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Efficient fixation of carbon dioxide (CO2) into epoxides under atmospheric pressure generally necessitates

the use of halide ion-containing co-catalysts. However, the use of halide ion-containing materials as cat-

alysts is less encouraged, particularly from an industrial point of view. This demands the development of a

suitable halide-free catalyst for the successful fixation of CO2 into epoxides to prepare cyclic carbonates

under atmospheric pressure. In this work, we report diaspore [α-AlO(OH)] as an efficient halide-free cata-

lyst for CO2 fixation. Diaspore in the presence of a small amount of dimethyl formamide is able to convert

a range of epoxides into their corresponding cyclic carbonates. Hardly any loss in the catalytic activity or

change in the functional/chemical characteristics of diaspore was observed after five cycles. DFT calcu-

lations reveal the spontaneity of the diaspore-catalyzed cycloaddition reaction compared to that of the

diaspore-free reaction. The stabilization of the substrates and intermediates on diaspore resulted in an

overall negative change in Gibb’s free energy of the reaction.

Introduction

Carbon dioxide (CO2) is the major contributor to greenhouse
gases. There has been a huge surge in the CO2 concentration
in the atmosphere post industrial revolution. This results in
many adverse impacts which include global warming, climate
change and more.1 CO2 capture and their subsequent utiliz-
ation as C1 feedstock for the synthesis of various value-added
chemicals is one of the sustainable ways to mitigate these
excess CO2 related challenges.2 Among various reactions invol-
ving CO2, the reaction of epoxides with CO2 to produce cyclic
carbonates has gained much attention.3 This is mainly
ascribed to the advantageous atom-economical and non-reduc-
tive features of the pathway.4 In addition, cyclic carbonates are
commercially important as they find significant applications
like as electrolytes in lithium-ion batteries, in the preparation
of vicinal diols, as high-boiling polar aprotic solvents, and
more.5–7 However, the high activation energy for the cyclo-
addition reaction of CO2 and epoxides necessitates the use of
efficient catalysts in addition to the requirement of high temp-
erature and pressure.8–11

The rate-determining step of the reaction of epoxides with
CO2 to produce cyclic carbonates involves a nucleophilic attack
to open the epoxide ring.12,13 Primarily, halide ions such as
chlorides, bromides, or iodides are used to facilitate this ring-
opening step.14–16 Moreover, hydrogen bond donors (e.g., OH,
–NH, and –COOH) or Lewis acidic centers (e.g., metal ions) can
assist this ring opening by increasing the electrophilicity of
the epoxides.17–23 However, the corrosive nature of the halide
ions limits their scope, particularly for scaling up synthesis
from an industrial point of view. In this regard, halide-free
heterogeneous catalysts have gained attention in recent years for
the synthesis of cyclic carbonates.24,25 For instance, North and co-
workers used salophens as catalysts to prepare cyclic carbonates
using CO2 under 10 bar pressure at 120 °C.26 Similarly, Zhang
et al. developed a homogeneous halide-free organocatalyst which
catalyzed the cycloaddition reaction under 2 MPa pressure and at
120 °C.19 Recently, Ma et al. developed a halogen-free solid solu-
tion of CeO2–ZrO2 and explored CO2 fixation into epoxides. The
catalysis was performed at 150 °C under a CO2 pressure of 6
MPa.27 In another recent report, Bragato et al. developed ionic
liquids to prepare cyclic carbonates at 120 °C under 2 MPa
pressure of CO2.

