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1. Basic

Definition

* |onic Liquids are ionic compounds(salts) which

are liquid below 100 °C. More commonly,
lonic Liquids have melting points below room

temperature.
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1. Basic

History

1914 — [EtNH,][NO;] (m.p. 12°C) was first described.

1970s~1980s — imidazolium and pyridinium cation, halide anion
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1. Basic

Designers solvent — ionic liquids (D

1. Viscosity / Cation 1. Oxygen balance

2. Surface tension ———> | < 2. Density
3. Melting point y + 3. High energy
content ion

New, functionalized material

l"' Cation
: +

Stability Functionality

about 1000 ILs are described in the literature,
300 are commercially available.



1. Basic

Designers solvent — ionic liquids (@

R R
Most commonly 1~ R CH Y. R . R
used cations: | N \‘N&N*f P . Bl

H
Ié{ A R I\ R kFi
N-alkyl- 1-alkyl-3-methyl Tetraalkyl-  Tetraalkyl-
pyridinium imidazolium phosphonium ammonium
Some possibe Water

osss. > Water
o immiscible miscible
[PFg] [BF,] [CH,CO,7]
[N(SO,CF,),7 1  [CF,S0,7] [CH;S0,7]
[BR,R,R4R,’] [NO;7], [CI]
Most common  Ethyl, Butyl, Hexyl, Octyl, Decyl
alkyl chains:

Fig. 3. Most commonly used cation structures and possible anion types [30]



1. Basic

Characteristics (1)

[BF.I [PFel [NTF,]"

Fluorous ILs are immiscible
with both organic and aqueous solvents.
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1. Basic

Characteristics 2)

lonic liquids

Possible properties of ionic liquids

Thermal and chemical stability

4

—

Low melting point

High ionic conductivity

Solubility (affinity) with many compounds

Variation of ion structure

4 | \

lon conductive
materials for
electrochemical devices

Negligible volatility
Flame retardancy

Moderate viscosity

High polarity

Solvents for

Solvents for
bioscience

chemical reaction




1. Basic cation

Melting point (D and

m.p. anion size
Cation Anion Tn/°C high small
Na* cr 301 /\L
Cs’ CI 645
(Pr):N" Cr 241
o i—
NN Cl 87
T — —
NN NO; 38
o —
NN BE, 15
— oo
N N—l— FSC\g/ Nx%/CFS _3
IS N2 I I
6 S v

low large



NTF,O

m.p. -3 °C

large
cation
large,

\l ‘lf \m.l'
K ."‘rh‘.l

‘- » \.

NaCl
m.p. 801 °C

Melting point @)

1. Basic
symmetric,

small

cation,

symmetric, ———
large




1. Basic

DSC (Differential Scanning Calorimetry) (D

DSC is a thermoanalytical technique in which the difference in the amount of
heat required to increase the temperature of a sample and reference is
measured as a function of temperature.

Using this technique it is possible to observe fusion and crystallization
events as well as glass transition temperatures T,
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1. Basic

DSC (Differential Scanning Calorlmetry) )

Supercooling

DSC /(mW/mg) liquid :
T exo : i liquid
cooling 5 |

0.4 .y
glass transition

0.2
o /=
SNoNSN~ 00 .
cl® crystallization
[emim]CI glass

m.p.: 87 °C 0.2{_

melting
0.41 heating /\. 5
-0.61
I —'|'i3|D I I I I —Ellﬂ I I I l I:I] l I I I 5IU I I Im-.lp.'l'[I]D I

Temperatur /°C
Figure 1: DSC melting and crystallization experiment of EMIM-Chloride , dT/dt = 10K/min

Flexibility of the constituent ions
+

Conformational diversity

v

Phase transition is hard to happen.




