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The ionic liquids 1-butyl-3-methyl imidazolium BMINNO;~ and BMIM™BF,~ have been successfully
utilized to increase the activity in reversibtecomplexation with olefins of silver cations in silver polymer
electrolytes consisting of AgN{dissolved in poly(2-ethyl-2-oxazoline) (POZ). In the absence of the
ionic liquids, AgNQ; is not readily dissolved in POZ and is instead because of its high lattice energy
present mostly as chemically less active ion pairs or higher order aggregates. The activaticnimf Ag
silver polymer electrolytes in the presence of these ionic liquids is principally due to the reduction of the
interactions between Agand NQ~ produced by the interaction between BMiNMind NG, and this
effect does not occur in the presence of common salts such as Nalinvestigated these systems
with FT-IR, FT-Raman, and XPS and calculated the theoretical electronic structures of the relevant species.
The increased activity in these membranes of Agreversiblez-complexation with olefins was further
confirmed by evaluating the sorption and desorption behavior of propylene and the performances of the
membranes in the separation of olefin/paraffin mixtures.

Introduction well-known that most silver salts with a low lattice energy

o . such as AgBF are readily dissolved in common polar

I0n|(_: I|qU|_ds have re_cently attracted_ much interest be_causepolymers such as poly(2-ethyl-2-oxazoline) (POZ), poly-
of their unique physical and chemical propertieSheir (ethylene oxide), and poli¢vinyl pyrrolidone), generating
highly charged nature means they can be utilized, for feqanions as a result of the coordinative interaction between
instance, as biphasic reaction media and as eco-friendlyihe silver ions and the oxygen atoms. However, Agld6es
solvgnts_instead of voIatiIe_organics in_ chemical processes. ot readily dissolve in these polar polymers to produce free
Their unique physicochemical properties have been testedgng and is instead present mostly as ion pairs or higher order
in new applications such as dye-sensitized solar cells 5gqregates, which are chemically less active in the formation
[DSSCs] and membranes for the separation of @@l chiral ot gjlver—olefin complexes. The unfavorable dissolution
mixtures:e~" behavior of AQNQ may be principally due to its high lattice

In this paper we report the successful use of ionic liquids energy.
to control the interactions between silver cations and nitrate Silver ions are generated by the dissolution of silver salts
anions, with the result that the silver cations become
chemically more active in forming silvelefin complexes,
in which an olefin molecule donateselectrons to the empty
s orbital of a silver ion to form a coordinative bofélt is

in the polar polymer solvent and react with olefin molecules
to form reversible silverolefin complexes. Such reversible
silver—olefin complexation properties can be used in mem-
brane separation and in pressure or thermal swing adsorption
processes for olefin purification.

Among the many silver salts capable of forming reversible
silver—olefin complexes, AgBIlFhas been commonly used
because of its highly favorable formation of such complékés.
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However, AgBR is easily reduced to metallic silver, 1897
resulting in the deterioration of its complex formation abifity.
On the other hand, AgN©is not readily reduced, but is
rather inactive in complex formatioii* Thus, we have
investigated the use of ionic liquids to control the interactions

+ .
POZIAgNO,/BMIM NO, = 1:1:0.1

+ .
POZIAgNOalBMIM BF4 =1:1:01

i

between Ag and NQ~ in order to improve this salt's g
complex formation activity and take advantage of its § o o1
resistance to reduction to metallic silver. H i
In this study, the ionic liquids 1-butyl-3-methyl imidazo- é POZIBMIM'BF, = 1:0.1 160
lium BMIM *NOz;~ and BMIM™BF,~ were introduced into
silver polymer electrolytes consisting of silver salts dissolved POZIAGNO, = 1:1 %\_/
in POZ. The positive charge of the BMiIMons is expected
to interact with the N@ anions and reduce the interactions poz L

between Ag and NG, making the silver ions more active ——r ——— ——— ———————————
in reversible olefin complexation. The resulting activated ~ 1900 1850 1800 1750 1700 1650 1600 1550 1500

silver ions were then useq in facilit_ateq transport membranes Wavenumber (cm™1)
for the separation of olefin/paraffin mixtures. Figure 1. FT-IR spectra of neat POZ, 1:1 POZ/AghQ:0.1 POZ/BMIM -
BFs~, 1:0.1 POZ/BMIM'NOs ™, 1:1:0.1 POZ/AgNGBMIM *BF,~, and 1:1:
Experimental Section 0.1 POZ/AgNQ/BMIM "NOs™.

