a2 United States Patent

Bara et al.

US009446348B2

10) Patent No.: US 9,446,348 B2
45) Date of Patent: Sep. 20, 2016

(54)

(71)

(72)

(73)

")

@
(22)
(65)

(63)

(60)

(1)

(52)

(58)

IMIDAZOLIUM-BASED
ROOM-TEMPERATURE IONIC LIQUIDS,
POLYMERS, MONOMERS AND
MEMBRANES INCORPORATING SAME

Applicant: THE REGENTS OF THE
UNIVERSITY OF COLORADO, A
BODY CORPORATE, Denver, CO
Us)

Inventors: Jason E. Bara, Tuscaloosa, AL (US);
Trevor K. Carlisle, Boulder, CO (US);
Evan S. Hatakeyama, Richmond, CA
(US); Douglas L. Gin, Longmont, CO
(US); Richard D. Noble, Boulder, CO
(US); Robert L. Kerr, Santa Ana, CA
(US); Andrew L. LaFrate, Boulder,
CO (US)

Assignee: The Regents of the University of
Colorado, a body corporate, Denver,
CO (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 14/590,690
Filed: Jan. 6, 2015
Prior Publication Data
US 2016/0175764 Al Jun. 23, 2016
Related U.S. Application Data

Continuation of application No. 13/386,780, filed as
application No. PCT/US2010/043124 on Jul. 23,
2010, now Pat. No. 8,926,732.

Provisional application No. 61/228,699, filed on Jul.
27, 2009, provisional application No. 61/228,433,
filed on Jul. 24, 2009.

Int. CL.
BOID 53/22 (2006.01)
BOID 71/64 (2006.01)
(Continued)
U.S. CL
CPC ....cccue. BOID 53/228 (2013.01); BOID 69/12

(2013.01); BO1D 71/28 (2013.01); BO1D
71/44 (2013.01)

Field of Classification Search
CPC BO01D 53/228;, B01D 67/0006; BO1D 69/10;
B0O1D 69/12; BO1D 71/62; BO1D 71/64;
B0O1D 2252/30; B01D 2256/10; B01D

2256/16; BO1D 2256/22; BO1D 2256/245;
BO1D 2257/102; BO1D 2257/108; BO1D
2257/504; BO1D 2257/7025; BO1D 2323/30;
BO1D 2323/345; BO1D 2325/16; CO8G
73/0616; COSK 5/3445; COSL 79/04; C09K
19/348; CO9K 19/3823; CO9K 19/582;
BO17J 31/06; Y02C 10/10; Y02C 20/20
USPC ......... 95/44, 45, 51; 96/4, 5, 11, 12, 13, 14;
252/364; 502/4, 439

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,720,343 A 1/1988 Walch et al.
6,592,988 Bl 7/2003 Thompson et al.

(Continued)

FOREIGN PATENT DOCUMENTS

JP 2002-284767 3/2002
JP 2007-222847 6/2007
WO 2011/072215 6/2011

OTHER PUBLICATIONS

LaFrate, Andrew L. et al., “High Water Vapor Flux Membranes
Based on Novel Diol-Imidazolium Polymers”, Ind. Eng. Chem.
Res., 49, Mar. 2010, pp. 11914-11919.*

(Continued)

Primary Examiner — Jason M Greene
(74) Attorney, Agent, or Firm — Saul Ewing LLP; Kathryn
Doyle; Domingos J. Silva

(57) ABSTRACT

The present invention provides gels, solutions, films, mem-
branes, compositions, and other materials containing polym-
erized and/or non-polymerized room-temperature ionic lig-
uids (RTILs). These materials are useful in catalysis, gas
separation and as antistatic agents. The RTILs are preferably
imidazolium-based RTILs which are optionally substituted,
such as with one or more hydroxyl groups. Optionally, the
materials of the present invention are composite materials
comprising both polymerized and non-polymerized RTILs.
The RTIL polymer is formed from polymerized RTIL cat-
ions typically synthesized as monomers and polymerized in
the presence of the non-polymerized RTIL cations to provide
a solid composite material. The non-polymerized RTIL
cations are not covalently bound to the cationic polymer but
remain as free cations within the composite material able to
associate with charged subunits of the polymer. These
composite materials are useful in catalysis, gas separation,
and antistatic applications.

19 Claims, 12 Drawing Sheets

/Q/ ¢Q/ B
Yol Soh
v@(‘a; N@g\R/N@é\l

TN

n=0,35
1a-c: C,CHs-type

/Q/ Nf@g _(/\ o‘)’p

THN
3a, b: OEG-type

p=12

TiN TH,N
2: Gemini-type

/\@\/N@g‘(—)—EN

TiN N on-35
4a, b: C,CN-type

RTIL-based monomers used for fabrication of poly(RTIL) gas separation

membranes.



US 9,446,348 B2
Page 2

(51) Int. CL

CO9K 3/00 (2006.01)
BOID 69/12 (2006.01)
BOID 71/28 (2006.01)
BOID 71/44 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

7,125,493 B2  10/2006 Wang et al.

7,316,727 B2 1/2008 Falconer et al.

7,604,129 B2 10/2009 Gin et al.

7,828,875 B2 11/2010 Li et al.

7,931,824 B2 4/2011 Gin et al.

7,943,543 Bl 5/2011 Liu et al.

8,302,782 B2  11/2012 Falconer et al.

8,449,652 B2 5/2013 Randosz et al.

