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COMPOUNDS, COMPLEXES, COMPOSITIONS, METHODS AND SYSTEMS
FOR HEATING AND COOLING

STATEMENT OF GOVERNMENT INTEREST
[0001] This invention was made with government support under Award No.
DE-AR0000119 awarded by the Department of Energy. The government has certain rights

mn the invention.

BACKGROUND OF THE INVENTION

[0002] Hydrofluorocarbon (HFC) refrigerants such as 134a have long been
used to provide cooling using vapor compression cycles. However, these and many other
commonly used refrigerants have deleterious environmental effects. Carbon dioxide, on
the other hand, provides a much more environmentally friendly option for vapor
compression cooling and heating. However, the pressures required to incorporate CO; in
existing vapor compression systems, and the inefficiency of these systems have slowed the
transition from HFC refrigerant based systems to CO, based vapor compression cooling
systems. Accordingly, there remains a need for environmentally friendly and efficient
cooling systems. Embodiments disclosed herein are designed to address these needs, and

provide additional benefits to the heating and cooling industry.

SUMMARY OF THE INVENTION

[0003] In some embodiments, there is provided compounds, complexes and
compositions comprising an ionic liquid (IL) and CO,, which are suitable for use in
methods and systems for heating and/or cooling.

[0004] In some embodiments, there is provided a method for identifying an
ionic liquid that is suitable [or use in a vapor compression healing or cooling system.

[0005] In some embodiments, there is provided a vapor compression system,
which utilizes an ionic liquid and CO, refrigerant mixture.

[0006] In some embodiments, there is provided a co-fluid comprising an ionic
liquid and CO..

[0007] In some embodiments, the methods and systems disclosed herein
combine efficiency and low GWP (global warming potential) of CO, cycles with low

operating pressures of conventional cycles.
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[0008] In some embodiments, there is provided a method for cooling an
enclosed space. In some embodiments, there is provided a method for heating an enclosed
space.

[0009] In some embodiments, there is provided a system that provides cooling
by compressing a mixture of an ionic liquid and CO., cooling the mixture, lowering the
pressure of the mixture, and contacting an enclosed space with the mixture.

[0010] In some embodiments, the systems utilize a single compression device.
In some embodiments, the single compression device is a co-compression device. In some
embodiments, the systems disclosed herein utilize a plurality of compression devices
wherein the gas and liquid are not in the same compression device. In some embodiments
the compression device is designed specifically for the compounds, complexes and
compositions described herein.

[0011] In some embodiments, the device has an entrance geometry, which
maximizes the contact between the ionic liquid and CO;. In some embodiments, the
device has an entrance geometry that permits the ionic liquid and CO, to be in close
thermal equilibrium during the compression step.

[0012] In some embodiments, there is provided a system, which is designed to
ensure that the gas to liquid ratio is optimized just before expansion.

[0013] In some embodiments noted above and elsewhere herein, at least a
portion of the composition comprising an ionic liquid and CO, may be replaced by a
composition wherein the anion of the ionic liquid has a CO, substituent bound thereto. In
some embodiments the composition comprising an ionic liquid and CO, may be
alternatively described as a composition comprising an ionic liquid in which the anion of the

ionic liquid has a CO; substituent bound thereto

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 is a schematic of a compression cooling system.
[0015] Figure 2 depicts the Coefficient of Performance (COP) as a function of
the compressor inlet pressure for fluids with different heats of reaction.
[0016] Figure 3 depicts the Density Functional Theory (DFT) optimized
geometries of selected pyrrolide compounds bound to carbon dioxide.
[0017] Figure 4 depicts the DFT optimized geometries of selected pyrazolides

compounds bound to carbon dioxide.
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[0018] Figure S depicts the DFT optimized geometries of selected imidazolides
compounds bound to carbon dioxide.

[0019] Figure 6 depicts the DFT optimized geometries of selected disubstituted
imidazolide compounds bound to carbon dioxide.

[0020] Figure 7 depicts the DFT optimized geometries of selected indolides
compounds bound to carbon dioxide.

[0021] Figure 8 depicts the DFT optimized geometries of selected carboxylate,

phenoxide and alkoxide compounds bound to carbon dioxide.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0022] One skilled in the art will appreciate that any of the ionic liquids
described herein can be used in any of the complexes, compounds, compositions, methods
or systems described herein.

[0023] In some embodiments, there is provided compounds, complexes and
compositions comprising an ionic liquid and CO,, which are suitable for use in methods
and systems for heating and/or cooling. In some embodiments, there is provided
compounds, complexes and compositions comprising an ionic liquid and CO,, which are
suitable for use in methods and systems for vapor compression heating and/or cooling.

[0024] In some embodiments, there is provided a method for identifying an
ionic liquid that is suitable for use in a vapor compression heating or cooling system.

[0025] In some embodiments, there is provided a vapor compression system,
which utilizes an ionic liquid and CO, refrigerant mixture.

[0026] In some embodiments, there is provided a co-fluid comprising an ionic
liquid and CO..

[0027] In some embodiments, the methods and systems disclosed herein
combine efficiency and low GWP of CO; cycles with low operating pressures of
conventional cycles.

[0028] In some embodiments, the ionic liquids that are suitable for use in the
systems and methods disclosed herein are identified by their ability/inability to physically
uptake CO, or chemically interact with CO..

[0029] In some embodiments, the ionic liquids that are suitable for use in the
systems and methods disclosed herein demonstrate the ability to physically uptake CO, and
also chemically bind CO,.



WO 2015/048765 PCT/US2014/058366

[0030] In some embodiments, there is provided a method for identifying an
ionic liquid that is suitable for use in a vapor compression heating or cooling system (e.g.,
a heat pump).

[0031] In some embodiments, there is provided a method for identifying an
ionic liquid that is suitable for use in a vapor compression cooling system.

[0032] In some embodiments, the ionic liquids suitable for use in the systems
and methods described herein, exhibit some chemical affinity for CO,. In some
embodiments, the ionic liquids suitable for use in the systems and methods disclosed herein
demonstrate a downward curvature in their isothermal CO, uptake with pressure plots.

[0033] In some embodiments, the isotherm curvature is a signature for
formation of a chemical association or chemical bond between CO, and the ionic liquid. In
some embodiments, the magnitude of the isotherm curvature is a measure of the strength,
or enthalpy, of that chemical bond. The strength of the chemical bond can be measured in
various ways in the laboratory and can also be estimated computationally.

[0034] In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein have a CO, binding enthalpy of from about (-)20
kJ/mol to about (-)40 kJ/mol. In some embodiments, the ionic liquids that are suitable for
use in the methods and systems disclosed herein have a CO, binding enthalpy of from
about ()25 kJ/mol to about (-)35 kJ/mol.

