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Abstract: The separation and recycling of catalyst and
cocatalyst from the products and solvents are of critical
importance. In this work, a class of functionalized ionic liquids
(ILs) were designed and synthesized, and by tuning the
hydrophilicity and hydrophobicity of cation and anion,
respectively, these ILs could reversibly transfer between water
and organics triggered upon undergoing a temperature change.
From a combination of multiple spectroscopic techniques, it
was shown that the driving force behind the transfer was
originated from a change in conformation of the PEG chain of
the IL upon temperature variation. By utilizing the novel
property of this class of ILs, a highly efficient and controllable
CuI-catalyzed cycloaddition reaction was achieved wherein the
IL was used to entrain, activate, and recycle the catalyst, as well
as to control the reaction.

Phase-transfer processes for two immiscible liquid phases
have been widely employed for various applications, such as
recycling of catalysts,[1] transfer of nanoparticles from a prep-
aration medium to an application medium,[2] and transport
across biological membranes.[3] Indeed, it is more important
to develop novel strategies for the use of an external stimulus
to induce the reversible phase transfer of a substance. For
example, Cole-Hamilton et al.[1a] reported that a rhodium
catalyst could move back and forth between aqueous and
toluene phases using CO2 as a trigger, and thus simplifying the
process for recycling and reusing the catalyst. Tan et al.[1d]

demonstrated a reversible phase transfer of a-cyclodextrin-
coated gold nanoparticles between aqueous and toluene
phases, and it could be controlled by UV-visible light. Tang
et al.[2b] reported a reversible phase transfer of CdTe nano-
particles between aqueous and toluene phases driven by
temperature, and Ludwigs et al.[4] found that polythiophenes
with a carboxylic acid group could reversibly transfer from the

water phase to a mixture of THF and CHCl3 by adjusting the
pH value of the solution.

In the last two decades, ionic liquids (ILs) have been
found widespread applications in chemical synthesis,[5] mate-
rials preparation,[6] biomass dissolution,[7] gas capture,[8]

energy production,[9] and separation science[10] because of
their unique properties,[11] such as ultralow vapor pressure,
wide liquid temperature range, nonflammability, high stabil-
ity, and tunable structure and property. Many efforts have
been made to realize product separation from IL-based
solvents by means of pressure,[12] temperature,[13] and CO2.

[14]

For example, Leitner et al.[12a] and Cheng et al.[12b] found that
a pressure-controlled supercritical CO2/IL system provides
superior advantages in product separation, catalyst recycling,
and reuse of the reaction media over traditional organic
solvents. Davis et al.[13a] and Wang et al.[13b] reported thermo-
driven liquid-solid separation by using an alkane sulfonic acid
IL as the solvent for esterification. Phase transfer of block
copolymer micelles,[15] nanogels,[16] and carbon nanotubes[17]

between H2O and hydrophobic ILs, triggered by temperature,
was also developed. ILs which exhibit phase separation in
molecular solvents, depending on temperature, were also
reported.[18] However, the separation and recycling of a cata-
lyst and co-catalyst from the products and IL-related solvents
still remain a key challenge. Therefore, searching for task-
specific ILs for sustainable processes of chemical reactions,
product separation, and catalyst and IL recycling is a long-
standing topic. Considering the fact that the most interesting
feature of ILs is that their structures and properties can be
fine-tuned by a judicious variation of the cation and anion, we
were interested in the creating of a class of thermo-responsive
ILs which can reversibly transfer between water and organic
phases to achieve easy separation and recycling of catalyst.

It is known that the bis(trifluoromethanesulfonyl)imide
anion ([NTf2]

¢) is a strongly hydrophobic ion,[19] whereas
poly(ethylene glycol) (PEG) is hydrophilic and has the ability
to dissolve ILs,[20] as well as to coordinate with metallic
organic salts[21] and inorganic salts.[22] In this work, a PEG unit
was functionalized on both ends with methylimidazolium
cations, and then paired with [NTf2]

¢ to form PEG-function-
alized ILs. By tuning the hydrophilicity of the cation with the
molecular weight of PEG against the hydrophobicity of the
anion, these ILs can reversibly transfer between water and
organic solvents triggered by temperature changes. Through
a combination of multiple spectroscopic techniques, the
mechanism for the phase transfer of the ILs between water
and ethyl acetate (EA) was investigated. In particular, this
unique phase behavior of the IL was applied to a CuI-
catalyzed alkyne–azide cycloaddition. Thus a highly efficient
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process was achieved by using ILs as the entrainer and
activator of the catalyst, as well as the controller of the
reaction. Additionally, the CuI and IL could be successfully
recycled.