28 The above-mentioned works reported the
halide-free synthesis of cyclic carbonates under high pressure.
Nevertheless, to our knowledge, there are relatively few reports on
halide-free heterogeneous catalysts to produce cyclic carbonates
with satisfactory yields under atmospheric pressure. For instance,
pyridyl salicylimines, ionic porous polymers and zinc MOFs have
been used as catalysts for CO2 fixation.17,24,29 Our group has
recently developed a pyridine dicarboxylic acid coordinated to alu-
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minium as a heterogeneous catalyst for CO2 fixation under
halide-free conditions.30 However, the developed Al-based
material was amorphous in nature. In this context, our idea is to
use aluminium oxyhydroxide [AlO(OH)] as it is a stable material
and can be easily prepared. In addition, AlO(OH) has been used
in various applications like as sensors, adsorbents, batteries, in
gas separation, etc.31–35 However, it is less explored as a catalyst,
particularly for CO2 fixation reactions.36,37

This work reports the utilization of diaspore [α-AlO(OH)] as
an efficient catalyst for the synthesis of cyclic carbonates from
epoxides under ambient CO2 pressure. Diaspore was prepared
through a facile synthetic method, i.e., by reacting Al
(NO3)3·9H2O and urea in water. The as-prepared diaspore in
the presence of a small amount of DMF successfully converted
different epoxides into their corresponding cyclic carbonates
with high selectivity and quantitative yields. In addition, the
material retained its activity for five cycles of catalysis.
Theoretical calculations using DFT suggested the stabilization
of intermediates by Al(III) ions resulting in the negative Gibb’s
free energy change of the reaction.

Experimental section
Synthesis of diaspore [α-AlO(OH)]

Diaspore was prepared using Al(NO3)3·9H2O and urea in water
(Scheme 1).38 Briefly, Al(NO3)3·9H2O (7.5 g, 20 mmol) and urea
(3 g, 50 mmol) were dissolved in a round bottom flask contain-
ing 50 ml of water. The solution was heated at 150 °C for
24 hours. The solution was cooled, and the white precipitate
was washed with water and acetone. The white precipitate was
washed with water and acetone. The material was finally dried
by overnight heating at 60 °C in a hot air oven followed by
vacuum drying in a desiccator (1150 mg; yield 95.8%).

CO2 cycloaddition

The reactions were performed in a 25 ml Schlenk round-bottom
flask.14 Epichlorohydrin (12.75 mmol, 1.0 ml) or other epoxides
were added along with diaspore (60 mg, 1 mmol). The setup was
connected to a CO2 balloon (99.5% pure) and heated at 100 °C
for 24 hours. After the completion of the reaction, 20 µl of the
reaction mixture was dissolved in 600 µl of CDCl3 and the
1H-NMR spectrum was recorded to calculate the conversion.

Hot filtration test

The hot filtration test for the catalysis was performed by
removing the catalyst AlO(OH) through filtration after 6 h of
reaction. Following the filtration, the filtrate was further

allowed to react with CO2 under optimized conditions for
another 10 h in the absence of catalysts. The conversion of the
final catalyst-free reaction mixture was compared with the con-
version of the reaction mixture using AlO(OH) as a catalyst.

Computational strategy

Throughout the study, the ORCA 5.0.1 electronic structure
program was used to optimize the geometries and compute
the binding free energies.39,40 These calculations are extremely
helpful and serve to provide valuable insights into the experi-
ments carried out in this study. The geometries were opti-
mized within the framework of DFT by employing the PBE
functional in conjunction with the def2-TZVP basis set.41–44

For the calculations containing a diaspore sheet, a constrained
optimisation has been employed, in order to maintain the pla-
narity of the [0 4 0] catalytic surface. All the reactant and
product geometries have been verified as minima by comput-
ing their harmonic vibration frequencies using the NUMFREQ
module. Transition states have been optimized using the
surface scans and transition state optimization protocols as
implemented in ORCA. The transition state has been verified
by computing the vibrational frequencies. The solvent effects
were computed within the conductor-like polarizable conti-
nuum model (CPCM) using the default radii of all atoms. For
these, a dielectric constant of 22.6 was used to mimic the reac-
tion conditions. A similar protocol has been followed before
and yielded computational results that matched well with the
experiments.38 Charges on the relevant atoms within the mole-
cules before and after binding to alumina have been calculated
using the Mulliken population analysis.

