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for CO2 capture: a-cyclodextrin-
based carbonate in DMSO solution†

Ala'a F. Eftaiha, *a Abdussalam K. Qaroush, *b Fatima Alsoubani,a

Thomas M. Pehl,c Carsten Troll,c Bernhard Rieger, c Bassem A. Al-Maythalonyd

and Khaleel I. Assaf *e

Cyclodextrin (a-CD)/KOH pellet dissolved in DMSOwas utilized to capture CO2. KOH has a dual function of

enhancing the nucleophilicity of the hydroxyl groups on the a-CD rims and acting as a desiccant. 13C NMR

spectroscopy provided evidence for the chemisorption of CO2 through the formation of organic carbonate

(RO-CO2
�$K+). This was supported by the spectral changes obtained using ex situ ATR-FTIR spectroscopy

upon bubbling CO2. Activation of a-CD with NaH or bubbling with 13CO2 verified that chemisorption

occurred solely via RO-CO2
�$K+ rather than inorganic bicarbonate. Volumetric gas uptake demonstrated

a sorption capacity of 21.3 wt% (4.84 mmol g�1). To the best of our knowledge, this is the highest

chemisorption value reported to date for CD-based sorbents. DFT calculations of the Gibbs free

energies indicated that the formation of RO-CO2
�$K+ was more favoured at the primary carbinol rather

than its secondary counterpart.
1. Introduction

Since its early discovery by Bottoms in 1930, monoethanolamine
(MEA) has matured into a material that is heavily used as a wet
scrubbing agent in industry.1However, amines tend to be corrosive
and require high regeneration temperatures in the range of 100 to
150 �C, which encouraged scientists to search for more benign
strategies with lower regeneration temperatures, higher sorption
capacity, and long-lived sorbents.2 A new nding in the literature
was devoted to a simple acid–base reaction, which yielded organic
ionic alkyl carbonate in a reversible fashion, i.e., switchable
solvents. This concept has inspired new systems for capturing CO2

as wet scrubbing agents.3 However, the most recently utilized
superbases still have corrosion limitations. They exploit volatile
organic compounds, which are considered as non-eco-friendly
materials and limit their utilization from an environmental point
of view.4 Paul Anastas5 dened bio-renewables as one of the twelve
green chemistry guidelines to provide alternatives to conventional
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hemistry 2018
industrial processes or academic perspectives. Implementation of
green design of sorbents was reported via solid state6 and simply
activation in non-aqueous solvent to overcome the high heat
capacity of water.7–10 This was further enhanced with an-easy-to-
manipulate, non-toxic, less concentrated, less corrosive wet
sorbent such as chitosan oligosaccharide.11 Therefore, our
approach extends this premise through the use of oligomers such
as cyclodextrin (CD, Scheme 1a).

Herein, we report on the exploitation of a bio-renewable
material, namely, a-CD (Scheme 1b), dissolved in DMSO7–11 in
the presence of KOH to activate the a-CD hydroxyl groups for
the ultimate production of ionic organic carbonates (RO-CO2

�).
The affinity of the explored substrate towards CO2 was investi-
gated using nuclear magnetic resonance (NMR) and ex situ
attenuated total reectance-Fourier transform infrared (ATR-
FTIR) spectroscopy. The sorption capacity was measured volu-
metrically and gravimetrically using an in situ ATR-FTIR auto-
clave and thermogravimetric analysis (TGA), respectively, and
the performance characteristics of the investigated material
Scheme 1 (a) Chemical structure of CDs. The numbers across the
glucose repeating unit designate the carbon atoms. (b) 3-D model of
a-CD (white, red and cyan colours correspond to hydrogen, oxygen
and carbon atoms, respectively).
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were measured and compared with related systems in the
literature. Furthermore, the thermodynamics of the carbon-
ation reaction was investigated using density functional theory
(DFT) calculations to probe the mechanism and the reaction
energetics of CO2 sorption. To the best of our knowledge, the
studied sorbent exhibits the highest CO2 uptake among CD-
based sorbents in terms of chemisorption.
2. Results and discussion

