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Syntheses and characterization of new poly(ionic
liquid)s designed for CO2 capture

T. O. Magalhães,a A. S. Aquino,a F. Dalla Vecchia,c F. L. Bernard,ab M. Seferin,ab

S. C. Menezes,d R. Ligabueab and S. Einloft*ab

A series of new poly(ionic liquid)s-p(IL)s based on polyurethane structures were synthesized and

characterized and their behavior evaluated in CO2 sorption tests under different pressures. The

synthesized materials were characterized according to structure, composition, and thermal stability, by

techniques such as FTIR, 1H-NMR, TGA and DSC. The CO2 sorption measurements were carried out in a

Magnetic Suspension Balance-PTGA and proved that the change of the components of the polymer

chain directly indicates the sorption behavior. The best performance for CO2 sorption (75.7 mol% at 20

bar) was achieved with the p(IL) PUA-02a obtained from HDI and PTMG-2000 with [bmim]+ as a

counter-ion. The synthesized p(IL)s presenting nitrogenated and polyether structures into the backbone

allied to imidazolium counter-cations proved to be worthy of note in the CO2 sorption besides being

based on poly(urethane) a versatile and low-cost material. The results also highlighted the good

performance of PUA-02 when compared with traditional solvents used in pre-combustion process, as

well as the p(IL)s described in the literature.
Introduction

Technologies for the capture, storage and utilization of CO2, the
primary greenhouse gas contributing to recent climate change,
have been exhaustively designed. The investigation of efficient
methods for CO2 capture is imperative for any economically
viable process, both for CO2 transformation and sequestration
in geological sites. In 1999, Blanchard and co-workers described
the solubility of CO2 in ionic liquids (ILs), highlighting the
possibility of the use of these compounds as promising solvents
for CO2 capture.1 More interesting than its dissolution ability,
various ionic liquids show high selectivities for CO2 absorption
when compared with other ue gases. The search for the most
promising ILs for CO2 capture and its efficient separation from
industrial gas streams is ongoing, but solubility studies
continue to highlight the importance of such materials for this
purpose.2–9 On the other hand, Tang and co-workers reported
that when ionic liquids are turned into polymeric forms, the
CO2 sorption capacity increases signicantly,10 and polymers
obtained from tetraalkylammonium ionic liquids have
increased sorption capacity 6.0 to 7.6 times, when compared
with the ionic liquid 1-butyl-3-methylimidazolium
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tetrauoroborate [BMIM][BF4].11 Blasig and colleagues
described the synthesis of p(LI)s: p[VBTMA][BF4] and p
[MATMA][BF4], where the monomers [VBTMA][BF4] and
[MATMA][BF4] were synthesized from p-vinyl benzyl trimethyl-
ammonium chloride and 2-(methacrylate) ethyl trimethyl-
ammonium, respectively, with NaBF4 by free radical
polymerization.6 Recently, p(IL)s were synthesized to perform a
facilitating role in some elds of polymer chemistry and mate-
rials science because these compounds combine the unique
properties of ionic liquids with the exibility and properties of
macromolecular structures. The p(IL)s can be tailored to have
properties that confer great potential for this material in a wide
variety of applications, including its use as solid absorbents,
ionic conductors, dispersant and stabilizer precursors, carbon
materials, and porous polymers.12,13 The sorption/desorption
rates of solid polymers are very fast, and the desorption step is
completely reversible. These polymers are highly promising
alternatives for use as sorbent materials and membranes for
CO2 separation.10,11,14–16 Recently, Luo and co-authors (2014)
reported a pioneering work for chemical absorption of CO2 that
employs an anion-functionalized IL exploring gas chemisorp-
tion with improved capacity.17 Various combinations of ILs
monomers, including esters and polyols, could be used to form
new ionic polymeric structures for further examination in CO2

capture. In this context, the goal of this work is to present new
polymeric structures by using ionic liquids, both as a monomer
in the main chain and as a counter ion, as well as the charac-
terization of new structures and their behaviour in CO2

sorption.
This journal is © The Royal Society of Chemistry 2014
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Experimental section
Polymer syntheses

Two different strategies for p(IL)s syntheses were performed,
using experimental procedures described in literature: one
protocol with two steps for anionic polyurethanes syntheses and
a one-step method for a cationic polymer synthesis. The rst
method starts with an ionic polyurethane synthesis, followed by
an ion exchange step. The polymers were obtained by the reac-
tion between diols and/or polyols and diisocyanate in a solvent
medium,18 and further ion exchange was performed by the
usual procedures for ILs anion exchange.19–21 Neutralization
procedures were performed according to common polyurethane
syntheses.22–24 Table 1 presents the p(IL)s annotation and raw
materials used in all syntheses. For the cationic polymer
synthesis, only one step is needed, which is reacting diisocyanate
and polyol with a bishydroxy imidazolium functionalized ionic
liquid replacing the diol. The representation of the anionic
polymers is PUA-xx and for the cationic polymer, PUC-02c.

