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Efficient capture of carbon dioxide to form organic
crystals at low pressure and room temperaturet

*

Shangzhong Zhang ¥ and Lifeng Yan

Carbon dioxide capture and storage (CCS) and carbon dioxide capture and utilization (CCU) are potential
solutions for mitigating the greenhouse effect. Organic amines had been used for CCS. However, there
are still scarce reports on the formation of solids after the capture of CO,, especially in the crystalline
form. This study explores a novel method for capturing and storing carbon dioxide using organic
superbases 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) and tetrahydropyrrole (Py) to form stable
carbamate crystals DBU-Py—CO, at room temperature and low pressure. Interestingly, these crystals
also exhibited exceptional stability when stored in a closed centrifuge tube at room temperature for over
500 days. The process involves a nucleophilic attack on CO, by an amino anion generated from these
materials, forming well-ordered carbamate crystals as confirmed by single-crystal diffraction. The
captured CO, can be reversibly released upon low dose heating. This approach presents promise for
mitigating greenhouse gas emissions and utilizing CO, as a crystalline material without the need for
metal catalysts or solvents.

Efficient capture of CO, under low pressure at room temperature is still an attractive topic today, especially for solid production, which is easily stored and
transported. Here, we find that CO, can be captured by using organic superbases 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and tetrahydropyrrole (Py) to form
stable carbonate crystals DBU-Py-CO,, which are very stable at room temperature for long time storage and can release CO, again efficiently on heating. This

provides a simple method for the efficient conversion of CO, to crystals for various applications.

Introduction

The reduction of carbon dioxide emissions is an urgent global
imperative and an indispensable component of sustainable
development.'” Carbon capture, utilization, and storage has
been widely employed in the past and is regarded as a prom-
ising strategy for mitigating CO, emissions.®® The technical
methods for CO, capture include adsorption, absorption,
membrane separation, cryogenic separation, and hydration.’**
It is widely acknowledged that the absorption method of
chemical substances is one of the most competitive CCU and
CCS methods."?*® The current industrial technology for CO,
involves the utilization of monoethanolamine aqueous solu-
tion, which demonstrates the practical feasibility of chemical
absorption of CO,.”* The utilization of ionic liquids for CO,
absorption has been increasingly reported in order to achieve
a balance between energy consumption and environmental
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sustainability.”>** As a class of organic compounds with
distinctive functionalities, organic superbases (DBU, DBN, and
TMG) are commonly employed in the investigation of CO,
absorption.**** It is widely recognized that upon acquiring
hydrogen protons, organic superbases undergo stabilization of
conjugated structures, thereby exhibiting a pronounced
capacity for extracting active hydrogen from the system.*-*3-%*
When an organic superbase is present, the amino group
undergoes deprotonation and forms the amino anion, resulting
in a significant enhancement of nucleophilicity.>****” Although
carbon dioxide is chemically inert, the electron density of the
carbon-oxygen double bond affects the carbonyl carbon atoms
in carbon dioxide, resulting in its overall electrophilic
properties.**** Consequently, even at lower temperatures and
pressures, the combination of an organic superbase and an
amino anion can effectively capture and activate carbon
dioxide.**** An organic superbase (DBU) and tetrahydropyrrole
(Py) are combined as an absorbent in this study, under room
temperature and pressure conditions. Under these conditions,
DBU converts the secondary amine functional group on Py into
an amino anion, which effectively captures carbon dioxide to
produce carbamate (DBU-Py-CO,). Interestingly, DPU-Py-CO,
is a robust and crystalline white solid. Upon heating, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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entrapped CO, is liberated while the residual DPU-Py reverts
back to its initial ionic liquid state, rendering it suitable for
subsequent adsorption-desorption cycles (Scheme 1). This
reversible absorption process can undergo multiple iterations
without significant reduction in both quantity and efficacy of
absorption. The three-dimensional spatial structure of the
DPU-Py-CO, crystal is confirmed through the characterization
of a four-circle diffractometer and computational simulation,
thereby validating the process of DPU-Py absorbing CO, to form
crystals. In the field of CCU, the research on CO, absorption for
crystal production has garnered significant attention from
many researchers. Notably, the relatively short time required to
obtain organic crystals and their ability to reversibly release CO,
at temperatures ranging from 80 to 120 °C are particularly
intriguing.***® It is noteworthy that this study successfully
achieves a controllable and reversible transition between the
absorbent and CO, as well as the crystal phase.

