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Abstract—The reaction of m-xylylenediamine (mXD) with carbon dioxide was examined and its feasibility as a se-
questration material of carbon dioxide was discussed. The reaction was monitored by using the FT-IR and gravitational
methods, while the crystalline structure of the reaction product was investigated with elemental analysis, powder X-
ray diffraction, single crystallography, and "C MAS NMR spectroscopy. Even at ambient temperature, mXD reacted
with carbon dioxide of low partial pressure in the atmosphere and produced a 1 : 1 molar adduct which appeared as a
white crystalline material. The hydrogen bonds that formed between the adduct molecules resulted in the formation of a
stable crystal. The sequestration capacity of mXD was very great, ~280 mg g,..,,”' below 50 °C. An adsorbent prepared by
dispersing mXD on silica was capable of capturing carbon dioxide, but it could be regenerated by evacuating at 25 °C.
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INTRODUCTION

Global warming has been accelerated due to the increase in the
concentration of carbon dioxide in the atmosphere. Since fossil fuels,
which emit carbon dioxide as a combustion product, are widely used
in electricity power plants and transportation [1], reducing the emis-
sion of carbon dioxide in industrialized societies is a considerable
challenge. Although the global warming index of carbon dioxide is
not as high as other greenhouse gases, it is considered to be the most
important greenhouse gas because of its high levels of emission.
The recycling of carbon dioxide is very limited in terms of technol-
ogy and economics, and thus carbon capture and storage (CCS) tech-
nologies have become more important in reducing carbon dioxide
concentration in the atmosphere [2-5].

Materials that can sequester carbon dioxide with a great capacity
are essential for the successful CCS, and the capture of carbon diox-
ide at an ambient temperature under a low partial pressure enhances
its performance. Since no suitable sequestration material is available,
carbon dioxide is usually separated using various methods such as
cryogenic distillation, membrane separation, adsorption, and absorp-
tion, and is then stored in a liquid or supercritical state [6-9]. While
absorption using an aqueous solution of monoethanolamine (MEA)
is considered to be the most feasible method for separating carbon
dioxide, the high cost of regeneration, the loss of absorbing species by
evaporation, and the corrosion of the apparatuses have been the main
drawbacks preventing its widespread application [10]. While on the
other hand, solid alkali metal oxides do not cause any corrosion, high-
temperature operations are needed to capture carbon dioxide [11].

Although zeolites, hydrotalcites, and metal-organic frameworks
adsorb carbon dioxide, solid adsorbents prepared by dispersing basic
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materials on porous solid supports have been considered more feasi-
ble in terms of their high adsorption capacity and relatively easy
regeneration [8,9,11-14]. For example, polyethyleneimine (PEI)
dispersed in KIT-6 mesoporous material was shown to have a high
adsorption capacity for carbon dioxide, 135 Mg s > and could
be regenerated at 75 °C and under 1 atm. However, it is not known
if this system can sequester carbon dioxide at a low concentration
of about 400 ppm and persist in the adsorbed state at an ambient
condition permanently.

m-Xylylenediamine (mXD) is a basic material with two substituted
aminomethyl groups in the benzene ring. Although mXD is not a
widely used material, it is environmental-friendly because it can be
converted to polyurea by reacting with carbon dioxide at 180 °C with-
out the need to use phosgene [15]. The reaction of mXD with carbon
dioxide at a supercritical condition results in the formation of polya-
mide with a high gas shielding property [16]. While an aqueous solu-
tion of 20-50% mXD has been patented as an absorption solution
of carbon dioxide [17], no report exists on its application in practice.

mXD reacts with carbon dioxide at ambient temperatures, even
at the atmospheric concentration, and produces a white crystalline
solid. Here, we examined the reaction between mXD and carbon
dioxide using FT-IR spectroscopy and the gravitational method. The
crystal structure and physico-chemical properties of the product were
also investigated using elemental analysis, single X-ray crystallog-
raphy, and "C MAS NMR to better understand the ability of mXD
to sequester carbon dioxide. The feasibility of a solid adsorbent pre-
pared by dispersing mXD on silica is also high in selective adsorp-
tion and regeneration for carbon dioxide.

EXPERIMENTAL
1. Preparation of the Adduct between mXD and Carbon Diox-

ide
The adduct between mXD and carbon dioxide was prepared by
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reacting mXD (Aldrich, 99%) charged in a petri dish with a carbon
dioxide (Shinil Gas) flow of 5 ml min™" in a quartz tube placed in
an electric furnace in the range of temperatures from ambient to
55°C.