Following our previous work on CO2 capture using non-aqueous
solvents,7–11 the utilization of DMSO as a polar aprotic solvent is
anticipated to decrease the energy required for regeneration
and increase the non-volatile character of the sorbent system
due to its lower heat capacity and higher boiling point than
water, respectively. Moreover, the absence of water eliminates
the formation of inorganic bicarbonate, which is an energy-
expensive species in terms of regeneration. In this context,
our group reported the role of DMSO in facilitating the supra-
molecular chemisorption of CO2

8 and indicated it has no
impact on biodegradability, which together with its low cyto-
toxicity demonstrated its potential as a green solvent.11 We hope
that these efforts highlight the importance of the titled material
in the eld of carbon capture and sequestration. a-CD was
chosen over other commercially available CDs consisting of 7
and 8 glucopyranoside units (i.e. b-and g-CD) due to the poor
solubility of the former and the high cost of the latter.
Fig. 1 13C NMR spectra of a-CD/KOH/DMSO-d6 before (black) and
after bubbling CO2 (red) and its labelled counterpart, 13CO2 (blue).
2.1 1H/13C NMR spectroscopy

Previous studies have reported on the solvation of CDs by DMSO
through hydrogen bonding between the hydrogen atom of the
OH moieties in CDs and the oxygen atom of DMSO,12 which is
a prerequisite for the supramolecular chemisorption of CO2.7

However, preliminary NMR experiments on the chemistry of a-
CD dissolved in DMSO-d6 and CO2 showed no reaction, which
indicated the necessity of triggering the nucleophilicity of the a-
CD hydroxyl groups using a strong base. Consistent with
previous reports on the role of counterions within the CD-based
metal–organic framework (CD-MOF) to bind with CO2,13 a-CD
solution was bubbled with CO2 aer sonication either with KF
or KOH. The use of a weakly basic anion (F�) did not result in
any difference in the NMR spectrum before and aer bubbling
CO2. A clear indication of CO2 xation was observed in the
presence of KOH. The 1H NMR spectrum of a-CD solution
showed signicant changes in the presence of KOH, in which
peak broadening was observed together with the disappearance
of the OH protons positioned between 5.4–5.6 ppm the spectra
of both a-CD and a-CD/KOH in DMSO-d6 are shown in the ESI,
Fig. S1.† These results indicated the reaction of the hydroxyl
groups with KOH, which led to the formation of alkoxide. Upon
bubbling the solution with CO2, the chemical shi of the a-CD
proton became resolved with the appearance of a new set of
peaks. Furthermore, the broad peak centred at 4.35 ppm before
the introduction of CO2 experienced a signicant downeld
shi, indicating a change in the surrounding environment
(Fig. S1, ESI†).
37758 | RSC Adv., 2018, 8, 37757–37764
The 13C NMR spectrum of a-CD/KOH/DMSO-d6 bubbled with
CO2 (red trace, Fig. 1) showed the emergence of two new peaks
at 124.2 and 156.5 ppm, which correspond to the physisorbed
CO2 and the formation of organic carbonate (RO-CO2

�),
respectively. The carbonation of a-CD was also conrmed by the
splitting pattern of the a-CD carbon peaks. To eliminate the
possibility of inorganic carbonate formation, KOH/DMSO-d6
was bubbled with CO2, which resulted in the formation of
a precipitate and no signal for the mother liquor was obtained
by 13C NMR spectroscopy. To refute the formation of the
bicarbonate species, sodium hydride was used as a base to
abstract the activate CD-based OH moieties. The 13C NMR
spectrum (Fig. S2, ESI†) of the solution aer bubbling CO2

showed the same assigned peaks (vide supra) with no signal for
bicarbonate. Moreover, a negative control experiment was
conducted using permethylated a-CD (all hydroxyls are replaced
with methoxy groups). The 1H and 13C NMR spectra exhibited
no changes upon the addition of KOH and no response toward
CO2 (Fig. S3, ESI†). Other inorganic and organic bases, namely,
NaOH and DBU, were also investigated. CO2 xation on a-CD
was also observed in the presence of NaOH and DBU, as indi-
cated by 13C NMR experiments (Fig. S4, ESI†).