Materials. Silver nitrate (AgNQ, 99%) and poly(2-ethyl-2- AgNOs/BMIM *NOs;~ complex was dried completely in a vacuum
oxazoline) (POZM,, = 5.0 x 10° g/mol) were purchased from  oven for 2 days at room temperature. The thickness of the top
Aldrich Chemical Co. The ionic liquids 1-butyl-3-methylimidazo-  polymer electrolyte layer was found to be approximatelyriwith
lium nitrate (BMIM*NO;~) and 1-butyl-3-methylimidazolium tet-  SEM. Gas flow rates or gas permeances were measured with a mass
rafluoroborate (BMIM'BF,~) were purchased from C-TRI Co. All  flow controller (MFC). The unit of gas permeance is GPU, where
the chemicals were used as-received. 1 GPU=1 x 10°%cm?® (STP)/(cn? s cmHg). The mixed gas (50:

Characterization. IR spectra were obtained with a 6030 Mattson 50 vol % propylene/propane mixture) separation properties of the
Galaxy Series FT-IR spectrometer; 64-200 scans were signal-POZ/AgNQyBMIM *NO;~ complex were evaluated using a gas
averaged with a resolution of 4 cfd Raman spectra were collected ~ chromatograph (Hewlett-Packard G1530A, MA) equipped with a
for the POZ/AgNQ/BMIM +BF,~ films at room temperature using ~ TCD detector and a unibead 2S 60/80 packed column.

a Perkin-Elmer System 2000 NIR FT-Raman with a resolution of
1 cmr L. This spectrometer is equipped with a neodymium-doped Results and Discussion

yttrium aluminum garnet (Nd:YAG) laser operating at 1064 nm. o ) o )
The spectroscopic data were obtained using a pressure cell with Coordinative Interactions. The coordinative interactions

CaFR, windows. between silver ions and the polar atoms of a polymer matrix
X-ray photoelectron spectroscopy (XPS) data were acquired usingresult in the dissolution of silver salts in polymer matrixes
a Perkin-Elmer Physical Electronics PHI 5400 X-ray photoelectron to form polymer-silver complexes or silver polymer elec-
spectrometer. This system was equipped with a Mg X-ray source trolytes? The extent of the dissolution is strongly correlated
operated at 300 W (15 kV, 20 mA). The carbon (C 1s) line at 285.0 with the lattice energy of Agand the counteranion and the
eV was used as the reference in our determinations of the bindingstrength of the coordinative interaction between Agd the
energies of the silver ions. polar atoms of the polymer matrix. The changes in the
.Sorémlon and Desorption chj Propylene. A quz;rtz hCWSta| , hcoordinative interactions between Agnd the G=O groups
microbalance (QCM) was used to measure weight changes With ¢ 5oz 1t resulted from the introduction of the ionic liquids
time upon propylene exposure. For the preparation of each film, 2 vere investigated using FT-IR spectroscopy. The FT-IR

3 wt % polymer solution containing AgN{and the ionic liquid oE -
were cast onto a quartz crystal with a spin-coater at 1000 rpm. spectra for pure POZ, 1/1 POZ/AgN@POZ/BMIM'BF,™,

Each coated film was dried overnight in a vacuum oven before the POZ/BMIM*NO;”, 1/1/0.1 POZ/AgNG@BMIM *BF4~, and
propylene sorption test was carried out at 1 atm. 1/1/0.1 POZ/AgN@BMIM *NOs~ are shown in Figure 1.
Separation Performance.The POZ/AgNQJionic liquid elec- The C=0 stretching band of neat POZ at 1630 ¢mvas

trolytes were prepared by dissolving Aghlénd each ionic liquid ~ found to shift to a lower wavenumber at 1605 ¢nupon

in a water solution containing 20 wt % of POZ. ThefO]:[Ag] incorporation of AgNQ into POZ, presumably due to the
molar ratio was fixed at 1:1 and the amount of the ionic liquid was weakening of the €O double bond caused by electron
varied. For the fabrication of the separation membranes, the mixeddonation from the carbonyl oxygens to the silver ions. When
solution was coated onto polysulfone microporous membrane the ionic liquids were added to the POZ/AghEmplex,
Sé“pport(s (Sgiha; Ingustrieisclnc., Seoul, Kor(e;a) using an RK Controlyya yosition of the €O stretching band was found to shift

oater (Model 101, Control Coater RK Print-Coat instruments LTD, :
UK). The molar ratio of BMIM"NO;~ to AgNO; was fixed at 0.1 further, fro.m 1605. to 1597 crd, suggestln_g thg strengthen-
ing of the interactions between=€D and silver ions. It was

for the separation membranes; this molar ratio provided the best .
separation performance. After evaporation of the solvent in a also observed that the= peak at 1630 cnt is not

convection oven at room temperature under nitrogen, the Poz/ Significantly affected by the addition of the ionic liquids to
neat POZ, implying that the interactions between POZ and

