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Nanoparticle organic hybrid materials (NOHMs) have been recently developed that comprise an
oligomeric or polymeric canopy tethered to surface-modiﬁed nanoparticles via ionic or covalent
bonds. It has already been shown that the tunable nature of the grafted polymeric canopy allows
for enhanced CO2 capture capacity and selectivity via the enthalpic intermolecular interactions
between CO2 and the task-speciﬁc functional groups, such as amines. Interestingly, for the same
amount of CO2 loading NOHMs have also exhibited signiﬁcantly diﬀerent swelling behavior
compared to that of the corresponding polymers, indicating a potential structural eﬀect during
CO2 capture. If the frustrated canopy species favor spontaneous ordering due to steric and/or
entropic eﬀects, the inorganic cores of NOHMs could be organized into unusual structural
arrangements. Likewise, the introduction of small gaseous molecules such as CO2 could reduce
the free energy of the frustrated canopy. This entropic eﬀect, the result of unique structural
nature, could allow NOHMs to capture CO2 more eﬀectively. In order to isolate the entropic
eﬀect, NOHMs were synthesized without the task-speciﬁc functional groups. The relationship
between their structural conformation and the underlying mechanisms for the CO2 absorption
behavior were investigated by employing NMR and ATR FT-IR spectroscopies. The results
provide fundamental information needed for evaluating and developing novel liquid-like CO2
capture materials and give useful insights for designing and synthesizing NOHMs for more
eﬀective CO2 capture.