The PUA is formed in the rst stage by using DBTDL (dibutyl
tin dilaurate(IV)); (0.1% w/w) as a catalyst, the TMXDI (m-tetra-
methylxylene diisocyanate) or HDI (hexamethylene diisocyanate)
as diisocyanate, DMBA (dimethylol butanoic acid) as a diol, and
PTMG (polytetramethylene glycol, MM¼ 2000 or 1000gmol�1) as
polyol. The ion exchange step was performed by using imidazo-
lium ionic salts (butyl methylimidazolium chloride) [bmim][Cl]
or (dimethylbutyl methylimidazolium chloride) [dmbmim][Cl],
which act as counter-cations for anionic polyurethanes. The
byproduct HCl was removed from the reaction medium by
reducing the system pressure. For polycation synthesis, the
[dhim][Tf2N] (bis (triuoromethylsulfonyl)imide-dihidrox-
iimidazol-1,3) was used as a diol. The NCO/OHmolar ratio of 1.01
was used in all reactions, as well as the temperature of 60 �C. In a
typical reaction, a mixture of polyols (PTMG 0.01 mol/0.14 mol
diol) were placed in a glass reactor under N2 atmosphere,
equipped with a mechanical stirrer, thermocouple, reux
Table 1 Representation of cationic and anionic polyurethanes

2-step reactions: polyanions (PUA)

Step 1:
PUs Polyol Diol Diisocyanate
PUA-01 PTMG-1000 DMBA HDI
PUA-02 PTMG-2000 DMBA HDI
PUA-03 PTMG-1000 DMBA TMXDI
PUA-04 PTMG-2000 DMBA TMXDI

Step 2:
P(LI)s PU Counter-cation
PUA-01a PUA-01 [bmim]+

PUA-02a PUA-02 [bmim]+

PUA-02b PUA-02 [dmbmim]+

PUA-03a PUA-03 [bmim]+

PUA-04a PUA-04 [bmim]+

One-step reactions: polycations (PUC)
P(LI)s Polyol Diol Diisocyanate Counter-anion
PUC-02c PTMG-2000 [dhim]+ HDI [NTf2]

�

This journal is © The Royal Society of Chemistry 2014
condenser and addition funnel, followed by the addition of the
catalyst and acetone (solvent), as shown in Fig. 1.

A solution of diisocyanate (0.15 mol in acetone) was then
added via addition funnel. Aer the end of the reaction, the
solid content as well as the acidity of the polymer (by titration
with KOH) was quantied. The neutralization step occurred at a
molar ratio COOH/IL ¼ 1 : 1. Scheme 1 shows the chemical
equations corresponding to the steps of the reaction synthesis
of anionic and cationic polyurethane.

The reactions for polyurethane syntheses were followed by
Fourier Transform Infrared Spectroscopy (FTIR), by the
consumption of diisocyanates (TMXDI and HDI) over time,
checked by the decreasing of the characteristic band of free
NCO (2300–2200 cm�1), being considered the end of the reac-
tion, or the time when the characteristic NCO band was not
detected by FTIR. Aer that, the neutralization step of the
DMBA (anion exchange) was performed with [bmim][Cl].

Polymer characterization

The p(LI)s synthesized were characterized in solid form by
Fourier Transform Infrared Spectroscopy (FTIR) using a Perkin-
Elmer Model 100 FTIR Spectrum, in the range 4000–650 cm�1

and in hexadeuterated dimethylsulphoxide (DMSO-d6) solution
(6% wt) by Proton Nuclear Magnetic Resonance (1H-NMR) in a
Varian Spectrometer 300 MHz (7.05 T of magnetic eld) and a
Bruker Spectrometer 400 MHz (9.4 T of magnetic eld). The
spectra were acquired at ambient temperature by using 5 mm
NMR tubes. Differential Scanning Calorimetry (DSC) and
Thermal Gravimetric Analysis (TGA) were performed in TA
Instruments, models DSC Q20 and Q600 SDT, respectively. The
DSC analyses were performed between �90 �C to 110 �C, with
heating rate of 10 �C min�1 in a nitrogen atmosphere, and TGA
ranging from room temperature to 1000 �C for 30 min, and a
heating rate of 10 �C min�1 in a nitrogen atmosphere.