A series of functionalized ILs [PEGm(mim)2][NTf2]2 (m =

200, 400, 600, 800, and 1000) were designed and synthesized,
and their chemical structures, as shown in Scheme 1, were

confirmed by IR and NMR spectroscopy and ESI-MS (see the
Supporting Information). The glass transition temperature
(Tg) and thermal decomposition temperature (Td) of these ILs
were determined and the results are listed in Table S1 (see the
Supporting Information). It was found that all these ILs were
liquid at room temperature (Tg<¢46 88C), and highly stable at
temperatures lower than 300 88C. Furthermore, it is clearly
indicated that the values of Tg and Td were not sensitive to the
molecular weight of the PEG chain.

The phase transfer of [PEGm(mim)2][NTf2]2 was examined
for aqueous and EA phases. It was found that [PEG200-
(mim)2][NTf2]2, [PEG400(mim)2][NTf2]2, and [PEG600(mim)2]-
[NTf2]2 could not undergo reversible phase transfer between
water and EA, and they preferred to stay in the EA. This
result can be rationalized from the assumption that the
hydrophilicity of these cations is not strong enough to
compete with hydrophobicity of the anion. It is known that
the hydrophilicity of PEGs increases with an increase of their
molecular weight.[23] Indeed, it was found that [PEG800-
(mim)2][NTf2]2 and [PEG1000(mim)2][NTf2]2 could transfer
from water to EA upon heating, and the ILs could almost
exclusively transfer from EA to water upon cooling. Thus,
reversible phase transfer of these functionalized ILs between
water and organics was achieved by tuning the hydrophilicity
and hydrophobicity of the cation and anion, respectively.

Here, as a representative example, [PEG1000(mim)2]-
[NTf2]2 could move back and forth between water and EA
by a change in temperature. When the two immiscible
solvents were mixed with the IL in one glass vessel,
a thermo-driven reversible phase transfer of the functional-
ized IL was observed upon heating and cooling (Figure 1). At
20 88C, a yellow solution (aqueous phase) was formed at the
bottom of the vessel (Figure 1a), while a colorless solution
(EA phase) formed on the top, thus indicating that the IL was
mainly present in the aqueous phase. When the temperature
was increased to 50 88C, the lower phase became colorless,
while the upper phase became yellow, thus indicating that the
IL is present almost exclusively in the EA phase (Figure 1b).

Importantly, the reversible phase transfer of this IL was
observed for a wide range of IL content (see Table S2).

The transfer was also proven by UV spectrum experi-
ments. It can be seen from Figure 2 that the typical

absorbance peak at l = 211 nm, which was assigned to the
imidazolium ring,[24] became very weak in water when the
temperature was increased from 20 to 50 88C. The opposite
behavior was observed in EA. It is shown that 99 wt % of the
IL preferred to stay in water at 20 88C, but 98 wt % of the IL
was transferred from water to EA at 50 88C. The phase transfer
of [PEG1000(mim)2][NTf2]2 between the aqueous and EA
phases could be repeated at least 10 times without signifi-
cantly altering the intensity and position of the IL peak in UV
spectrum. Therefore, this IL can undergo spontaneous,
quantitative, and reversible phase transfer between two
immiscible phases upon a change in temperature.

To gain a deeper insight into the phase transfer of the
functionalized ILs, the phase behavior of [PEG1000(mim)2]-
[NTf2]2 in neat water and EA was investigated at different
temperatures by dynamic light scattering (DLS) measure-
ments. Figure 3 shows the DLS size distribution as a function
of temperature. It can be seen that with an increase of
temperature, a sharp increase in the size of the aggregates was
observed in water at 35 88C, which is close to the phase-
transition temperature of the mixture (see Table S2). This
observation can be ascribed to the formation of IL aggregates
in water because of its decreased solubility.[1c] Thus, the
solubility of [PEG1000(mim)2][NTf2]2 in water decreased with
increasing temperature, and this is the typical phase behavior

Scheme 1. Structures of the functionalized ILs used in this work.

Figure 1. Photographs of the reversible phase transfer of [PEG1000-
(mim)2][NTf2]2 between aqueous and EA phases upon heating and
cooling. The IL was originally dispersed in water (15 wt% IL) at 20 88C.

