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Abstract: Adsorption-based cooling is an energy-efficient
renewable-energy technology that can be driven using low-
grade industrial waste heat and/or solar heat. Here, we report
the first exploration of fluorocarbon adsorption using porous
covalent organic polymers (COPs) for this cooling application.
High fluorocarbon R134a equilibrium capacities and unique
overall linear-shaped isotherms are revealed for the materials,
namely COP-2 and COP-3. The key role of mesoporous
defects on this unusual adsorption behavior was demonstrated
by molecular simulations based on atomistic defect-containing
models built for both porous COPs. Analysis of simulated
R134a adsorption isotherms for various defect-containing
atomistic models of the COPs shows a direct correlation
between higher fluorocarbon adsorption capacities and in-
creasing pore volumes induced by defects. Combined with their
high porosities, excellent reversibility, fast kinetics, and large
operating window, these defect-containing porous COPs are
promising for adsorption-based cooling applications.

Introduction

Porous organic frameworks (POFs) are a class of nano-
porous materials constructed using reticular chemistry with
organic building monomers linked by strong covalent bonds.[1]

POF structures, including covalent organic polymers (COPs),
covalent organic frameworks (COFs), covalent triazine
frameworks (CTFs), and porous aromatic frameworks (PAFs)
among others, contain only light elements since they are
assembled using linkers such as boronates, imines, borosili-
cates, triazines, and hydrazones.[2] The building blocks form
rigid structures that can be tuned based on the choice of

monomers and appropriate polymerization reactions.[1c] Such
controllable pore structures, with high porosity and low
density offer a great opportunity to achieve high gravimetric
guest uptake for storage applications.[3] More importantly, in
contrast to metal-organic frameworks (MOFs), the absence of
metal elements in the confined pore wall of COPs ensures
moderate host-guest interactions to improve the reversibility
and kinetics of gas adsorption-desorption cycles which is of
utmost importance for gas storage and release processes.[4]

Adsorption-based cooling is an energy-efficient renew-
able-energy technology that can be driven using low-grade
industrial waste heat and/or solar heat.[5] Porous materials like
silica gel, activated carbon, and zeolites have been intensively
studied as sorbents in adsorption-driven chillers and heat
pumps. Thanks to the tunability of their chemical and
structural features, MOFs have been recently considered as
promising sorbents for adsorption cooling applications.[6] By
using an industrially common fluorocarbon refrigerant R134a
(1,1,1,2-tetrafluoroethane) as a model molecule, we found
that surface area and pore volume of MOF sorbents alone
cannot provide a suitable means for selecting high-perfor-
mance sorbents.[7] Typically, hierarchical MOFs incorporating
both micro-and mesopores exhibited a two-step adsorption
isotherm to deliver large R134a uptake differences between
high and low partial pressures.[7d] This highlights that there is
still a great opportunity to purposely engineer the structures
and pore topologies of the sorbent materials to shape
preferable adsorption isotherm to benefit the application.[6a]

This encouraged us to further explore the behavior of
fluorocarbon adsorption into porous materials with even
wider tunable pore organization.
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The introduction of defect sites into the structured
frameworks is an efficient way to generate extra voids/
porosities and modulate gas adsorption isotherm.[8] For
example, the presence of missing linker and/or inorganic
node defects in MOFs such as UiO-66 offered the opportunity
to create additional porosity and accessible adsorption sites,
which significantly enhanced the gas adsorption capability.[9]

However, most MOFs contain long-range order and well-
defined crystalline structure, which may limit further manip-
ulation of the pore structure.[10] In the case of two-dimen-
sional (2D) POFs, such as COFs or COPs, due to incomplete
polymerization reaction, structural disorders and defects have
been observed.[11] Such defects/disorders result from the
presence of twisted conformation of 2D stacked layers, small
sizes of the crystal domains, or in-plane interconnection
missing.[12] These observations inspired us to kinetically
control the linking chemistry to form desired defective pores
during the irreversible condensation reaction for COP
formation.