Sorption measurements

The sorption of CO2 into the samples were gravimetrically
assessed in a Magnetic Suspension Balance (MSB), (Rubotherm
Fig. 1 Reaction apparatus.

RSC Adv., 2014, 4, 18164–18170 | 18165
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Scheme 1 General reactions for polymer formation; polyanion synthesis (a) and polycation synthesis (b).
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Prazisionsmesstechnik GmbH, 350 bar and 400 �C) equipped
with a single sinker device for absorbate density determination
and thermostatized with an oil bath (Julabo F25/�0.01 �C). The
apparatus details are well described elsewhere.6,25 When
compared with other gravimetrical sorption methods, the MSB
device has the advantage of allowing high-pressure sorption
measurements because the sample can be potted into a closed
chamber coupled with an external precise balance (accuracy of
�10 mg). The samples (0.06 to 0.09 g) were weighted and
transferred to MSB sample containers, and the system was
subjected to a 10�3 mbar vacuum at the temperature of the
sorption measurement, 25 �C, for 24 h for polymer and IL and 5
min for MDEA. For all tests, constant weight was achieved
during this time. The CO2 (Air liquide/99.998%) was admitted
into the MSB pressure chamber until the desired pressure was
achieved, 1–20 bar in this study, pressure gauges with an
accuracy of 0.01 bar. The solubility of CO2 in the samples for
each isotherm and pressure considered was measured 3–4 h
aer no additional weight increase for CO2 sorption was
observed. At this step of solubility of CO2 in the polymer, the
weight reading from the microbalance at pressure P and
temperature T is recorded as Wt(P,T). Aer each sorption test,
CO2 desorption was performed and with the exception of
MDEA, all samples returned to their original weight at the end.
The mass of dissolved CO2 in the polymer, (Wg), was calculated
using the eqn (1)
18166 | RSC Adv., 2014, 4, 18164–18170
Wg ¼ [Wt(P,T) � Wsc(P,T) + r(P,T) � (Vsc(T) + Vs(T)

+ Vsw(P,T))] � Ws(vac,T) (1)

where Wsc(P,T) is the weight of sample container, and r(P,T)
stands for CO2 density, directly measured with the MSB coupled
single-sinker device, dismissing the application of any equation
of state to calculate the sorption of CO2. Vsc(T) is the volume of
the sample container, determined from a buoyancy experiment
when no sample is charged into the sample container; Vs(T) is
the original volume of the sample; Vsw(P,T) is the increase of the
original polymer volume due to swelling; and Ws(vac,T) is the
weight of the sample at vacuum. The term r(P,T) � (Vsc(T) +
Vs(T) + Vsw(P,T)) represents the buoyancy force. In this work, the
polymer volume change due to swelling was set to zero. For this
reason, the solubility of CO2 in the polymer is treated as the
apparent solubility, as described by Blasig et al. (2007).26 For the
non-polymeric samples, the swelling was also disregarded.
The results of CO2 sorption were expressed inmol% (in terms of
mer units).

Results and discussions

With respect to the characterization, the typical assignments of
FTIR for PUA before ion exchange are the bands at 3333 cm�1

(N–H urethane), 2934 cm�1 (C–H of CH2), 2859 cm�1 (C–H of
CH3), 1704 cm�1 (C]O urethane), 1531 cm�1 (H–N), 1463 cm�1
This journal is © The Royal Society of Chemistry 2014
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(C–H of CH3), 1416 cm�1 (COO�), 1228 cm�1 (C–N and C–O of
urethane), and 1095 cm�1 (C–O–C). The band at 1242 cm�1

(C–H of Ar) is attributed to TMXDI (PUA-03 and PUA-04). The
presence of the imidazolium group aer ion exchange are
conrmed by the bands at 1565 cm�1 and 1438 cm�1 (C]C and
C]N) and 1170 cm�1 (C–N) in the samples of PUA-(01-a,02-
a,02-b,03-a,04-a; see Table 1). The polycation (PUC-02c) syn-
thetized with [dhim][Tf2N] as diol presents specic band
assignments for anion at 1060 cm�1 (S]O), 846 cm�1 (N–S),
789 cm�1 (C–S), 751 cm�1 and 652 cm�1 (C–F).