A solid adsorbent for carbon dioxide was prepared by impreg-
nating mXD dissolved in dichloromethane (Daejung, 99.5%) to silica
(Aldrich, Davisil grade 635, 99%, 150-250 pm). After stirring for 2 h,
the suspension was transferred to a rotary evaporator, and the solvent
was removed at 50 °C under reduced pressure. The adsorbent was
denoted as mXDysilica and the amount of loaded mXD was 22 wt%.
2. Monitoring the Reaction between mXD and Carbon Diox-
ide

The reaction between mXD and carbon dioxide was monitored
with an FT-IR spectrophotometer (Bio-Rad, FTS-175C). A small
amount of mXD was coated on a KBr wafer to form a thin film, and
it was set on a sample holder of an in situ IR cell (Graseby Specac).
IR spectra were recorded in a flow of carbon dioxide at the rate of
5mlmin™.

The amount of carbon dioxide captured by mXD was measured
by using the gravimetric adsorption system equipped with a quartz
spring [18]. mXD charged in a small quartz basket was exposed to
the carbon dioxide flow of 5ml min™ and the temperature of the
system was maintained at 35, 45, and 55 °C by circulating water in
a double-walled jacket that surrounded the sample. After reaching
uptake equilibrium, the flow of carbon dioxide was closed. The uptake
of carbon dioxide on mXDysilica and its regeneration under evacu-
ation were also examined using the same system.

3. Analyses of the Adduct

The shape and size of the reaction product were examined by a
scanning electron microscope (SEM, Jeol, JSM-5400) and an opti-
cal microscope (Nikon, Eclipse LV-100). An automatic element ana-
lyzer (Thermo Fisher, Flash-2000) was used to determine the content
of carbon (C), hydrogen (H), and nitrogen (N). The oxygen (O) con-
tent was determined with another analyzer (Thermo Quest, EA-
1110). The TG/DTA curves of the product were recorded on a ther-
mogravimeter (Seiko, TG/DTA 200). The loss of weight according
to the increase of temperature was measured in the air flow at the
ramping temperature of 10 °C min™"

Powder XRD patterns of the adduct were obtained using an X-
ray diffractometer (PANalytical, X Pert) with a Cu K« radiation (A=
1.54184 A) filtered by a nickel filter. The diffractometer was oper-
ated at 60 kV and 15 mA. The X-ray intensities of the single crystal
of the adduct were collected on a single X-ray diffractometer (Bruker,
SMART 1000 CCD) by using a graphite Mo K« radiation (A=
0.71073 A) at 73 °C.

The “C NMR spectrum of the adduct was recorded on a CP/MAS
(cross-polarization/magic angle spinning) NMR spectrometer (Agi-
lent Technologies, UNITY INOVA). The adduct charged in a zirco-
nia rotor was rotated at 9 kHz and irradiated with a microwave pulse
(150.877 MHz). The pulses were repeated at an interval of § s, and
averaged signals were obtained from 1024 recordings. Chemical
shifts were referenced indirectly through the methyl group of the
hexamethylbenzene peak (17.3 ppm relative to TMS).

4. Theoretical Calculation

All density functional theory (DFT) calculations were carried out
by using a suite of Gaussian 09 programs [19]. Among the tested
hybrid meta exchange-correlation functionals, M06-2X provides
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good results for the combination of main-group thermochemistry,
kinetics, noncovalent interactions, and electronic excitation ener-
gies to valence and Rydberg states [20,21]. Hence, as a useful DFT
method that shows the best performance in main-group thermo-
chemistry and noncovalent interactions, M06-2X would be suffi-
cient to evaluate the interactions between mXD and carbon dioxide.
All structure optimizations were performed using M06-2X with a
6-31+G** basis set. Integral=ultrafine option was utilized to mini-
mize the integration grid errors that may arise from using an inade-
quate grid in the current M06-2X suite of functional [22], even though
the default grid in Gaussian 09 is a fine grid which is sufficient. We
compared the two different interaction modes: covalently bonded
zwitterion form and non-covalent interaction. In comparing the charged
and non-charged systems, the solvent effect would be crucial. Thus,
we employed a polarizable continuum model to include the solvent
effect. To reveal the electron population and the bonding feature,
natural bond orbital (NBO) has been analyzed [23].