(5) Jose, B.: Ryu, J. H.: Lee, B. G.; Lee, H.: Kang, Y. S.. Kim, H. S. the ionic liquids are negligible. These results are attributed
Chem. Commur2001, 2046. to the interaction between the NOanions and the silver
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Figure 2. FT-Raman spectra of POZ/AgN@lectrolytes for various molar ratios of BMINBF,~ to AgNQ; in the (a) NQ~ stretching and (b) BF
stretching regions.

ions being weakened by the interaction between BN&d addition of the ionic liquids, presumably making the silver
NO;~. As a result of this interaction, silver ions in the POZ/ ions more active in silverolefin complexation.

AgNOfionic liquid complexes are more strongly coordinated  Ejectronic Structure and Binding Energies. The elec-
with carbonyl oxygens than those in POZ/AghO tronic energies and complexation structures were calculated
lonic Constituents. The intensity of the coordinative  ysing density functional theory at the B3LYP level, and the
interaction between POZ and the silver salt determines thecharge densities of the silver ions in these systems were
identities of the ionic constituents (i.e., free ions, ion pairs, gptained using natural population analysis. The structures

and higher order aggregates) because it has a direct effecyf POZ/AgNQ; with and without BMIM' are shown in

on the strength of the interaction of the silver ion with the scheme 1. Since the anions of the ionic liquids are free (as
counteranion. For instance, free ions are more likely to be was confirmed by the Raman spectra), the effects of their
formed when the interaction between the silver ion and its presence were not considered in these calculationsCBH
counteranion is weak. The interaction in polymsiiver CON(CHs;)CH,CH; was used to model POZ in these calcula-
complexes between the Agand NQ™ ions upon addition  tions for simplicity. Table 1 shows that the complexation
of BMIM "BF,~ was investigated using FT-Raman Spectros- energies AEc), defined as the energies required to separate
copy. The BMIM'BF,~ system was investigated because the the complexed molecules in the gas phase, are 53.6 and 115
NOs™ ions of BMIM*NO;™ and AgNQ are indistinguish-  cal/mol for POZ/AgNQ electrolytes with and without
able. The Raman spectra of POZ/Agh€lectrolytes with BMIM *, respectively. On the other handEc of POZ/

and without BMIM'BF,™ are shown in Figures 2a and 2b - AgBF, electrolytes is 97.6 kcal/mol. A large value AEc

in the regions of the N© and BR™ stretching bands, ipgjcates that there is a strong ionic interaction betweeh Ag
respectively. Note that the NOstretching bands at 1034, 5n4 NQ-. The theoretical calculations suggest that the
1040, and 1045 cni are assigned to free ions, ion pairs, complexation energy of the POZ/AgNBMIM * complex

and ion aggregatésiespectively. The fraction of free NO g paf that of the POZ/AgN@complex, and thus that there
in 1/1 POZ/AgNQ in the absence of BMIMBF,~ was is a much weaker interaction between2and NG~ in this

est_ima.ted from the deconvolu.ted spectra to be only 13%, complex than in POZ/AgN® Further, the charge density
Wh'cz is low because of t_he high Iattlce_ energy7@4 kJ/ of the silver ion was found to increase from0.796 to
mol).> However, the fraction of free anions was found to +0.824 with the addition of BMIM, indicating an enhance-

increaie to 31% upon t.hehaddition ?cff?'z molar Lgtio Of ment of the chemical activity of Ag This increase in charge
BMIM BF“ - In addition, in the range o E e RFstrefc ng density seems to be associated with an increase in the length
bands (Figure 2b), only the peak at 765 ¢roorresponding of the bond between Agand NQ-, from 2.195 to 2.245 A

to free BR™ is observed for all ionic liquid concentrations. upon the addition of BMIM as' shown in Scheme 1
Note th&tu the petal;sn;‘or |(;)n77p4a_|és and ht'.gh?r %der 10N \vhereas the length of the bond betweert Agd the carbonyl
aggregates are a an nrespectively. These oxygen of POZ decreases only slightly from 2.206 to 2.187