A typical 1H-NMR spectrum of the sample PUA-02a is pre-
sented, as an example, in Fig. 2, where the signals corre-
sponding to the polymer are detailed at the polymer structure
represented in the same gure.

The peaks of the NMR spectrum showing the presence of the
imidazolium cation are proven at 9.31 ppm, 7.86 ppm and 7.80
ppm, referring to protons H2, H4 and H5 of the imidazolium
ring, respectively. The alkyl chain of IL is presented in the NMR
spectrum by three triplets (1.83 ppm, 1.32 ppm and 4.24 ppm,
referring to CH2) and two singlets (0.97 ppm and 3.98 ppm.
referring to CH3). The other signals are assigned to the poly-
urethane chain. The scheme of polymeric structure of the
anionic and cationic poly(ionic liquid)s is shown in Fig. 3. For
PUA-01a and PUA-02a HDI as the diisocyanate, DMBA as a diol
and PTMG as a polyol were used as reactants and [bmim]+ as the
counter-ion. The only difference among them is the molar mass
of the polyol PTMG 1000 employed for PUA-01a synthesis and
PTGM 2000 for PUA-02a. For the p(IL) PUA-02b, the same
reactants as for PUA-02a were used except for the counter-anion,
[dmbmim]+. For PUA-03a and PUA-04a TMXDI was used as the
diisocyanate, DMBA as a diol, and PTMG as a polyol PTMG 1000
for PUA-03a and PTGM 2000 for PUA-04a and [bmim]+ as a
Fig. 2 1H-NMR spectra for the polyanion PUA-02a.

This journal is © The Royal Society of Chemistry 2014
counter-anion in both cases. In addition, the poly(ionic liquid)
PUC-02c was used as a reactant HDI in the diisocyanate,
with [dhim][Tf2N] (bis(triuoromethylsulfonyl)imide-dihidroxi-
imidazol-1,3) as a diol and PTMG 2000 as a polyol. In this case,
the imidazolium is introduced in the main polymeric chain,
and [Tf2N]

� is the counter-anion.
The synthesized polymers presented thermal decomposi-

tion temperatures (onset temperature) varying from 205 �C to
249 �C because the structure containing the imidazolium
cation into the polymeric chain is the most stable. The DSC
results showed that the samples presented glass transition
temperatures (Tg) (PUA-02, �18.7 �C; PUA-04, �13.8 �C; PUA-
01a, �47.5 �C; PUA-02b, �24.4 �C; PUC-02c, �18.7 �C; and
PUA-04a, �46.3 �C) except PUA-01, PUA-02a, PUA-03 and PUA-
03a, which could not have Tg determined by the same tech-
nique. For the polymers where polyol with a molar mass of
2000 was employed, a small endothermic peak is observed,
which could be assigned to the melting (Tm 22.7 �C, approxi-
mately) of a crystalline micro-phase.27 The samples PUC-02c
and PUA-04a presented Tc (�8.15 �C). The choice for the
production of p(IL)s based on poly(urethane) structures had
been taken based both in the versatility and low costs of these
materials. They present basic nitrogenated and polyether
groups in its backbone and can also allow the insertion of
aromatic groups into its structures. All these chemical groups
can improve the CO2 sorption,28–30 the studies of which began
with the assessment of the performance of polymer PUA-02, at
which time there was no introduction of imidazolium cation
as a counter-ion. It is apparent in Fig. 4 the sorption capacity of
this polymer was lower than the value achieved for the mate-
rials that had the same polymeric structures and imidazolium
as a counter-cation (PUA-02a).
RSC Adv., 2014, 4, 18164–18170 | 18167
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Fig. 3 Scheme of the polymeric structures.

Fig. 4 CO2 sorption at 25 �C for synthesized polymers.
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For a pressure of 20 bar, PUA-02a presented a CO2 sorption of
75.7 mol%, and PUA-02 presented a value of 51.2 mol%, showing
that the absorption capacity of a material can be inuenced by
the presence of an imidazolium cation. To study the inuence of
the polyether groups in the polymers' CO2 sorption capacities,
two polymeric structures were synthesized by using the same
reactants but the molar mass of the PTMG (1000 and 2000) was
varied. It is apparent in Fig. 4 that when the polymer contains
polyether with a higher molar mass in its structure, CO2 sorption
was improved. PUA-01a and PUA-02a presented respective CO2

sorption values at 20 bar of 44.2 mol% and 75.7 mol%. This
18168 | RSC Adv., 2014, 4, 18164–18170
result is in agreement with the conception of an “ideal” physical
solvent for CO2 capture, partially based on Pearson's “hard and
so acid–base” principles in which a Pearson “hard base”
(polyether groups) allows a strong affinity to CO2. A second point
of emphasis is the inuence of PTMGmolar mass in the distance
between the ionic sites. It was previously mentioned in the
literature that when the ionic sites are distant from one another,
the steric hindrance is smaller, thereby promoting CO2 interac-
tion with the polymer and, consequently, CO2 sorption.12