8,926,732 B2* 1/2015 Bara ............... BO1D 53/228
96/4

2005/0129598 Al
2006/0154328 Al
2007/0265484 Al
2008/0027231 Al
2009/0171098 Al
2009/0291872 Al
2009/0291874 Al
2011/0014100 Al
2012/0006194 Al
2012/0142830 Al
2012/0186446 Al

OTHER PUBLICATIONS

6/2005 Chinn et al.
7/2006 Bruce et al.
11/2007 Li et al.
1/2008 Armstrong et al.
7/2009 Bara et al.
11/2009 Bara et al.
11/2009 Bara et al.
1/2011 Bara et al.
1/2012 Falconer et al.
6/2012 Dawkins et al.
7/2012 Bara et al.

Visser et al. (2000) “Traditional Extractants in Nontraditional
Solvents: Groups 1 and 2 extraction by Crown ethers in Room-
Temperature Ionic Liquids,” Ind. Eng. Chem. Res. 39:3596-3604.
Welton, T. (1999) “Room-Temperature Ionic Liquids. Solvents for
Synthesis and Catalysis,” Chem. Rev. 99:2071-2083.

Welton, T. (2004) “Ionic Liquids in Catalysis,” Coord. Chem. Rev.
248:2459-24717.

Wijmans et al. (1995) “The Solution-Diffusion Model: A Review,”
J. Memb. Sci. 107:1-21.

Winterton, N. (2006) “Solubilization of Polymers by Ionic Liquids,”
J. Mater. Chem. 16:4281-4293.

Yoshio et al. (2004) “Self-Assembly of an Ionic Liquid and a
Hydroxyl-Terminated Liquid Crystal: Anisotropic Ion Conduction
in Layered Nanostructures,” Mol. Cryst. Liq. Cryst. 413:2235-2244
(99-108).

Yoshio et al. (2006) “One-Dimensional Ion-Conductive Polymer
Films: Alignment and Fixation of Ionic Channels Formed by
Self-Organization of Polymerizable Columnar Liquid Crystals,” J.
Am. Chem. Soc. 128:5570-5577.

Zhao et al. (2008) “Efficient Synthesis of 1,4-diazabicyclo(2.2.
2)octane in Ionic Liquids,” Catalysis Communications 9:1725-
1727.

Anderson et al. (2005) “Structure and Properties of High Stability
Geminal Dicationic Ionic Liquids,” J. Am. Chem. Soc. 127:593-
604.

Anderson et al. (2006) “Measurement of S02 Solubility in Ionic
Liquids,” J. Phys. Chem. B Letters 110:15059-15062.

Anthony et al. (2004) “Feasibility of Using Ionic Liquids for Carbon
Dioxide Capture,” Int. J. Environ. Technol. Manage. 4:105-115
(Abstract only).

Arnold et al. (2005) “Thermally Stable Potassium N-Heterocyclic
Carbene Complexes with Alkoxide Ligands, and a Polymeric Crys-
tal Structure with Distorted, Bridging Carbenes,” C. Chem. Com-
mun. 1743-1745.

Baker, R.W. (2002) “Future Directions of Membrane Gas Separa-
tion Technology,” Ind. Eng. Chem. Res. 41:1393-1411.

Baltus et al. (2005) “Examination of the Potential of Ionic Liquids
for Gas Separations,” Sep. Sci. Technol. 40:525-541.

Bara et al. (2007) “Synthesis and Performance of Polymerizable
Room-Temperature Ionic Liquids as Gas Separation Membranes,”
Ind. Eng. Chem. Res. 46:5397-5404.

Bara et al. (2007) “Influence of Nanostructure on Light Gas
Separations in Cross-Linked Lyotropic Liquid Crystal Membranes,”
J. Memb. Sci. 288:13-19.

Bara et al. (2008) “Improving C02 Permeability in Polymerized
Room-Temperature Ionic Liquid Gas Separation Membranes
Through the Formation of a Solid Composite with a Room-Tem-
perature Ionic Liquid,” Polym. Adv. Technol. 19(10):1415-1420.
Bara et al. (2008) “Effect of Anion on Gas Separation Performance
of Polymer-Room-Temperature Ionic Liquid Composite Mem-
branes,” Ind. Eng. Chem. Res. 47(24):9919-9924.

Bara et al. (2008) “Synthesis and Light Gas Separations in Cross-
Linked Gemini Room Temperature Ionic Liquid Polymer Mem-
branes,” J. Membr. Sci. 316:186-191.

Bara et al. (2008) “Improving C02 Selectivity in Polymerized
Room-Temperature Ionic Liquid Gas Separation Membranes
Through Incorporation of Polar Substituents,” J. Membrane Sci.
321:3-7.

Bara et al. (2010) “Room-Temperature Ionic Liquids and Composite
Materials: Platform Technologies for C02 Capture,” Acc. Chem.
Res. 43(1):152-159.

Bellina et al. (2009) “Synthesis and Properties of
Glycerylimidazolium Based Ionic Liquids: a Promising Class of
Task-Specific Ionic Liquids,” Green Chem 11:622-629.

Bosman et al. (2007) “Enhancing Task Specific Ionic Liquids’
Thermal Stability by Structural Modification,” Monatschefte fur
Chemie 138:1159-1161.

Cai et al. (2007) “Synthesis and Application of an IL-Supported
Diol as Protecting Group for Aldehydes,” Chin. Chem. Lett.
18:1205-1208.

Cai et al. (2008) “Efficient Heck Reactions Catalyzed by a Palla-
dium/Diol-Imidazolium Salt in Aerial Atmosphere,” Catal. Com-
mun. 9:1209-1213.