Introduction
In the past few decades, organic–inorganic hybrid materials
have received great attention in a number of scientiﬁc and
engineering ﬁelds because of their versatile properties. In
particular, polymer grafted nanoparticles have been the main
research topic for the ﬁelds focusing on the novel platform for
polymer synthesis,1,2 dispersion and blending of nanostructures,3,4 and self-assembly of hybrid materials.5,6
Recently developed nanoparticle organic hybrid materials
(NOHMs) are an emerging class of self-suspended nanoparticle systems.7,8 They are created by ionically or covalently
grafting organic oligomers or polymers onto surface-modiﬁed
inorganic nanoparticles. Because each particle shares its
a
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suspending liquid of grafted organic species, this allows
NOHMs to exhibit self-suspended, liquid-like behavior with
unusual dynamic features.9,10 Until now, a series of diﬀerent
types of NOHMs have been synthesized using metal
oxides,7–14 metals,15–18 carbon nanotubes,19,20 and proteins21
as cores. For each rheologically diﬀerent NOHMs, ranging
from glassy solids to solvent-free nanoparticle suspensions,
various physicochemical properties, such as thermodynamical,
electrical, and optical properties, can be tuned by altering their
inorganic nanoparticles and organic canopies.
NOHMs show enhanced thermal stability with negligible
vapor pressure compared to pure oligomers or polymers; thus,
NOHMs can be used as a ‘green’ solvent. Consequently,
NOHMs can be employed in a variety of applications as novel
thermal management materials, reaction solvents, magnetic
ﬂuids, conductive lubricants, nanocomposite materials,
electrolytes etc.10,22 Another interesting property of NOHMs
is their solvating ability, which allow them to be applied to
various separation and capture processes.
With an increasing interest and debate over global climate
changes, capturing and removing anthropogenic CO2 has
become a global and urgent issue. Several methods have been
proposed to capture CO2 from large point sources, especially
Phys. Chem. Chem. Phys., 2011, 13, 18115–18122
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the post-combustion ﬂue gas streams. The conventional
amine-based solvents such as aqueous monoethanol amine
(MEA) exhibit great CO2 capture capacity; however, MEA’s
drawbacks include the corrosion of mechanical systems and
vaporization and degradation losses of solvents during operation.
Furthermore, the use of MEA solvent for CO2 capture
requires an energy intensive solvent regeneration process due
to its high water content (70–85 wt%).23–25
Therefore, the development of alternative CO2 capture
media that address these issues is much coveted. A number
of innovative organic and inorganic materials including solid
adsorbents such as carbon nanotubes, zeolites, metal–organic
frameworks (MOFs), amine-based solid materials, as well as
liquid solvents such as ionic liquids and blended organic
solvents are being developed.26–34 They often exhibit high
CO2 uptakes even under low pressure conditions, simulating
the ﬂue gas environment, while their selectivities vary based on
the existence of the task-speciﬁc functional groups.
Other desired characteristics of CO2 capture media are a low
energy requirement for the sorbent/solvent regeneration and
long-term recyclability. As discussed for the case of the MEA
solvent, the energy penalty associated with the desorption
process is one of the most signiﬁcant contributors to the
operating cost.35 In order to regenerate the CO2 capture
media, these materials are typically exposed to thermal, pressure,
or vacuum swing processes.36–39 In general, chemical sorbents
with high selectivity towards CO2 adopt thermal swings to
regenerate the sorbents, and thus relatively robust thermal
stability of the materials is required. Conversely, pressure
swing regeneration processes can be employed for physical
sorbents.27
Since most of the liquid CO2 capture media are aqueous, a
thermal swing regeneration process requires high pressure
operation which further increases the overall capital cost as
well as the potential environmental impacts throughout the
system caused by the corrosive fumes. Therefore, liquid-like
NOHMs, solvent-free nanoparticle-based organic hybrid systems,
have been proposed as one of the promising candidates for
CO2 capture.40 With NOHMs’ negligible vapor pressure, there
is no need for a high pressure regeneration unit during the
thermal swing process and there are no issues with
corrosive fumes.
For eﬀective CO2 capture, the organic–inorganic hybrid
matrix of NOHMs could oﬀer two distinct capture mechanisms
via entropic and enthalpic eﬀects. The chemical aﬃnity, thermal
stability, and rheological properties can be tuned to enhance
these eﬀects and optimize for CO2 capture.8,9,40 The entropic
eﬀect could be induced by structural arrangements of canopy
species in NOHMs, while the enthalpic eﬀect originates from
relatively strong chemical interactions between CO2 and taskspeciﬁc functional groups, such as amines. Since the organic
canopy species, which are tethered to the nanoparticles, act as
a ﬂuid medium, they can ﬁll the gap between nanoparticles and
prevent their agglomeration. Therefore, if the frustrated
canopy species favor spontaneous ordering due to steric and/
or entropic eﬀects, each ﬂuid unit of NOHMs consisting of
the inorganic nanoparticles and grafted canopy could be
arranged into a unique structural conformation. Furthermore,
as small gaseous molecules (i.e. CO2) are introduced into
18116
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NOHMs and absorbed into the organic canopy layer, the free
energy of the frustrated canopy could be reduced. The enthalpic
eﬀect is expected to account for most of the CO2 capture;
however, the structural change in the polymeric canopy can
also inﬂuence the enthalpic eﬀect via altering the accessibility
and orientation of the CO2-targeting functional sites. Therefore,
it would be important to correlate the varied structures of the
polymeric canopy to the CO2 capture mechanisms. The
ultimate goal of this area of research is to design NOHMs
that optimize both entropic and enthalpic contributions to
CO2 capture.
As the ﬁrst exploration into the solvating properties of
NOHMs for CO2 capture, this study focused on structural
characterization and the underlying isolated entropic CO2
capture mechanisms of the synthesized NOHMs without
task-speciﬁc functional groups by observing speciﬁc intermolecular
interactions.