The labelled 13CO2 experiment showed evidence for the
origin/identity of the chemisorbed species upon increasing the
13C-abundance to eliminate the possibility of the formation of
multiple chemisorbed ions. The relative intensities of the newly
emerged chemical shis upon bubbling were observed at ca.
125 and 157 ppm (blue trace, Fig. 1), compared to the previously
recorded spectrum, where a substantial fraction of the 13C-
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Ex situ ATR-FTIR spectra of a-CD/KOH dissolved in DMSO
before (black) and after (red) bubbling CO2.
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labelled gas was involved in both sorption processes (phys-
isorption and chemisorption, respectively). This provided clear
evidence for the formation of an exclusive alkyl carbonate
adduct.
2.2 Ex situ ATR-FTIR spectroscopy

The sorption of CO2 by a-CD/KOH/DMSO was further explored
using ex situ ATR-FTIR spectroscopy, as shown in Fig. 2. There
are three distinct regions between the spectra before and aer
bubbling CO2 as follows: band A (3000–3600 cm�1): intensive
intramolecular hydrogen bonding within the CD ring (red trace,
Fig. 2 and 6, vide infra) was observed upon chemisorption of
CO2, which can be seen by the broadening of the band centred
at 3400 cm�1, (O–H/�O2C-OR). Band B (1500–1700 cm�1):
demonstrated a prominent peak centred at 1688 cm�1, which
was red-shied to 1654 cm�1 and can be attributed to one of
three unique chemistries: (i) the symmetric stretching of C]O
within RO-CO2

�;14 (ii) the symmetrical bending band of the
high-energy, cavity water molecules15 that were released upon
organic carbonate formation; and (iii) the frequency of the
Table 1 Volumetric uptake measurements as obtained via an in situ ATR

Entry Conc. (w/v)% Pi (bar) Pressure D

1 0b 5.4 1.6
2 0b 10.4 2.6
3 0.625 5.8 0
4 1.25 5.8 0
5 2.5 5.4 0.6
6 5 5.4 0.4
7 10 5.4 0.4
8 10 10.4 0.4
9 10c 10.3 0.4

a Initial and nal pressures of CO2 recorded by a digital manometer cou
dissolved in DMSO and sonicated in the presence of a KOH pellet. Cont
drop recorded for the a-CD solutions was corrected with respect to KOH/
by neat DMSO at 4.6 bar and 298 K was 1.4 bar.9 b Control sample (KOH/

This journal is © The Royal Society of Chemistry 2018
hydrated bicarbonate anion (HCO3
�$(H2O)n),16 which was

fortied and not present, as shown via 13C NMR (vide supra).
Band C (950–1100 cm�1): attributed to the (C–O–C) resulting
from the coordination of CO2. In summary, the peak at
1654 cm�1 is characteristic of the potassium ionic organic
carbonate, which is accompanied by a peak at 1022 cm�1 (C–O–
C) upon coordination (red trace, Fig. 2) and is characteristic of
alkyl carbonates.
2.3 Volumetric CO2 uptake measurements