View Article Online
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Results and discussion

When two organic compounds DBU and Py are combined (in
the liquid form), they exhibit enhanced CO, absorption capa-
bilities, surpassing their individual capacities, with a molar
ratio close to 1: 1 (Fig. 1). Notably, even under mild temperature
and pressure conditions (including room temperature and
atmospheric pressure), the reaction yields a white solid material
upon CO, absorption in the reactor (Fig. 2a). The white solid is
indeed a mixture, as it contains unreacted monomers; however,
the phenomenon of phase transition continues to captivate
researchers. This phenomenon has been thoroughly investi-
gated and discussed in this study. This intriguing phenomenon
has been thoroughly documented in a video provided in the ESI
(Video S1).T The organic superbase DBU initially abstracts the
active hydrogen proton from Py in the system, resulting in the
formation of [DBUH] and amino anions. The amino anion
exhibits remarkable nucleophilicity, facilitating its facile

Scheme 1 Schematic representation of carbon dioxide being converted to crystals by adsorption in the DBU—Py system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Possible mechanism of capturing carbon dioxide and producing crystals (DBU-Py—-CO5).

capture of carbon dioxide even under mild conditions. Despite
the relatively weak electrophilicity of carbon dioxide, this defi-
ciency is compensated by the strong nucleophilicity of amino
anions. Subsequently, electrostatic forces drive the attraction
between the negative charge on the carboxyl group and the
positive charge on tertiary amine within both carbamate and
[DBUH]. This orderly arrangement gives rise to a long-range
crystal structure.

The subsequent four-circle single-crystal diffraction was
employed to determine the spatial three-dimensional structure
of DPU-Py-CO, and validate the conjecture. First, DBU-Py-CO,
was dissolved in a mixture of dioxane and ethyl acetate, fol-
lowed by slow evaporation of the solvent at room temperature to
obtain a single crystal (Fig. 2b). The results obtained from
diffraction and simulation using single crystals revealed that
the DBU-Py-CO, crystal belongs to the P2,/n space group in the
monoclinic crystal system. It is evident from the ball and stick
model and the ORTEP diagram (Fig. 2c) derived from the
diffraction of a single crystal that the positive hydrogen charge
on the tertiary amine of the DBU ring attracts the negative
charge of the carbamate carboxyl group. Detailed information
regarding crystallography can be found in the ESL7

The DPU-Py-CO, crystal belongs to the monoclinic crystal
system, which is classified as a lower class of crystals with
relatively low symmetry, resulting in its thermodynamic insta-
bility. When the temperature exceeds 60 °C, the crystal structure
will be disrupted and CO, trapped within it will be released,
leaving behind DPU-Py in the form of an ionic liquid. Inter-
estingly, this heat instability can also serve as an advantage
since the remaining DPU-Py ionic liquid after heating retains

2964 | RSC Sustainability, 2025, 3, 2962-2969

its ability to capture CO, once again. In other words, the
absorber can be considered as a carrier for CO,; it forms crystals
upon adsorption and only requires heating for release. The
thermal instability is also usable for the reversible release of
CO, captured by the DBU-Py absorber. Furthermore, under
normal temperature and pressure conditions, these crystals
maintain their original morphological characteristics for at
least 500 days (Fig. 2d). As evident from the XRD pattern
(Fig. 3b), each peak of newly synthesized crystals corresponds to
those stored for 500 days; however, individual peak intensities
are reduced in samples stored for extended periods indicating
that minimal structural changes have occurred. Thus, DPU-Py-
CO, crystals possess significant potential for CO, storage.
Next, the impact of reaction temperature, carbon dioxide
pressure, and molar ratio on absorption is investigated, as
depicted in Fig. 3¢, d, and Table 1. As the reaction temperature
increases from 293 K to 313 K, the CO, absorption capacity
gradually increases until reaching a peak value of 0.87 mol
per mol absorber. Because the adsorption process is an equi-
molar absorption mechanism, 0.87mol per mol absorber is
obviously a relatively objective molar absorption capacity
compared with that reported in recent literature.*>** However,
when approaching normal temperatures, the enhancement in
absorption capacity becomes less pronounced. This can be
attributed to higher temperatures prolonging the phase tran-
sition process and promoting liquid-state formation, thereby
enhancing mass transfer efficiency. Nevertheless, at tempera-
tures exceeding 313 K, an increase in temperature leads to
a decrease in absorption capacity due to thermodynamic
considerations. At elevated temperatures, equilibrium shifts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The solid carbamate (DBU-Py-CO,): (a) unpurified, (b) purified single crystal, (c) structure was determined using a four-circle single

crystal diffractometer, and (d) stored at room temperature for 500 days.

towards the desorption direction aligning with the reversible
release of CO, upon heating. The absorption capacity of CO,
gradually increases as the pressure increases, aligning with
conventional wisdom. Elevated pressure facilitates the trans-
portation of more CO, molecules to the reaction site during
crystal formation, thereby promoting nucleophilic attack reac-
tions. When the molar ratio of the absorbent is adjusted to 1:2
or 2:1 (DBU: Py), the absorption reaction can still proceed;
however, the resulting product no longer exhibits a white, solid
appearance but rather transforms into a yellow, translucent,
and thick solid. This alteration in physical properties arises due
to the necessity for a 1:1 mole ratio within the crystal's struc-
tural unit, with an excess of DBU or Py leading to disruption of
this crystalline structure.