Experimental
A series of NOHMs with ionically tethered amine terminated
polymers (denoted as NOHM-I) were prepared. In order to
synthesize NOHM-Is, LUDOX colloidal silica (7–22 nm in
diameter, supplied by Sigma-Aldrich (Milwaukee, WI)) was
diluted with deionized water to 3 wt% solution and added into
6 wt% solution of 3-(trihydroxysilyl)-1-propane sulfonic acid
(supplied by Gelest Inc. (Morrisville, PA)). The acidity of the
surface-modiﬁed SiO2 nanoparticle suspension was adjusted to
pH 5 by adding 1 M sodium hydroxide and the mixture was
incubated at 343 K for 12 h with vigorous stirring. Next, the
excess silane was removed via dialysis against deionized water
(3.5k MWCO, manufactured by Pierce Biotechnology Inc.
(Rockford, IL)) for 48 h. The dialyzed solution was then
introduced into the cation exchange column (DowexTM
HCR-W2, manufactured by Dow Chemical Co.) to protonate
the sulfonate group present on the surface of the nanoparticles.
The resulting functionalized nanoparticle suspension was the
common starting material for the preparation of NOHMs in
the NOHM-I group. Once the polymer is selected for the
synthesis of speciﬁc NOHMs, it was diluted to 10 wt%
solution and added drop-wise to the functionalized nanoparticle suspension. In this study, the two polyetheramines
(H3C(OCH2CH2)m(OCH2CH(CH3))nNH2) of diﬀerent molecular
weights, Jeﬀamine M-600 (Mw E 600) and Jeﬀamine M-2070
(Mw E 2000) provided by Huntsman Co. (The Woodlands,
TX), were used as polymeric precursors for NOHMs. Once
NOHMs were synthesized, the excess water was removed
under reduced pressure at 308 K for 36 h. Finally, NOHMIs with two diﬀerent canopy species of Jeﬀamine M-600
(denoted as NOHM-I-PE600) and Jeﬀamine M-2070 (denoted
as NOHM-I-PE2070) were obtained. The grafting densities of
the polymeric canopy in two NOHMs were approximately
3.0 chains nm2 which were measured by using a thermogravimetric analyzer (Q50, TA Instruments Inc. (New Castle,
DE)). Scheme 1 illustrates the general structure of NOHMs in
the NOHM-I group.
The prepared NOHMs samples were evaluated for their
structures and interactions with CO2 using a battery of
analytical tools including a nuclear magnetic resonance
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Scheme 1 Synthesis and schematic structure of NOHMs with
ionically tethered amine terminated polymeric canopy species.

(NMR) and Fourier-transform infrared (FT-IR) spectrometers. For the NMR analysis, NOHMs samples were
prepared by one of two methods, depending on the nature
of the experiments. In the case of HSQC (Heteronuclear Single
Quantum Coherence) and COSY (COrrelation SpectroscopY)
analyses, a solution of 5 wt% Jeﬀamine M-600 and NOHMI-PE600 in DMSO-d6 were prepared in a standard 5 mm od
NMR tubes. Neat samples for the ROESY (Rotating-frame
Overhauser Eﬀect SpectroscopY) experiments were prepared
by using stem coaxial inserts (provided by Wilmad-Lab Glass
(Vineland, NJ)). Jeﬀamine M-2070 and NOHM-I-PE2070
were carefully transferred to coaxial tubes (2 mm od) and
the samples were vacuum dried at 313 K for one day to ensure
the absence of any residual water in samples. In order to
perform neat NMR measurements, the D2O external referencing
solvent is used with coaxial insert tubes. All the NMR experiments were performed using a Bruker DMX 500 MHz NMR
spectrometer (Bruker BioSpin Co. (Billerica, MA)).
The FT-IR spectrometer (Nicolet 6700, Thermo Fisher
Scientiﬁc Inc. (Madison, WI)) used in this study was equipped
with a deuterated triglycine sulfate (DTGS) detector and an
attenuated total reﬂectance (ATR) accessory (Golden GateTM
Supercritical Fluids analyzer, Specac Ltd. (UK)). The ATR
optics with a PID temperature controller was topped with a
high-pressure ﬂuid cell, which has pressure range up to
42 MPa. The sample holding window of the ATR cell was a
pyramidal diamond crystal (refractive index of 2.42, incident
angle of 431 (11)) and the focusing lenses were made of ZnSe.
With these speciﬁcations, the ATR cell oﬀered single reﬂection
measurements with a shallow sample penetration length of few
microns. All spectra were measured with resolutions of
2 and/or 4 cm1 in the 4000–525 cm1 wavenumber region.
All measured NOHMs samples reached equilibrium within
5 min, and the experiments were repeated at least twice under
each temperature and pressure condition.