Camper et al. (2006) “Bulk-Fluid Solubility and Membrane Feasi-
bility of Rmim-Based Room-Temperature Ionic Liquids,” Ind. Eng.
Chem. Res. 45:6279-6283.

Camper et al. (2008) “Room-Temperature Ionic Liquid-Amine
Solutions: Tunable Solvents for Efficient and Reversible Capture of
C02,” Ind. Eng. Chem. Res. 47:8496-8498.

Carlise et al. (2008) “Interpretation of C02 Solubility and Selec-
tivity in Nitrile-Functionalized Room-Temperature Ionic Liquids
Using a Group Contribution Approach,” Ind. Eng Chem. Res.
47:7005-7012.

Ferguson et al. (2007) “Solubility, Diffusivity, and Permeability of
Gases in Phosphonium-Based Room Temperature Ionic Liquids:
Data and Correlations,” Ind. Eng. Chem. Res. 46:1369-1374.
Finotello et al. (2008) “Room-Temperature Ionic Liquids: Tempera-
ture Dependence of Gas Solubility Selectivity,” Ind. Eng. Chem.
Res. 47:3453-3459.

Freeman, B.D. (1999) “Basis of Permeability/Selectivity Tradeoff
Relations in Polymeric Gas Separation Membranes,” Macromol-
ecules 32:375-380.

Freire et al. (2007) “Mutual Solubilities of Water and Hydrophobic
Tonic Liquids,” J. Phys. Chem. B. 111:13082-13089.

Fukuhara et al. (2010) “Photochirogenesis in Chiral Ionic Liquid:
Enantiodifferentiating [4+4] Photocyclodimerization of
2-Anthracenecarboxylic Acid in (R)-1-Methyl-3-(2,3-
Dihydroxypropyl)Imidazolium Bistriflimide,” Chem Commun
46:3472-3474.

Gebben, J. (1996) “A Water Vapor-Permeable Membrane from
Block Copolymers of Poly(Butylene Terephthalate) and Polyethyl-
ene Oxide,” J Membr. Sci. 113:323-329.

Guo et al. (2007) “Impact of Fabric Moisture Transport Properties
on Physiological Responses when Wearing Protective Clothing,”
Text. Res. J. 78(12):1057-1069.

Hernandez-Fernandez et al. (2007) “A Novel Application of Sup-
ported Liquid Membranes Based on Ionic Liquids to the Selective
Simultaneous Separation of the Substrates and Products of a
Transesterification Reaction,” J. Membr. Sci. 293:73-80.



US 9,446,348 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Holbrey et al. (2003) “New Ionic Liquids Containing an Appended
Hydroxyl Functionality from the Atom-Efficient, One-Pot Reaction
of 1-Methylimidazole and Acid with Propylene Oxide,” Green
Chem. 5:731-736.

Huang et al. (2003) “Water Vapor Sorption and Transport in Dense
Polyimide Membranes,” J. Appl. Polym. Sci. 87:2306-2317.
Huang et al. (2006) “Reversible Physical Absorption of S02 by
Ionic Liquids,” Chem. Commun. 38:4027-4029.

Tlconich et al. (2007) “Experimental Investigation of the Perme-
ability and Selectivity of Supported Ionic Liquid Membranes for
C02/He Separation at Temperatures up to 125°C,” J. Membr. Sci.
298:41-47.

Jiang et al. (2007) “S02 Gas Separation Using Supported Ionic
Liquid Membranes,” J. Phys. Chem. B. Letters 111 (19):5058-5061.
Jin et al. (2006) “Polyethylene Glycol Functionalized Dicationic
Ionic Liquids with Alkyl or Polyfluoroalkyl Substituents as High
Temperature Lubricants,” J. Mater. Chem. 16:1529-1535.

Kim et al. (2004) “Size-Selective Synthesis of Gold and Platinum
Nanoparticles Using Novel Thiol-Functionalized Ionic Liquids,”
Langmuir 20:556-560.

Lafrate et al. (2009) “Diol-Functionalized Imidazolium-Based
Room-Temperature Tonic Liquids with Bis
(trifluoromethanesulfonimide) Anions that Exhibit Variable Water
Miscibility,” Industrial and Engineering Chemistry Research
48(19):8757-8759.

Lafrate et al. (2010) “High Water Vapor Flux Membranes Based on
Novel Diol-Imidazolium Polymers,” Ind. Eng. Chem. Res.
49:11914-11919.

Mukhopadhyay et al. (2008) “A Review on Designing the Water-
proof Breathable Fabrics Part I: Fundamental Principles and
Designing Aspects of Breathable Fabrics,” J. Ind. Text. 37(3):225-
262.

Nakajima et al. (2005) “Preparation of Thermally Stable Polymer
Electrolytes from Imidazolium-Type Ionic Liquid Derivatives,”
Polymer 46:11499-11504.

Ohno, H. (2007) “Design of Ion Conductive Polymers Based on
Tonic Liquids,” Macromol. Symp. 249/250:551-556.

Pedersen et al. (2001) “Dry Column Vacuum Chromatography,”
Synthesis 16:2431-2434.

Potreck et al. (2009) “Mixed Water Vapor/Gas Transport Through
the Rubbery Polymer PEBAX® 1074,” J. Membr. Sci. 338:11-16.
Riisager et al. (2007) “Supported Ionic Liquid Phase Catalysts,”
Tonic Liquids in Synthesis (2nd ed), Wiley-VCH: Weinheim, Ger-
many, pp. 527-558.

Robeson, L.M. (1991) “Correlation of Separation Factor Versus
Permeability for Polymeric Membranes,” J. Membr. Sci. 62:165-
185.