[0035] In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein comprise an anion that is able to provide a CO,
binding enthalpy of from about (-)20 kJ/mol to about (-)40 kJ/mol. In some embodiments,
the ionic liquids that are suitable for use in the methods and systems disclosed herein
comprise an anion selected from azolide, phenoxide, alkoxide, and carboxylate.

[0036] In some embodiments, the ionic liquids suitable for use in the methods
and systems disclosed herein include one or more substituents on the anion sclected from
cvano, fluoro, chloro, nitro, alkyl, carbaldehyde and trifluoromethyl. In some
embodiments, the substituent is selected based on its ability to provide a CO, binding
enthalpy of from about (-)20 kJ/mol to about (-)40 kJ/mol.

[0037] In some embodiments, the ionic liquid anion suitable for use in the
complexes, compositions, methods and systems disclosed herein comprises an azolide, or

aprotic heterocyclic anion (AHA), including, but not limited to, those represented by
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Formulas I, II, Ia, and Ila below. In some embodiments, the ionic liquid anion suitable for
use in the complexes, compositions, methods and systems disclosed herein is selected from
pyrrolide, pvrazolide, imidazolide, triazolide, benzimidazolide, and indolide. In some
embodiments, the ionic liquid anion selected from pyrrolide, pyrazolide, imidazolide,
triazolide, benzimidazolide, and indolide includes one or more substituents selected from
alkyl, cyano, fluoro, chloro, nitro, and trifluoromethyl. In some embodiments, the ionic
liquid anion comprises 4-nitropyrazolide.

[0038] In some embodiments, the ionic liquid anion suitable for use in the
complexes, compositions, methods and systems disclosed herein comprises a phenoxide
anion and an one or more substituents selected from alkyl, cyano, fluoro, chloro, nitro, and
trifluoromethyl. In some embodiments, the ionic liquid suitable for use in the complexes,
compositions, methods and systems comprises a carboxylate (e.g., acetate or lactate)
anion.

[0039] In some embodiments, the ionic liquid suitable for use in the complexes,
compositions, methods and systems disclosed herein comprises an alkoxide (e.g.,
methoxide or t-butoxide) anion and one or more substituents selected from alkyl, cyano,
fluoro, chloro, nitro, ester, and trifluoromethyl.

[0040] In some embodiments, the ionic liquid suitable for use in the complexes,
compositions, methods and systems disclosed herein possesses a cation selected from
phosphonium, ammonium, pyrrolidinium, imidazolium, sulfonium, thiouronium,
thiolanium, thiophenium,, and pyridinium. In some embodiments, the ionic liquid suitable
for use in the complexes, compositions, methods and systems possesses a phosphonium
cation.

[0041] Tonic liquids for use in the compositions and methods disclosed herein
include those disclosed in WO 2011/056895, which is hereby incorporated by reference in

its entirety. Certain preferred ionic liquids comprise an anion represented by a formula (I):
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[0042]  wherein X is N; A is N or CH; E is N or CH; and R' and R* are
independently H, fluoro, chloro, bromo, ester, CN, CHO, NO,, CF;, or C,s hydrocarbyl.
In certain preferred embodiments, none or one or both of R' or R” is a substituent other
than H. In some preferred embodiments, R' and R* are independently H, fluoro, chloro,
bromo, NO,;, CHO, or methyl. In some preferred embodiments, C,.s hydrocarbyl is
methyl, and in others it can be methyl and/or ethyl.

[0043] Other preferred ionic liquids comprise an anion represented by the

formula (IT):

_ . _
] R®
Y
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\
N R®
RIO
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[0044]  wherein G is CH; J is CH; and R’, R®, R’, and R" are independently H,
fluoro, chloro, bromo, ester, CN, CHO, NO,, CF;, or Cis hydrocarbyl. In certain
preferred embodiments none or one of R’, R®, R’, or R'is a substituent other than H. In
some preferred embodiments, R’, R®, R°, and R' are independently H, fluoro, chloro,
bromo, NO,, CHO, or methyl. In some preferred embodiments, C.s hydrocarbyl is methyl,
and in others it can be methyl and/or ethyl.

[0045] In other embodiments, preferred ionic liquids comprise an anion
according to formula (Ia), wherein X is N, A is N, N-CO,, or CH; E is N, N-CO,, or CH;
and R' and R? are independently H, fluoro, chloro, bromo, ester, CN, CHO, NO,, CF;, or
Ci hydrocarbyl:

Co,
R! /
N\
)
E
R2

— — (1a).
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[0046] In certain preferred embodiments, none or one or both of R' or R*is a
substituent other than H. In some preferred embodiments, R' and R’ are independently H,
fluoro, chloro, bromo, NO, CHO, or methyl. In some preferred embodiments, Ci
hydrocarbyl is methyl, and in others it can be methyl and/or ethyl.

[0047] In other embodiments, preferred ionic liquids comprise an anion
according to formula (ITa), wherein G is CH; J is CH; and R’, R®, R’, and R" are
independently H, fluoro, chloro, bromo, ester, CN, CHO, NO,, CF;, or C;4 hydrocarbyl:

R’ )
/ )
G/
\N
RO
/
0,C RO

— —  (lla)

[0048] In certain preferred embodiments none or one of R’, R®, R, or R"is a
substituent other than H. In some preferred embodiments, R’, R®, R’, and R" are
independently H, fluoro, chloro, bromo, NO, CHO, or methyl. In some preferred
embodiments, C;_¢ hydrocarbyl is methyl, and in others it can be methyl and/or ethyl.

[0049] Possible cations of the ionic liquid include organic and inorganic
cations. Examples of cations include quaternary nitrogen-containing cations, phosphonium
cations, and sulfonium cations. Suitable cations include those disclosed in U.S. Pat. No.
7,053,232 and US Publication No. 2005/0131118, the disclosures of which are hereby
incorporated by reference in their entireties. Examples of quaternary nitrogen-containing
cations include, but are not limited to, cyclic, aliphatic, and aromatic quaternary nitrogen-
containing cations such as n-alkyl pyridinium, a dialkyl pyrrolidinium, a dialkyl
imidazolium, or an alkylammonium of the formula R’y xNHx wherein X is 0-3 and each R’
is independently an alkyl group having 1 to 18 carbon atoms. In some embodiments,
unsymmetrical cations may provide lower melting temperatures. Examples of
phosphonium cations include, but are not limited to, cyclic, aliphatic, and aromatic
phosphonium cations. For example, the phosphonium cations include those of the formula