Results and discussion
Characterization

The PXRD pattern of the as-prepared diaspore matched well
with the corresponding standard pattern (Fig. 1a, ICDD no. 00-
001-1284). The diaspore is stable in polar and non-polar sol-
vents such as ethanol, hexane, dimethyl sulfoxide (DMSO),
DMF, and dichloromethane. This is supported by the PXRD
patterns collected after the diaspore was stirred in the above-
mentioned solvents for 12 h and subsequently dried (Fig. S1†).
In addition, the prepared diaspore is stable in a wide pH range
of 1 to 12 as confirmed by the PXRD results (Fig. S2†). The
Brunauer–Emmett–Teller (BET) surface area of the prepared
diaspore is found to be 75.9 m2 g−1. The results reveal the
type-IV isotherm, confirming the mesoporous nature of the
material. The observed type H1 hysteresis loop proves the pres-
ence of a narrow range of uniform mesopores with ink-bottle
pore geometry (Fig. 1b).45 The porosity was found to be
30.66%. The CO2 adsorption of the as-prepared diaspore was
found to be 5.38 cm3 g−1, which confirms the moderate
affinity of the material towards CO2 (Fig. 1c). Although the CO2

adsorption value is smaller compared to those of porous
materials such as MOFs, porous polymers, etc.,23,46 the
obtained value is better than those of nanoparticle catalysts

Scheme 1 Schematic protocol for the synthesis of diaspore [α-AlO
(OH)] in aqueous medium.
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such as Fe2O3, Al2O3, and SiO2.
38,47,48 The FT-IR spectrum of

the sample showed two sharp bands at 3300 cm−1 and
3100 cm−1. These two bands are assigned to the asymmetric
and symmetric stretching of the O–H bonds of AlO(OH),
respectively (Fig. 1d). Another sharp band at 1070 cm−1 corres-
ponding to the Al–OH bending vibrations is noted. The bands
corresponding to the Al–O bonds are observed at 760 and
630 cm−1.49 X-Ray photoelectron spectroscopy (XPS) analysis
was performed to understand the chemical states of the
elements in α-AlO(OH). The O 1s spectrum was deconvoluted
into two components with the binding energy maxima at
531.2 eV and 532.5 eV. The peak at 531.2 eV is the peak for the
Al–O–Al units, while the peak at 532.5 eV corresponds to the
Al–OH bonds (Fig. 1e). The Al 2p spectrum has a sharp peak at
74.2 eV which is a characteristic signal of AlO(OH) compounds
(Fig. 1f).50 The morphology of the developed diaspore was
studied using FESEM and TEM analyses. The FESEM images
of the as-prepared material reveal the formation of grain like

morphology (Fig. 1g). This suggests that grains observed in
SEM images consist of a large number of lamellae (Fig. 1h).
The TEM images reveal the formation of a quasi-quadrangular
prism shaped morphology. The lamellae possess lengths
ranging from 58 nm to 140 nm and widths varying from
18 nm to 35 nm (Fig. 1i).51 The EDS and mapping analyses
imply uniform Al and O distribution throughout the surface
(Fig. S3†).

Optimization of the CO2 fixation reaction

The catalytic efficiency of diaspore towards CO2 fixation was
evaluated using epichlorohydrin as the model substrate. First,
a blank reaction was conducted in the absence of catalysts
(only epoxide and CO2) and hardly any conversion was noted
(Table 1, entry 1). The reaction of epichlorohydrin (1.0 ml,
12.75 mmol) and diaspore (60 mg, 1 mmol) resulted in 58%
conversion (entry 2, Fig. S4†). To increase the conversion, N,N′-
dimethyl formamide (DMF) was used as it could assist the acti-