RESULTS AND DISCUSSION

1. The Reaction of mXD with Carbon Dioxide

The IR spectra recorded during the reaction of mXD with carbon
dioxide exhibit definite changes in the absorption bands of C-H and
N-H, as shown in Fig. 1. The band at 3,300-3,250 cm™ for mXD
was attributed to two N-H stretching vibrations of the primary amine,
that at 3,100-3,050 cm™ to the sp* C-H stretching vibration of the
benzene ring, and that at 2,950-2,850 cm™ to the C-H stretching
vibration of a methylene group [24]. The complicated bands at 1,600-
1,450 cm™ are also associated with the stretching vibration of the
benzene ring. The reaction between mXD and carbon dioxide re-
sulted in the disappearance of two bands that corresponded to the
primary amine groups and the appearance of a single band at 3,300-
3,250 cm™ that corresponded to a secondary amine. In addition, a
wide band associated with carboxylic acid appeared at 3,200-2,400
cm™, and a band corresponding to carbon dioxide combined with
mXD was observed at 2,200 cm™. In contrast, the bands associated
with the benzene ring remained even after exposing mXD to carbon
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Fig. 1. IR spectra of mXD: (a) as received, (b) exposed to a flow of
carbon dioxide for 3 min, (c) exposed to the flow for 15 min,
and (d) purged with N, flow.
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Fig. 2. Uptake curves of CO, onto mXD at various temperatures.

dioxide. These IR spectra revealed that carbon dioxide was combined
with mXD and the conversion of primary amine groups into second-
ary amine groups by the reaction, indicating that the formation of
an adduct resulted from the bonding between a primary amine group
and carbon dioxide.

Fig. 2 shows the increase of mass after exposure of mXD to car-
bon dioxide. The uptake was initially very rapid but then gradually
decreased. Although the uptake rate was more rapid at elevated tem-
peratures, the amounts of carbon dioxide captured were almost the
same in the range of 275-280 mg g,..,, ', regardless of temperature.
These amounts of uptake corresponded to the combination of 0.87

(a)

Table 1. Elemental analysis of the adduct of mXD and CO,

) Composition (Wt%)
Material
N C H (¢}
mXD (theoretical) 20.6  70.6 8.9 0

mXD:CO, (theoretical )’ 15.5 60.0 6.7 17.8
mXD:CO, (experimental)  15.8 59.2 6.7 18.3

“Calculated based on the 1 : 1 molar adduct of mXD and carbon dioxide

carbon dioxide molecules to one mXD molecule. Since the adduct
formation occurred on the external surface of liquid mXD and the
surface was covered with the adduct as the reaction proceeded, a
long time was required for the slow mass transfer through the solid
external surface to achieve uptake equilibrium.

The shapes of the adduct varied with the preparation methods,
as shown in Fig. 3. The solid was either crystalline or amorphous
(Fig. 3(a)). The recrystallization of adduct from its aqueous solution
produced thin plate crystals with a width of 100-300 um (Fig. 3(b)).

Table 1 lists the composition of the adduct produced from mXD
and carbon dioxide. The compositions of mXD itself and a 1: 1
(molar ratio) mixture of mXD and carbon dioxide were also shown
for comparison. The composition of the reaction product was almost
identical to that of the 1 : 1 molar adduct of mXD and carbon dioxide.
The elemental analysis of the adduct suggested that 96.9% of mXD
combined with carbon dioxide, indicating a small part of mXD was
not converted to the adduct because it was encompassed with solid
product.

Fig. 4 shows the X-ray diffraction (XRD) patterns of the mXD:

Crystalline

(b)

Amorphous

\ = <

Crystalline

Recrystallization
Fig. 3. (a) SEM and (b) optical microscope images of the mXD:CO, adduct.
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Fig. 4. XRD patterns of the mXD:CQO, adducts in powder and a
single crystal.

CO, adducts in powder form and single crystal. The diffraction peaks
at 260=15.0°, 15.7°, 21.7°, 22.9°, and 26.0° revealed that the adduct
was crystalline. The sharp peaks 26=7.6° and 15.5° from the single
crystal were attributed to the intensified planes of (100) and (200)
in the plate-type single crystal.

The crystal structure of the adduct obtained from X-ray diffrac-
tion analysis is depicted in Fig. 5. The crystallographic data are sum-
marized in Table 2. The compound crystallized in the monoclinic
space group P2 /c and was found as a zwitterion in the solid state.
A molecule of carbon dioxide was combined with an amino group
of mXD, and a proton of the amino group then moved to another
amino group. The zwitterions are connected by relatively strong
intermolecular N-H-+O hydrogen bonds with d(N--0)=2.772(2)-
3.162(2) A, to generate a two-dimensional network extending par-
allel to (100).