Figure 2. UV-vis spectra of [PEG1000(mim)2][NTf2]2 before and after
phase transfer between H2O and EA upon heating (solid, 50 88C) and
cooling (dotted, 20 88C) as shown in Figure 1. The IL was originally
dispersed in water (15 wt% IL) at 20 88C. a) H2O. b) EA.
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of lower critical solution temperature (LCST) systems.[18a]

Additionally, no significant change in the DLS size distribu-
tion was observed for [PEG1000(mim)2][NTf2]2 in EA upon
cooling (see Figure S1), which indicates that the change of
solubility of the IL in EA was small upon change in
temperature. However, this IL could almost exclusively
transfer into the water phase upon cooling. Therefore, the
transfer of [PEG1000(mim)2][NTf2]2 between water and EA is
mainly related to the phase behavior of the IL in water.

In addition, we performed temperature-dependent FTIR
measurements for the mixture of [PEG1000(mim)2][NTf2]2 and
D2O (60 wt % IL) between 25 and 52 88C (Figure 4). Here,

D2O was used instead of H2O as the solvent to eliminate the
overlap of the broad O¢H stretching of H2O with the C(4,5)¢
H and C(2)¢H stretching of the imidazolium ring in the 3700–
3000 cm¢1 range. For the pure IL at 25 88C, it was shown that
the peaks at 3153 and 3114 cm¢1 could be assigned to C(4,5)¢
H and C(2)¢H stretching, respectively, of the imidazolium
ring, while those at 2871 and 1093 cm¢1 could be assigned to
C¢H stretching of the PEG chain with a helical conformation
and C-O-C stretching of the PEG chain, respectively (see
Figure S2).[25] When mixed with D2O at 25 88C, the original
peak at 2871 cm¢1 for the pure IL was shifted to 2882 cm¢1

and a new peak was observed at 2918 cm¢1, which was
assigned to C¢H stretching for the PEG chain having
a random-coil conformation resulted from the formation of
water molecules having well-ordered structures around the
hydrophobic segments (CH2CH2) of the PEG chain.[25e] In

addition, it was found that once the temperature was
increased from 25 to 52 88C, the change in stretching vibrations
of C(4,5)¢H, C(2)¢H, and C-O-C was very small (see
Figure S2). However, the ratio of the IR absorbance at
2918 cm¢1 to that at 2882 cm¢1, A2918/A2882, showed an obvious
decrease with the increase of temperature, thus indicating
that the relative proportion of the random-coil conformation
of the PEG chain decreased. This change led to the loss of
ordered water around the CH2CH2 groups of the PEG chain
with increasing temperature (see Figure S3),[25f] and thus
phase transition of the IL from water to EA. To study the
isotopic effect, we performed temperature-dependent FTIR
measurements for the mixture of [PEG1000(mim)2][NTf2]2 and
H2O (60 wt % IL) in the same range of temperature, and
a similar temperature dependence was observed (see Figur-
es S4–S6).

To further elucidate the mechanism of the thermo-
responsive behavior of the ILs, temperature-dependent
1H NMR spectroscopy was used to understand the phase
behavior of [PEG1000(mim)2][NTf2]2 in D2O at a given con-
centration of 15 wt % IL (Figure 5). For the aqueous IL at

20 88C, the typical peaks at d = 8.67, 7.45, and 7.35 ppm could
be assigned to C(2)¢H and C(4,5)¢H of the imidazolium ring,
while the peaks at d = 3.82 and 3.59 ppm could be assigned to
hydrogen atoms of CH3 and (CH2CH2O)n of the PEG chain,
respectively. Here, the chemical shifts were reported with
reference to residual water resonance at d = 4.69 ppm. It is
clearly indicated that with the increase of temperature all the
typical proton peaks of the IL were shifted downfield, and
suggests that the interactions between (CH2CH2) segments of
the PEG chain and water decreased while those between the
cation and anion of the IL increased.[26] As temperature was
increased from 20 to 32 88C, the typical peaks remain sharp,
thus indicating the high solubility of the IL in water.[26b]

However, when the temperature was increased to 35 88C, the
change in the peak intensities of C(2)¢H and C(4,5)¢H was
small (Figure 5a), but the peaks corresponding to the PEG
chain began to broaden and their intensities were significantly
decreased (Figure 5 b). This change probably also results from
the conformation change of the PEG chain, thus leading to
the loss of ordered water around them as the temperature
increases.[26c] Unlike the characteristics in water, the peaks of

Figure 3. Number-average size distribution of [PEG1000(mim)2][NTf2]2 in
H2O (15 wt% IL) observed by DLS as a function of temperature.

Figure 4. Temperature-dependent FTIR spectra of [PEG1000(mim)2]-
[NTf2]2 in D2O (60 wt % IL) during heating from 25 to 52 88C compared
with pure IL at 25 88C.

Figure 5. Temperature-dependent 1H NMR spectra of [PEG1000(mim)2]-
[NTf2]2 in D2O (15 wt % IL).
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the IL in EA showed almost no change in the temperature
range investigated, which indicates that the interactions
between the IL and EA are not sensitive to the change of
temperature (see Figure S7). These results are consistent with
the FTIR analysis.