Currently, little is known how the defect sites in porous
COPs affect their adsorption behaviors and performances for
related applications; and how these metal-free porous COPs
possess high surface area, large pore volume, and broad pore
size distribution in the range of micro-and mesopores. To the
best of our knowledge, the use of COPs as fluorocarbon
sorbent materials for cooling applications is experimentally
unprecedented. From a more fundamental standpoint, the
construction of plausible atomistic models of defect-contain-
ing COPs and the prediction of their sorption properties has
never been attempted so far. Thus, in this work, we explore
the sorption performance of porous COPs, namely COP-2
and COP-3, for fluorocarbon R134a via a combination of
experimental and modeling approaches.

The target porous COPs were synthesized via the self-
polymerization of monomers tris(4-bromophenyl)amine and
1,3,5-tris(4-bromophenyl)benzene using nickel-catalyzed Ya-
mamoto-type Ullmann cross-coupling reactions.[13] The two
porous COPs were made of monomers containing either
nitrogen atoms (COP-2) or benzene molecules (COP-3)
respectively as connections (Figures 1a and S1 in supporting
information). Inductively coupled plasma mass spectrometry
(ICP-MS) measurements confirmed that the concentration of
Ni used as a catalyst in the synthesis, is below the detection
limit for both COPs. Powder and synchrotron x-ray diffraction
(PXRD and SXRD) patterns (Figures S2 and S3), as well as
TEM imaging (Figure S4), further revealed poor-long range
crystallographic order for these two systems. Their N2

sorption isotherms are characteristic of IUPAC type-II
classification associated with a large type-IV hysteresis loop.
Such a large hysteresis loop is attributed to the capillary
condensation of N2 in the mesoporosity of COPs that show
a broad pore size distribution.[14] (Figure S5,S6). Figure 1b
shows the experimentally derived pore size distribution
(PSD) confirming the presence of not only expected micro-
pores (< 2 nm) but also mesopores (pores between 2–50 nm)
of a broad size range. Furthermore, the measured pore
volumes for COP-2 and COP-3 were determined to be 1.64
and 1.76 cm3 g@1, respectively (see Table S1). IR spectra
confirm the formed functional groups in the two porous
COPs (Figure S7).

Given the difficulty in the experimental structure deter-
mination of porous COPs owing to their poor-long range
crystallographic order, previous attempts to propose structure
models mostly relied on textural properties and microscopy
imaging.[15] Therefore in earlier works, COP-2 and COP-3
have been described simply as graphene-analogues where
little was known about the stacking arrangements and long-

Figure 1. a) Schematics of porous COP-2 and COP-3 formation: The COPs with different cores were synthesized by using nickel-catalyzed
Yamamoto-type Ullmann cross-coupling reactions at 10588C. b) Pore size distributions of the energetically most stable DFT-derived defect-free
COP-2 and COP-3 models. c) Pore size distributions of the experimentally synthesized COP-2 and COP-3 derived from N2-sorption.
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range ordering within these materials.[13,15, 16] Later on, among
others, Lukose et al. and Ongari et al. focused on the 2D layer
arrangement of such systems employing quantum calcula-
tions.[17] In this context, herein we built various structure
models of ordered, defect-free COP-2 and COP-3 by Density
Functional Theory (DFT) calculations. The initial structure
model of COP-3 was taken from the CURATED (Clean,
Uniform, and Refined with Automatic Tracking from Exper-
imental Database)[15] (Database of COFs ID: 10020N2). For
the sake of a sound comprehension of the spatial conforma-
tion as well as the stacking arrangement, three different
configurations were constructed and their geometries were
fully optimized at the DFT level where both atomic positions
and cell parameters were relaxed (see SI for details). These
models comprise of two eclipsed AA stacking formed by
either superimposed planar or non-planar layers (i.e., a rela-
tive twist of adjacent benzene rings) and one serrated inclined
(non-planar) configuration, i.e., a marginal shift of odd layers
associated with a constant offset in adjacent layers (see
Figure S13).