Fig. 1 Characterization of diaspore: (a) PXRD patterns; (b) N2 gas adsorption–desorption isotherm; (c) CO2 gas adsorption–desorption isotherm; (d)
FT-IR spectrum; (e) O 1s XPS spectrum; (f ) Al 2p XPS spectrum; and (g–i) FESEM and TEM images.
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vation of CO2 through the formation of a DMF/CO2 adduct
(Scheme 2).19,52 Addition of 12.75 mmol (∼1 ml) of DMF
resulted in almost complete conversion of equimolar epichlor-
ohydrin (12.75 mmol, 1.0 ml) at 100 °C and 24 hours (entry 3,
Fig. S5†). When the molar concentration of DMF was reduced
to one-fifth (0.25 mmol) of the epoxide concentration, com-
plete conversion was observed under similar conditions (entry
4). Furthermore, DMF also served as an internal standard to
calculate the selectivity of the reaction from NMR analysis
(Fig. S5†).

When other amides like N,N′-diethyl formamide (DEF,
0.25 mmol) and N,N′-dimethyl acetamide (DMAc, 0.25 mmol)
are used instead of DMF for the CO2 fixation reaction with dia-
spore, similar conversions are observed (entries 5 and 6,
Fig. S6†). To understand the role of carbonyl groups, similar
reactions were performed using 3-methylbutan-2-one (ketone,
the carbon analogue of DMAc) and 2-methylpropanal (alde-
hyde, the carbon analogue of DMF). However, only 58% con-
version was noted when the combination of diaspore and the
above aldehyde/ketone was used (entries 7 and 8). This value is
similar to that obtained for the reaction with only diaspore,

suggesting that the carbonyl functional groups of the alde-
hydes or ketones have hardly any role in the catalytic activity.
These results clearly indicate that amides (e.g., DMF or DMAc)
play an important role in enhancing the catalytic activity of
diaspore. However, individually DMF, DEF and DMAc are not
capable of catalysing the reaction of epichlorohydrin and CO2

(entries 9–11). In addition, the catalytic activity of the precur-
sor of diaspore, i.e., Al(NO3)3·9H2O, is very low as the conver-
sion is quite negligible (entry 12). The combination of DMF
and Al(NO3)3·9H2O was able to convert only 12% epichlorohy-
drin (entry 13).

The effect of temperature and time was also evaluated for
the optimization of reaction conditions. Reactions were per-
formed at different temperatures ranging from 70 to 115 °C
and almost full conversion occurred at 100 °C (Fig. 2a).
Similarly, the aliquot of the reaction mixture was collected at
intervals of 8, 12, 16, 20, and 24 hours to check the corres-
ponding conversions. The results confirmed the complete con-
version of epichlorohydrin at 16 h (Fig. 2b). Based on the
above observations, the reactions (substrate scope) were per-
formed at 100 °C for 16 h using 1 ml of epichlorohydrin,
60 mg of diaspore, and 0.25 mmol of DMF. The turnover
number (TON) for this reaction was found to be 12.75.

In addition to the above results, further optimization was
performed using a halogen-free epoxide like styrene oxide. The
results as tabulated in Table 2 show 64% conversion of
12.75 mmol of the epoxide using 60 mg of AlO(OH) at 100 °C
and 24 hours (entry 2, Fig. S7†). For the complete conversion
of styrene oxide, different concentrations of amides like DMF
(12.75 mmol and 0.25 mmol) were used under similar con-
ditions and complete conversion was observed (entries 3 and
4). To understand the effect of temperature, reactions were per-
formed at lower temperatures of 70 and 85 °C, which resulted
in 13% and 55% conversion, respectively (entries 5 and 6).
Similarly, reactions were performed for a shorter duration of
time at 100 °C in the presence of AlO(OH) and DMF. To opti-
mize the reaction time, cycloaddition reactions were per-
formed for different durations. After durations of 8 and 12 h,
44% and 60% styrene oxide were converted to styrene carbon-
ate (entries 7 and 8). The complete conversion was noted when
the reaction was performed at 100 °C for 16 h (entry 9,
Fig. S8†). The above results indicate that the optimized con-