The “C NMR spectrum of the adduct confirmed the covalently
bonded mXD:CO, structure, as shown in Fig. 6. A tertiary carbon

(a)

o : Carbon @: Nitrogen

——: Covalent bond

Table 2. Crystallographic data for the mXD:CO, adduct

Empirical formula C,H,,.N,0O,
Formula weight 180.21
Crystal system monoclinic
Space group P2,/c

a/A 11.883(2)
b/A 8.1592(14)
c/A 9.2806(15)
a/deg 90

fldeg 97.416(4)
ydeg 90
Volume/A® 892.3(3)

4 4

D.J/g cm™ 1.341
p/mm™! 0.096
Reflns collected 6375
Orange/deg 3.0,28.3
Indep. reflns, R,, 2195, 0.043
Goodness-of-fit 1.006

Ry, WR,[I>20(D)]
R,, wR,[all data]
Max, min difference/e A

0.0433, 0.0904
0.0975, 0.1180
0.239,-0.245

peak originating from the carboxylate (A) was observed at 168 ppm,
and three carbon peaks corresponding to the benzene ring (B) were
observed at 125-145 ppm [24]. The carbon peaks of the methylene
groups (C) with different groups were observed near 45 ppm.

To determine the role of the methylene group of mXD with a
great sequestration capacity of carbon dioxide, NBO charges on
the nitrogen atoms of various aromatic amines were calculated by
DEFT calculations using M06-2X functional [19,22] (See Table 3).
The NBO charge of nitrogen atom is less negative, hence less basic,
when the nitrogen atom is attached directly to a benzene ring (e.g.,
aniline and benzenediamines) than when it is linked to a benzene

@ : Hydrogen

. : Oxygen

......... : Hydrogen bond

Fig. 5. Crystal structure of mXD:CO,: (a) molecular structure, (b) unit cell, and (c) layer structure.
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Fig. 6. C MAS NMR spectrum of the mXD:CO, adduct.

ring through a methylene spacer (e.g., benzylamine and xylylenedi-
amines). The methylene group between the benzene ring and amine
group may disturb the 7conjugation, hence making the charge of
the nitrogen atom more negative and thus more basic. Very nega-
tive charges (ca. 0.95¢) on the nitrogen atoms of benzylamine and
xylylenediamines enable them to act as good nucleophiles to attack the
carbon atom of carbon dioxide. Although benzylamine and xylylene-
diamine have similar basicity (electron density of the nitrogen atom),
mXD showed much higher sequestration capacity of carbon diox-
ide than benzylamine. Two benzylamine molecules are required to
take one carbon dioxide molecule, but only one mXD molecule is
enough to form a 1 : 1 adduct with carbon dioxide [2].

Among the o-, m-, and p-xylylenediamine, mXD is the most ef-
ficient, and this is mainly due to the best orientation for bonding. In
the binding of mXD with carbon dioxide, mXD can be covalently
connected or physically linked through intermolecular interactions. In
our quantum calculations considering the solvent effect, the covalently
bonded adduct is slightly more stable (by ~2.7 kJ mol™) than the
physically associated adduct. However, since the accuracy of cur-
rent DFT calculations should be about 8.4~12.6 kJ mol™, such a
small stability difference could not give a definite preference. Never-
theless, the covalently bonded adduct lies in a zwitterionic form
and can be expected to more easily form a crystal structure than a
physically associated structure.

2. Adsorption-desorption of Carbon Dioxide on mXD/Silica

The state of impregnated mXD on silica considerably differed
from its bulk liquid. Fig. 7 shows the thermogram (TG) and differ-
ential thermal analysis (DTA) curves of the mXD:CO, adduct and
mXDysilica. The weight losses of mXD:CO, in air occurred in two
steps: the first endothermic peak was observed at about 140 °C and
the second peak at about 180 °C. Although the details of weight loss
with temperature were not clarified, the endothermic peaks even in
air flow clearly demonstrated that mXD:CO, was removed by evapo-
ration with absorbing heat. However, mXD/silica showed a consid-
erably different weight loss profile. Since the silica only showed a
weight loss below 100 °C due to desorption of water, the further

Table 3. NBO charges of nitrogen atom of various aromatic amines
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Fig. 7. TG/DTA curves of (a) mXD:CO, and (b) silica and mXD/
silica. Solid lines are TG curves and dot lines are DTA curves.

losses of weight were responsible for the mXD dispersed on the
silica. The two exothermic peaks at 280 and 550 °C suggested that
the mXD burned in air and emitted heat. The mXD dispersed on
silica was removed while generating heat, indicating that its com-
bustion occurred at considerably high temperatures. The stabiliza-
tion of mXD by dispersion on the silica may be due to the strong
hydrogen bonding between the amine groups of the mXD and the
hydroxyl groups of silica.