In line with the conclusion drawn by Ongari et al. ,[17a] both
DFToptimized planar and non-planar eclipsed configurations
for COP-3 remain trapped in the local minima maintaining
the high symmetry (P6/mmm or P622) settings of the starting
geometries. On the other hand, DFT optimization of the
inclined-serrated configuration led to a much lower total
energy leveraging the P1 symmetry setting, optimizing the
conformation of the ligands as well as the shift in the layers to
a favorable configuration that maximizes the non-covalent
interactions. The significant drop of the DFT total energy for
the inclined-serrated configuration (see Figure S13e) is ac-
companied by a reduction of its unit cell volume as well as its
free pore volume as compared to those for the eclipsed
counterparts (see Table S2). It is important to note that, since
our DFT-optimization was carried out with a tight conver-
gence criterion applied for atomic displacements and force
gradients, the resulting inclined-serrated configuration shows
slightly different interlayer offset and cell parameters com-
pared to those previously reported by Ongari et al.[17a] Indeed,
these calculations clearly demonstrated that the inclined-
serrated configuration corresponds to the most energetically
stable structure for COP-3 (see Figure S13e). Analysis of the
pore size distribution (PSD) of these models revealed that
both eclipsed stacking configurations possess pores of & 16 c
dimension slightly wider than the inclined-serrated derivative
(& 14 c). Similar structure models for COP-2 were then built
from the associated molecular definition of the system (see
Figure S14). In contrast to COP-3, it was found that COP-2
converges to an eclipsed stacking configuration irrespective of
the initial starting geometries. Since the core part of COP-2
consists of a single N atom, assumingly, the N-N lone pair
electronic interactions hold the layers superimposed. As such,
the non-planar eclipsed stacking was found to be the most
energetically stable structure for COP-2, which is character-
ized by a pore diameter of & 11.0 c, smaller than that of
COP-3 (Figure S14).

Notably, these simulated PSD plots do not show a broad
peak above 2 nm as observed experimentally for the two
samples (Figures 1b and c). This difference emphasizes the

presence of mesopores naturally occurring during the syn-
thesis that is not obviously captured in these defect-free
structure models. We also note that the calculated pore
volumes for these COP-2 and COP-3 structure models range
only from 0.83 to 1.29 cm3 g@1, respectively, much lower than
the experimentally observed ones (1.64 to 1.76 cm3 g@1, see
Table S1). This additional pore volume and observed larger
pore size for the synthesized samples can be leveraged for
harboring more accessible volume for the adsorbates yielding
greater gas sorption equilibrium capacities.

To this end, R134a adsorption isotherms collected at
298 K and 308 K for COP-2 and COP-3 were reported in
Figure 2, respectively. Interestingly, there is an initial sudden
gas loading step at low pressure (P< 50 kPa). As the vapor
pressure increases, the loading of R134a increases linearly
above P = 100 kPa with a maximum uptake capacity of
& 180 wt % near-saturated pressure for both porous COPs.
Uniquely, no plateau is observed for both isotherms even near
the saturated pressure. A similar linearly increasing isotherm
profile at higher pressures has been observed on 2D-COP
(PAF-5) for alcohol adsorption by others, who evoked the
possible presence of interconnection missing in the structure
although not proved.[11a] Therefore, this R134a adsorption
behavior is most probably attributed to the presence of large
pores/defect sites present in the synthesized materials, which
would lead to the adsorption of R134a first in the micropores
and then to a gradual pore filling in large pores at higher
pressure. The large spreading of adsorption-desorption hys-
teresis (P< 100 kPa to saturation pressure), indicates a wide

Figure 2. Adsorption isotherms of R134a in a) COP-2 and b) COP-3
measured at 298 K and 308 K.
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pore distribution of these COPs.[18] Furthermore, the sim-
ilarity of the adsorption isotherms for COP-2 and COP-3
indicates that the different monomer connections, either
nitrogen or benzene, have a minor influence on the adsorp-
tion behavior of R134a. It is also worth noting that the total
R134a uptake in the two porous COPs (& 180 wt %), is nearly
fourfold higher than in the microporous Ni-MOF-74 and
better than the mesoporous NU-1000 (& 170 wt %) and most
of the reported porous sorbents (Figure S8 and Table S8).[7d]