Robeson, L.M. (2008) “The Upper Bound Revisited,” J. Membr.
Sci. 320:390-400.

Romero et al. (2009) “Water Transport in Liquid and Vapour
Equilibrated Nation(TM) Membranes,” J. Membrane Sci. 338:135-
144.

Schaefer et al. (2005) “Opportunities for Membrane Separation
Processes Using Ionic Liquids,” ACS Symposium Series 902 (Ionic
Liquids NIB: Fundamentals, Progress, Challenges, and Opportuni-
ties), pp. 97-110 (First page only).

Scovazzo et al. (2002) “Supported Ionic Liquid Membranes and
Facilitated Ionic Liquid Membranes,” ACS Symposium Series 818
(Tonic Liquids), pp. 69-87 (First page only).

Scovazzo et al. (2004) “Gas Separations Using Non-
Hexafluorophosphate [PF6]-Anion Supported Ionic Liquid Mem-
branes,” J. Membr. Sci. 238:57-63.

Singh et al. (2002) “New Dense Fluroalkyl-Substituted
Imidazolium Ionic Liquids,” Tetrahedron Letters 43:9497-9499.

* cited by examiner



U.S. Patent Sep. 20, 2016 Sheet 1 of 12 US 9,446,348 B2

Mebrane Peoz (Barrers)  Pcus (Barrers) Py, (Barrers) Py, (Barrers) O coycus Ccouynz  Ueoasmz
Palymer 1 0.11 n/a n/a 0.71 n/a n/a 6.5
Polymer 2 53 0.25 0.2 5.4 22 27 1
Polymer 3 20 1.1 Q.72 n/a 18 27 n/a

NN
Polymer 1: <
Bre n

=\
Polymer 2: NN
Ten©
n
=\ (hmim)
=\ "
Polymer 3: NedeN w/ 20 wt. % /N{-?%\/\/\/
T1,n@ THN
n

FIGURE 1



U.S. Patent Sep. 20, 2016 Sheet 2 of 12 US 9,446,348 B2

Data on composite

100 —
e "Upper Bound"

-
~———

Neat Polymer

20wt% hmim Tf,N

CO./CH,4 Permselectivity
o

® Poly(RTIL) membranes

. @ Other polymer membranes

1 10 100 1000
CO, Permeability (Barrers)

FIGURE 2



U.S. Patent Sep. 20, 2016 Sheet 3 of 12 US 9,446,348 B2

Data on composite

100

' e.. '.- o® "Upper Bound"
+ - - -
. %R e
« °* o ¢ -l .
N .o
L
AR I ¢

| Neat Polymer Pad

. 20wt% hmim Tf,N

‘ Poly(RTIL) membranes
‘ Other polymer membranes

CO2/N2 Permeability Selectivity
o

o

T

1 10 100 1000 10000

CO,, Permeability (Barrers)

FIGURE 3



U.S. Patent Sep. 20, 2016 Sheet 4 of 12 US 9,446,348 B2

1000

ALPHA
H 21002

0.01 01 1 10 100 1000  10° 10*
F‘(Hz) Barrers

FIGURE 4



U.S. Patent Sep. 20, 2016 Sheet 5 of 12 US 9,446,348 B2

Representation of a poly(RTIL)-RTIL composite comprising polymer bound imidazolium
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IMIDAZOLIUM-BASED
ROOM-TEMPERATURE IONIC LIQUIDS,
POLYMERS, MONOMERS AND
MEMBRANES INCORPORATING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of, and claims
priority to, U.S. application Ser. No. 13/386,780, now issued
as U.S. Pat. No. 8,926,732, which is a 35 U.S.C. §371
national phase application of, and claims priority to, PCT
Application No. PCT/US2010/043124, filed Jul. 23, 2010,
which claims priority under 35 U.S.C. §119(e) to U.S.
Provisional Patent Applications No. 61/228,699, filed Jul.
27, 2009, and No. 61/228,433, filed Jul. 24, 2009, all of
which applications are incorporated herein by reference in
their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
grant number W91INF-07-1-0115 awarded by the U.S.
Army Research Office. The government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

Room-temperature ionic liquids (RTILs) are organic salts
that are liquid at or below 100° C., and are composed
entirely of cations and anions (i.e., free of any additional
solvents) (Welton, Chem. Rev. 1999, 99: 2071-2083; and
Welton, Coord. Chem. Rev. 2004, 248:2459-2477). They
have attracted broad interest as novel solvents and liquid
media for a number of applications because they have a
unique combination of liquid properties. They have very low
volatility, relatively low viscosity, high thermal stability, low
flammability, high ionic conductivity, tunable polar solva-
tion and transport properties, and in some cases, even
catalytic properties. These characteristics have made RTILs
excellent candidates as environmentally benign solvents to
replace conventional organic solvents in many chemical,
electrochemical, and physical extraction/separation pro-
cesses. In addition, RTILs have been shown to be novel gas
separation media in supported liquid membranes (SLMs)
and novel catalysts in a number of chemical processes, with
performance enhancements in both cases due to the unique
properties of RTILs (Scovazzo et al. “Supported Ionic
Liquid Membranes and Facilitated Ionic Liquid Mem-
branes,” ACS Symposium Series 818 (lonic Liquids), 2002,
69-87; and Schaefer et al. “Opportunities for Membrane
Separation Processes using lonic Liquids,” ACS Symposium
Series 902 (lonic Liquids I1IB: Fundamentals, Progress,
Challenges, and Opportunities), 2005, 97-110).