Me

Preparation and Purification

remove CHCI;

[—\ EtBr T [—\ LiNTf, [\
N N > > N N Me > ' N N
Br® NTFS
washed with ether extracted with
CH,CI,

<Purification>

Negligible volatility > di n

Low melting point > recrystallization at low temperature



1. Basic

Catalog (Aldrich)

1-Butyl-3-methylimidazolium chloride

Butyltrimethylammonium bis(trifluoromethylsulfonyllimide

BIMC s 258273-75-5]  CoHhaFeMNau5: P 396,37 M e r;-ﬁ—-.,—ﬁ-:r
(70017-00-1] CeHisCIN: - PW: 17467 e bl B
mp ~70°C b, P 99%
water: Z=02%
P =99.0% (HPLC) bromide (Br) : =25 maskg nitrate (NO:) - =25 makg
water: 20.2% chloride [C1} : =25 mgikg phosphate (PO - =10makg
04129-5G-F 5q ¥13000 fuorde (F1 :S10matkg sulfate (5045 s =25 mgkg
04129-25G-F 25¢ ¥47B00 713007-5G 5g ¥8,300
1-Butyl-3-methylimidazolium hexafluorophosphate 713007-50G 509 ¥40,000
BMIMPF, e 1-Butyl-4-methylpyridinium hexaflucrophosphate
174501-64-5] CaHusFeh:P  FW: 284,18 W ™ AMBPPF. oy
d 138 g/ml L20°C)  n¥f 1.4 Sty [M01788-99-6]  CuHisFsMP FW: 295,20 i Py
rmp ~45 "C >"|:' .
P for catalysis, Z98.5% (T) " Chy
water S0.02% P =07.0%
bromide (Br) =10 mofkg phosphate (P04 1 =30 madka lanic liquid: reaction kinetics of redox reactions'
chlorde (Cl) : £10malkg sulfate (S047) r=210mogfkg Liteited: 1. 0. Behar et al. £ Phys. Chem. A 106, 3139, (2007)
nitrate (NC1 ) : S10 maikg B8458-50 5g ¥17,000
18122-5G-F 50 ¥11,900 B8458-500G 5009 ¥52,000
181.22-50G-F s0g §72000 Tetrabutylphosphonium methanesulfonate
1-Ethyl-3-methylimidazolium bromide [98342-59-7] CoHnOsPS  FW: 35453 e
(6503%-08-9] LMy Briz  FW; 191,07 Gy mp 59-62 °C "'#?“ : oy
P dry, 298.5% (HPLC/T) L. P Z98.0%(NT) ¢
water: 2200 ppm : Lit.cited: 1. M. Badri et al. fefrahedron Letr. 33, 4435, (1992)
03938.5G 5q ¥24 600 2. HM. Pornaville et al | Chromarogr. 438, 1, (198E)
03938-25G 259 W03 000 3692950 59 ¥12.900
BH92G-250 259 ¥51,700



http://ilthermo.boulder.nist.gov/ILThermo/pureils.uix.do?event=NewSearch

[onic Liquids Database— (ILThermo)

Property Data of Pure lonic Liquids
Search by lonic Liquids

Formula

Molec.Weight . Search |

[onic Liquid Name 1-butyl-3—-methylimidazolium chlc

Enter Criteria for lonic Liquids

Hints: Search is CASE-INSENSITIVE. Enter a Molecular Formula or Name or Just a fragment of these fields
Examples for Name: pyridinium, Imidazolium, CHLORIDE,...

Examples for Formula: C8H15BrN2, e8h1b, CIN2,...

Examples for Molecular Weight: »200, 216.12, ...




Database 2)

http://ilthermo.boulder.nist.gov/ILThermo/pureils.uix.do?event=NewSearch

lonic pair constituting this ionic liquid - 1-butyl-3-methylimidazolium chloride
B~ 1-2 f 2 (R
Formula lonic Charge |lonic Name Ionic Structure |

NN\

N—
E/
CaH15N2 1 1-butyl-3-methylimidazolium
|

cl -1 chloride Cr

Available properties for this lonic liquid - 1-butyl-3-methylimidazolium chloride
B~ 16 /B YR

E:ﬂﬂProperty Category Description |References|[)ata Points|
@ Heat Capacity and Derived Properties Heat Capacity at Constant Pressure, J/E/mol 2 14
7 Phase Transition Properties Zlasz Transitlen Temperature, B 1 1
Fhasze Transition Properties Normal Melting Temperature, K T T
Refraction, Surface Tension, and Speed of Sound Surface Tension, N/m 1 20
Transport Properties WViscosity, Pa s 1 9
7 Volumetric Properties Specific Density, kg m*+3 1 1
References and Data Sets
g~ 1-2 / 2 1R
‘ Sample ‘ Data ‘ Year
# 4 Reference Title No Set Fub. |Authors

@ Heat Capacities of lonic Liguids and Thelr Applications as Thermal 1 1 2003 Helbrey, J. In; Eeichert, W, M.; Reddy, E. G.; Eogers, E. L.