The sorption capacity of a-CD/KOH dissolved in DMSO solution
was measured volumetrically using an in situ ATR-FTIR auto-
clave. The measurements were carried out under dry conditions
at 298 K in a 50.0 mL autoclave. The amount of CO2 adsorbed
was calculated using the ideal gas equation of state. The results
indicated that neat DMSO9 and DMSO/KOH solution (Table 1,
entry 2) adsorbed the same amount of CO2, which designated
that physisorption was the dominant CO2 sorption mechanism
even in the presence of a base. A similar behavior was observed
when low concentrations of a-CD (up to 1.25%, Table 1, entries
3 and 4) were employed. It appears that the extent of KOH
consumption at a low molar ratio of substrate to base (1 : 5) was
insufficient to induce the dissolution of a signicant amount of
KOH. Therefore, the critical concentration of a-CD was deduced
to be 2.5% (Table 1, entry 5), where 0.6 bar CO2 was chem-
isorbed, which is equivalent to 21.3 wt% (4.84 mmol g�1).
Doubling and quadrupling the concentration of a-CD (Table 1,
entries 6 and 7) led to a lower sorption pressure, which leveled
off at 0.4 bar. This may be attributed to the ion–dipole inter-
action between the alkoxide-bearing a-CD (ROH + KOH# ROK
+ H2O) and other hydroxyl groups of a-CD, which possibly
blocked the reactive hotspots (RO�), thus preventing any
further reaction with CO2. This hypothesis was veried by
exposing a 10% a-CD solution to a two-fold pressure of CO2

(Table 1, entry 8), which resulted in the same sorption capacity.
To evaluate the activation efficacy of KOH, NaH (Table 1, entry
9) was used as a base under the same conditions. The obtained
volumetric CO2 uptake (3.6 wt%, equivalent to 0.8 mmol g�1)
conrmed the effectiveness of the employed base.
-FTIR autoclave

rop (bar)a Chemisorption capacity (mmol CO2 g
�1 sorbent)

n.a.
n.a.
0
0

4.84
1.61
0.80
0.80
0.80

pled with the ATR-FTIR autoclave for different concentrations of a-CD
rol experiments were conducted for correction purposes. The pressure
DMSO solutions at the corresponding pressure. The absorption of CO2
DMSO), no a-CD was used. c NaH was used as the base.

RSC Adv., 2018, 8, 37757–37764 | 37759
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Table 2 Different values of sorption capacities reported in the literature

Entry Scrubbing agent Mechanism of action Sorption capacity (wt%) Reference

1 a-CD/KOH Chemisorption 21.3 This work
2 n-alcohol/DBU Chemi/physisorption 19a 3
3 Pentaerythritol/DBU Chemisorption 18.5 9
4 Chitosan/NaOH Chemisorption 7.04 11
5 b-CD/DBU Chemisorption 7.9 19
6 CD-based microporous carbon Physisorption 2.8–3.3 21
7 b-CD-aniline Chemisorption 3.0 20

a This is an average value for aliphatic n-alcohols ranging from C1 to C6.

Fig. 3 Gravimetric sorption profile of CO2 versus time for different a-
CD concentrations compared to the neat DMSO and DMSO-KOH
solutions.
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The sorption capacities of affiliated systems in the literature
were measured using different techniques and sorption condi-
tions, which may hinder a fair comparison among the sorbents
investigated by our research group.17,18 However, it is useful to
compare systems that have been measured in the same
temperature range with a similar mechanism of action (i.e.
chemisorption) to ultimately rank the investigated materials in
terms of their potential to capture CO2 for real-life applications.
As shown in Table 2 (entries 1–4), the sorption capacity of a-CD/
KOH (21.3 wt%) is superior over other wet or dry sorbents13 that
function via a similar mechanism of action (e.g. n-alcohols/DBU
(RO-CO2

�$DBU-H+),3 tetra-tethered, hydroxyl-functionalized
pentaerythritol/DBU dissolved in DMSO,9 glucosamine-based
oligomeric sorbent material11 and the corresponding b-CD/
DBU binary system).19 In a similar context, the inclusion
complex of b-CD-aniline has a comparable sorption efficiency of
3.0 wt% (entry 6, Table 2) through the formation of an anili-
nium bicarbonate (C6H5–NH3

+ HCO3
�) adduct.20 Besides

chemical xation, CD-based porous sorbents have been regar-
ded as promising materials for CO2 storage via
physisorption.21–24
2.4 Gravimetric CO2 uptake measurements