Raman results suggest the following interaction scheme: (1)/1\. For the POZ/AgBE complex, the charge density of silver
the ionic liquid is readily dissolved to form free ions without ion and the bond length betwéen Agnd BR- are+0.882

significant interactions with other constituents and (2) f
BMIM * ions interact with the N@ anions of the silver salt and 2'2_31 A respe(‘jtlveﬁ?. . _ _
to some degree, resulting in a weakening of the interaction 1N€ binding energies of the silver ions in the POZ/AgNO
between Ag and NQ-. Thus, we conclude that the System were measured with XPS to investigate the changes

concentration of free N§ anions increases markedly upon N Silver ion activity. The Ag 3¢l regions of the XPS spectra
of the polymer/silver salt complexes are very sensitive to
(6) Kim, C. K.; Won, J.; Kim, H. S.. Kang, Y. S.: Li, H. G.. Kim, C. K. the chemical environments aroupd the silver ic_)ns, p_articulquy
J. Comput. Chen2001, 22, 827. to the strengths of the interactions of the silver ions with
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Scheme 1

POZ/AgNOy/BMIM™
TBa3bLl$ F’1- (Liomﬁ)lexagicér;] EnergDies for AdfaxlngOErg;;inigr; at tfée fractions of propylene WgadWeompiey in POZ/AgNG; and
“Level, an arge Densities 0 or gBF 4 an + _
POZ/AgNO3; Complexes with and without BMIM * at 298 K POZ/AQNWE_’MI_M .NO3 after 225. hare O.'OZII.Z and 0.029,
polymer/silver complexation enerdy _ charge density respectively, |nd|cat|ng. the much higher afﬁmty of the latter
complexes AEc (kcal/mol) of silver ion membrane. The sorption rate of the former is also much

POZ/AgBF, 97.6 +0.882 slower than the latter, as shown by their initial sorption
POZ/AgNGs 115.0 +0.796

curves. Furthermore, desorption occurred in the POZ/AgNO

system only to a small extent (less than 4% after 100 h) at
a2 These calculations were carried out using the general basis set method t v sl t h in the latt t it
and the LANL2DZ basis set for AQ. The complexation energy is defined an extremely slow rate, whereas in the latler system It occur-

as the energy necessary to separate the complexed molecules in the gaged significantly (50% after 100 h) at a much faster rate.
phase.

POZ/AgNGY/BMIM *+ 53.6 +0.824

. _ These results suggest that the presence of the ionic liquid
carbonyl oxygens and with the counteraniéii$ie A 3d. increases the activity in complexation with olefins of the
spectrum of pure AgN&was found to contain a single peak  gjjyer jons in POZ/AgNG i.e., it increases the solubility of

at 371.7 e_\/7. The a_\dd_ition of POZ to AgN@resulted in a propylene and results in much faster sorption and desorption
decrease in the binding energy to 369.63 eV, presumably

due to the coordination of the silver ions with carbonyl
oxygens (Figure 3). This value was found to decrease to

368.86 and 368.70 eV upon the addition of BMINIOs~ d Agd,,
. . . Ag 312 368.70
and BMIM*BF,~, respectively. These results indicate that 374.73
the binding energies of the valence electrons in the silver +BMM
atom are reduced by the weakening of the interaction 368.67
between Ag and NG~ and that the charge density of Ag . - 374.68
in the silver polymer electrolytes is increased by the |*BMM BFg 0-1moleratio
introduction of the ionic liquids. These XPS data are 374.88 368.86
consistgnt with the Raman spectra and the theoretical +Bmw
calculations. 269.35
Propyle_n_e Sorptiqn and Desor_ption.The er_lhan(_:ement + BMIN*NO, 0.1 mole rati275.37
of the activity in olefin complexation of silver ions in POZ/
AgNO; upon the introduction of the ionic liquid BMIMNO;™ 375.66 369,63
was investigated by characterizing the transient sorption and POZ/AgNO,
desorption kinetics as well as the equilibrium solubility,

which were measured with a quartz crystal microbalance ' sz, 389 378 376 374 372 370 368
(QCM). The QCM data in Figure 4 show that the weight

366 364 362
Binding energy (eV)

Figure 3. XPS spectra of POZ/AgN§complexes for various mole ratios
(7) Kim, J. H.; Min, B. R.; Won, J.; Kang, Y. SMacromolecule2003 of BMIM *BF,~ and BMIM*NO3~, showing the binding energies of the
36, 4577. silver ions.
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Figure 4. wgadWeomplex Of propylene in (a) POZ/AgN@and POZ/AgN@BMIM *NO3z~ and (b) the desorption curve (enlarged) for POZ/AgNO

Table 2. Effects of the lonic Liquids BMIM *NO3~ and BMIM *BF,~
on the Mixed Gas Permeances and Propylene/Propane Selectivities
of 1:1 POZ/AgNO3; Membranes

total permeance

membranes (GPU) selectivity
POZ/AgNG: 0.1 0.95
POZ/BMIMTNO3~ 0.5 0.98
POZ/AgNG/BMIM *NO3~ 5.6 32
POZ/BMIM*BF4~ 0.5 0.97
POZ/AgNQYBMIM *BF4~ 5.4 32

kinetics. Desorption kinetics is known to be critically
important in determining facilitated olefin transport and
consequently the selectivity of membrane applicatforisus,
it would be interesting to test the POZ/AgNBMIM *NO;~

mixed gas permeances of 5.6 and 5.4 GPU, respectively. The
improved separation performance is due to the facilitated
olefin transport that results from the enhanced carrier activity
of Ag™ in the complexes upon incorporation of the ionic
liquids. In contrast, the POZ/AgNgNaNO; complex ex-
hibited no separation.