Table 1 Effect of reaction parameters on the coupling of CO2 and
epichlorohydrin

Entry Catalyst used Conversion

1 No catalyst No reaction
2 α-AlO(OH) 58%
3 α-AlO(OH) + DMFa >99%
4 α-AlO(OH) + DMFb >99%
5 α-AlO(OH) + DEFb >99%
6 α-AlO(OH) + DMAcb 92%
7 α-AlO(OH) + 3-methyl butanoneb 58%
8 α-AlO(OH) + 2-methyl propanalb 58%
9 DMFa Traces
10 DEFa Traces
11 DMAca Traces
12 Al(NO3)3·9H2O <1%
13 Al(NO3)3·9H2O + DMFa 12%

Conditions: 1 ml of epichlorohydrin (12.75 mmol), 60 mg of α-AlO
(OH), 100 °C, 24 h, and 1 atm CO2.

a 12.75 mmol of reagents.
b 0.25 mmol of reagents.

Scheme 2 Reaction of DMF with CO2 for the formation of the DMF/
CO2 adduct.

Fig. 2 Reaction optimization: (a) bar diagram depicting the increase in
the CO2 conversion with an increase in the temperature of the reaction
and (b) graph shows the effect of reaction duration on the conversion.
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ditions are similar for both the epoxides (epichlorohydrin and
styrene oxide).

Substrate scope

The catalytic efficiency of diaspore was examined using
different epoxides (Scheme 3). Epoxides having electronegative

heteroatoms such as epichlorohydrin and epibromohydrin
showed almost complete conversion (entries 1 and 2). The
observed higher conversion could be attributed to the presence
of electronegative heteroatoms such as chlorine and bromine
which could stabilize the electron-rich intermediate. Similarly,
epoxides such as phenyl glycidyl ether, methyl glycidyl ether
and ethyl glycidyl ether containing electronegative oxygen
atoms displayed almost complete conversion (entries 3–5,
Fig. S9†). Epoxides containing longer hydrocarbon chains
such as glycidyl n-butyl ether and allyl glycidyl ether showed
83% and 62% conversion, respectively (entries 6 and 7,
Fig. S10 and S11†). The catalyst was able to convert epoxides
such as isopropyl glycidyl ether and tert-butyl glycidyl ether
which contain bulky alkyl groups to the corresponding cyclic
carbonates (entries 8 and 9, Fig. S12 and S13†). 1,2-Epoxy
hexane was also converted at an efficiency of 91% (entry 10,
Fig. S14†). Diepoxides such as 1,4-butanediol diglycidyl ether
showed complete conversion under the optimized conditions
(entry 11, Fig. S15†). Styrene carbonate is an industrially
important compound which is used as an electrolyte for bat-
teries, synthesis of aromatic carbamates, vicinal diols, etc.6,53

Nearly complete conversion is noted for the CO2 fixation of
styrene oxide using diaspore (entry 12). Additionally, to check
the selectivity, the isolated yields of seven different cyclic car-
bonates were calculated, and they are found to be almost
similar to the conversions calculated from 1H-NMR spec-
troscopy (Table S1 and Fig. S16–S23 in the ESI†). The above
observations indicate the high selectivity of the catalyst and
the negligible possibility for the formation of other side pro-
ducts. Table S2 (ESI†) shows the comparison of the catalytic
activity of the diaspore with other halide-free catalysts reported
in the literature. Most of the heterogeneous catalysts reported
the conversion of fewer epoxides under atmospheric pressure.
Diaspore (this work) is able to convert twelve epoxides to their
corresponding cyclic carbonates under atmospheric pressure
with reasonable yields.