The gravimetric CO2 uptake was measured with different
concentrations of a-CD solutions and compared with neat
DMSO and DMSO/KOH control samples to eliminate the phys-
isorption contribution/bicarbonate formation, respectively. The
CO2 uptake capacities were evaluated relative to the original
weight of the sample before bubbling (represented by 100 wt%)
between zero and 25 min, as shown in Fig. 3. The CO2 sorption
capacity increased upon dissolving KOH in the DMSO (4.33 wt%
CO2, gray trace) compared to the neat DMSO (2.33 wt%, black
trace) due to the formation of bicarbonate. Since this behaviour
was not detected during the volumetric uptake measurements
but was viable to a certain degree in the gravimetric CO2 uptake
measurement, a rational hypothesis was made. The limited
surface area of the platinum crucible exposed to CO2 and its
associated mass transport issues made the KOH a strong
competitor compared to the alkoxide active sites in a-CD. The
use of 1.25% a-CD improved the CO2 uptake (5.33 wt% CO2),
but when the a-CD concentration was increased by 2, 4 and 8
folds, the CO2 sorption capacity decreased to 4.06, 2.99 and
2.76 wt%, respectively. The increase in the CO2 sorption when
37760 | RSC Adv., 2018, 8, 37757–37764
1.25% solution was used conrmed the chemisorption of CO2,
as inferred from the spectroscopic data (vide supra). At a higher
concentration of a-CD (>1.25%), it was anticipated that its
higher surface coverage coupled with the limited surface area
exposed to CO2 hindered the further diffusion of CO2 toward the
solution, thus lowering its sorption capacity. The inverse rela-
tionship between the a-CD concentration and the uptake
measurements well agreed with the volumetric uptake results
(Table 1). For comparison, the gravimetric sorption capacity
in mmol g�1 of neat DMSO, DMSO/KOH and different solution
concentrations is listed in Table 3. Clearly, the volumetric
uptake results were larger than the gravimetric equivalent. This
disparity can be explained by the inherent characteristics
associated with each technique, such as the limited area of the
exposed solution within the crucible holding the a-CD/KOH/
DMSO solution with no stirring. A similar discrepancy
between the two sorption techniques was also reported by
Cooper and co-workers.25
2.5 Recyclability and stability

To gain insight into the nature of the sequestered species and
identify factors that may enhance the performance of the
investigated sorbent, CO2 stripping and the inuence of water
are key parameters. Additionally, understanding the associated
phenomena including both reusability and stability is
This journal is © The Royal Society of Chemistry 2018
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Table 3 Gravimetric sorption capacity of different CD solutions

Entry Composition (w/v)%

Gravimetric sorption capacity

wt% (mmol g�1 sorbent)

1 Neat DMSO 2.33 0.53
2 DMSO/KOH 4.33 0.98
3 1.25 5.33 1.21
4 2.5 4.06 0.92
5 5 2.99 0.68
6 10 2.76 0.63

Fig. 5 13C NMR spectra of the a-CD sequestered species after adding
0.2mL of D2O to 0.5mL of a-CD solution (black), followed by bubbling
with CO2 for 20 minutes (red).
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necessary. CO2 stripping was achieved by heating the solution
aer bubbling with CO2 at 80 �C for 5 min using a heat gun. The
desorption was conrmed via 13C NMR spectroscopy (black
trace, Fig. 4) through the disappearance of the chemical shis
associated with the physi- and chemisorbed CO2 at ca. 125 and
157 ppm, respectively. This was in good agreement with the
desorption temperature of the pelletized CD-MOF-2 reported by
Jeong and co-workers,26 which indicates the solvent has no
signicant impact on the stripping process and reects the
genuine characteristic of a-CD based carbonate species toward
heating. Importantly, the restored chemical shis aer
successive bubbling of the stripped solution (red trace, Fig. 4)
showed that the chemisorption process was reversible, thus
demonstrating the reusability of the investigated system. The
heating was done as a proof of concept experiment for the
reversible sorption of CO2. We believe that sorption/desorption
cycles are important to measure for reusability issues. However,
we did not measure several cycles because it would be more
benecial to do such measurements using in situ rather than ex
situ techniques.