R",xPHx wherein X is 0-3, and each R" is an alkyl or aryl group such as an alkyl group
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having 1 to 18 carbon atoms or a phenyl group. Examples of sulfonium cations include,
but are not limited to cyclic, aliphatic, and aromatic sulfonium cations. For example, the
sulfonium cations include those of the formula R""; xSHx wherein X is 0-2 and each R" is
an alkyl or aryl group such as an alkyl group having 1 to 18 carbon atoms or a phenyl
group. Additional more specific examples may include, but are not limited to, ammonium,
imidazolium, phosphonium, 1-butyl-3-methylimidazolium, 1-decyl-3-methylimidazolium,
1-dodecyl-3-methylimidazolium, 1-ethyl-3-butyl imidazolium, 1-hexyl-3-
methylimidazolium, 1-hexylpyridinium, 1-methy-3-butyl imidazolium, 1-methy-3-decyl
imidazolium, 1-methy-3-dodecyl imidazolium, 1-methy-3-ethyl imidazolium, 1-methy-3-
hexadecyl imidazolium, 1-methy-3-hexyl imidazolium, 1-methy-3-octadecyl imidazolium,
1-methy-3-octyl imidazolium, 1-methy-3-propyl imidazolium, 1-octyl-3-
methylimidazolium, 1-octylpyridinium, benzyl pyridinium, N-butyl pyridinium, ethyl
pyridinium, and ethylene pyridinium. Other examples of suitable cations are known in the
art. For example, US2006/0197053, US2008/0028777, and US2007/0144186, all of which
are incorporated by reference in their entireties, describe a number of suitable cations, and
any of these cations may be used with an anion described herein.

Systems and Methods

[0050] In some embodiments, there is provided a system that provides cooling
by compressing a mixture of an ionic liquid and CO,, cooling the mixture, lowering the
pressure of the mixture, and contacting an enclosed space with the mixture.

[0051] In some embodiments, the systems disclosed herein utilize a single
compression device. In some embodiments, the single compression device is a co-
compression device. In some embodiments, the systems disclosed herein utilize a plurality
of compression devices wherein the gas and liquid are not in the same compression device.
In some embodiments the compression device is designed specifically for the compounds,
complexes and compositions described herein.

[0052] In some embodiments, the device has an entrance configuration to the
compression step that includes a “static mixer” that maximizes the contact between the
ionic liquid and CO; and permits the ionic liquid and CO; to be in close thermal
equilibrium during the compression step

[0053] In some embodiments, there is provided a system, that is designed to

ensure that the gas to liquid ratio is optimized just before expansion. In some
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embodiments, the gas is substantially absorbed into the ionic liquid, so that no “extra” gas
(ie., gas that does not contribute efficiently to cooling) is pumped around the cycle. In
some embodiments, the ionic liquid is substantially saturated with CO; just before the
expansion. In some embodiments, an optimized gas to liquid ratio provides for an
optimally efficient system.

[0054] As exemplified in Figure 1, some embodiments disclosed herein provide
systems which provide cooling by compressing an IL-CO, mixture to a designated
pressure (step 3-4), cooling this mixture (4 to 5 and 5 to 6) which effects dissolution of the
CO; in the IL and reversible chemical complexation between the IL and CO,, lowering the
pressure (6 to 1), which causes spontaneous devolving of CO, from the liquid phase which
cools the liquid, and a heat exchange step (1 to 2) where the cold mixture is contacted
with air that is inside, that it is desired to cool. In some embodiments, the systems
disclosed herein may be incorporated in a refrigerator.

[0055] Some embodiments provide a IL-CO: co-fluid cycle which operates
efficiently at lower pressures than conventional CO, based systems.

[0056] In some embodiments, the systems disclosed herein operate at a cold-
side fluid temperature of 0 deg. C (32 deg. F) and a hot side temperature of at least 40
deg. C. In some embodiments, the systems disclosed herein operate at a maximum
pressure of 32 ATM (450 PSI). In some embodiments, the components of the system are
designed to meets these specifications. In some embodiments, the energy efficiency of the
cycle is dependent upon the compression ratio that is the outlet pressure of the compressor
to the inlet pressure of the compressor as the power to compress increases by a power law
relation with pressure. In some embodiments, the compression ratio is from about 2:1 to
10:1. In some embodiments, the compression ratio is from about 2:1 to 5:1. In some
embodiments, the compression ratio is from about 2.5:1 to 3:1.

[0057] In some embodiments, the pressure of the mixture is lowered to from
25 ATM to about 4 ATM, during expansion, including about 25 ATM to 8 ATM. In
some embodiments, the extent to which the pressure is lowered during expansion is
determined by the chemical properties of the fluid. In some embodiments, the low
pressure is used to desorb the CO, from the ionic liquid. In some embodiments, the

pressure during expansion is selected to cause the greatest possible desorption of CO»
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from the liquid (which is encouraged by lower pressure), while not leading to overly-large
heat exchanger volumes.

[0058] In some embodiments, the expansion step generates the cooling. In
some embodiments, the expansion step operates roughly between the higher and lower
pressures described hereinabove.

[0059] In some embodiments, the thermodynamic change from the high
pressure to the low pressure provides at least (-)12 deg. C of temperature change for the
entire mixture. In some embodiments, at least (-)12 deg. C of temperature change is
necessary for the device to be able to reach the required temperature specification.

[0060] Without being bound by any theory, it is believed that cooling efficiency
is a trade-off between the heat of reaction (a larger heat of reaction absorbs more heat and
provides more cooling) and the change in moles of CO, between the liquid and gas phases.
A higher heat of reaction causes less CO, to uncomplex and change phase.

[0061] The graph depicted in Figure 2 demonstrates that a cycle that operates
with heat of reaction between (-) 25kJ/mol and (-)30 kJ/mol provides an appropriate
balance between the change of moles and heat of reaction.

[0062] In some embodiments, the heat capacity of the ionic liquid impacts the
thermodynamic change from the high pressure to the low-pressure stages of the cycle. In
some embodiments, the necessary temperature drop is difficult to achieve when the heat
capacity of the ionic liquid reaches a certain level. In some embodiments, the necessary
temperature drop is difficult to achieve when the heat capacity of the ionic liquid exceeds
400 J/(mol-K). In some embodiments, the ionic liquids suitable for use in the compounds,
complexes, compositions, methods or systems disclosed herein have a heat capacity of less
than 400 J/(mol-K). In some embodiments, the ionic liquids suitable for use in the
compounds, complexes, compositions, methods or systems have a heat capacity of less
than 300 J/(mol-K).

[0063] In some embodiments, gas desorption from the ionic liquid will not
occur efficiently if the viscosity of the ionic liquid is too high. In some embodiments, if the
gas desorption does not occur efficiently, the cooling may not be adequate.

