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Understanding the relationship between the geometry of metal-organic frameworks (MOFs) and
the CO2 enthalpy of adsorption is of utmost importance to control CO2 adsorption/desorption in
MOFs and the associated heat in/out to realize their application in heat pumps and energy storage
systems. This study considers the adsorption/desorption characteristics and enthalpy of adsorption
of R744 (CO2) refrigerant on three MOFs (MIL-101, MOF-177, and UiO-66) with decreasing pore
sizes using volumetric adsorptions and calorimetric measurements. Grand Canonical Monte Carlo
(GCMC) simulations determined the contributions of the interaction energy and configuration of
CO2 adsorbed in the frameworks. Moreover, a confinement parameter (Ψ), defined as the ratio of
the Lennard–Jones parameter on the length scale, σ , to the pore size, is introduced using a one-
dimensional model for adsorption in MOFs. The results explain the effects of the framework-induced
heterogeneity on the adsorbed fluid. At the critical value of Ψ, the formation of potential wells inside
the MOF exhibits pitchfork bifurcation. The results indicate a trade-off between the adsorption
capacity and enthalpy of adsorption, depending on the parameter Ψ of the MOF. This opens new
possibilities for designing MOFs by considering the selection of the central metal atom and the pore
radius for the target application.

1 Introduction
Over the past decade, the frequency of extreme heat waves2 and
cold waves3 has increased drastically due to climate change. This
directly impacts the demand for space heating and cooling. Ac-
cording to an International Energy Agency (IEA) survey, the stock
of residential air conditioners worldwide is expected to reach up
to 3000 million units by 2030.4 To comply with the Kigali Amend-
ment requirements,5 the HVAC industry is moving toward natural
refrigerants such as CO2 (R744), ammonia, and water due to their
low Global Warming Potential (GWP)6 and zero Ozone Depletion
Potential (ODP).7 In the vapor compression heat pump (VCHP)
cycle, hydrofluorocarbon (HFC)-based refrigerants transport heat
through a liquid-vapor phase transition that releases enthalpy of
vaporization/condensation (∆Hvap). In a typical VCHP using the
R-134a refrigerant, this phase change occurs at a temperature
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greater than ambient (around 323–343 K) and a pressure of 10–
15 bar. However, unlike HFCs, natural refrigerants have low crit-
ical temperatures (304.7 K for CO2, for example). Therefore, it
is necessary to operate a conventional vapor compression system
with natural refrigerants at transcritical pressures between 75–
150 bar to achieve a comparable heat of cooling to ∆Hvap. Even
though such systems have an excellent coefficient of performance,
the ability to operate at lower pressures further enhances both en-
ergy efficiency and safety.

A hybrid compression-adsorption heat pump (HCA-HP) cycle is
proposed to tackle the problem of high operating pressures.8 In
this cycle (Fig. 1a (I)), the refrigerant is compressed to moder-
ately high pressure. It is mixed with a stream of adsorbent parti-
cles (1-2), where the high pressure allows adsorbing these parti-
cles to release the enthalpy of adsorption (2’-3), which produces
the heating effect. These refrigerant-adsorbed particles are then
passed through an expansion valve (3-4) to reduce the pressure
and cause desorption. As the desorption process is endothermic,
it produces a cooling effect by absorbing heat from the surround-
ings (4-1). This coupled compression-sorption process aids in ad-
sorbent regeneration, reducing the operating pressure to less than
40 bar. However, it is critical to select an appropriate adsorbent
based on (i) the enthalpy of adsorption and (ii) the type of ad-
sorption isotherms for the target pressure range and the heating
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capacity of the HCA-HP cycle.
Metal-organic frameworks (MOFs) are highly porous crys-

talline structures comprising metal nodes and organic linkers that
are excellent adsorbents due to their mesoporous structure. Ad-
ditionally, altering their structure and central metal atoms al-
lows tailoring to different applications,9 making MOFs up-and-
coming candidates for HCA-HP adsorbents.8,10–13 Further, MOFs
have been developed for a wide range of applications from gas
storage and separation,14–20 heterogeneous catalysis,21,22 drug
delivery,23 sensors,24 and desalination,25 due to their tunability
and large surface area.

Generally, MOFs have been created to keep the adsorption ca-
pacity as the main focus; hence, MOFs with very large Brunauer–
Emmett–Teller (BET) surface areas have been developed by al-
tering structure topologies and pore sizes.26,27 However, the en-
thalpy of adsorption must be maximized to provide the HCA-HP
cycle with a high heating/cooling capacity. In addition, a step-
shape adsorption isotherm is required to minimize the compres-
sion work (low-pressure ratio) and for easy regeneration (swift
desorption by reducing the pressure). With ever-stringent envi-
ronmental regulations, it is imperative to explore materials that
show a higher cumulative enthalpy of adsorption as well as a step-
shaped adsorption isotherm. This fundamental study underscores
the need for this research direction and proposes a theoretical
framework to classify MOF materials from a high COP heat pump
point of view.