Deuterium oxide (D2O) showed a substantial inuence on
the stability of the ionic organic carbonate due to the evolution
of a new peak at 159.7 ppm assigned to the bicarbonate anion
(HCO3

�), loss of a peak assigned to ROCO2
� at 156.3 ppm and

the persistence of the physisorbed CO2 chemical shi (black,
Fig. 5). Further bubbling of CO2 did not have any inuence on
the former spectrum with no recovery of the carbonate adduct
Fig. 4 13C NMR spectra of the a-CD sequestered species after heating
the solution at 80 �C for 5 minutes (black), followed by bubbling with
CO2 for another 30 minutes (red).

This journal is © The Royal Society of Chemistry 2018
despite the presence of CO2 dissolved in DMSO (red trace,
Fig. 5). Notably, Forgan et al.27 reported on interstitial water
molecules incorporated into CD-MOFs aer their synthesis,
while all sorption/desorption measurements were carried out
aer drying the explored CD motifs in vacuo. This may point to
presumed competition between water and CO2, which is yet to
be explored. It is noteworthy that there are several recent reports
on enhancing the stability of CD-MOFs in humid conditions for
exploitation in drug delivery applications through the incorpo-
ration of fullerene28 and graing cholesterol.29
2.6 Density functional theory (DFT) calculations

To gain more insight into the activation mechanism of the
hydroxyl-bearing carbons at C-2 and C-6 in the corresponding
oligosaccharide, DFT calculations were used to ultimately
understand the carbonation reaction of a-CD. As shown in
Table S1 (ESI†) and correlated to theory, the pKa value of C-2 is
lower than that on C-6 (23.2 vs. 29.2), therefore, it has more
acidic character. This is further conrmed via the proton
affinity (PA) values of the corresponding alkoxide (i.e. 332.3 vs.
349.6 kcal mol�1). This means the RO� associated with C-2 will
have lower basicity and larger nucleophilicity toward carbon
dioxide (vide infra).

To understand the thermodynamics of this process, the
energetics associated with two principal steps for the formation
of the carbonate species, Step 1: ROH + KOH# ROK + H2O and
Step 2: ROK + CO2 # RO-CO2

�$K+ were calculated, as shown in
Table 4. The results indicated that the enthalpic contribution
(DH) has a more noticeable impact in comparison with the
entropic factor (TDS) to the overall process. This emphasizes the
importance of the electronic factor in directing the CO2 capturing
process. Regarding Step 1, the more negative Gibbs free energy
(DG) values conrmed the more favourable formation of the
alkoxide anion in the case of the C-2 carbinol, which is in good
agreement with the pKa and PA values. However, the strong
enthalpic driving force accompanying Step 2 (1.5 times higher in
the case of C-6) strongly supports the formation of RO-CO2

�$K+ at
RSC Adv., 2018, 8, 37757–37764 | 37761
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Table 4 Thermodynamic data (in kcal mol�1) for the reaction of a-CD
with KOH and CO2

C-2 C-6

Step 1a Step 2b Step 1a Step 2b

DH �29.7 �15.6 �27.3 �23.4
�TDS 1.2 12.9 1.6 11.8
DG �28.5 �2.7 �25.7 �11.6

a ROH + KOH# ROK + H2O.
b ROK + CO2 # RO-CO2

�$K+; DG ¼ DH �
TDS.