Fig. 8 shows the adsorption-desorption of carbon dioxide on mXD/
silica. Carbon dioxide adsorbed very rapidly and achieved an adsorp-
tion equilibrium within 60 min. The desorption of carbon dioxide
under evacuation occurred within a similar time scale. However, the
amount of carbon dioxide adsorbed was reduced when the adsorp-
tion-desorption process was repeated. The amount of carbon diox-
ide adsorbed was 69 mg g,,.,.+.. * at the first cycle. This amount cor-
responded to 317 mg g, ' and was very close to the amount of
carbon dioxide required to form the 1 : 1 adduct, 323 mg g,,,;, . There-
fore, carbon dioxide was adsorbed on the mXD dispersed on silica
and formed a 1 : 1 adduct at 25 °C. However, the captured carbon

. ) Benzenediamine Xylylenediamine
Compound Aniline Benzylamine
ortho- meta- para- ortho- meta- para-
NBO charge of N atom —-0.893 —-0.949 -0.913 —-0.891 —-0.901 —-0.959 -0.951 —-0.953
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Fig. 8. Uptake and removal of CO, on mXD/silica at 25 °C.

dioxide was removed under vacuum at the same temperature. The
partial decrease in the amount of carbon dioxide adsorbed might
be due to the formation of the crystalline adduct, which could be
decomposed under simple evacuation. The mXD, which was dis-
persed as a monolayer, exhibited a reversible adsorption-desorption
behavior, while a lump of liquid mXD formed a stable mXD:CO,
adduct and displayed an inevitable loss in its adsorption capacity
for carbon dioxide. The preparation of mXD on silica with the suffi-
cient amount of carbon dioxide is essential to confirm the suggestion.
Although mXD has a great adsorption amount of carbon dioxide,
the application of mXD as an adsorbent for the sequestration of car-
bon dioxide requires the preparation of mXD by supporting it on
various supports with different pore characteristics and surface prop-
erties. Careful control of mXD coverage and an appropriate inter-
action between mXD and support improve the adsorption amounts
of carbon dioxide and enable the high reversible performance in its
adsorption/regeneration.

Table 4 shows the adsorption and sequestered amounts of carbon
dioxide on various materials [2,11,13,25,26]. Liquid mXD seques-
tered carbon dioxide more largely because its two amine groups
cooperated for the formation of the 1 : 1 adduct. The amount of se-
questered carbon dioxide by the removers with one primary amine
group will be less because two molecules are needed to capture one
carbon dioxide molecule. Although the molecular weight of MEA is

Table 4. Amount of CO, absorption/adsorption of removers

much smaller than mXD, the amount of sequestered carbon dioxide
was small by MEA because MEA contains only one amine group.
The most important merit of mXD as a sequestration material is its
ability to capture carbon dioxide even at ambient temperatures under
very low concentration forming a stable solid. The amount of ad-
sorbed carbon dioxide on mXD incorporated on silica, mXDysilica,
69 Mg i » Was slightly smaller than PEI/KIT-6, which had
the largest amount of adsorbed carbon dioxide, 80 mg g, - The
adsorption capacity of the mXDsilica decreased with repeated use,
and thus its feasibility as an adsorbent of carbon dioxide may be
low. However, easy removal of carbon dioxide by simple evacua-
tion at 25 °C is an advantage, because the regeneration of other solid
adsorbents required elevated temperatures.

CONCLUSIONS

m-Xylylenediamine (mXD) reacted with carbon dioxide at 15-
55°C and formed a crystalline adduct even under low concentra-
tion of carbon dioxide in the atmosphere. One proton of one amine
group shifted to another amine group in the reaction and formed
the 1 : 1 adducts, which was found as a stable zwitterion. The hy-
drogen bonds among the adduct molecules constituted a stable crystal
structure. The sequestration capacity of mXD to carbon dioxide was
great, that of 275-280 mg g,.,» ', which corresponded to about 90%
of the theoretical capacity of mXD. The two amine groups of mXD
with high basicity maximized the sequestration capacity and pro-
duced the stable solid. The mXD dispersed on silica acted as an
adsorbent of carbon dioxide and could be regenerated under sim-
ple evacuation. A small portion of liquid-state mXD dispersed on
silica produced a crystalline mXD:CO, adduct and lowered the ad-
sorption capacity.
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