Similar to the transfer between water and EA, the transfer
of [PEG1000(mim)2][NTf2]2 between water and other organic
solvents was also studied. It was shown that the other
hydrophobic esters and alcohols were also effective organic
solvents. For example, we found that [PEG1000(mim)2][NTf2]2

could transfer from water to hexyl alcohol after stirring for
5 minutes at 50 88C, and the IL could transfer back to water
upon cooling to 20 88C.

The copper-catalyzed Huisgen 1,3-dipolar cycloaddition
reaction of organic azides and terminal alkynes, also known as
a click reaction, has become one of the most important
reactions for the preparation of 1,2,3-triazoles. Although CuX
(X = Br, I, etc) is an active catalyst for the reaction, it usually
has to be used together with a nitrogen-containing ligand,
which is difficult to recycle.[27] In addition, the complicated
product separation by chromatography on silica gel also
remains a problem.[28] Herein, our functionalized ILs were
used as the entrainer and activator of CuI, because of the
coordination property of PEG with metallic salts, to catalyze
the reaction in EA at 50 88C. Then the IL + CuI were separated
from the reaction system and transferred spontaneously to the
water phase upon cooling to 20 88C (see the Experimental
Section in the Supporting Information). As a representative
example, the product 1-benzyl-4-phenyl-1,2,3-triazole
remained in EA and was obtained through rotary evaporation
under reduced pressure, and was identified by 1H NMR
spectroscopy (see Figure S8). The yield was 95%. Then, IL +

CuI could be conveniently transferred back to EA through
heating. Once new substrates were added in the organic
phase, the same reaction took place again. In addition, it is
feasible to use this strategy to quench the catalytic reaction at
will by removal of IL + CuI from EA upon cooling. Such an
interesting result indicates that this unique property of the IL
could be used to control reactions. Figure 6 shows such
a reaction and separation process in the preparation of 1-
benzyl-4-phenyl-1,2,3-triazole, as well as the recovery and
recycling of the IL + catalyst, all of which is quite difficult to
do in conventional chemical processes. It was found that after
five recycles, the leaching of the IL and CuI was about 7–9%
and 3 %, as determined by 1H NMR spectroscopy and flame
atomic absorption spectrometry, respectively. The yield of the
isolated product became 81 % at this time. In addition, it was
found that the reaction did not work under similar exper-
imental conditions without [PEG1000(mim)2][NTf2]2, and the
yield was only 5 %. Obviously, the PEG-functionalized ILs
reported here could be used as the entrainer and activator of
the catalyst as well as the controller of the reaction.

To extend the scope with respect to the substrates, other
terminal alkynes containing hydrophilic groups, such as 1-
ethynyl-1-cyclohexanol, 2-phenyl-3-butyn-2-ol, propiolic
acid, and 5-hexyn-1-ol, were used to react with benzyl azide
in a Huisgen 1,3-dipolar cycloaddition reaction. The products
were confirmed by 1H NMR spectroscopy (see Figures S9–
S12), and the yields of the isolated products were 88–94 %.

Furthermore, [PEG1000(mim)2][NTf2]2 and CuI were success-
fully recycled through temperature-mediated reversible
phase transfer.

In conclusion, by tuning the hydrophilicity and hydro-
phobicity of the cation and anion, respectively, we have
designed and prepared a class of functionalized ILs which
exhibit reversible phase transfer between water and organics
triggered by temperature changes. From temperature-depen-
dent FTIR, 1H NMR spectroscopy and DLS measurements, it
was found that the driving force for the transfer originated
from the change in conformation of the PEG chain with
temperature. Furthermore, a highly efficient and controllable
CuI-catalyzed alkyne–azide cycloaddition reaction was ach-
ieved in EA at 50 88C by using the IL as the entrainer and
activator of the catalyst as well as the controller of the
reaction. The CuI + IL could be successfully recycled by
changing the temperature. To the best of our knowledge, this
is the first example of functionalized ILs being used to
entrain, activate and recycle the catalyst, and to control the
reaction. The strategy developed in this work opens the door
to achieving highly efficient separation and recycling of
catalyst systems from products and solvents. In addition, this
completely new mode for phase transfer could have potential
applications in a wide range of fields such as advanced
materials preparation, separation science, and nanotechnol-
ogy.
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Figure 6. a) Reaction between benzyl azide and phenyl acetylene
catalyzed by CuI in the presence of [PEG1000(mim)2][NTf2]2. b) The
reaction and separation procedures for (a).
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