Fig. 6 Top and side views of the optimized structures of the ionic alkyl
carbonate at a-CD: (a) Reaction at the primary C-6 position. (b)
Reaction at the secondary C-2 position.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 1
1:

55
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
C-6 over C-2. This can be understood by taking a closer look at the
optimized chemical structures of the ionic alkyl carbonate at the
two-potential sites, as shown in Fig. 6. Although the ion pair
interaction distances between K+ and RO-CO2

� are very close in
the two proposed structures, it seems the free movement of the
ionic carbonate group at C-6 provides the proximity necessary to
establish an ion–dipole interaction between K+ and the adjacent
hydroxyl groups along the rim of the CDmoiety (Fig. 6a), which is
not satised when carbonating the C-2 carbinol. It seems this
non-bonding interaction is a key factor in stabilizing the CO2

adduct and justies the favourable energetics of the carbonation
reaction at the C-6 position. The possibility of the formation host-
guest complexation, that is, the encapsulation of CO2 inside the
cavity of a-CD, was also considered. The calculations indicated an
unfavorable binding free energy for the entrapped CO2 molecule
in the hydrophobic cavity of CD.
3. Conclusions

In summary, we reported a highly efficient, wet scrubbing agent
for CO2 capture using a-CD/KOH dissolved in DMSO. Upon
activation of the hydroxyl groups on the CD rims with KOH, an
alkyl organic carbonate adduct is formed, which was conrmed
by a combination of spectroscopic techniques including 13C
37762 | RSC Adv., 2018, 8, 37757–37764
NMR and ex situ ATR-FTIR spectroscopy. The carbonation
reaction showed reasonable reversibility and recyclability upon
heating and successive bubbling of CO2. Moreover, 13C NMR
measurements indicated the instability of the ionic adduct in
the presence of D2O. In addition, the volumetric sorption
capacity via chemisorption of the solution system was almost
ve times greater than that reported for the corresponding CD
based MOFs (4.48 vs. 0.91 mmol g�1, respectively), which sup-
ported our hypothesis for the loss of active sites upon anchoring
hydroxyls to metals within MOFs. Furthermore, the mechanism
of action toward CO2 was investigated using DFT calculations,
considering all the possible interactions between CO2 and a-CD
either through the formation of alkyl organic carbonate at C-2
and C-6 or the entrapment of CO2 inside the hydrophobic
cavity of a-CD. The former reaction was found to be more
favourable, especially at the primary carbinol, while the
formation of a host–guest complex was less favoured, as antic-
ipated from the hydrophobic character of the CD cavity.

4. Experimental
4.1 Chemicals

a-Cyclodextrin (a-CD) was purchased from Cyclolab, Hungary
(for spectroscopic measurements) and Sigma Aldrich (for
uptake measurements). For experimental manipulations, CD
was dried overnight at 40 �C. CO2 (99.95%, Food Grade) for
NMR and ex situ IR measurements was purchased from
Advanced Technical Gases Co., Jordan, while CO2 (grade 4.6) for
in situ IR measurements and volumetric uptake was procured
from Westfalen, Germany. Potassium hydroxide (KOH, ACS
grade) and potassium uoride (KF, extra pure) were obtained
from BDH Chemicals and Scharlau, respectively. Sodium
hydride (NaH, 60% in mineral oil), 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), DMSO-d6 (99.5 atom% D), D2O (99 atom%
D), and 13CO2 were purchased from Sigma-Aldrich.

4.2 Instruments

Solution 1H and 13C nuclear magnetic resonance (NMR) spectra
were collected at ambient temperature using an AVANCE-III 400
MHz FT-NMR NanoBay Spectrometer Bruker, Switzerland (1H:
400.13 MHz and 13C: 100.61 MHz). Ex situ attenuated total
reectance-Fourier transform infrared (ATR-FTIR) spectra were
recorded on a Bruker Vertex 70-FT-IR spectrometer at room
temperature coupled with a Vertex Pt-ATR accessory. In situ
ATR-FTIR measurements were carried out using an MMIR45 m
RB04-50 (Mettler-Toledo, Switzerland) with an MCT detector
with a diamond-window probe connected via a pressure vessel.
Sampling was done from 3500 to 650 cm�1 at 16 wavenumber
resolution; scan option: 64 and gain: 1�. For the reusability
studies, a digital heat gun was used. Thermogravimetric anal-
ysis (TGA) was conducted using a TA Q500 with the sample held
in a platinum pan under N2 gas.