The use of RTILs on polymer supports for membrane
applications has primarily been studied for catalysis and gas
separations (Riisager and Fehrmann, Ionic Liquids in Syn-
thesis (2nd ed), Wiley-VCH: Weinheim, Germany, 2007,
527-558; Scovazzo et al., J. Membr. Sci. 2004; 238: 57-63;
and Jiang et al., J. Phys. Chem. B. 2007; 111: 5058-5061).
RTILs can selectively permeate one gas over another (for
example, CO,/CH,, CO,/N,, and SO,/CH,) or separate
products from a reaction mixture such as during a transes-
terification reaction (Hernandez-Fernandez et al., J. Membr.
Sci. 2007; 293: 73-80). Employment of supported ionic
liquid membranes (SILMs) is attractive as RTILs possess
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negligible vapor pressures and can be impregnated into
porous supports without evaporative losses, a hindrance for
traditional supported liquid membranes (SLMs). However,
regardless of the nature of the liquid in the support (RTILs
or others) the SLM configuration can fail if the pressure
differential across the membrane is great enough to over-
come the liquid-support interactions and push the liquid
through the pores of the support. While there are certainly a
multitude of research applications where this pressure dif-
ferential is not an issue, many industrial gas separations
occur at much higher pressures than SL.Ms can withstand,
typically only a few atmospheres (Baker, Ind. Eng. Chem.
Res. 2002; 41: 1393-1411). In their current forms, SILMs
are a more valuable tool for evaluating gas solubility,
diffusivity, and separations in RTILs rather than a viable
technology for industrial membrane separations (Ferguson
et al., Ind. Eng. Chem. Res. 2007; 46: 1369-1374).

However, the idea of encapsulating RTILs in polymers
and polymer membranes is not without merit. RTILs may be
useful as non-volatile additives for improving polymer pro-
cessing and properties (Winterton, J. Mater. Chem. 2006; 16:
4281-4293). RTILs could be better stabilized in polymer gas
separation membranes if the support matrix is designed to
provide enhanced interactions with RTILs. A number of
different supports have been used in the study of SILMs for
use as gas separation membranes, yet none of these poly-
mers truly resembles the RTILs themselves (Ilconich et al.,
J. Membr. Sci. 2007; 298: 41-47). While the weak interac-
tions between the RTILs and supports allow for gas diffusion
as if it were a neat liquid, this configuration will inherently
have limitations to the pressure differential that can be
applied. Researchers in conductive polymers and liquid
crystals (LCs) have given a good deal of consideration to
composite structures where free RTILs are contained within
the polymer or LC matrix (Ohno, Macromol. Symp. 2007,
249/250: 551-556; Nakajima et al., Polymer 2005; 46:
11499-11504; Yoshio et al., Mol. Cryst. Liq. Cryst. 2004;
413: 2235-2244; and Yoshio et al., J. Am. Chem. Soc. 2006;
128: 5570-5577).

Research in recent years of RTILs as selective gas sepa-
ration media has focused primarily on CO,-based separa-
tions, with SO, removal also appearing to be a promising
pursuit (Jiang et al., Phys. Chem. B 2007, 111: 5058; Huang
et al., Chem. Commun. 2006, 38:4027; and Anderson et al.,
J. Phys. Chem. B 2006, 110: 15059). RT1ILs, especially those
based on imidazolium cations, exhibit an affinity for CO,
relative to CH,, and N,. CO,/CH, separation is of critical
importance to natural gas processing and improving fuel
quality. CO,/N, separation from flue gas streams (CO,
capture and sequestration) is an issue currently garnering
significant global attention (Bara et al., Acc. Chem. Res.
2010, 43:152-159). RTILs have been proposed as alternative
“green” solvents to replace the volatile organic compounds
(VOCs) typically employed in CO, scrubbing (Baltus et al.,
Sep. Sci. Technol. 2005, 40: 525; and Anthony et al., Int. J.
Environ. Technol. Manage. 2005, 4: 105).

Several different approaches have been employed to
exploit the desirable properties of RTILs for gas separation
applications. Many experiments have focused on measuring
the solubility of various gases of interest in RTILs at a range
of pressures. The larger solubility of CO, compared to CH,
and N, could perhaps be utilized to achieve separation
through pressure swing absorption. CO, could be selectively
absorbed into the RTIL solvent, while the less soluble gas is
swept away, creating a CO,-lean stream. CO, could then be
desorbed from solution to produce a CO,-rich stream. This
type of configuration appears more viable in RTILs than in
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traditional VOCs, as there is little risk of volatilizing RTILs
in the desorption step. An inherent drawback of such a
pressure swing configuration with RTILs is that the volume
of solvent required is directly proportional to the volume of
gas to be processed and inversely proportional to the con-
centration (partial pressure) of CO, in the feed stream. As
the largest solubility of CO, in some common, imidazolium-
based RTILs is ca. 0.08 mol L™ atm™ (2.2 cm® (STP) cm™>
atm™") at 40° C.; it becomes apparent that large volumes of
RTILs would be required to process large volumes of low
pressure CO, from flue gas streams.