[0064] In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein can be identified by the change in viscosity that

occurs after exposure to CO,. In some embodiments, the ionic liquids that are suitable for

-10-
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use in the methods and systems disclosed herein provide a viscosity of not greater than 400
cP at room temperature, afier exposure to CO,. In some embodiments, the ionic liquids
that are suitable for use in the methods and systems disclosed herein provide a viscosity of
not greater than 350 cP at room temperature, after exposure to CO,. In some
embodiments, the ionic liquids that are suitable for use in the methods and systems
disclosed herein provide a viscosity of not greater than 300 ¢P at room temperature, after
exposure to CO,. In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein provide a viscosity of not greater than 250 cP at
room temperature, after exposure to CO,. In some embodiments, the ionic liquids that are
suitable for use in the methods and systems disclosed herein provide a viscosity of not
greater than 200 cP at room temperature, after exposure to CO,. In some embodiments,
the ionic liquids that are suitable for use in the methods and systems disclosed herein
provide a viscosity of not greater than 150 cP at room temperature, after exposure to CO,.
In some embodiments, the ionic liquids that are suitable for use in the methods and systems
disclosed herein provide a viscosity ol not greater than 150 ¢P at room temperature, afler
exposure to CO,. In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein provide a viscosity of not greater than 100 cP at
room temperature, afler exposure to CO,. In some embodiments, the ionic liquids that are
suitable for use in the methods and systems disclosed herein provide a viscosity of not
greater than 75 cP at room temperature, after exposure to CO.. In some embodiments,
the ionic liquids that are suitable for use in the methods and systems disclosed herein
provide a viscosity of not greater than 60 cP at room temperature, after exposure to CO..
In some embodiments, the ionic liquids that are suitable for use in the methods and systems
disclosed herein provide a viscosity of not greater than 50 ¢P at room temperature, after
exposure to CO,. In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein provide a viscosity of not greater than 40 cP at
room temperature, after exposure to CO,.

[0065] In some embodiments, the compositions described herein further
comprise an additive. In some embodiments, the additive is an agent that improves the
flowability of the composition (e.g., a viscosity modifying agent). In some embodiments,

the additive comprises tetraglyme.

-11-
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[0066] In some embodiments, the ionic liquids that are suitable for use in the
methods and systems disclosed herein do not contain an amine substituent.

[0067] The invention will be described in greater detail by way of specific
examples. The following examples are offered for illustrative purposes and are not
intended to limit the invention in any manner. Those skilled in the art will readily
recognize a variety of noncritical parameters, which can be changed or modified to vield
essentially the same results.

Examples

[0068] Tonic liquid (IL) capture of carbon dioxide is usually driven by the
binding affinity of the anion for the carbon dioxide molecule. To screen for potential ionic
liquids suitable for use in CO; capture, the enthalpy of CO; binding to the respective anion
of the IL is calculated. For the preliminary computational calculations, a Density
Functional Theory (DFT) method at PBE/aug-cc-pvtz level of theory as implemented in
Gaussian 09 is used. Enthalpy of a molecule or atom at 298 K is calculated as the sum of
electronic and thermal enthalpies. Taking the difference between the enthalpy of the
reactants and products provides the enthalpy of a reaction. For certain ILs, the enthalpy
for CO; binding is measured.

[0069] Different parent compounds may be used, including: pyrrolide,
pyrazolide, imidazolide, indolide, alkoxides and carboxylates. The effects of different
functional groups as substituents for these parent compounds are analyzed. The functional
groups examined include nitro, cyano, fluoro, chloro, bromo, formyl, trifluoromethyl, and
methyl. For certain compounds, the effect of more than one substituent on the parent
compound is also calculated. The results of each parent compound and its derivatives are
presented separately below in the following examples.

Example 1

[0070] Table 1 (below) describes the DFT calculated binding enthalpy of
pyrrolides with carbon dioxide. There are two types of experimental values, one from
isotherm plot and the other through calorimetric method. The distance between the
binding nitrogen and carbon dioxide is measured in A, which is presented in the table as N-
C distance.

[0071] The data described in Table 1 demonstrates that the most stable binding

energy is for the parent compound, pyrrolide, and 3-methyl pyrrolide, and the pyrrolide

-12-
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with least binding energy is 2-nitropyrrolide. Substitution of a methyl substituent at
position 3 did not change the binding enthalpy with respect to the parent compound
pyrrolide. The isomer of 3-methyl pyrrolide with the substituent at position 2 has a
binding energy of -96 kJ/mol. Through-space interaction between the methyl group and
CO> might be a contributing factor in the slight difference in enthalpy. Replacing the
methyl group by trifluoromethyl group decreases the binding enthalpy by 30 kJ/mol for
position 2 and by 51 kJ/mol for position 3. This difference is due to the varying
interactions of CO; with protons and fluorine atoms in the substituents. DFT calculated

enthalpy of 2-cyanopyrrolide is -45 kJ/mol, which is consistent with the isothermal and

calorimetric measured values of -45 and -46 kJ/mol respectively.

Table 1
Compound Substituent position AH in kJ/mol
N-C PBE/a
distance | ug-cc-
2 3 4 5 (A) pviz Isothermal | Calorimetric
Pyrrolide H H H H 1.540 -105
2-Nitropyrrolide NO, H H H 2.753 -24
3-Nitropyrrolide H NO, H H 1.586 -57
2-cyanopyrrolide CN H H H 1.583 -45 -45 -46
3-cyanopyrrolide CN H H 1.576 -66
2-fluoropyrrolide F H H H 1.587 -57
3-fluoropyrrolide F H H 1.545 -98
2-chloropyrrolide Cl H H H 1.595 -50
3-chloropyrrolide H Cl H H 1.554 -87
2-bromopyrrolide Br H H H 1.593 -47
3-bromopyrrolide H Br H H 1.556 -83
Pyrrolide-2-carbaldehyde CHO H H H 1.587 -50
Pyrrolide-3-carbaldehyde H CHO H H 1.568 -71
2-trifluoromethylpyrrolide CF, H H H 1.599 -44
3-trifluoromethylpyrrolide H CF, H H 1.564 -75
2-methylpyrrolide CHj; H H H 1.542 -96
3-methylpyrrolide H CH; H H 1.538 -105

Example 2

[0072] Table 2 (below) describes the DFT calculated binding enthalpy of

pyrazolides with carbon dioxide. There are two types of experimental values, one from
isotherm plot and the other through calorimetric method. There are two binding sites for

the pyrazolides with substituents at position three, and the sterically hindered binding site

-13-



WO 2015/048765

PCT/US2014/058366

is labeled secondary. The distance between the binding nitrogen and carbon dioxide is
measured in A, which is presented in the table as N-C distance.