This work focuses on CO2 as a natural refrigerant due to its
low toxicity and abundant availability. Therefore, understanding
the structural, dynamic, and thermodynamic properties of CO2 in
MOFs is the first step in developing a suitable class of MOFs for
HCA-HP cycles. Moreover, several studies have suggested poly-
morphic phase transitions of CO2 under confinement and high
pressure.28–34 This begs the question of whether CO2 adsorbed
in MOF mesopores exhibits the same properties as the polymor-
phic transition. If so, a further question arises as to whether it
depends on the pore size and how this affects the enthalpy of ad-
sorption. The current study investigates the equilibrium thermo-
dynamic characteristics of adsorbed CO2 by employing the Grand
Canonical Monte Carlo (GCMC) method. An alternative view-
point is introduced to comprehend the adsorption phenomena
within mesopores, emphasizing the formation of potential wells.
The findings reveal a distinct bifurcation in the shapes of these
wells, influenced by the interplay of van der Waals and coulombic
interactions, specifically in relation to the heterogeneity-to-cavity
size ratio.

This is achieved by exploring the CO2 adsorption properties
of different MOFs (UiO-66, UiO-67, UiO-68, MOF-177, MOF-5,
PCN-221 and MIL-101(Cr)) to investigate the impact of varying
the pore sizes. These MOFs exhibit pore diameters ranging from
0.6-3.4 nm. Out of these, MIL-101(Cr), MOF-177, and UiO-66
are studied experimentally to validate the results of GCMC sim-
ulations. Note that MIL-101 has three different pores, and this
study focuses primarily on the largest of the three (see Fig. 1b).
The ‘Type IV’ adsorption isotherm with a rapid increase in adsorp-
tion is characteristic of MIL-101. A schematic of the HCA-HP cycle
designed with MIL-101 as the adsorbent is shown in Fig. 1a (I, II,

III). The adsorption isotherm and the enthalpy of adsorption are
obtained from the Grand Canonical Monte Carlo (GCMC) simula-
tions and are validated using experimental techniques. Moreover,
the simulations explain the pore-filling process, the differential
enthalpy of adsorption, and the interactions between MOFs and
CO2, as shown in Fig. 1b, Fig. 1c, Fig. 1d. Our results indicate
that the differential enthalpy of adsorption has various trends for
the different pore diameters. Fig. 1c illustrates the enthalpy of
adsorption trend for MIL-101, which decreases at lower loadings
(N/Nmax < 0.2) and increases at higher loadings (N/Nmax > 0.8).
These variations in the differential enthalpy of adsorption are ex-
plained by forming potential wells inside the MOF nanopores.
Moreover, the contributions of van der Waals and Coulombic in-
teractions are studied by comparing the energy released due to
each interaction, as shown in Fig. 1d. Further, the radial distribu-
tion functions obtained from the GCMC simulations demonstrate
that for MIL-101 and MOF-177, the CO2-CO2 radial distribution
function (RDF) resembles the bulk liquid phase. On the other
hand, UiO-66 resembles the solid bulk phase.

This paper is organized as follows. Section 2 details the
experimental and numerical methods to obtain the adsorption
isotherms and enthalpy of adsorption. Section 3 presents the
structure and geometry of the pores, adsorption isotherms, and
enthalpy of adsorption obtained from experimental methods and
the GCMC simulations. Section 4 qualitatively discusses the
causality of the obtained results through interaction energies and
RDFs. The nature of adsorbed fluid at different pore radii is also
discussed based solely on the resemblance of the RDFs to bulk
phases. This section also introduces a one-dimensional model
for adsorption and a confinement parameter (Ψ) to capture the
quantitative impact of the pore size. Section 5 presents general
conclusions and makes suggestions suitable for HCP-HP cycles.

2 Methods

2.1 Experimental Methods

2.1.1 Material Synthesis and Characterization

The MIL-101, MOF-177, and UiO-66 samples were synthesized
using methods found in the literature. The synthesis of MIL-101
is given as follows: Chromium (III) nitrate Cr(NO3)3·9H2O (400
mg, 1.00 mmol), 1.00 mmol of fluorohydric acid, 1,4-benzene
dicarboxylic acid, and H2BDC (164 mg, 1.00 mmol) were mixed
in 4.8 mL H2O (265 mmol) in a glass container. The mixture
was then introduced in a hydrothermal bomb and placed in an
autoclave at 493 K for 8 h. The mixture was first filtered using
a large pore-fritted glass filter to eliminate most of the carboxylic
acid. Then, the free terephthalic acid was eliminated, and the
MIL-101 powder was separated from the solution using a small
pore paper filter.35