Supported ionic liquid membranes (SILMs) have been
examined as a means to process CO, in a selective RTIL
medium without the need for large volumes of fluids (Sco-
vazzo et al., J. Membr. Sci. 2004, 238: 57). SILMs can be
prepared by “wetting” a porous polymer (or inorganic)
support with an RTIL of interest. The volume of gas that can
be processed is directly proportional to the membrane sur-
face area and the feed pressure. Some SILMs exhibit ideal
(i.e., single gas) CO, permeability approaching 1000 barrers
and ideal separation factors for CO,/N, up to 60 or higher.
When viewed on a “Robeson plot™, these data indicate that
SILMs are highly competitive with polymer membranes and
may be an industrially attractive technology for CO,/N,
separations. SILMs do not appear as viable in CO,/CH,
separations when examined on a “Robeson plot” for that
separation (Camper et al., Ind. Eng. Chem. Res., 2006, 45:
6279; Robeson, L. M., J. Membr. Sci. 2008, 320: 390; and
Robeson L. M., J. Membr. Sci. 1991, 62:165-185).

However, as a gas separation membrane platform, SILMs
are not without their own drawbacks. In many supports,
weak capillary forces hold the RTIL within the matrix.
While the lack of strong RTIL-support interactions allows
for high gas permeability through the liquid phase, this also
negatively impacts the stability of the SILM configuration.
The transmembrane pressure differentials that SILMs can
withstand appear limited to a few atmospheres, before the
RTIL is “squeezed” from the support. The long-term integ-
rity of the support, especially those that are polymer-based,
is also of concern.

There are several reports of imidazolium-based room
temperature ionic liquids (RTILs) containing primary, sec-
ondary, and tertiary alcohol-functionalized cations (Holbrey
et al., Green Chem. 2003, 5, 731-736; Camper et al., Ind.
Eng. Chem. Res. 2008, 47, 8496-8498; Boesman et al.,
Monatschefte fiir Chemie 2007, 138, 1159-1161; and Arnold
et al., C. Chem. Commun. 2005, 1743-1745). The primary
alcohol functionality has been shown to influence the mis-
cibility of imidazolium-based RTILs with 1° and 2° alkano-
lamines (Camper et al., Ind. Eng. Chem. Res. 2008, 47,
8496-8498). However, RTILs containing a vicinal diol on
the cation are much less common, although they have been
used as aldehyde protecting groups and ligands for Pd
catalysis (Cai et al., Chin. Chem. Left. 2007, 18, 1205-1208;
and Cai et al., Catal. Commun. 2008, 9, 1209-1213). The
vicinal diol-functionalized RTILs used in these studies
employed the PF, anion, which has the liability of hydro-
lyzing and generating HF under certain conditions (Cai et
al., Catal. Commun. 2008, 9, 1209-1213; and Visser et al.,
Ind. Eng. Chem. Res., 2000, 39, 3596-3960). Polymerizable
imidazolium-based RTILs have been reported with bis(trif-
luoromethansulfonimide) anions and imidazolium-based
cations containing a polymerizable styrene group and a
n-alkyl chain, an oligo(ethylene glycol) linkage or a nitrile
terminated n-alkyl chain (Bara et al., Polym. Adv. Technol.,
2008, 19, 1415-1420; and Bara et al., Ind. Eng. Chem. Res.,
2008, 47(24), 9919-9924).
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RTIL polymers and materials of the present invention also
show promise as antistatic agents and materials. An anti-
static agent is a compound used for treatment of materials or
their surfaces in order to reduce or eliminate buildup of static
electricity. Its role is to make the surface or the material itself
slightly conductive, either by being conductive itself, or by
absorbing moisture from the air and relying on the conduc-
tivity of water for charge dissipation.

Electrostatic charge buildup is responsible for a variety of
problems in the processing and use of many industrial
products and materials (U.S. Pat. No. 6,592,988). Electro-
static charging can cause materials to stick together or to
repel one another, which is particularly problematic in fiber
and textile processing. In addition, static charge buildup can
cause objects to attract unwanted particles such as dirt and
dust. Among other things, this can decrease the effectiveness
of fluorochemical repellents. Sudden electrostatic discharges
from insulating objects can also be a serious problem. With
photographic film, such discharges can cause fogging and
the appearance of artifacts. When flammable materials are
present, such as in high oxygen environments, a static
electric discharge can serve as an ignition source, resulting
in fires and/or explosions. Static buildup is a particular
problem in the electronics industry, where electronic devices
can be extremely susceptible to permanent damage by static
electric discharges. Typical antistatic additives contain func-
tional groups able to conduct electrical charges and include
ethoxylated amines, fatty acids or esters, glycerol mono
state, quaternary amines, and ionomers such as methacrylic
acid/ethylene/Nal ionomers.

However, conventional antistatic materials have generally
not been very effective in combination with fluorochemical
repellents and often result in degradation of the antistatic
characteristics, and undesirable erosion or interactions with
the treated substrate material. For example, amines, ethoxy-
lated amines and quaternary amines can be corrosive to
polycarbonate substrates and metals on electronic compo-
nents. Furthermore, it has been particularly difficult to
combine conventional antistatic materials and fluorochemi-
cal repellents in polymer melt processing applications, as,
for example, the water associated with humectant antistatic
materials vaporizes rapidly at melt processing temperatures.
This has resulted in the undesirable formation of bubbles in
the polymer and has caused screw slippage in extrusion
equipment. Many antistatic materials also lack the requisite
thermal stability, leading to thermal degradation of the
material. Thus, there remains a need in the art for antistatic
agents that can be effectively combined to impart both good
antistatic characteristics and are compatible to a wider range
of substrates.

