrhenius plot for Inc (Fig. 4b), where the lowest water

Fig.5 Walden plots for 2.0
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content (0.5%) system indicates stronger ionic interactions in the ion-pair of PIL compared
to the other water richer systems.

3.5 Extraction of Co(ll) lons
3.5.1 Extraction Process

Additionally, as an application study, the hydrophobic HHexen(Tf,N) PIL was used to
extract Co(II) ion from a 100 mmol-kg‘1 CoCl, aqueous solution, since there are che-
late amines in the polar group of this IL. For the extraction experiment, equal volumes
(0.4 mL: 0.4 mL) of the aqueous CoCl, solution and HHexen(Tf,N) PIL were mixed
(Scheme 2a middle: upper layer for aqueous Co(Il) ion phase and lower phase for pure
HHexen(Tf,N)). The mixed solution immediately separated into a colorless aqueous layer
and clarlet colored HHexen(Tf,N) layer (Scheme 2a right: Co(Il) ions were extracted by
the HHexen(Tf,N) layer).

Then, 0.16 mL of solution was removed from the aqueous layer and diluted to the
25 mL in a volumetric flask. Finally, 1 mL of the diluted solution was prepared to measure
the concentration of Co(Il) ion; the concentration measured was 0.003 mg-L‘l.

For comparison, HHexam(Tf,N), the hexylmonoamine derivative was used to extract
Co(II) ions from its aqueous solution under the same conditions. However, no Co(II) ions
were transferred to the PIL layer. (Scheme 2c¢).

3.5.2 Solubility of Co(ll) Salt in PIL

The Co(Il) ion concentration of the water layer after the extraction by the PIL was meas-
ured using inductive coupled plasma emission spectrometry (the data of calibration curve
is shown in supporting information). The result showed that more than 99.5% of Co(II)
ions were transferred from the 100 mmol-kg~! aqueous layer to HHexen(Tf,N). This sug-
gests that HHexen(Tf,N) can extract CoCl, from its aqueous solution at high rate. In con-
trast, HHexam(Tf,N) could not extract Co(II) ions from the aqueous solution under the
same conditions and their color remained unchanged. This is because hexylammonium is
a monoamine and has no chelating effect on the extraction. On the other hand, a char-
acteristic of HHexen(Tf,N) is having a chelate ring (ethylenediamine) moiety; thus it is
advantageous to encapsulate transition metal ions, i.e., some Co(Il) complex is formed
(Scheme 2b). Therefore, the PIL with the chelating amine has an advantage to encapsulate
Co(II) ions compared to the monoamine type PIL.

3.5.3 Water Content

The water content of the Co(Il)/HHexen(Tf,N) layer was determined to be w,=2.0
(7.90%). This is higher than the maximum water content of pure HHexen(Tf,N) (6.53%,
wy=1.65). This may be due to the fact that the Co(II) complex is formed in the Co(II)/
HHexen(Tf,N) layer and it contains two water molecules. This suggests that the incorpora-
tion of the Co(I) ion leads to the formation of the Co(H,0),(Hexen), complex in the PIL
layer.
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4 Conclusion

Water dissolves in HHexen(Tf,N) up to the extent of 6.53%, despite HHexen(Tf,N)
being a hydrophobic PIL. The effects of water content on the physicochemical prop-
erties of hydrophobic HHexen(Tf,N) have been studied and shown to be interesting.
The ion-pair structure of dried (water content 0.50 wt%, wy=0.12) PIL is significantly
changed with an addition of a small amount (0.95%, w,=0) of water. The Walden lines
of HHexen(Tf,N) are all located in the range of AW = 0.5 +0.2. The ionicity increases
with an increase of water content and this trend is evident up to approximately wy=1.0.
The inductive coupled plasma emission spectrometry shows that more than 99.5% of the
Co(II) ions move from the 100 mmol-kg™' aqueous layer to the HHexen(Tf,N) PIL layer,
and the water content of the Co(II)/HHexen(Tf,N) PIL is wy=2.0, suggesting the for-
mation of the Co(H,0),(Hexen), complex in the PIL layer. In contrast, HHexam(Tf,N)
could not extract Co(II) ions from the aqueous solution under the same conditions.
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