To gain deeper insight, the adsorption of R134a in COP-2
and COP-3 was further explored by means of force-field-
based grand canonical Monte Carlo (GCMC) simulations
(see SI for details, Figures S15, S16 and Tables S3–S6). The
R134a adsorption isotherms were first calculated for the
pristine defect-free COP models described above. Each of the
pristine COP-2 and COP-3 models led to simulated adsorp-
tion type-I isotherms characteristic of microporous adsorb-
ents (see Figure S22). Radial distribution functions (RDF)
calculated for diverse R134a/COPs atom pairs at low cover-
age revealed that the defect-free COP-2 and COP-3 in their
eclipsed AA planar configurations possess no particular
anchoring sites for R134a since the separating R134a/COPs
distances between F(R134a) and C(COP) are above 3 c (see
Figures S17 and S19). When AA eclipsed non-planar geom-
etry is considered, the rotation of the phenyl rings makes
possible an enhancement of the COPs/R134a interactions as
seen by the shift at a lower distance of the corresponding
RDF peaks (see Figures S18 and S20). This holds even more
true for the COP-3 inclined-serrated model (see Figure S21).
As such, the simulated R134a adsorption isotherm for the
inclined-serrated COP-3 model shows a steeper rise at the
low-pressure range compared to those calculated for the other
eclipsed configurations (see Figure S22b). The same trend is
observed when one compares the calculated adsorption
isotherms for the AA eclipsed non-planar and planar COP-
2 configurations (see Figure S22a). Figures 3 and S23 show
that the simulated adsorption isotherms based on these
defect-free models are at best able to reproduce the
corresponding experimental data below P/P0 = 0.05, i.e., the
initial rise of the R134a adsorption in the micropore channels.
Above this pressure range, the slope and shape of the
simulated isotherms for these defect-free systems significantly
deviate from the experimental ones. Notably, the experimen-
tal adsorption isotherms even surpassed the calculated
maximum R134a uptakes at saturation in the defect-free
COP-2 and COP-3 systems at P/P0 = 0.2 and 0.3, respectively.
This observation is consistent with the fact that the theoretical
free volumes associated with these defect-free models dras-
tically underestimate the pore volumes of the two synthesized
samples (Table S2).

We further explored the R134a adsorption in COP defect-
containing structure models. Since the eclipsed non-planar
AA and inclined-serrated structures were found to be the
most energetically stable ones for COP-2 and COP-3,
respectively, a series of defect-containing models for these
configurations corresponding to in-plane connection missing
was constructed by sequentially removing core part and/or
ligands to create incremental porosity and thus to gradually
increase the free pore volume of the respective models. The

so-created COP-2 and COP-3 defect-containing structure
models are presented in Table S7. These defect-containing
models are denoted as D-1, D-2, D-3, D-4, and D-5 and
associated with free pore volumes ranging from 1.03 to
1.70 cm3 g@1 and from 1.17 to 1.90 cm3 g@1, for COP-2 and
COP-3, respectively. It is to be stressed that the size of these
defect-containing models appears to be prohibitively expen-
sive to fully relax them prior to adsorption simulations. As
such, a representative defect-containing model D-4 of COP-3
with pore volumes 1.73 cm3 g@1—which represents nearly
equal porosity of the corresponding synthesized system—
was further geometry optimized at the density-functional
tight-binding (DFTB) level. Notably, this DFTB optimized
geometry remains close to the non-geometry optimized
structure model (see ESI for details and Figure S24) leading
to similar R134-a adsorption isotherms (Figure S25). There-
fore, all the adsorption isotherms for the defect-containing
COPs were calculated using the non-geometry optimized
structure models.