SUMMARY OF THE INVENTION

This invention is in the field of gels, solutions, films,
membranes, compositions and other materials containing
polymerized and/or non-polymerized room-temperature
ionic liquids (RTILs). These materials are useful in catalysis,
gas separation and as antistatic agents. Preferably, the RTILs
are imidazolium-based RTILs which are optionally func-
tionalized. In some embodiments, the materials of the pres-
ent invention are composite materials comprising both
polymerized and non-polymerized RTILs.
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A. Compositions Using Diol-Functionalized, Imidazolium-
Based RTILs

Functionalized RTILs are useful as liquid-phase reaction
and transport media in a number of important application
areas including catalysis, gas separations, and removal of
heavy metals from water. In different aspects, the invention
provides diol-functionalized imidazolium-based RTILs and
polymerizable RTILs, aqueous solutions containing the
RTILs of the invention, membranes and other polymeric
materials formed from the RTILs of the invention and
methods for making and using the RTILS of the invention.

In one aspect, the invention provides salts with a bis
(trifluvoromethansulfonimide) (Tf,N) anion and an imidazo-
lium-based cation. In an embodiment, the cation is a sub-
stituted imidazolium-based heterocycle with substituents at
both nitrogen atoms of the five-membered ring. Substituents
may also be present at one or more of the carbon atoms of
the ring. In an embodiment, one of the nitrogens in the ring
is attached to a group including a vicinal diol group. As
referred to herein, a vicinal diol group refers to a group in
which an alcohol group is bonded to each of two adjacent
carbon atoms in a molecule.

In an embodiment, the salt may be described as including
at least three groups (R;-R;) attached to the imidazolium
ring. In an embodiment, group R, includes the vicinal diol
group and is attached to one of the nitrogen atoms in the
ring, R, is attached to the carbon between the nitrogen atoms
and R, is attached the other nitrogen atom in the ring. R,
may be hydrogen, while R, and R; are other than hydrogen.
In an embodiment, R, is alkyl with the number of carbon
atoms between 1 and 10. In different embodiments, R; may
be methyl (Me), ethyl (Et), propyl (Pr), butyl (Bu), or benzyl
(Bn). In different embodiments, R, may be hydrogen or
methyl. Formula 1 illustrates a structure where R, is equal to
CH,CHOHCH,OH.

FORMULA 1

In another aspect, the invention provides a method for
synthesizing the water-miscible salts. In one embodiment,
the groups attached to the imidazolium ring are selected so
that the salt is miscible in water. As used herein, a salt is
miscible in water when it is capable of being mixed with
water in all proportions without separate phases forming. In
an embodiment, R, is as shown in Formula 1, with R, being
hydrogen and R3 being selected from methyl or ethyl. In
another embodiment, R, may be hydrogen or methyl and R,
may comprise an alcohol group, an amine group, or a nitrile
group. In another embodiment, R, may be hydrogen or
methyl and R; may comprise carboxylic acid, sulfonic
acid/sulfonate, carbohydrate, poly(ethylene glycol) (PEG),
benzyl or a substituted benzyl derivative.

In another embodiment, R; may comprise a polymeriz-
able group. In different embodiments, the polymerizable
group may be a vinyl or styrene group. Formula 2 illustrates
a structure of a vinyl imidazolium-based monomer (R, is
hydrogen, R; is CHCH,), while Formula 3 illustrates a
structure of a styrene imidazolium-based monomer (R, is
hydrogen, R; is CH,PhCHCH,).
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FORMULA 3
@N /\N /\(\OH
—/ L
T THN ©
styrene monomer
FORMULA 2
/\@ N/\NMOH
—/ L
THN ©

vinyl monomer

In another embodiment, the present invention provides
polymers and polymer membranes comprising a plurality of
diol-functionalized imidazolium repeating units, the repeat-
ing unit being described by the general formula:

DY
e

HO

©]

HO

where X~ is an anion selected from the group consisting of
a bistrifluoromethylsulfonyl)imide ion (Tf2N"), a halide ion,
a hexafluorophosphate ion (PF,7), a tetratluoroborate ion
(BF,7), a dicyanamide ion (N(CN),"), a sulfonated ion and
a fluorinated sulfonated ion. In a further embodiment, X~ is
Tf2N~. Suitable halides include, but are not limited to CI~,
Br~, I". Suitable sulfonates include, but are not limited to
mesyalte, triflate, and tosylate. The membrane optionally
further comprises repeating crosslink units and the ratio of
crosslink repeating units to diol-functionalized imidazolium
repeating units is greater than zero and less than or equal to
5%. In a further embodiment, the present invention provides
a composite membrane comprising a porous support where
the diol-functionalized imidazolium polymer is embedded
within the pores of the support. In another embodiment, the
porous support is a polymeric porous support, such as a
polysulfone support. In an embodiment, the thickness nor-
malized water vapor flux of the membrane is from 100 kg
m~2 day~! pm to 200 kg m~* day~! um.

In another aspect, the invention provides a solution com-
prising water and the water-miscible imidazolium-based
cation Tf,N anion salts of the invention. In an embodiment,
the salts are water-miscible at room temperature. In an
embodiment, the solution is homogeneous. The percentage
(by volume) of the salt in the solution may be 10% to 90%,
20% to 80%, 25% to 75%, 30% to 70%, or 40% to 60%. The
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solution may also comprise species which can play an active
part in a separation process. Such active species include but
are not limited to amines including alkanolamines that are
widely used for the removal of CO2, H,S and other “acid”
gases from natural gas (CH,), flue gas from the exhaust of
combustion processes, synthesis gas (“syngas” CO/H, mix-
tures) and other industrial gas mixtures. Amines may be
combined with the salts with or without water in similar
proportions to those described above. Other active species
include inorganic salts and other RTILs.