Recyclability study of the catalyst

After the completion of the reaction of diaspore with the
above-mentioned epoxides, the diaspore was recovered from
the reaction mixtures. To recover the catalyst, the reaction
mixture was washed with ethyl acetate and the solid catalyst
was separated by centrifugation (4000 rpm for 5 minutes). The
separated diaspore was washed with acetone and dried in a
hot air oven, followed by keeping it in a vacuum desiccator for
6 hours. The PXRD pattern of the recovered samples matched
the standard pattern of diaspore, as shown in Fig. S24.† The
above results confirmed the recovery of diaspore after one
cycle of catalysis. To further study the reusability of diaspore
for multiple cycles, the reaction between styrene oxide
(1.45 ml, 12.75 mmol) and CO2 was performed using the com-
bination of diaspore (60 mg, 1 mmol) and DMF (0.25 mmol)
under the above optimized conditions (Fig. 3a). After the com-
pletion of each catalytic cycle, the catalyst (diaspore) was recov-
ered in the above-mentioned protocol and subsequently used
for the next catalytic cycle. Hardly any change in the activity of

Table 2 Effect of reaction parameters on the coupling of CO2 and
styrene oxide

Entry Catalyst used Temperature, time Conversion

1 No catalyst 100 °C, 24 h No reaction
2 α-AlO(OH) 100 °C, 24 h 64%
3 α-AlO(OH) + DMFa 100 °C, 24 h >99%
4 α-AlO(OH) + DMFb 100 °C, 24 h >99%
5 α-AlO(OH) + DMFb 85 °C, 24 h 55%
6 α-AlO(OH) + DMFb 70 °C, 24 h 13%
7 α-AlO(OH) + DMFb 100 °C, 8 h 44%
8 α-AlO(OH) + DMFb 100 °C, 12 h 60%
9 α-AlO(OH) + DMFb 100 °C, 16 h >99%

Conditions: 1.45 ml of styrene oxide (12.75 mmol), 60 mg of α-AlO
(OH), and 1 atm CO2.

a 12.75 mmol of DMF. b 0.25 mmol of DMF.

Scheme 3 Diaspore catalysed cycloaddition of CO2 with epoxides.
Reaction conditions: epoxides (12.75 mmol), CO2 (1 atm), diaspore
(1 mmol, 60 mg), DMF (0.25 mmol, 0.2 ml), 100 °C, 16 h. Conversions
are calculated using 1H-NMR spectroscopy.
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the catalytic combination is noted up to five cycles, suggesting
that diaspore is highly recyclable for the cycloaddition reaction
(Fig. 3b and Fig. S25†). The PXRD pattern of the recovered
material after the fifth cycle matched well with the pattern of
the as-prepared diaspore (Fig. 3c). The results further proved
diaspore to be stable in different cyclic carbonates and can be
reused for multiple cycles of catalysis. BET analysis indicates
that the surface area (72.5 m2 g−1) of the recovered material is
close to the corresponding value of the pre-catalyst (75.9 m2

g−1), suggesting the retention of mesoporosity of the catalytic
network (Fig. 3d). This is further supported by the TEM
images showing the retention of the grain-like morphology
even after five cycles of catalysis (Fig. S26†). A hot-filtration test
is another technique to check the heterogeneous behavior of
the catalyst. The stability of diaspore was studied through a
hot-filtration test (as explained in the Experimental section).
The reaction of styrene oxide with CO2 for 10 h using diaspore
at 100 °C resulted in 55% conversion. Following this, the cata-
lyst was separated from the reaction mixture and the catalyst
free reaction mixture was heated for another 10 hours at
100 °C, and no further conversion was observed (Fig. 3e). The
above results revealed the non-leaching of Al(III) ions from dia-
spore which further proved the robust nature of diaspore and
the heterogeneous catalytic behavior. To check the leaching of
aluminium ions into the reaction mixture, inductively coupled
plasma atomic emission spectroscopy (ICP-AES) of the reaction
mixture was performed. The aliquots from the reactions of epi-
chlorohydrin with CO2 (Scheme 3, entry 1) and styrene oxide
(Scheme 3, entry 12) with CO2 were collected for evaluation. As
shown in Table S3 of the ESI,† there was an absence of Al(III)
ions in the reaction mixture. The above observations proved
the non-leaching of Al(III) ions into the reaction mixture during
the course of the reaction.