[0073] Similar to pyrrolides, pyrazolides also show the same trend in the
binding enthalpy where the methyl group has the most stabilizing effect and nitro has the
least stabilizing effect. The enthalpy is similar for substituents at positions 3 and 4. The
only difference is when CO, binds to the secondary binding site of substituted pyrazolides

at position 3, wherein the steric hindrance by the substituents has a dramatic influence on

the binding energy
Table 2
PBE/aug-cc- Isother | Calori
Compound Substituent position | N-C dist. (A) pvtz mal metric
3 4 5 1° 2° 1° 2° AH in kJ/mol
Pyrazolide- H H H 1.582 -82
3-nitropyrazolide NO, H H 2.725 1.661 -39 16
4-nitropyrazolide H NO, H 1.659 -37 -28
3-cyanopyrazolide CN H H 1.649 1.654 -45 -24
4-cyanopyrazolide H CN H 1.645 -44
3-fluoropyrazolide F H H 1.589 1.654 -74 -40
4-fluoropyrazolide H F H 1.590 -76
3-chloropyrazolide Cl H H 1.600 1.672 -64 -31
4-chloropyrazolide H Cl H 1.601 -66
3-bromopyrazolide Br H H 1.604 1.676 -61 -31
4-bromopyrazolide H Br H 1.604 -63
pyrazolide-3-carbaldehyde CHO H H 1.630 1.633 -51 -30
pyrazolide-4-carbaldehyde H CHO H 1.639 -46
3-trifluoromethylpyrazolide CF, H H 1.625 1.69%4 -53 -27 -44
4-trifluoromethylpyrazolide I1 CI'y 11 1.622 -54
3-methylpyrazolide CH, H H 1.576 1.596 -83 -74
4-methylpyrazolide H CH; H 1.577 -83

Example 3

[0074] DFT calculated binding enthalpy of imidazolides with carbon dioxide.

There are two binding sites for the imidazolides with substituents at position four, and the
least probable binding site due to steric hindrance is labeled secondary. The distance
between the binding nitrogen and carbon dioxide is measured in A, which is presented in
the table as N-C distance.

[0075] In the case of imidazolides, the substitution at position 4 results in two

non-equivalent binding sites for carbon dioxide, where the preferred binding site has no
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steric effect due to the substituents and is referred as the primary binding site. For the
same substituent at positions 2 or 4 with steric hindrance, the CO, binding enthalpy is
similar, but not as strongly bound (substituent at position 4, where CQ. is at the 1° binding
site) like the least sterically hindered complex (see, e.g., Table 3 and Figure 5). The trend
in enthalpy as a function of substituents remains similar to that of pyrrolides and
pyrrolides.

[0076] Disubstituted imidazolides provide different results based on the type of
substituents and their positions. For the electron withdrawing substituents, chloro or
cvano the destabilization effect is more than the respective monosubstituted complex (see,
e.g., Figures 5 and 6). The binding enthalpies for complexes 4-methyl imidazolide and 4-
nitro imidazolide resulting from primary binding sites are -87 kJ/mol and -41 kJ/mol
respectively. Substitution of ethyl and methyl groups at the position 2 of the respective
complexes did not have much impact on the energy (see, e.g., Figure 6). The
experimentally measured value for the latter one 2-methyl, 4-nitro imidazolide is -22
kJ/mol, but the calculated value is -39 kJ/mol. This may be due to the effect of the
presence of a cation and its interactions with anion and anion-CQO, complex.

Table 3

Compound Substituent position N-C dist. (A) PBE/aug-cc-pvtz
2 4 5 1° 2° 1° 2°

Imidazolide H H H 1.552 -86

2-nitro imidazolide NO, H H 2.787 -23

4-nitro imidazolide H NO, H 1.608 2.812 -41 =22

2-cyano imidazolidc CN H H 1.619 -29

4-cyano imidazolide H CN H 1.596 1.616 -49 -29

2-fluoro imidazolide F H H 1.605 -48

4-fluoro imidazolide H F H 1.561 1.611 -78 -43

2-chloro imidazolide Cl H 1.600 -39

4-chloro imidazolide H Cl H 1.570 1.620 -68 -37

2-bromo imidazolide Br H H 1.622 -36

4-bromo imidazolide H Br H 1.575 1.618 -65 -34

imidazolide-2-carbaldehyde CHO H H 1.623 -35

imidazolide-4-carbaldehyde H CHO H 1.591 1.604 -59 -44

2-trifluoromethyl imidazolide CF; H H 1.645 -27

4-trifluoromethyl imidazolide H CF, H 1.582 1.630 -58 -30

2-methyl imidazolide CHs H H 1.553 -80

4-methyl imidazolide H CHs; H 1.549 1.552 -87 -80

Example 4
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Table 4 (below) describes the DFT calculated enthalpy of binding of

indolide and its derivatives with carbon dioxide. The distance between the binding nitrogen

and carbon dioxide is measured in A, which is presented in the table as N-C distance.

[0078]
and 7. (see, e.g., Figure 7).

Indolide has two positions that can cause steric hindrance, positions 2

There is virtually no binding with CO, having nitro

substituents at these positions. The carbon dioxide is placed in a position perpendicular to

the plane of the ring and the shape of CO; is almost linear. Similar to the 5 membered

heterocyclics, the nitro group is less stabilizing and the methyl group or the parent

compound has the most stable binding enthalpy.