Results and discussion
In order to verify the structure of NOHMs, 2D NMR spectra
were obtained. Fig. 1 shows 2D 1H–13C edited HSQC NMR
spectra of NOHM-I-PE600 revealing that the peaks shift from
the original locations of the peaks associated with pure
Jeﬀamine M-600 (see ESIw). The edited HSQC experiments
correlate the chemical shift of a proton with the chemical shift
of a directly bonded carbon. Together with the 1H–1H COSY
spectrum (see ESIw), the proton and carbon peaks were
assigned as shown in Fig. 1. There were several interesting
This journal is
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Fig. 1 2D 1H–13C edited HSQC NMR spectra of NOHM-I-PE600 in
DMSO-d6 at 298 K. Red contour exhibits carbons of CH or CH3 (up)
whereas blue exhibits CH2 (down). Peaks in the range dH = 3.70–2.86 ppm
of horizontal 1H spectra are assigned to CH and CH2 protons of
canopy species. Cross marks indicate the original locations of the
shifted peaks of Jeﬀamine M-600.

diﬀerences between the spectra of Jeﬀamine M-600 and
NOHM-I-PE600. In Jeﬀamine M-600 spectra, two distinct
doublets associated with two methyl groups, H6 (d = 1.05 ppm,
J = 6.3 Hz) and H9 (d = 0.91 ppm, J = 6.4 Hz) were
observed. However, in NOHM-I-PE600, the proton and carbon
shifts of these methyls were found at dH = 1.05 ppm. This
downﬁeld shift of H9 suggests the formation of an ionic bond
between the surface-modiﬁed SiO2 core and the primary
amines of polyetheramine. Since the oxygens in the sulfonate
group deshielded the adjacent protons, a peak shift occurred.
Compared to Jeﬀamine M-600, NOHM-I-PE600 spectra
showed signiﬁcantly diﬀerent proton shifts downﬁeld for both
(H7, C7) methylene and (H8, C8) methine, which are adjacent
to nitrogen. It is speculated that the proximity of the ionic
bond has induced these large shifts. The ATR FT-IR spectrum
veriﬁed this speculation by conﬁrming the formation of an
ionic bond, evidenced by the asymmetric (da) and symmetric
bends (ds) of –NH3+ of NOHM-I-PE600 at 1630 cm1 and
1530 cm1, respectively (see ESIw).
The conformational behavior of the polymeric canopy of
NOHMs was investigated via 2D ROESY NMR experiments
(Fig. 2). The neat Jeﬀamine M-2070 sample is below or near
the entanglement limit based on the literature values (Me =
1600–2200 g mol1 for PEO; Me = 1287 g mol1 for PPO).10
Thus, in the neat Jeﬀamine M-2070, certain amounts of chain
coiling may occur. On the other hand, in the case of NOHMs,
it is speculated that the polymeric canopy and its associated
counterion species are stretched out or ordered due to steric
considerations—the tethered polymer chains must ﬁll the
space between nano-sized cores. When the polyether amine
chains are coiled, ROEs may potentially be observed between
protons on the opposite ends of the polymeric chains, such as
between protons H1 and H8 or H9. Thus, the ROESY
experiments should, in theory, be able to conﬁrm this
Phys. Chem. Chem. Phys., 2011, 13, 18115–18122
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Fig. 2 Neat 2D ROESY NMR spectra of (a) Jeﬀamine M-2070 and (b) NOHM-I-PE2070 measured at 298 K. The blue contours exhibit diagonal
and TOCSY (TOtal Correlation SpectroscopY, oﬀ diagonal), while the red contours exhibit ROEs. Peaks in the range dH = 3.8–3.5 ppm are
assigned to CH and CH2 protons of canopy species.