The stabilities of the long-term separation performances
of the polymer/silver salt complex membranes were also
tested. The POZ/AgNgBMIM *NO;~ membrane exhibited
stable separation performance throughout continuous opera-
tion for 150 h, whereas the performance of the POZ/AgNO
BMIM *BF,~ membrane was not stable. This is an important
observation, which suggests that there is a strong dependence

complexes in the separation of olefins such as propylene andof the stability of the silver ion on the nature of its

ethylene from their mixtures with paraffins. Note that POZ/
AgNO3/NaNG; does not absorb any appreciable amount of
propylene WgadWeompiex iS 0Nnly 0.007), indicating that the
presence of NaN©does not make AgN@active in olefin
complexation.

Performance in Separation of Propylene/Propane Mix-
tures. To confirm the enhancement of the silver activity of
AgNQ; in the POZ/AgNGQ/BMIM *NO3~ and POZ/AgNG/
BMIM *BF,~ complexes, the performances of these mem-

branes in the separation of propylene/propane mixtures wereg
evaluated and are summarized in Table 2. The selectivity of Ag* and NQ-
propylene over propane, defined as the propylene concentra
tion ratio of the permeate to the feed, was about 0.95 for the

POZ/AgNG; electrolyte without BMIMINO3~ with a per-
meance of about 0.1 GPU, where 1 GRUL x 1076 cm?®
(STP)/(cnt s cmHg). The POZ/BMIMNO;~ and POZ/
BMIM *BF,~ membranes exhibited practically no separation
in the absence of AgNgXtheir selectivity is close to unity),
although olefin gases are known to be soluble in ionic liquids
to some extent.However, the addition of small amounts of
the ionic liquids BMIMfNO;~ or BMIM TBF,~ significantly

improves the separation performance; the selectivities of the

POZ/AgNGY/BMIM *NO3;~ and POZ/AgN@BMIM "BF,~
membranes were found to be 32 and 32, respectively,

(8) (a) Kang, Y. S.; Hong, J. M.; Kim, U. Y.; Jang, J. Membr. Sci.
1996 109, 149. (b) Hong, J. M.; Kang, Y. S.; Kim, U. Y.; Jang,l.
Membr. Sci.1996 109, 159.

(9) (a) Anthony, J. L.; Maginn, E. J.; Brennecke, JJFPhys. Chem. B
2002 106, 7315. (b) Munson, C. L.; Boudreau, L. C.; Driver, M. S.;
Schinski, W. L. U.S. Patent 20020063240, Jan 15, 2002.

counteranion.

Conclusions

The introduction of the ionic liquids BMINMINO;~ and
BMIM *BF,~ into POZ/AgNQ complex membranes in-
creases the activity of Agin reversible complexation with
olefins, whereas the introduction of Nah@oes not result
in any such increase. The enhanced olefin complexation
ability of Ag™ is presumably due to the interaction between
MIM * and NQ~, which weakens the interaction between
, resulting in facilitated olefin transport. The

‘occurrence of facilitated olefin transport as a result of the

enhanced carrier activity of Agwas also confirmed by
observations of improvements in the separation of olefin/
paraffin mixtures.

The POZ/AgNQ membrane exhibited no separation of
olefin/paraffin mixtures, although it has the advantage that
AgNGQ; is easily converted into silver nanoparticles. Control-
ling the interaction between Agand NG~ by the addition
of ionic liquids makes Ag more active in silverolefin
complexation, resulting in facilitated olefin transport. This
is mostly due to the weakening of the interaction between

with Ag' and NQ™ that results from the presence of the ionic

liquid, as was confirmed by our theoretical ab initio
calculations, and with XPS and Raman spectroscopy. The
addition of the ionic liquids BMIMNO;~ or BMIM *BF4~
significantly improves the separation performance of the
POZ/AgNQ; membranes; the selectivities of the POZ/
AgNO4/BMIM *NO;~ and POZ/AgN@BMIM *BF,~ mem-
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