2. Application

i}
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2-1.

Organic Reaction (TEMPO oxidation) (D

o/\
\/\/NVN\
PFS
6
[bmim][PF¢]

/Cfi TEMPO (5 mol%), CuCl (5 mol%) iR
R4 R2 Q,, [bmim][PFg], 65°C R 2

Rq= aryls, alkyls ; Ro=H, alkyls
]

. . P
- - s entry  alcohol product time/h conversion® yield
Table 1. Conversion of Aleohols o Aldehyvdes and Ketones
. CH,OH CHO
anlry  alcohol product timesh convarsion® yield” N Je;
12 [ U 16 o8 an
",
1 k‘a ~OH ﬁ.cm 15 98 72 A A
2 = - o 58 73 OH o
Sz CHO
N eaN it I A T e e
MeQ ~ MeO -
oM «..CHO oH 0
4 l;J l/:[ v % “w o | 2 90 80
MO MO, "
NG . .CHO o -
5 W Ej/ 38 16 nGCHCHOH nGCHCHO 30 70
N OH )
6 o 8 98 73 16 80 90
S8 o d
7 L«" r:’:r 454 o8 72 17 e k_,:l 35 88 50

oH
. o o
8 |”j/|[’> @ 0 96 o1 18 ‘i‘](ﬁ/ﬂH ;,:%,0 8 30
o o~/ CHO g9 2] 75 t
8 | /:I 149 K/] a8 no reaction
CHD =" TOH = pin)
10 (J/ T OH ]/ T a7 78 = =

11 geranidl >:‘f\T"$CHC* 18 a8 85 2 GC conversion. ¥ [solated yield. € Reaction was carried out at 50 °C
with 10% catalyst, @ 10% catalyst was nsed




2-1.

Organic Reaction (TEMPO oxidation) 2

Scheme 2
bmim][PF
o fomimIPP
0,, cat., 65°C
2 3
..same solvent

- without 3

O-, cat., 65°C
4 5

Table 2. Reuse of the Solvent for the Oxidation of Benzyl
Aleohol o Benzaldehvde

rumn

1 2 3 4 5 [ 7 b

vield (%) Te 70 68 70 (5 4 G2 G0

R. Gree, et al. Org. Lett. 2002, 4, 9.
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Organic Reaction (TEMPO oxidation) 3

Ri_ _OH
<

R

A
Et,O phase

0O,

[C,mim][PF4] phase / i
(TEMPOH)

Cu(ll)-TEMPO

R,
X complen 2 120,
Ry
— o cully 2 >(j< H,0
RS complex N
+H |
Cu(l)-TEMPOH 0.

Fig. 3 Copper-centred mechanism for the Cu-TEMPO catalysed
aerobic oxidation of alcohols.



2-1.

Organic Reaction (other reactions)

C0,(CO)g (10 mol%)
e CO (10 bar) —\
. > C©=o MesN_ _NMes PFg
< [C4mim][PFg] T .
80°C 42 - 99 %yield Ry 7\
v —_—
Figure 1. Pauson-Khand reaction © (l} N
HaC—(’
CHs Ts
-[[JS 5 mol%, N
4 mol% Pd(OAc), j)\ /IA/ 1 (:Z
0 8 mol% DPPP BMIM PFg (70956
|L J_k N Br 1.2 equiv. 'Pr,NH N H=C CHaxCHz Tol, 3h, 2%55 ) CHz
N 0.1 mL [C,mim][BF,] | Up to >98% Conversion
I R 2'mL DMSO R 5 Cycles
115 °C, 36h
R = p-Ac, H, p-Me Figure 4. Olefin Metathesis

Figure 2. Heck Arylation

Pd(OAc),/PPh;
Ph Ph co,Me  [Comim][BF] FP Ph

Figure 3. Tsuji-Trost reaction
and so on.