Table 4
Compound Substituent position AH in kJ/mol
N-C PBE/aug-cc-
2 3 4 5 6 7 dist.(A) pvtz
Indole H H H H H H 1.547 -77
2-nitro indolide NO, H H H H H 2.818 -21
3-nitro indolide H NO, H H H H 1.612 -34
4-nitro indolide H H NO, H H H 1.573 -52
S-nitro indolide H H H NO, H H 1.574 -49
6-nitro indolide H H H H NO, H 1.580 -43
7-nitro indolide H H H H H NO, 2.713 =22
2-cyano indolide CN H H H H H 1.572 -27
3-cyano indolide H CN H H H H 1.588 -44
4-cyano indolide H H CN H H H 1.564 -58
5-cyano indolide H H H CN H H 1.567 -56
6-cyano indolide H H H H CN H 1.567 -53
7-cyano indolide H H H H H CN 1.567 -26
2-fluoro indolide F H H H H H 1.617 -28
3-fluoro indolide H F H H H H 1.549 -71
4-fluoro indolide H H F H H H 1.554 -70
5-fluoro indolide H H H F H H 1.548 -74
6-fluoro indolide H H H H F H 1.548 -73
7-fluoro indolide H H H H H F 1.604 -43
2-chloro indolide Cl H H H H H 1.618 -22
3-chloro indolide H Cl H H H H 1.559 -63
4-chloro indolide H H Cl H H H 1.564 -66
5-chloro indolide H H H Cl H H 1.552 -69
6-chloro indolide H H H H Cl H 1.553 -67
7-chloro indolide H H H H H Cl 1.651 -26
2-bromo indolide Br H H H H H 1.609 -21
3-bromo indolide H Br H H H H 1.562 -60
4-bromo indolide H Br H H 1.559 -64
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5-bromo indolide H H H Br H H 1.554 -67
6-bromo indolide H H H H Br H 1.555 -65
7-bromo indolide H H H H H Br 1.639 -20
indolide-2-carbaldehyde CHO H H H H H 1.570 -33
indolide-3-carbaldehyde H CHO H H H H 1.595 -43
indolide-4-carbaldehyde H H CHO H H H 1.562 -60
indolide-5-carbaldehyde I1 11 11 CIIO I1 11 1.566 -57
indolide-6-carbaldehyde H H H H CHO H 1.566 -59
indolide-7-carbaldehyde H H H H H CHO 1.565 -36
2-trifluromethyl indolide CF; H H H H H 1.606 -20
3-trifluromethyl indolide H CF; H H H H 1.542 -53
4-trifluromethyl indolide H H CF, H H H 1.558 -63
S-trifluromethyl indolide H H H CF; H H 1.560 -64
6-trifluromethyl indolide H H H H CF, H 1.559 -59
7-trifluromethyl indolide H H H H H CF, 1.630 -21
2-methyl indolide CH; H H H H H 1.550 -66
3-methyl indolide H CHj,4 H H H H 1.542 -78
4-methyl indolide H H CH; H H H 1.548 -76
5-methyl indolide H H H CHs H H 1.545 -78
6-methyl indolide H H H H CH; H 1.543 -78
7-methyl indolide H H H H CHj; 1.572 -55

Example 5
[0079] Table 5 (below) describes the DFT calculated enthalpy of binding of

phenoxide and its derivatives with carbon dioxide. The relevant phenoxide-carbon dioxide
distance is measured as the length between Oppeno-Coos in A

[0080] Carboxylates and alkoxides: Acetate and lactate binds CO, with an
enthalpy of -42 and -36 kJ/mol respectively, and the Ccoz-Ocamoxy distance is 1.944 and
2.077 A respectively. The bond distance, bond angle, and the enthalpy are indicators of
how strong the CO; is bound to the anion. The carboxylates bind to CO, in a
perpendicular fashion because the charge on the anion is delocalized and an in plane
binding of CO; is not possible due to repulsion and it has to bind to one of the carboxylate
oxygen atoms as shown in figure 6.

[0081] Alkoxides have only one binding site unlike the carboxvlates. A very
strong binding is seen in methoxide, where the binding enthalpy is -150 kJ/mol, but the
substitution of methyl by trifluoromethyl group reduces its capacity to bind carbon dioxide
(Figure 6). Theoretically, CO, should bind more strongly to the t-butoxide, but the result

shows an opposite effect. In the case of phenoxides, CO; is not bound as strongly as
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methoxide, at the same time it is not weak either (-43 kJ/mol). Substitution of nitro group
at ortho position (-26 kJ/mol) has a destabilizing effect on the CO, binding with respect to
its parent compound. Comparison of the enthalpy for methyl and cyano groups at o-, m-,

and p- positions shows stabilizing and destabilizing effects respectively, and the values

obtained for methyl substituents is similar to that of the parent compound, phenoxide.

Table 5
AH in
Compound Substituent position kJ/mol
PBE/aug-
2 3 4 5 6 O-C dist.(A) ce-pvtz
phenoxide H H H H H 1.665 -43
o-methylphenoxide CH; H H H H 1.677 -41
m-methylphenoxide H CHs H H H 1.660 -43
p-methylphenoxide H H CHs; H H 1.652 -45
o-fluorophenoxide I 11 11 11 11 1.753 -35
m-fluorophenoxide H F H H H 1.736 -35
p-fluorophenoxide H H F H H 1.657 -44
o-cyanophenoxide CN H H H H 2.381 -22
m-cyanophenoxide H CN H H H 1.890 -27
p-cyanophenoxide H H CN H H 2.342 -23
o-hydroxyphenoxide OH H H H H 1.484 -42
m-hydroxyphenoxide H OH H H H 1.690 -39
p-hydroxyphenoxide H H OH H H 1.628 -50
m-nitrophenoxide H NO, H H H 1.913 -26
2,6-difluorophenoxide I 11 11 11 r 2.267 -27
2,6-difluoro-4-
methylphenoxide F H CH; H F 2.172 -28
[0082] It is intended that any patents, patent applications or printed

publications, including books, mentioned in this patent document be hereby incorporated

by reference in their entirety.

[0083]

As those skilled in the art will appreciate, numerous changes and

modifications may be made to the embodiments described herein, without departing from

the spirit of the invention. It is intended that all such variations fall within the scope of the

mvention.
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WHAT IS CLAIMED IS:

1. An ionic liquid for use as a refrigerant in a vapor compression heating or

cooling system comprising an anion represented by a formula (I) or (I1):

R7

— - DHor — — D

wherein X is N;

Ais N or CH;

Eis N or CH;

Gis CH;

Jis CH; and

R', R*, R’, R® R’, and R are independently H, fluoro, chloro, bromo, CN,
CHO, NO,, CF;, or C,_s hydrocarbyl.

2, An ionic liquid for use as a refrigerant in a vapor compression heating or

cooling system comprising an anion represented by a formula (Ia) or (I1a):

R’ )
_ - I R®
CO,
R! / G//
X\ \N
9
- / )
E/ 0,C RI0
R2
— — (da)or — —  (IIa)

wherein X is N;
A1s N, N-CO,, or CH;
E is N, N-CO,, or CH;
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Gis CH;

Jis CH; and

R', R’, R’, R®, R’, and R" are independently H, fluoro, chloro, bromo,
ester, CN, CHO, NO,, CF;, or C,. hydrocarbyl.

3. The ionic liquid of claim 1 or 2, wherein only one of R' or R’ is a
substituent other than H.
4, The ionic liquid of claim 1 or 2, wherein only one of R, R*, R’ orR"isa

substituent other than H.

5. The ionic liquid of any one of claims 1 to 4, wherein one of R', R*, R’, R’
R’, and R" is methyl or NO..

6. The ionic liquid of any one of claims 1 to 5, further comprising a cation
selected from the group consisting of phosphonium, ammonium, pyrrolidinium,
imidazolium, and pyridinium.