Computational results

The experimental results show that the CO2 insertion reaction
does not occur in the presence of DMF alone. Nevertheless, in
the presence of diaspore and DMF, the reaction takes place,
and the cyclic carbonate is formed as the product. As the spon-
taneous occurrence or non-occurrence of a reaction is gov-
erned by the change in Gibb’s free energy associated with the
reaction, the computational studies focus on this aspect. The
free energy change associated with the reaction mechanism,
both in the presence and absence of diaspore, has been separ-
ately investigated in this light.

Diaspore free mechanism and energetics of CO2 insertion

Fig. 4 shows the optimized geometries of the reactants and
products at each stage of the reaction. Considering Str. I as
zero energy, the free energy (kcal mol−1) of each geometry (Str.
II to IV) is indicated in the inset. The first step involves the
addition of carbon dioxide to DMF, yielding structure II with
the carbon dioxide forming an adduct with DMF. The next
step is the addition of epoxy chloride. The epoxy ring opening
and its addition to the DMF–CO2 adduct do not yield a stable
geometry. There is only a transition state geometry formed and
this is hence indicated by the dashed line below structure III.
The final step is ring closure yielding the cyclic carbonate with
the elimination of DMF. The first two steps are endergonic
and the last step is exergonic. The overall free energy change
of the reaction is positive (+19.5 kcal mol−1), rendering the
complete reaction non-spontaneous.

Energetics of CO2 insertion in the presence of diaspore

Fig. 5 shows the geometry minima stabilized on the diaspore
[0 4 0] surface. The interactions between the oxygen atoms of
the substrates and diaspore (Al⋯O) are indicated. The corres-
ponding interaction distances are included in the inset of
Fig. 5. The lowest energy geometries have been considered

Fig. 4 Representation of the relative energies (kcal mol−1) corres-
ponding to those of (I) DMF and CO2, (II) their DMF + CO2 adduct, (III) a
transition state where the halo alkoxide binds the adduct, and (IV) cyclic
carbonate product on the elimination of DMF. The transition state is
indicated by a dotted line drawn below the structure. The net free
energy change for the entire reaction is indicated.

Fig. 3 Recyclability: (a) model reaction for recyclability studies; (b) bar
diagram indicating the high recyclability of the catalyst; (c) PXRD com-
parison of the original sample and the post-catalytic material; (d) N2 gas
adsorption–desorption isotherms; and (e) hot-filtration test.
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under experimental conditions. In comparison with Fig. 4, the
energies shown in Fig. 5 can be analysed. Similar to the dia-
spore-free mechanism shown in Fig. 4, the first two steps are
endergonic even in the presence of diaspore. However, there
are two differences when the reaction occurs in the presence
of diaspore. The extent of the rise in free energy (32.6 kcal
mol−1) is lower compared to that in Fig. 4 (58.9 kcal mol−1).
Furthermore, the structure C in the case of the diaspore-free
mechanism is a transition state and not a stable geometry.
However, in the presence of diaspore, the CO2 is successfully
transferred to the alkoxide. The final step, ring closure to form
the cyclic carbonate, is associated with a negative free energy,
as is the case in Fig. 4 as well. In the presence of diaspore, the
net reaction has a negative total free energy (−9.7 kcal mol−1),
indicating its spontaneity. The DMF-free mechanism is shown
in ESI Fig. S27.† The free energy associated with the 3-step
mechanism is −26.6 kcal mol−1. The negative sign indicates
the spontaneity of the process even in the absence of DMF.
The findings support the experimental data in which the reac-
tion on diaspore proceeds in the absence of DMF with a yield
of 58% (Table 1, entry 2). In the absence of DMF, the Al(III)
ions of the diaspore activate the epoxide and the oxygen atoms
of the diaspore act as the nucleophiles to open the epoxide
ring.