Both >C NMR and FT-IR confirm the process of CO,
absorption. As depicted in Fig. 4a, the absorbent's spectrum
exhibits a high chemical shift peak for No. 6 C prior to the
reaction, indicating its connection to the N atom through
a double bond. Following the reaction, a distinctive signal peak
emerges at 164 ppm corresponding to No. 17 C (Fig. 4b), which
is characteristic of carbonyl carbon formation.** As a result of
the transformation of DBU into the [DBUH] form following the
reaction, the significant electrostatic interaction led to an
increase in the chemical shift of No. 6 C from 160 ppm to
167 ppm. The presence of carbonyl carbon within the system

© 2025 The Author(s). Published by the Royal Society of Chemistry

signifies that N-H captures CO, subsequent to nucleophilic
attack. The absorption peaks of various hydrogen atoms in the
absorbent after CO, capture are individually assigned as shown
in Fig. 4c. Given the evident H,O signal observed in Fig. 4c, it is
plausible to infer that the presence of the [DBUH][HCOs] form
within the crystal structure cannot be entirely excluded, which
may also be one of the reasons for the thermal instability of the
crystal. Fig. 4d shows the HMBC spectrum of the sample; two
carbon signals with high chemical shifts can be observed, and
the carbon signal with low chemical shifts in them is associated
with two remote hydrogen signals. These two hydrogen signals
are coming from Py 13, 16 and 14, 15, where 14 and 15 corre-
spond to the hydrogen signals of the four bonds away from 17
and 13. 16 is the bond away from 17, while 14 and 15 signals are
slightly stronger. In summary, this shows that among the two
carbon signals with a high chemical shift, the one with a low
chemical shift is carbonyl carbon. After your prompt, we have
confirmed this fact and corrected the error in the manuscript.

In the FT-IR spectrum (Fig. 5), the prominent feature is
observed as a peak at 1627 ecm™ " corresponding to the DBU-Py-
CO, signal, which serves as a characteristic indication of
carbonyl carbon and confirms the capture of CO,. The broad
peak at 3367 cm ' can be attributed to N-H stretching vibra-
tion. Signals in proximity to 1550 cm ™" are categorized as N-H
bending vibrations. Due to the constrained nature of N-H

RSC Sustainability, 2025, 3, 2962-2969 | 2965
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(a) ORTEP diagram of the DBU—-Py—CO, crystal obtained by four-circle single crystal diffraction, (b) comparison of XRD patterns of newly

made and DBU-Py—-CO, crystals stored for 500 days, (c) influence of temperature on DBU : Py = 1:1 absorption of CO,, 0.5 MPa, and (d)

influence of pressure on DBU : Py = 1:1 absorption of CO,, 293 K.

caused by the five-membered ring structure of Py, the N-H
signal from Py is not distinctly evident.

The three-dimensional structure of the crystal was created
using Mercury software (Fig. 6a). The adsorption and desorp-
tion process for captured CO, was conducted under atmo-
spheric pressure (approximately 0 MPa) for a total of 5 cycles,
during which the mass variation of the absorbent and its
absorption capacity were recorded. The specific details of each

Table 1 Adsorption data under different conditions®

cycle are documented in Table 2. Upon completing all 5 cycles,
the absorbent retained 93.5% of its initial mass and exhibited
an absorption capacity of 0.61 mol per mol of absorbent
(Fig. 6b). Notably, the main source of loss in this process is
attributed to operational consumption, as the temperature
employed during adsorption and desorption is significantly
lower than the decomposition temperature of DBU and Py
compounds. If measures can be taken to minimize both

Absorbent Temperature Pressure Absorbing ability ~ Absorbing Time Energy intake

(molar ratio) (K) (MPa) (molar ratio) ability (wt%) (min) (k] mol ™" CO,) Status

DBU:Py=1:1 293 0.1(open) 0.65 12.8 30 min 0.077 White slurry solid
DBU:Py=1:1 293 0.1 0.71 14.0 30 min 0.070

DBU:Py =1:1 293 0.2 0.77 15.2 30 min 0.065 White hard solid
DBU:Py=1:1 293 0.3 0.81 16.0 30 min 0.062