conformational behavior.41 Moreover, if the hypothesis on the
structural change during the synthesis of NOHMs is valid,
such ROEs should be absent or be of smaller intensity.
As shown in Fig. 2(a), unbound polymers exhibit relatively
strong ROE signals between H1 and H6/H9, which was expected
since polymer chains exist in a randomly oriented state with
possible chain coiling. On the other hand, in the case of the
bound polymeric canopy species, the overall ROEs were decreased
and the relative intensities between H1 and H6/H9 became
signiﬁcantly weaker (Fig. 2(b)). This implies that the organic
canopy chains in NOHMs may be in a more ordered or stretched
structural state compared to a freely oriented pure polymer.
Although the obtained ROEs data illustrated the possibility
of the conformational structure of the ordered polymeric
canopy of NOHMs, it is important to conﬁrm these results
using other experimental methods such as HSQC–ROE due to
the severe proton overlap that is generally observed in the
standard ROESY spectra. Furthermore, the conformational
details of NOHMs packing may be important for understanding
the mechanisms of CO2 capture, and this study is on-going.
The packing of NOHMs ﬂuid units was also visually observed
using atomic force microscopy (AFM) and transmission electron
microscopy (TEM) (see ESIw). As expected, NOHMs showed
relatively ordered packing behavior with constant core-to-core
distances. Both AFM and TEM images imply that NOHMs are
self-suspended nanoparticle systems, and the polymeric ﬂuid
medium can ﬁll the spaces between the nanoparticles.
In order to identify the CO2 capture mechanisms of
NOHMs, FT-IR spectra were obtained by employing the
ATR technique. ATR FT-IR spectroscopy, which provides a
small path length of an incident infrared beam, is one of the
promising options to investigate the intermolecular interaction
of specimens in highly absorbent media.42 For the measurements,
NOHMs samples were prepared as thin layers directly on the
diamond crystal, and the sample cell assembly was pressurized
with pure CO2. As shown in Fig. 3(a), two distinct peaks of
asymmetric stretching (n3 at 2335 cm1) and bending mode
18118
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(n2 E 659 cm1) of CO2 absorbed in NOHMs were found.
Aside from the CO2 bands, the rest of the peaks showed trends
of decreasing intensity with increasing CO2 pressure. This
trend was due to the volume increase of the NOHMs sample

Fig. 3 (a) ATR FT-IR spectra of NOHM-I-PE2070 as a function of
pressure (0 to 5.5 MPa at 298 K). (b) ATR FT-IR spectra of n2 bands
of CO2 in the vapor phase (top) and deconvoluted n2 bands of CO2
absorbed in NOHM-I-PE2070 at 0.7 MPa (middle) and 5.0 MPa
(bottom).
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as it absorbed more CO2.43,44 For the C–O stretching bend, a
noticeable peak shift to a higher frequency was observed while
n3 showed a red shift (see ESIw). As the higher pressure of CO2
was introduced into the sample cell, the peak of C–O stretching
mode was continuously shifted to a higher wavenumber,
indicating decreased interaction between the polymeric chains
and their environment corresponding to the lowered liquid
phase density.42,45
Fig. 3(b) further investigates the details of the n2 bending mode
shown in Fig. 3(a). Compared to pure CO2 in the vapor phase
which shows a sharp single peak at 668 cm1, CO2 absorbed in
NOHM-I-PE2070 resulted in signiﬁcantly diﬀerentpeak
behaviors illustrating the occurrence of speciﬁc intermolecular
interaction between CO2 and NOHM-I-PE2070. It is known that
functional groups including carbonyl group can act as an
electron-donor for CO2 via Lewis acid–base interaction.46
Similarly, functional groups on NOHMs such as ether can be
the Lewis base and interact with CO2.47 This Lewis acid–base
interaction removed the double degeneracy of n2 bends, and,
therefore, two peaks of 661 cm1 (out-plane mode) and 650 cm1
(in-plane mode) of CO2 could be deconvoluted. This trend was
continued at elevated pressures of CO2.
It was also interesting that the area ratios of two
deconvoluted n2 bending peaks associated with in-plane and
out-plane modes were signiﬁcantly changing as the CO2
pressure increased from 0.7 to 5.5 MPa as shown in the
bottom two spectra in Fig. 3(b). Thus, a series of ATR
FT-IR experiments were performed to further investigate this
phenomenon and all the obtained broad spectra were ﬁtted by
assuming peaks position of in-plane and out-plane modes of n2
at 650 cm1 and 661 cm1, respectively.46
It is known that the ATR optics provoke less desired bands
distortion of the relative intensities and introduce peak shifts
to lower frequencies when compared to the spectrum obtained
by a transmission method,48 and thus it is rather diﬃcult to
estimate the absolute peak area ratio. However, the investigation
of the relative peak area ratios in n2 bending modes of CO2
absorbed in NOHMs and its pure canopy species could be
useful to infer their structural diﬀerences or CO2 packing
patterns along the polymeric chains. As shown in Fig. 4, the
change in the area ratios of two deconvoluted peaks during the
CO2 update in NOHM-I-PE2070 was quite diﬀerent from that
of the pure polymer (Jeﬀamine M-2070). This diﬀerence could
mainly be caused by the changed intermolecular interactions
between the polymeric chains based on the structural diﬀerence
between freely oriented polymers and NOHMs. The packing
patterns of absorbed CO2 could vary if the entropy of the
frustrated polymeric canopy of NOHMs is lower than that of
free polymer systems. Another possibility could be the
increased accessibility of the functional sites such as ether
groups in NOHMs, which is also associated with the structural
change. Recent ab initio calculation reported that the absorbance of the in-plane bending mode of CO2 is about 3 times
higher than that of the out-plane bending mode,49 and the
absorbance ratios of Jeﬀamine M-2070 shown in Fig. 4
approach that value, with some experimental variation possibly
caused by the previously discussed band distortion of the ATR
method. Recently, Yuan and Teja reported that for polymeric
systems with electron donor–acceptor complexes the bending
This journal is
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Fig. 4 Area ratio between deconvoluted n2 bending modes of in-plane
and out-plane modes of CO2 absorbed in NOHM-I-PE2070 and
Jeﬀamine M-2070 as a function of CO2 pressure at 298 K.