Table 3 shows the Mulliken atomic charges on the relevant
oxygen and chlorine atoms of each compound in the mecha-

nism in their unbound and bound states to the diaspore sheet.
In all the structures A to D (labelled in Fig. 5), a negative
charge is localised on oxygen as well as chlorine, owing to
their electronegativity. The magnitude of the charge on chlor-
ine and oxygen is not very high as these molecules are neutral
species. However, evidently, the negative charges on the
oxygen and chlorine atoms are reduced when these atoms
bind to the aluminium in diaspore. The reduction in the nega-
tive charge confirms the charge transfer from oxygen/chlorine
to the diaspore sheet. The stabilization described above is
thereby attributed to the charge transfer occurring between the
molecular structures and diaspore. The last row of Table 3
shows the percentage reduction in the charge before and after
binding to the diaspore sheet. The oxygen atoms that are part
of a ring transfer a higher percentage of charge to the diaspore
as seen in structures A and D. The charge transfer is likely to
ease the ring strain as electron repulsion is reduced when
charge is moved away from the ring. Structure B has the advan-
tage of the inductive effect of the alkyl chain. In structure C,
the charge reduction is the least. There are two possible
reasons: one of which is that oxygen is not part of a ring. The
second is that the oxygen is bound to a carbon atom that is
connected to two other oxygen atoms. These would compete
for the electrons, thus reducing the ability of the diaspore-
bound oxygen to donate electrons to aluminium. The stabilis-
ing interactions with the diaspore sheet contribute to stabilis-
ing the reaction intermediates, thereby rendering the reaction
spontaneous in the presence of diaspore.

Conclusions

To summarize, this work demonstrates a simple one-pot syn-
thesis of diaspore in aqueous medium. The as-prepared dia-
spore is stable in the pH range of 1 to 12 and different polar
solvents such as DMSO, DCM, ethanol, and more. The results
show that diaspore in the presence of a small amount of DMF
is able to catalyze CO2 fixation into multiple epoxides under
atmospheric pressure with >99% selectivity. Notably, the cata-
lyst showed excellent activity in the absence of any halide ion-
containing cocatalyst. Additionally, the roles of amides such as
DMF and DMAc in assisting the cycloaddition reaction have
been studied. The computational results corroborate the
experimental findings. The DFT calculations reveal that the
overall free energy of the CO2 insertion reaction is positive
(non-spontaneous) in the absence of diaspore as there are no

Fig. 5 Representation of the minimum geometries on the diaspore [0 4
0] surface calculated at the PBE/def2-TZVP level. The interactions
between the oxygen atoms and aluminium on the sheet are indicated,
along with the corresponding bond distances marked in the inset. The
relative energies of the structures in the mechanism are provided along
with the net free energy change for the entire reaction.

Table 3 Mulliken atomic charges on the relevant oxygen atoms of each compound in the mechanism, before and after binding to the diaspore
sheet. The difference in the charge before and after binding to the diaspore surface and the Al–O interaction distances are reported

Structure Str. A
Str. B

Str. C
Str. D

Atoms O O Cl O O O

QO −0.329 −0.300 −0.203 −0.401 −0.304 −0.209
QD −0.232 −0.219 −0.132 −0.374 −0.174 −0.090
Charge reduction 29% 27% 35% 6.7% 43% 57%
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favourable interactions to stabilise the intermediates and pro-
ducts. However, stabilization of the structures in the diaspore
sheet resulted in an overall negative (spontaneous) free energy
change of the reaction. Hence, the presence of diaspore con-
verts an otherwise non-spontaneous reaction into a spon-
taneous reaction owing to the interactions between the alu-
minium on the sheet and the substrate molecules. Overall,
this study provides a feasible methodology to utilize diaspore
in the presence of a small amount of DMF as a halide-free
catalyst for the coupling reaction of CO2 under mild
conditions.
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