The simulated adsorption isotherms reported in Figure 3
and S26 for all defect-containing structure models demon-
strate that the creation of additional porosity allows not only
to achieve higher adsorption uptake but also to capture the

Figure 3. Comparison of experimental (black) and GCMC-simulated
(colored) R134a adsorption isotherms at 298 K (P0 =665 kPa) in the
pressure range 0–0.4 P/P0 for the pristine and defect-containing COP-2
(a) and COP-3 (b) systems with a variable content of defects. COP-2
defect-free, D-1, D-2, D-3, D-4, and D-5 configurations correspond to
free pore volumes of 0.87, 1.06, 1.27, 1.50, 1.63, and 1.70 cm3 g@1,
respectively, while COP-3 pristine, D-1, D-2, D-3, D-4, and D-5 config-
urations correspond to free pore volumes of 1.01, 1.17, 1.22, 1.44,
1.73, and 1.90 cm3 g@1

, respectively.
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shape of the experimental adsorption isotherms in the
intermediate pressure range more accurately. Typically, Fig-
ure S26 clearly shows that the consideration of COP-2 D-5
and COP-3 D-4 models with nearly equal porosities of the
respective synthesized systems allows experimental equiva-
lent maximum uptake of R-134a at high P/P0 = 0.85. On the
other hand, starting from defect-containing structure models
D-3 to D-5 we can see an overall good reproduction of both
shapes of the experimental isotherms and amount adsorbed
for the two porous COPs up to P/P0& 0.35 to 0.4 (Figure 3).
Figure 4 illustrates the distinct simulated pore filing of R134a
in a series of defect-containing COP-3 for a given P/P0 = 0.2.
These snapshots clearly emphasize that the gradual increase
of defects allows extra space that accommodates a higher
loading of guest molecules. Figure S27 illustrates the sequen-
tial pore filling mechanism for COP-3 D4 configuration,
which shows that the adsorption of R134a molecules starts in
the more confined micropore channels followed by the
adsorption in the mesopores.

Since the shapes of the isotherms in the low-pressure
domain are better captured using these defect-containing
structure models as compared with the pristine defect-free
ones, this clearly implies that the synthesized porous COPs
contain defects. However, above these pressure points, none
of the defect-containing models are able to reproduce the
linear shape of the experimental adsorption isotherm (Fig-
ure S26). This implies that a drastic change of the long-range
ordering of both COPs is most probably guest-induced at
higher pressure. Thus, even if conformation changes of the 2D
stacked layers can be suspected, the guest-triggered defect

dynamics cannot be emulated by the static simulations
employed in this study considering any of our rigid defect-
containing structure models.

Having attributed the unusual shape of the adsorption
isotherms to the presence of defects in both porous COPs, it
was worth exploring if this type of isotherm can be appealing
for adsorption cooling. Since the sorption-based refrigeration
cycle relies on a reversible adsorption/desorption process, the
throughput of refrigerant (in this case, R134a) directly
correlates to higher cooling potential. This throughput can
be referred to as the difference in uptake between the
adsorption and desorption steps, for which a more detailed
explanation was provided previously elsewhere.[7b,d] Briefly, if
this cycle is estimated to be only a pressure swing (isothermal
working capacity), then the shape of the isotherm between
these two pressures has a significant impact on the difference
in uptakes between these two pressure points.[19] IUPAC type-
I isotherm in comparison with linear-shaped isotherms will
have varying sized windows of gas uptake as represented in
the schematic provided in Figures S30a and S30b. Dma and
Dmb represent the isothermal working capacity calculated in
the relative pressure ranges of P/P0 = 0.05 to 0.3 (window a)
and P/P0 = 0.2 to 0.8 (window b). This Type-I isotherm shows
a higher working capacity in the low-pressure region, which is
beneficial to cryogenic applications. In contrast, a linear-
shape isotherm (Figure S30b) with a high slope at moderate
pressure range (not too low requiring a vacuum nor near
saturation) has a more substantial potential for applicability
in refrigeration processes.[20]