vibration frequencies could be observed in the order of;
n2,in-plane o n2,free o n2,out-plane, where n2,free represents ‘free’
CO2 which is not signiﬁcantly associated with Lewis basic sites
such as ether.50 Therefore, it may be possible to observe the
additional n2,free peak between n2,in-plane and n2,out-plane bands
in NOHMs. This could change the results of the absorbance
ratios. These uncertainties associated with the peak assignments and the absorbance ratio estimation will be subjected to
future investigations coupled with computational simulations.
Next, CO2 capture capacity of NOHMs was calculated from
the ATR FT-IR spectra using the Beer–Lambert law which
expresses the relationship between the absorbance (A), the
absorptivity (e), the concentration (c), and the infrared path
length (d). Unlike the transmission measurements, where the
path length is kept identical to the thickness of the specimen,
during the ATR FT-IR experiments the specimen is exposed to
an evanescent electric ﬁeld which undergoes exponential decay
in its intensity at the interface between a crystal and the
specimen. Therefore, the eﬀective thickness of the evanescent
wave (de) should be estimated from the reﬂective index.51 The
Beer–Lambert law is described as
A = ecde

(1)

where de is the arithmetical mean between the eﬀective path
length for perpendicular (de>) and parallel (deJ) polarization.
In order to calculate de, the refractive index of NOHMI-PE2070 (nD = 1.52) was measured by employing an ellipsometer
(alpha-SE, J.A. Woollam Co., Inc. (Lincoln, NE)). The CO2
capture capacities were quantiﬁed from the intensity of the n3
band,42 and its molar absorptivity at high-pressure was
assumed to be 1.0  106 cm2 mol1.52
Fig. 5(a) shows CO2 capture capacity of the tethered canopy
(solvent) in NOHM-I-PE2070 as a function of pressure.
Compared to the CO2 capacities of pure Jeﬀamine M-2070,
NOHM-I-PE2070 was slightly higher under the same CO2
pressure conditions. Because the Lewis acid–base interaction
between CO2 and the ether group along the polymeric chains
plays a major role in CO2 capture mechanisms in this particular
NOHMs system, it is speculated that the enhanced CO2
capture capacity was structurally induced, as evidenced by; a
more ordered or diﬀerently arranged structure of NOHMs
Phys. Chem. Chem. Phys., 2011, 13, 18115–18122

18119

Downloaded by Columbia University on 27 June 2012
Published on 14 September 2011 on http://pubs.rsc.org | doi:10.1039/C1CP22631B

View Online

Fig. 5 CO2 capture capacities of NOHM-I-PE2070 and Jeﬀamine
M-2070 vs. (a) pCO2 and (b) degree of swelling at 298 K.

versus a randomly oriented pure polymer. The structural
change in NOHMs seems to oﬀer a favorable pathway network for CO2 to speciﬁc functional groups such as ether in
canopy species.
It is important to note that although the enhanced CO2
capture capacity of NOHM-I-PE2070 was relatively signiﬁcant under high CO2 pressure conditions, it is still far from the
typical ﬂue gas conditions (CO2 partial pressure of B0.15 atm)
found in coal-ﬁred power plants. This is because the intended
design of NOHMs samples used in this study was to isolate the
entropic eﬀect. The addition of task-speciﬁc functional groups
and further structural consideration for canopy species such as
grafting density, and designing of the canopy structure via
manipulating interchain interaction, could maximize both
enthalpic and entropic CO2 capture, allowing for signiﬁcantly
improved CO2 capture capacity that would be more favorable
for industrial CO2 capture conditions.
CO2 absorption or impregnation processes result in swelling
and change various mechanical and physical properties of
polymers, such as reductions in viscosity and glass-transition
temperatures.53 Furthermore, less swelling of the solvent
during CO2 loading would allow a smaller reactor size which
would be positive for the process economics. For NOHMI-PE2070 and Jeﬀamine M-2070, the degree of swelling (S)
was calculated by
S¼