4.3 Computational method

Calculations were performed using Gaussian 09.30 Geometry
optimizations and frequency calculations were carried out
This journal is © The Royal Society of Chemistry 2018
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using the B3LYP density functional with the 6-31G* basis set.
Minima were characterized by the absence of imaginary
frequencies. A polarizable continuum model (PCM) was used
for implicit solvent calculations. The pKa values and proton
affinities were calculated according to previous reports.31

4.4 Solution preparation

A 30.0 mg solution of oven dried a-CD (30.8 mmol) was dissolved
in 500 mL DMSO-d6 in a 10 mL glass vial. Upon dissolution,
a KOH pellet (ca. 1000 mg, 17.8 mmol) was introduced, then the
solution was sonicated for 20 min to ensure alkoxide formation.
KOH has limited solubility in DMSO (0.13 g L�1), therefore the
rest of the KOH pellet was removed aer sonication before
conducting the bubbling experiments. For the proof of concept
experiment, NaH was used instead of KOH as follows: 60.0 mg
of a-CD (61.7 mmol) was dissolved in 1.0 mL of DMSO, then
0.024 g of NaH (1000 mmol, washed with three 20mL-portions of
hexane prior to its addition to the CD solution) was added.

4.5 CO2 bubbling and recycling experiments

A decanted clear solution was bubbled with CO2 for 20 minutes.
The NMR spectrum of the entire solution was measured before
and aer bubbling CO2. Regarding sorption quantication via
both volumetric and gravimetric uptake, see Tables 1 and 3,
respectively. The recyclability of the a-CD-CO2 solutions was
measured by heating the solution aer bubbling at 80 �C for
5 min using a digital heat gun. Further bubbling of CO2 was
performed to check the restoration of the sequestered species in
solution using 13C NMR.

4.6 Stability studies

The stability of the ionic organic carbonate was examined by
adding 200 mL D2O to 500 mL of the original solution. For
recycling purposes, CO2 was reintroduced into the solution to
measure the decomposition of the carbonate-terminated
oligosaccharide (vide supra) and followed by 13C NMR.

4.7 ATR-FTIR measurements

DMSO was used for the ATR-FTIR measurements. For the in situ
experiments, a-CD solutions were prepared according to the
previously described method with different amounts of a-CD
(0.625, 1.25, 2.5, 5, and 10% (w/v)). A 10 mL-aliquot of each
solution was introduced to the autoclave and aer stirring the
solution for 3 min, CO2 (5 or 10 bar) was purged for 30 min into
the autoclave upon reaching a constant pressure drop.

4.8 Gravimetric CO2 uptake experiments

For the TGA measurements, a saturated solution of DMSO/KOH
was prepared by sonicating 149 mg KOH (2.66 mmol) in 15 mL
DMSO for 20 min. The clear supernatant was decanted in
a clean vial and the obtained DMSO/KOH solution was kept as
a stock solution for the preparation of the wet scrubbing agents.
Varying masses of a-CD (1.25, 2.5, 5.0 and 10.0 mg) were dis-
solved separately in DMSO-KOH (10 mL) to obtain 1.25, 2.5, 5.0
and 10.0% (w/v), respectively. The gravimetric CO2 uptake
This journal is © The Royal Society of Chemistry 2018
experiments of the liquid samples were performed using
a thermal gravimetric analyser. Initially, the setup was condi-
tioned for the measurements by purging with N2 at 15
mL min�1. The liquid sample was loaded into a platinum pan
and exposed to CO2 at a ow rate of 15 mL min�1 at 25 �C. The
change in the sample weight due to CO2 sorption was moni-
tored as a function of time. Aer the measurement was
completed, the furnace was opened to ensure the removal of any
residual CO2.
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