To quantify this impact, we have compared the difference
in R134a uptake (Dm) between high (P/P0 = 0.8) and low
pressure (P/P0 = 0.2) for the two investigated COPs as well as
for several benchmark MOFs. These isothermal working
capacities were calculated based on the experimentally
collected adsorption isotherms (see the adsorption isotherms
in Figure S8). COP-2 and COP-3 deliver working capacities of
116 wt.% and 114 wt. %, which are significantly higher than
the performances of the MOF competitor NU-1000
(& 75 wt.%) (Figure 5a). Higher working capacities directly
impact the cooling capacities that emphasize the importance
of having a unique linear-shaped isotherm observed in these
COPs. As mentioned above, the absence of metallic elements
in the porous COPs is expected to improve the reversibility
and kinetics of gas adsorption-desorption cycles due to the
weaker host-guest interactions. This is supported by the cyclic
capacity in a closed system which remains constant even after
20 cycles. This reveals excellent sorption reversibility of
R134a (Figures 5 b, S6, and S12). We also interpreted the
kinetic profile during R134a adsorption in the COPs (shown
for COP-2 in Figure 5c and COP-3 in Figure S11). These
profiles indicating a relatively short time (3–4 minutes) for
R134a to equilibrate at a targeted pressure.

Further to provide direct evidence of weak host-guest
interactions between the fluorocarbon and the COPs, calo-
rimetry experiments have been employed (Figures 5d, S9,
S10). The resulting differential adsorption enthalpies of
R134a are much lower than the DHads values previously
reported for MOFs. Both COP-2 and COP-3 have similar
profiles showing an initial adsorption enthalpy of

Figure 4. Illustration of the GCMC-derived snapshots of the adsorbed
R134a molecules within the 1D channels of inclined-serrated COP-3
models at P/P0 = 0.20 and 298 K: a) pristine defect-free model b) D-1,
c) D-2, d) D-3, e) D-4, and f) D-5 defect-containing models associated
with free pore volumes of 1.01, 1.17, 1.22, 1.44, 1.73, and 1.90 cm3 g@1,
respectively.
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& 24 kJ mol@1, far lower than the values reported for Zr-NU-
1000 (& 32 kJmol@1)[7d] and Ni-MOF-74 (& 50 kJ mol@1)[7c]

which are associated with relatively strong interactions
between R134a and the MOF adsorption sites. These
experimental findings are consistent with the conclusions
drawn from our GCMC simulations for the defect-containing
COP-2 and COP-3 structure models that revealed adsorption
enthalpy of about 25 kJmol@1 resulting from moderate
interactions between F atoms of R134a and C atoms of the
COPs (see Figures S28 and S29) in a similar way that
observed above for the defect-free COP-2 and COP-3.
Furthermore, due to the presence of more confined pores,
the calculated adsorption enthalpy for defect-free COPs are
slightly higher (& 30 kJ mol@1) than their defect-containing
counterparts. Ultimately the combination of kinetics and
calorimetry data indicate that fast sorption behavior might be
benefited from both relatively weak sorbate-sorbent inter-
actions and large pores which leads to high R134a diffusion
rates across the material. These relatively weak host-guest
interactions are more favorable for applicability in a refriger-
ation cycle where minimizing energy requirements for
desorption is necessary to overcome adsorption enthalpies.

Conclusion

In conclusion, to the best of our knowledge, we report for
the first time, the adsorption behavior of R134a on porous
COP materials, specifically COP-2 and COP-3, which both
show unique linear-shaped isotherms leading to uptake at
600 kPa exceeding that of most of the porous materials
reported so far. The GCMC simulated adsorption isotherms
for defect-containing structure models integrating micro- and

mesopores created by missing-in-plane connections and with
pore volumes matching the experimental ones captured the
saturation uptake and the shape of the experimental iso-
therms up to an intermediate pressure range (P/P0 = 0.40).
However, these calculations failed to reproduce the linear
regime at a higher pressure that suggests a substantial guest-
induced pore reorganization, for example, conformation
changes of 2D stacked layers, in this pressure range. The
unique isotherm shape displayed by these two porous COPs
combined with fast kinetics of adsorption and very high
working capacities were further found to be appealing for
reversible cycles of sorption in sorbent-based cooling appli-
cations. The fundamental knowledge gained on the structure
of defect-containing porous covalent organic polymers and
their unique adsorption behavior paves the way towards their
exploitation in a myriad of adsorption-driven applications.
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