18120
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where A0, d0e, A, and de are the absorbance and the eﬀective
path length without and with CO2, respectively. In order to
calculate the degree of swelling, the absorbance of C–H
stretching bands around 2865 cm1 was selected by assuming
that the absorptivity is not signiﬁcantly aﬀected by the
concentration of CO2 under diﬀerent pressures. Thus, the
change in the eﬀective thickness was considered to be
negligible. The volume change in NOHMs and polymer during
CO2 loading was calculated based on the integrated
absorbances before and after exposure to CO2 in the interval
from 2700 cm1 to 3000 cm1.
Since the CO2 capture capacities of NOHM-I-PE2070 and
Jeﬀamine M-2070 as a function of CO2 pressure are diﬀerent,
their swelling (%) was plotted against CO2 capture capacity
rather than pCO2 in order to compare their swelling behaviors.
According to the results shown in Fig. 5(b), there is signiﬁcantly less volume change in NOHM-I-PE2070 than in pure
canopy species at the same CO2 capture capacity. It can be
explained that because the organic canopy matrix in NOHMs
may exist as a more frustrated structure than pure polymeric
canopy species by ﬁlling the gap between hard nanoparticles,
as previously discussed, the packing of absorbed CO2 could be
diﬀerent, allowing for increased CO2 concentration between
polymeric chains.
Finally, a multi-cycle CO2 loading test was performed to
evaluate the regenerative capacity of NOHM-I-PE2070. As
shown in Fig. 6, the vacuum pressure swing regeneration
process was achieved without any losses of eﬃciency and
degradation of NOHM-I-PE2070 for the tested ﬁve
capture–regeneration cycles. Since most CO2 captured in this
study were bound to NOHMs via relatively weak physical or
Lewis acid-based interactions, the regeneration process did not
require high temperature. However, amine-functionalized
NOHMs which utilize stronger chemical interactions with
CO2 would require a combined pressure and temperature
swing process for its regeneration.

Fig. 6 Multi-cycle CO2 loading test of NOHM-I-PE2070. CO2 loading at 298 K under pressurized CO2 (0.3 MPa) and solvent regeneration at 298 K under vacuum.
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Conclusions
Newly synthesized NOHMs are a novel class of organic–
inorganic hybrid materials that are highly tunable and have
‘green’ potential as alternative solvents for various energy and
environmental technologies including CO2 capture. In order to
minimize the stronger enthalpic contribution during CO2
capture, NOHMs were designed and synthesized in this study
without task-speciﬁc functional groups, such as amines. The
synthesized hybrid structure was characterized using a battery
of analytical methods and the speciﬁc intermolecular interactions between CO2 and NOHMs’ polymeric canopy were
identiﬁed through 2D NMR and ATR FT-IR spectroscopies.
In particular, the relationship between the structural conformation of NOHMs and the underlying mechanisms for the
CO2 absorption behavior were investigated, focusing on the
entropic contributions. Compared to unbound polymers,
NOHMs exhibited enhanced CO2 capture capacity, and different swelling behaviors of the canopy species suggest that the
tethered organic species favor spontaneous ordering. This
structural change could lead to eﬀective CO2 capture via the
entropic eﬀect.
Future studies include the investigation of other tunable
parameters that would further optimize the entropic contribution such as canopy density and core-to-canopy size ratio. For
the enthalpic contribution, various task-speciﬁc functional
groups will be employed to increase CO2 capture capacity of
NOHMs. The study of the design of the canopy structure will
also continue since, as evidenced in this study, it would play a
critical role in the CO2 capture performance of NOHMs.
These results could also provide fundamental information
needed for evaluating and developing other novel hybrid
CO2 capture materials.
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