DBU:Py=1:1 293 0.4 0.83 16.3 30 min 0.060

DBU:Py=1:1 293 0.5 0.84 16.5 30 min 0.059

DBU:Py =1:1 303 0.5 0.86 16.9 30 min 0.174

DBU:Py=1:1 313 0.5 0.87 17.1 30 min 0.172

DBU:Py=1:1 323 0.5 0.85 16.7 30 min 0.176

DBU:Py=1:1 333 0.5 0.78 14.3 30 min 0.192

DBU:Py =2:1 293 0.5 0.94 18.5 30 min 0.053 Yellow translucent solid
DBU:Py =1:2 293 0.5 0.86 16.9 30 min 0.058 Yellow translucent solid

“ (Note: The pressure of 0.1 MPa open indicates that the reaction is conducted in an open system, where the non-pressurized vessel (flask) and
rubber hose are exposed to the surrounding atmospheric conditions. The reaction is conducted in the pressure range of 0.1-0.5 MPa using
a stainless steel reactor and airway, with the utilization of a pressure-reducing valve to achieve the desired pressure level within the reactor).
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Fig. 5 FT-IR spectra of DBU, Py, and DBU-Py-CO,.

volatilization and operational losses, this scheme would hold
greater practical value.

Experimental
Materials

All chemicals were purchased and used without further purifi-
cation, purchased from ACMEC, Shanghai, China. Tetrahy-
dropyrrole (Py), dioxane, and ethyl acetate were purchased from
Sinopharm Chemical Reagents Co. LTD. (Shanghai, China). A
50 ml reactor was purchased from Parr, USA. CO,, analytically
pure, was purchased from Anhui Hefei Hengxing Industrial Gas
Co., Ltd. (Hefei, China), and stored in cylinders.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Adsorption and desorption

1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and tetrahydropyrrole
(Py) were magnetically stirred in the reactor while being heated by
using an oil bath exposed to 0.1-0.5 MPa CO, gas. A phase tran-
sition occurred upon a significant pressure drop, indicating
completion of the reaction within the predetermined time. The
reaction time is 30 min. During the desorption process, all solid
products are heated in a 50 ml three-necked glass flask at
a temperature of 80 °C. Desorption is considered complete when
there is no further reduction in mass within a period of 2 minutes.
The remaining liquid in the flask should be utilized for the
subsequent cycle, while the balance should be used to weigh the
mass and calculate absorption. In this study, the energy demand
for CO, capture ranged from a minimum of 0.053 k] mol ' CO, to
a maximum of 0.192 k] mol~" CO,. When compared with other
recently developed capture methods,**® this represents relatively
low energy consumption. The primary reason for this efficiency is
the reduced time required for CO, capture. At 293 K, only the
stirring power (100 W) of the device was utilized, rather than the
heating power (300 W). Overall, the low energy consumption
associated with CO, absorption under mild conditions consti-
tutes one of the key advantages of this study.

Characterization

Fourier transform infrared (FT-IR) spectra were recorded on
a Bruker vector-2 spectrophotometer in the 400-4000 cm
range. XRD analysis was performed on a Philips X' Pert PRO
SUPER X-ray diffractometer with Cu Ka radiation (I = 1.54056
A). Nuclear magnetic resonance (NMR) studies were carried out
on a Bruker NMR (400 M) spectrometer with DMSO-d as solvent.

RSC Sustainability, 2025, 3, 2962-2969 | 2967
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Table 2 Adsorption resolution cycle
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(@) Intracellular three-dimensional structure of the DBU—-Py—-CO, crystal drawn using Mercury software and (b) mass retention and

Absorbent

Absorbent quality

Absorbing ability Absorbing ability

Recycling times (molar ratio) retention (molar ratio) (Wt%)
1 DBU:Py=1:1 98.4% 0.65 12.8
2 DBU:Py=1:1 96.7% 0.64 12.6
3 DBU:Py=1:1 95.3% 0.63 12.4
4 DBU:Py=1:1 94.3% 0.63 12.4
5 DBU:Py=1:1 93.5% 0.61 12.0
A four-circle single crystal diffractometer, manufactured by Ackn OWledgementS

Oxford Diffraction Company, Gemini S Ultra was used.

Conclusions

In this study, we discovered that DBU and Py serve as absor-
bents for CO, capture and crystal formation. The spatial
arrangement of the crystals is determined through single crystal
diffraction analysis. Additionally, we investigate the factors
influencing the adsorption process and reversible release
process. These findings demonstrate the feasibility of convert-
ing CO, into crystals, although practical application remains
a distant goal at this stage. Nevertheless, it underscores the
immense potential for future advancements in crystal design
and applications.
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