2-2.

Bioscience (Biorefinery) 1)

Biomass Energy

1st step : Extraction and dissolution of polysaccharides from biomass

l

2nd step : Hydrolysis of polysaccharides into mono-, di-, or oligo-saccharide

l

3rd step : Conversion of chemical energy, involving the resulting sugars, into
electric energy




2-2.

Bioscience (Biorefinery) @

OH

HO
OH -~

o
CHOH|

O

CH,0H

Qo

OH OH

OH HOHLGC

OH

C

Ke.

n

CH.CH

O
OH OH

OH

Figure 1. A cellulose polymer chain. n 1s typically 400—1000.

Problem : Cellulose is insoluble in water and
common organic reagents.



2-2.

Bioscience (Biorefinery) @

Table 1. Solubility of Dissolving Pulp Cellulose in lonic Liquids

ionic liquid method solubility (wt %)
[Camim]|Cl heat (100 °C) 10%
(70 °C) 3%
[Camim]|CI heat (80 °C) + sonication 5% o/—\
[Camim]Cl microwave heating 25%. clear _ \M’NVN\
3—5-s pulses viscous solution n-1
[Cqmim]Br microwave 5-7% [C,mim]*
[Cymim]|SCN microwave 5—7% (C,,-methylimidazolium)
[Csamim]|[BF4] microwave msoluble
[C4mim][PFg] microwave insoluble
[Cemim|Cl heat (100 °C) 5%
[Cemim]|CI heat (100 °C) slightly soluble

The melting point of [C,mim]Cl is 70°C.

Extra energy is needed to operate with IL based on [Cﬁmim]CI

R. D. Rogers, et al. J. Am. Chem. Soc. 2002, 124, 4974.
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Bioscience (Biorefinery) @)

40 e--m L
e
35 | el .ol
wom
f 30 g’_‘r’ .r__"", r,-"l:l1
f \ MeO\ (/0 E ‘,' . [N
'OIR et R I -
—NXFTTROH o . ; S
R = ethyl: 1, allyl: 2, n-propyl:3, n-butyl: 4 E 20 7 m .4
Chart 1 Chemical structure of dialkylimidazolium methylphos- E st P A .,.—""i
phonate. & Lo e
o 1Wr'n’ e
DL
IR
. . 0 . . - - - -
Chloride anion : 70 °C 0 20 40 60 80 100 120
l, Time / min
PhOSphOnate anIOn ‘rt Figp. 3 Degree of extraction [or bran with a series of 1Ls
@50 °C

H. Ohno, et al. Green Chem. 2010, 12, 1274.
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Bioscience (Biorefinery) ®

Figure 2. SEM micrographs of the mitial dissolving pulp (left) and after
dissolution in [Cymim]Cl and regeneration into water (right).

R. D. Rogers, et al. J. Am. Chem. Soc. 2002, 124, 4974.
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Bioscience (Biorefinery) ®

[t i Biomass(bran) 4 )
Rl /—\ H\P//O
IL

Fig. 2 Extraction of polysaccharides from bran. 1: Before heating, 2.
after heating for 10 min, 3: filtrate, 4: after addition of ethanol to the
filtrate.

cellulose

H. Ohno, et al. Green Chem. 2010, 12, 1274.
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Bioscience (Biorefinery) 7)

e

OH 5,
HOM |_> = _‘L
HO OH

OH
Glucose

or Enzyme 1
oligosaccharides

Fuel
ProductD._

Mediator 2

+i
OH : H
o) Mediator 1
HO .
HO -0 > .
OH nzyme
Gluconolactone Anode Cathode
or
Oxidized oligosaccharide
Now ... - Future
H20 lonic Liquids

Denaturation of Enzymes B. Scrosati, et al. Nature. Mater. 2009, 7, 621.



supported lonic Liquid Phase (SILP) D

Homogeneous Heterogeneous

Catalyst o Catalyst

difficult / expensive Recovery easy / cheap
poor Thermal Stability good

excellent Selectivity poor




supported lonic Liquid Phase (SILP) @)

- SILP catalysis is a concept which combines the advantages of
ionic liquids with those of heterogeneous support materials.