7. The ionic liquid of claim 6, wherein the cation comprises phosphonium

8. A composition comprising;

an ionic liquid; and

carbon dioxide;

wherein the composition has a viscosity of not greater than 400 cP at room
temperature; and

wherein the composition is suitable for use in a vapor compression cooling
or heating system.

9. A composition comprising;

an ionic liquid; and

carbon dioxide;

wherein the ionic liquid has a heat capacity of less than 400 J(mol-K); and

wherein the composition is suitable for use in a vapor compression cooling
or heating system.

10. A composition comprising;

an ionic liquid; and

carbon dioxide;

wherein the ionic liquid has a CO; binding enthalpy of from about (-)20
kJ/mol to about (-)40 kJ/mol; and
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wherein the composition is suitable for use in a vapor compression cooling
or heating system.

11.  The composition of any one of claims 8 to 10, wherein the ionic liquid
comprises an anion selected from the group consisting of pyrrolide, pyrazolide, triazolide,
imidazolide, benzimidazolide, and indolide.

12. The composition of claim 11, wherein the anion comprises a substituent

selected from the group consisting of cyano, fluoro, chloro, nitro, carbaldehyde, ester, and

trifluoromethyl.

13.  The composition of any one of claims § to 12, further comprising an
additive.

14. The composition of claim 13, wherein the additive is an agent that improves

the flowability of the composition.
15. The composition of claim 13 or 14, wherein the additive comprises
tetraglyme.
16. A method of cooling or heating an enclosed space comprising;
compressing a composition comprising an ionic liquid and carbon dioxide;
cooling said composition;
reducing the pressure ol said composition; and
contacting the enclosed space with said composition;
wherein the composition has a viscosity of not greater than 400 cP at room
temperature.
17. A method of cooling or heating an enclosed space comprising:
compressing a composition comprising an ionic liquid and carbon dioxide;
cooling said composition;
reducing the pressure of said composition; and
contacting the enclosed space with said composition;
wherein the ionic liquid has a heat capacity of less than 400 J(mol-K).
18. A method of cooling or heating an enclosed space comprising:
compressing a composition comprising an ionic liquid and carbon dioxide;
cooling said composition;
reducing the pressure of said composition; and

contacting the enclosed space with said composition;

21-



WO 2015/048765 PCT/US2014/058366

wherein the ionic liquid has a CO, binding enthalpy of from about (-)20
kJ/mol to about (-)40 kJ/mol.

19.  The method of any one of claims 16 to 18, wherein the ionic liquid
comprises an anion selected from the group consisting of pyrrolide, pyrazolide, triazolide,
imidazolide, benzimidazolide, and indolide.

20. The method of claim 19, wherein the anion comprises a substituent selected
from the group consisting of cyano, fluoro, chloro, nitro, carbaldehyde, ester, and
trifluoromethyl.

21.  The method of any one of claims 16 to 18, wherein the ionic liquid is an
ionic liquid according to any one of claims 1 to 6.

22, The method of any one of claims 16 to 21, wherein the composition further
comprises an additive.

23. The method of claim 22, wherein the additive is an agent that improves the
flowability of the composition.

24, The method ol claim 22 or 23, wherein the additive comprises tetraglyme.

25. A system for cooling or heating an enclosed space comprising:

a composition comprising an ionic liquid and carbon dioxide;

a compression device;

a means for cooling said composition;

an expansion device; and

aheat exchanger;

wherein the composition has a viscosity of not greater than 400 cP at room
temperature.

26. A system for cooling or heating an enclosed space comprising:

a composition comprising an ionic liquid and carbon dioxide;

a compression device;

a means for cooling said composition;

an expansion device; and

a heat exchanger;

wherein the ionic liquid has a heat capacity of less than 400 J(mol-K).
27. A system for cooling or heating an enclosed space comprising:

a composition comprising an ionic liquid and carbon dioxide;

a compression device;
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a means for cooling said composition;

an expansion device; and

a heat exchanger;

wherein the ionic liquid has a CO, binding enthalpy of from about (-)20
kJ/mol to about (-)40 kJ/mol.

28.  The system of any one of claims 25 to 27, wherein the ionic liquid
comprises an anion selected from the group consisting of pyrrolide, pyrazolide, triazolide,
imidazolide, benzimidazolide, and indolide.

29.  The system of claim 28, wherein the anion comprises a substituent selected
from the group consisting of cyano, fluoro, chloro, nitro, carbaldehyde, ester, and
trifluoromethyl.

30.  The system of any one of claims 25 to 27, wherein the ionic liquid is an
ionic liquid according to any one of claims 1 to 6.

31.  The system of any one of claims 25 to 30, wherein the composition further
comprises an additive.

32. The system of claim 31, wherein the additive is an agent that improves the
flowability of the composition.

33. The system ol claim 31 or 32, wherein the additive comprises tetraglyme.

23-



WO 2015/048765 1/8 PCT/US2014/058366

Figure 1




WO 2015/048765

PCT/US2014/058366

2/8

HNRY

7

Tomner ®

A

e

8

o



WO 2015/048765

Figure 3

3/8

Ak in kdimot and C-Q distance in A

2-nitro pyrrole

N
R %ﬂ T1.3%
N2 T

Sl \,@
Twiye

B

™
-l

2-mathyl pyrrole

3
A \\ N 2
~88

PCT/US2014/058366

3-nitro pyrrole
. N
[ %

i S

1.5
O
& 5 D
N

3-methyl pyrrole

;\\§ &\\\\ 433.8¢

s&-\( Sl
et 2
t\\‘:

~105



WO 2015/048765

Figure 4

A i ol and ©-0 distanos in A
J-nitropyrazode
N
- N

$ o
! \}\ :{l’ B \&\\ \\&\\\
S ¥ Sues
YN
pyrazols I-methyipyrazole

N &
& 8 e ‘\‘&\_

L/8

3-nitropyrazole

, &
W § 171.8°

& 3725

s
\\w@

18

Fmethyipyrazos

P
o

Rl B
\ R
N £
L P
N 588

%'4’% e, 7
%
B

PCT/US2014/058366

4-nifropyrazole

N
D §“
%
=37

A-mathyipyrazole

$ %
G §;\\ \\ ?35

\\
g V@ $TF
§»\

-B3



WO 2015/048765 5/8 PCT/US2014/058366

Figure 3
AH i mot and ©-0 distance in A

2o inidanois 4nifrg imidarols S-nilro imidazole

K < N 1 N
2y W Ny % X S T N
N Y N St a
R . &\‘\\ > &\ ‘% “.‘y
&»\ Sty ﬁ Lo § 3 By
T N g T W -
&\\‘& S
23 W g 2
g 2mathyd imidazole S-methy imidazole d-mathyt nidazole