The insertion of an aromatic structure into the polymeric
chain did not signicantly improve CO2 sorption. Comparing
the sorption results for PUA-02a that used HDI as a diisocyanate
with that of PUA-04a that used TMXDI as a diisocyanate, it can
be seen that PUA-02a presented a CO2 sorption of 62.3 mol% at
5 bar and PUA-04a presented a sorption value of 52.2 mol% at
the same pressure. At higher pressures, the behavior is
different, and the polymer that contains the aromatic structure
showed high absorption capacity (74.3 mol% versus 75.7 mol%
for the linear structure). Although the aromatic structures are
known to enhance absorption of CO2,27,29 the steric hindrance of
the aromatic structure can be taken in account, making CO2

interaction difficult with the polymeric structures at lower
pressures.28 These results showed that CO2 interacts preferen-
tially with polar/ionic groups of the polymer chain at low pres-
sures and begins to interact with the aromatic groups
(electronic interaction) surpassing the steric hindrance at high
pressures. When the imidazolium cation was introduced in the
polymeric chain (PUC-02c), the sorption results were lower
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Comparison of p(IL) with amine solution and IL.
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when compared with the imidazolium structure as a counter-
cation (PUA-02a). The sorption values at 5 bar were 56.3 mol%
and 62.3 mol%, respectively. It is known that imidazolium-
based ionic liquids with branched alkyl chains have improved
CO2 sorption capacity than those with linear alkyl chains,31 but
this tendency was not observed in this study. When comparing
PUA-02a and PUA-02b with counter-cation [bmim]+ and
[dmbmim]+, respectively, it is apparent that with [bmim]+, the
sorption values are considerably elevated (at 20 bar, PUA-02a
presented a CO2 sorption of 75.7 mol%, and PUA-02b presented
a CO2 sorption of 66.1 mol%). This behavior can likely be
attributed to steric hindrance of the branched structure when
compared with that of the linear. The CO2 sorption values for
PUA-02a (69.0 mol% of CO2, at 10 bar and 25 �C) and for p(IL) P
[VBTMA][BF4] (approximately 39 mol% at 10 atm (10, 13 bar)
and 22 �C) synthesized by Tang and co-workers (2005)10 proved
the higher capacity for CO2 sorption presented for PUA-02. The
comparison among the CO2 sorption performance of PUA-02a,
an ionic liquid ([bmim][Tf2N]) and a commercial solvent
(MDEA) at different total pressures was also assessed, and the
results are presented in Fig. 5. The tests were performed with an
aqueous MDEA 50% (w/w) because this solvent is commonly
employed for CO2 capture in the pre-combustion process. For
MDEA, CO2 solubility has increased until 5 bar, remaining
almost constant for higher pressures, whereas for PUA-02a the
CO2 sorption continued to increase signicantly with pressure
augmentation, which was the same trend showed by the IL. The
PUA-02a showed higher CO2 sorption capacity than MDEA for
the entire pressure range evaluated. When compared with
MDEA, the IL has poorer CO2 dissolution capacity for low
pressures. However, at high pressures (20 bar), this behaviour is
reversed, and the respective sorption capacities for IL and
MDEA are 42.7 mol% and 38.6 mol%.
Conclusions

Novel poly(ionic liquid)s based on polyurethane, a versatile and
low-cost material, were synthesized and characterized. The
This journal is © The Royal Society of Chemistry 2014
structure of these p(IL)s was designed to improve CO2 sorption
by the modication of poly(urethane) structures. The presence
of nitrogenated and polyether structures in their backbones
allied to the imidazolium ring has proved to be interesting for
CO2 capture. The best performance for CO2 sorption (75.7 mol%
at 20 bar) was achieved with the p(IL) PUA-02a obtained from
HDI and PTMG-2000 with [bmim]+ as a counter ion. The results
also highlighted the good performance of PUA-02 when
compared with traditional solvents used in the pre-combustion
process, as well as the p(IL)s described in the literature.
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