Scheme 1. Preparation of Surface Anchored lonic Liquid Phases

I'f!u
Organic Phase N N +  _
( ¥ 4BuC ED Cl
HRh(CO)(tppti)s [bmim][PFg] Vol Tremx N2
(CHz)3 (CHz)3
tppti 6 Si(OEt)s SI{OE)s
CO/H, 1-C¢~ Cy-Aldehyde CHaENl + NaX
?u - NaCl
) x \
N silica gel oy
@ Y ot - o — X
X ool S, ROIE) | i. '
(00 L 0080..00 R0, oA BRSE) AL (GHs
M SHOENs
Support Material
X =BF, 5; PFg. 6 X=BF; 3, PFg: 4

C. P. Mehnert, et al. J. Am. Chem. Soc. 2002, 124, 12932.
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Supported lonic Liquid Phase (SILP) B

SILP catalyst Porous network
particle P W

GR il :":—x N Immobilized ionic

‘ﬁfj@f/ [\ _j =, \\ liquid phase

e T ) = N
IJ 3 @? T
\{\___\ o _//‘ “-“"‘..

=~ X"/ “support \
\ / e "J_-_J'-.
\ [— )
reactants _—— = \[———~ /__J
"™ substrate phase T ]
products X T

/ ae \ \ WEL ol /

‘ / ® \hh‘__“———-x:i H{@f;uppon 4
1 e
@ . Le@ o) | I i i

support = jonic liquid
\\ pp OS] q

O '___,/”

Figure 12. Schematic drawing of a supported 1onic liquid-phase

(SILP) catalyst.
M. Haumann, A. Riisager, Chem. Rev. 2008, 108, 1474.
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Supported lonic Liquid Phase (SILP) @)

Scheme 1. Preparation of Surface Anchored Iumc Liguid Phases

x +BuCl_ E"P cl”

reﬂux
['CHEIS I:Gth
Sl{DEt}la Si{DEtJa
+ NaX
- CH‘gCNl NaCl
|
Oy
silica gal E
[?Hzls GHGIa r\?
O/ \ ‘Ot (GHzils
/“N\/’\ &{OE“S
X=BF4 b, PFg 6 X =BF; 3 PFg 4

I ]III|IIIilillllllllyllﬂllIllllllll

v SILP materials are prepared by
dispersing a solution of the catalyst
complex in an ionic liquid as a thin film
on porous solid materials.

v’ This layer serves as the reaction phase
in which the homogeneous catalist is
dissolved.

C. P. Mehnert, et al. Chem. Eur. J. 2005, 11, 50.
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Supported lonic Liquid Phase (SILP) &

~ For Hydroformylation ~

[Industrial process] Ruhrchemie-Rhone-Poulenc process
- Aaueous-organic biohasic catalist

CH,-CH,=CH, +CO+ H,—“ CH,-CH,-CH, —CHO + CH, - CH(CH,) - CHO

n — butyraldehyde iso — butyraldehyde
Lt [ypcal value
NaO,S
n-Butyraldehyde (%o) 94.5 NaO,S
izo-Butyraldehyde (o) 4.5
n-Butyraleohol %) (.5 73

Rh Wiwwase— P SO,Na

lemperature (°C) 120 NaO,S Q :

Total pressure  MPa) S0 o
. SO,Na
COvHa ratio 1.01 NaO,S SO,Na
(i3

rEse Tatio . 21

\ H SO,Na
iso-Butyraleohol (%) <(.] 7" P
Butyl formates {(%h) Iraces
Heavy ends (%o) 0.4 Nao3s\© >
P/

C
Aquecus/organic phase raho
. . i 05
Conversion . [ %) J‘:j cat.
Propylene quality ("o propene) 95

Problem : Phosphite ligands decompose by hydrolysis in water.
C. W. Kohlpaintner, et al. Appl. Catal. A. 2001, 221, 219.
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Supported lonic Liquid Phase (SILP) ®