S
3 N Wy

e
B8




WO 2015/048765 6/8 PCT/US2014/058366

Figure &

AH i kdfmol and C-O distance in &

Sedichelors imidazole  4.5-dicyano imidazole 2-athid, d-methyl imddazole Zomethyl, dnitrn imidazole

3 o R Ny A
X@* e

S ‘ % 25
S BT \@ o
Q\s\%\ N
‘§~ Qx;;;\ X k o

’g’




WO 2015/048765 7/8 PCT/US2014/058366

B-methyi indole 4-mathyt indole

%‘
349
\\\\ \}\"\\%
P Sy S
NS Q\\\ \\\\\\ \“\ \\ :\:‘ el
&“\“&\ 8 \\ 3
G &
-78
5- meﬁhyi indole 6-mathyl indole 7-methyl indole
'
o e N e, 13400 3
& \\} PN % \kwaa
el % p B
: @\\3&\ ol ;:\\“%\\\
Ay S L
& ﬁ&ic\' G S
-78 -55

4-pitro indole

Q
§ \(135.5¢
a\.\
&\
\\%
\ N Q\

\*’\\“’*

52
S-pitro indole S-nitro indole 7-nitro indole
. N e % b 1
¢ Naasr N N
3. R . e 3 L4 - ’ RSN
. & N “\&:\ " \i\’ioﬁ’ﬁ S oy Tef,'
Lol e R X g N &L 4, Iy
i Ty L W
§\“\\ R ‘\ e &
A

$ ’ PR e
N N \\‘%; *g\.\\{i' NN i&\\

oo, N T & \:\ & S
e e P

NS & M\ o )
W%, &
-43 -3 22



WO 2015/048765 8/8

Figure §

AN in kbl and G0 distance in A
Acstats Laciale

) Ji 1844 3 150,80 Y W5 or7 D

S o \ ™ \ 2077

s &\\\\\&‘\%\&.\Q % : X§“\\\$\\

e &
™ S %
A 38

phenoxide a-nitro phanoxide
. N
S KMM“ % o '&\._,14&&*-
S &\\}‘\@ §.\\\~%\§ &\\\Q\
e 1665 U '
ey § e
‘%\\x\‘\%\'&_ . &\\\ { X
B “
A

methoxide

p-methyl phenoxide

PCT/US2014/058366

Trifluromethoxide

LSS

’ § a2

-20

-butoxide




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2014/058366

A. CLASSIFICATION OF SUBJECT MATTER
CO09K 5/04(2006.01)i, F25B 1/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
CO9K 5/04; CO7D 231/12; F25B 17/02; F25B 1/08; CO9K 5/00;, C07D 209/04; F25B 15/00; F25B 1/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: ionic liquid, refrigerant, vapor compression cooling system, carbon dioxide

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2012-0222557 Al (SCHNEIDER, WILLIAM F. et al.) 06 September 2012 1-4,8-12,16-20
See paragraphs [0064]-[0067] and [0080]-[0088]; claims 1-19; and table 1. ,25-29

A MARTIN, ANGEL et al. “Thermodynamic analysis of absorption refrigeration 1-4,8-12,16-20
cycles using ionic liquidt supercritical CO2 pairs.' The Journal of ,25-29
Supercritical Fluids. 2010, Vol. 55, No. 2, pages 852-859.
See abstract; pages 852-8b8; and tables 1 and 3.

A US 2010-0044620 A1 (RACHED, WISSAM) 25 February 2010 1-4,8-12,16-20
See abstract; paragraphs [0024]-[0027]; and claims 1-10. ,25-29

A US 2007-0295478 Al (SCHIFLETT, MARK BRANDON et al.) 27 December 2007 1-4,8-12,16-20
See abstract; and claims 1-20. ,25-29

A US 2011-0126563 Al (TANG, CHING-JEN et al.) 02 June 2011 1-4,8-12,16-20
See abstract; claims 1-21; and figures 8-11. ,25-29

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

"A" document

filing date

"O" document
means
"P"  document

* Special categories of cited documents: T

to be of particular relevance
"E" carlier application or patent but published on or after the international D'

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other y"
special reason (as specified)

defining the general state of the art which is not considered
the principle or theory underlying the invention

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

document of particular relevance; the claimed invention cannot be

considered novel or cannot be considered to involve an inventive

step when the document is taken alone

referring to an oral disclosure, use, exhibition or other
being obvious to a person skilled in the art

published prior to the international filing date but later document member of the same patent family

ng"

than the priority date claimed

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination

Date of the actual completion of the international search

Date of mailing of the international search report
15 January 2015 (15.01.2015)

16 January 2015 (16.01.2015)

Facéirhile No.

Name and mailing address of the [ISA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-to, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Authorized officer
HONG, Sung Ran

++82 42 472 3473 Telephone No. +82-42-481-5405

‘\\\\\\\\\\\\\ .
SRk,

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2014/058366

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:;

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. X Claims Nos.: 7, 14,23, 32
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:
Claims 7, 14, 23 and 32 do not comply with PCT Atticle 6, since they refer to one of claims which are not drafted in
accordance with PCT Rule 6.4(a).

3. Claims Nos.: 5,6, 13, 15, 21, 22, 24, 30, 31, 33
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2014/058366

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2012-0222557 Al 06/09/2012 WO 2011-056895 Al 12/05/2011

US 2010-0044620 Al 25/02/2010 EP 2092037 A2 26/08/2009
EP 2239309 A2 13/10/2010
FR 2910016 Al 20/06/2008
FR 2910016 Bl 20/02/2009
JP 2010-513646 A 30/04/2010
JP 5361735 B2 04/12/2013
US 8142680 B2 27/03/2012
WO 2008-084161 A2 17/07/2008
WO 2008-084161 A3 05/03/2009

US 2007-0295478 Al 27/12/2007 AR 061705 Al 17/09/2008
AU 2007-254903 Al 13/12/2007
AU 2007-254903 A2 06/11/2008
BR PI0711234 A2 20/03/2012
CA 2649048 Al 13/12/2007
CN 101454420 A 10/06/2009
CN 101454420 B 11/07/2012
EP 2027225 A2 25/02/2009
EP 2368960 Al 28/09/2011
JP 2009-539060 A 12/11/2009
JP 5371747 B2 18/12/2013
KR 10-2009-0027678 A 17/03/2009
US 8568608 B2 29/10/2013
WO 2007-143051 A2 13/12/2007
WO 2007-143051 A3 19/06/2008

US 2011-0126563 Al 02/06/2011 None

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