In another aspect, the invention provides a method for
synthesizing the water-miscible salts of the invention. In an
embodiment, the method comprises the steps of forming a
CI™ salt of the desired cation and then ion exchanging the C1~
salt with a Tf,N™ salt in an organic solvent or water. In an
embodiment, the CI~ salt of the desired cation can be
prepared in a neat (solvent free) reaction. Because this first
step can be conducted without the use of organic solvents
and without workup steps, this first step of the process can
be considered an improvement over conventional reactions
of this type. In an embodiment, the C1~ salt of the desired
cation can be prepared by stirring 1-chloro-2,3-propanediol
with the corresponding imidazole reagent while heating (see
Scheme 1, where R' is equivalent to R, and R is equivalent
to R;). In an embodiment, the Tf,N™ salt used in the ion
exchange step is selected to have low solubility in the
organic solvent. In an embodiment, the salt is KTf,N. In an
embodiment, the organic solvent is CH;CN. Typically, the
final products will be isolated by filtering the byproducts and
evaporating the solvent. The final products can be purified
by dissolving in methanol and stirring with activated carbon
or by column chromatography. The product is isolated by
filtration and then concentrated.

In another aspect, the invention provides salts or
polymerizable salts with anions other than Tf,N. In an
embodiment, the cation is as shown in Formula 2 or 3
with the anion being tetrafluoroborate BF,~, dicyanamide
N(CN),~, hexafluorophosphate (PF¢-), C(CN);~, B(CN),7,
N(SO,F),~, SbF,~, CI, Br, I", alkyl sulfonate (R—SO;7)
and other sulfonates (such as mesylate, tosylate, etc). Salts
with bromine anions would be made similarly to salts with
chlorine anions, except that chloride is replaced with bro-
mide on the electrophile. Other salts can be prepared by ion
exchange in water or other solvents. Anion-exchange can be
achieved using alkali metal or ammonium salts of these
anions.

In an embodiment, any of the polymerizable salts of the
invention may be polymerized into the form of a thin film.
In an embodiment, the film thickness is from 50 nm to 200
micrometers. Such a poly(RTIL) film may be used as a
membrane for separations.

In another embodiment, the polymerizable salts of the
invention may be polymerized in the presence of a non-
polymerizable RTIL to form a composite membrane. Com-
posite membranes have been detailed in Bara et al., Polym
Adv. Technol. 2008. A variety of RTILs can be employed in
such membranes, including commercial ionic liquids and
custom made functionalized RTILs.

B. Compositions Comprising Polymerized and Unpolymer-
ized RTILs

Another aspect of the present invention provides compo-
sitions and composite materials, such as membranes and
films, comprising RTILs in combination with non-polymer-
ized RTILs. The polymer is formed from polymerized RTIL
cations typically synthesized as monomers and polymerized
in the presence of the non-polymerized RTIL cations to
provide a solid composite material. The non-polymerized
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RTIL cations are not covalently bound to the cationic
polymer but remain as free cations within the composite
material able to associate with charged subunits of the
polymer. The solid composite material may further contain
unbound negatively charged anions which are able to asso-
ciate with positive charges on the polymer or positively
charged non-polymerized RTILs. These composite materials
are useful in catalysis, gas separation and as antistatic
materials.

Polymerized RTILs of the present invention, also referred
to herein as “poly(RTIL)s”, primarily comprise RTIL cations
attached to a polymer backbone. The polymer backbone can
be any suitable polymer backbone known in the art, includ-
ing but not limited to, poly(acrylate) or poly(styrene) back-
bones. Polyanions such as poly(styrene sulfonic acid salts)
have also been employed, along with poly(zwitterions) and
copolymers. In one embodiment, two distinct polymer archi-
tectures are used to interface with non-polymerized free
RTIL cations. The first architecture is a side-chain configu-
ration (Formula 4a) and the second a main-chain or ionene
configuration (Formula 4b):

FORMULA 4

(@)

®)

Both types of polymers shown in Formulas 4a and 4b can
be utilized with imidazolium-based RTILs or other RTIL
cations to form homogeneous, solid composites that do not
phase separate. Composite materials comprising polymer-
ized RTILs with unpolymerized RTIL, also referred to
herein as “poly(RTIL)-RTIL”, contain up to approximately
60 mol % non-polymerized RTIL cations that remain
unbound to the polymer chain are readily fabricated.

Polymers of Formula 4a can be swollen with RTILs or
other organic solvents before or after polymerization. When
employed as a thin film, they may be used as selective
membranes. There are no reports in the literature of incor-
porating non-polymerized RTILs within a polymerized
RTIL membrane to enhance transport or capture of a gas.
Optionally, the composites of the present invention further
include additional transport agents and capture agents within
the composite material in addition to the non-polymerized
RTILs. Examples of facilitated transport agents include:
Co* and complexes (especially including imidazole —Co>*
compounds) for O,, amines for CO,, Ag* and complexes for
olefins (i.e. ethylene, propylene, etc.). Capture agents
include strong bases such as OH™ for CO,, SO,, H,S or
strong acids such as H" for NH;. These agents may or may
not be designed to be tethered to an RTIL so as to enhance
their compatibility with the polymer backbone.

RTIL cations useful as polymerized and non-polymerized
RITL cations of the present invention include, but are not
limited to, organic cations such as imidazolium, pyridinium,
pyrrolidinium, ammonium, and sulfonium ions. The polym-
erized monomer RTIL cations may be the same or different
cations as the non-polymerized RTIL cations. Preferably, the
RTIL cation is an imidazolium cation. In one further
embodiment, the cation is selected from group consisting of
1-alkyl-3-methylimidazolium, 1-alkylpyridinium, and