<Selectivity>
Mixed C, Feedstocks
trans:9.1%

25.6% cis:7.0% 43.1% 14.9% 0.3%

Hydroformylation

M. Haumann, P. Wassersheid, et al. Angew. Chem. Int. Ed. 2011, 50, 4492.
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Supported lonic Liquid Phase (SILP) )

Rh(CO),(acac) ligand 2 (additive 3) silica

! T

CH,CI, lonic Liquid
Fig. Preparation of SILP catalyst

MeO OMe

Me Me

e U W

HN (@) (CH,)g (@) NH
O’P P\o

Me Me
7S<° °>8<Ph Me 3 Me
o i Ph " (Tinuvin-770)

M. Haumann, P. Wassersheid, et al. Angew. Chem. Int. Ed. 2011, 50, 4492.
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Supported lonic Liquid Phase (SILP)

80 °C
selectivit
CO/H, / y
Rh-2-SILP
Mixed C4 feedstock - /\/\CHO Wk R AL - -- LT 100
without 3 ‘ [
25 L o5
CO/H; - &
T ~~"cHo . " £
k=] ' o =
H n-pentanal 5 . - 100°C s 2
= 2
S -
CHO % 10 Ls0 =
—_———— =
% o 80 OC t:l-:
isopentanal 54 - 75
o , — I 70
/& ————— )\/CHO 100 OC 0 20 a0 &0 BO 100 120 140 160
i " conversion Time fh
S 3-methylbutan-1-al Figure 1. Hydroformylation of an industrial Cy mixture (raffinate 1,
500 ppm H,D) in the presence of Rh-2.5ILP catalyst. p,,,, =10 bar,
Peasinae1 = 2 bar, p, = peo =4 bar. Total volume flow=13.8 mLmin™",
)\ residence time=29 5, mg =3 g, wg,=0.2 wt %%, 2/Rh=10:1, ionic
liquid loading =10 vol 35 [EMIM][NTF] relative to total pore volume.
. ) ] . Conversion (m, &, «) and selectivity (0, o, o) plotted over time at
Diphosphite ligand 2 decomposition leads to 30 (w, 7), 90 (&, ©), and 100°C (#, o). EMIM=1-ethyl-3-methylimida-

zalium, NTF, = bis (trifluoramethanesulfonyl)imide

the formation of phosphoric acid.

M. Haumann, P. Wassersheid, et al. Angew. Chem. Int. Ed. 2011, 50, 4492.
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Supported lonic Liquid Phase (SILP) (9

CO/H,
Rh-2-SILP
Mixed C, feedstock > " CHo
with 3
3/12=4:1

Additive 3 works as acid scavenger that
does not interact or react with the active
catalytic species.

TON : 350000 !!

/ selectivity
30 : ~ 100
Eﬁ-imw mmedl-‘,m o
-'- L [']
. R
f 201 -~
5 2
% 15 BS %
H m
§ conversion ®
e 104 Lo 2
a )
2 %
5 - b~ 75
o . . o

L 1EI[:| Eigltl B ) 4[;3 E':!IIJ 00 '."II:lEI «&iglﬂ =]
Time fh
Figure 2. Hydroformylation of an industrial C; mixture (raffinate 1, less
than 16 ppm H,O) in the presence of Rh-2-SILP catalyst. T=1007C,
Protat = 10 Barn, P = 2 barn, py. = peo =4 bar. Total volume flow =29.2
mLmin ", residence time =15 s, Mg p=23 g, Wy, =02 wt%, 2f
Rh=10:1, 3/2=4:1, ionic liguid loading =10 vol % [EI'-.'1|I"u'||[I"JTFI,_.] rela-
tive to total pore volume. Conversion (m) and selectivity (0) plotted
aver time.

M. Haumann, P. Wassersheid, et al. Angew. Chem. Int. Ed. 2011, 50, 4492.



3. Summary

* Jonic liguids are not simple fruids.
- the tunability of the cation and anion independently
offers almost unlimited access to targeted
combinations of physical and chemical properties.

* The scientific and technological importance of ionic
liquids today spans a wide range of applications.
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