To synthesize MOF-177, 1,3,5-Tris(4-carboxyphenyl)benzene
(0.597 g, 1.36 mmol) and Zn(NO3)2·4H2O (2.869 g, 11.0 mmol)
were dissolved N,N-diethylformamide (DEF, 150 mL) in a glass
bottle. The solution was heated in an oven at 358 K for 70 h. After
cooling to room temperature, the resultant crystals were washed
with anhydrous DMF (3 × 50 mL) for 3 h and anhydrous chlo-
roform (2 × 50 mL) for 2 days. The obtained colorless MOF-177
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Fig. 1 Adsorption process for MIL-101
a(I) The proposed HCA-HP cycle. The 1-2’ is isentropic compression, 2’-3 is the high-temperature adsorption, 3-4 is isenthalpic expansion, and 4-1
is the low-temperature desorption. (II) The CO2 adsorption cycle for the proposed HCA-HP cycle. (III) The p-H diagram for the HCA-HP cycle is
plotted as a schematic phase diagram of the adsorbed CO2 in MIL-101. b Pore-filling process of MIL-101 at 273 K obtained using GCMC simulations.
The order of pore filling is from smallest to largest, with the largest near the saturation pressure of bulk CO2 (34.85 bar). c Differential enthalpy
of adsorption (∆Hads) with respect to loading. During the initial pore-filling process (I), ∆Hads decreases as the adsorption site are further from the
metal atom, and the depth of the potential well is less. In region (II), ∆Hads is constant during medium pore-filling. Near saturation, the differential
enthalpy of adsorption increases (III) due to the capillary condensation in the nanopore of MIL-101. d Partition of interaction energy released due to
the van der Waals and Coulombic interactions between the MOF-CO2 and CO2-CO2 interactions as obtained from GCMC simulations.

crystals were dried under vacuum at room temperature.36

To synthesize UiO-66, ZrCl4 (0.242 g, 1 mmol) was dissolved in
DMF (60 mL) in a round-bottom flask. To the solution, acetic acid
(1.72 mL, 30 mmol), and terephthalic acid (0.174 g, 1 mmol)
were added and stirred at room temperature until dissolved.
While stirring, the solution was heated in an oil bath at 393 K
for 24 h. After cooling to room temperature, the resultant solid
was centrifuged and washed with methanol. The obtained white
powder of UiO-66 was dried under vacuum at 423 K overnight.37

The structural characterization of the synthesized MOFs was
performed on an X-ray powder diffractometer (XRD, SmartLab 3
kW, Rigaku). Nitrogen adsorption and desorption measurements
were performed using a surface area and pore size distribution
analyzer (BELSORP MAX II, MircotracMRB) at 77 K up to the

saturation pressure (1 atm). The specific surface area was cal-
culated using the BET method,38 and the pore size distribution
was obtained using non-local density functional theory (NLDFT).
The obtained XRD images and nitrogen isotherms for all MOFs
are included in the ESI1 Section S1.

2.1.2 Volumetric Adsorption

Fresh samples of UiO-66, MOF-177, and MIL-101(Cr) were de-
gassed under vacuum at 383 K for 12 h. The pretreated MOF
sample was attached to the surface area and pore size distribu-
tion analyzer, as shown in Fig. 2a. The CO2 was introduced to
the setup at regular pressure intervals, and its adsorbed volume
was measured. The sample was maintained at 195 K (sublimation
temperature of CO2 at atmospheric pressure) throughout the ex-
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Fig. 2 Experimental setup
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surement system (BELSORP MAX II, MicrotracMRB) and b the Calvet-
type calorimeter (Microcalvet Ultra, Setaram) with a customized gas
pressure control system.

periment using a dry ice and ethanol mixture. This temperature
was chosen due to the 1 atm pressure limitation of the equipment,
as saturation can be achieved only at this temperature.

2.1.3 Enthalpy Measurements

The CO2 heat of adsorption measurement was performed using a
Calvet-type calorimeter (Microcalvet Ultra, Setaram) with a cus-
tomized gas pressure control system. The MOF samples were
placed in a steel sample cell pretreated to 383 K under vacuum
before the measurements. The sample and reference cells were
connected to a pressure control system, as shown in Fig. 2b. The
CO2 was introduced to the sample and reference cells at regular
pressure intervals. At each pressure, the heat flow was measured
with respect to time until equilibrium was reached. The heat of
adsorption at a step change in pressure was obtained by integrat-
ing over the heat flow vs. time curve. The experiments were
performed at 273 K. The heat flow curves are shown in the ESI1

Section S2.

2.2 Grand Canonical Monte-Carlo Simulations
The enthalpy of adsorption releases due to the CO2-MOF and
CO2-CO2 interactions. Raman spectroscopy of the CO2 adsorbed

in MOF is among the most intuitive methods to observe the in-
teractions of CO2 molecules adsorbed in the MOF.39 However,
limitations in this approach and the difficulty of constructing a
gas cell do not always make this available. On the other hand,
molecular simulations are a powerful tool and provide significant
useful information. Here, the equilibrium thermodynamic prop-
erties of CO2 adsorption in MOFs were obtained from the GCMC
simulations and compared to the available literature data and to
the experiments performed in this paper.

The GCMC simulations were performed using the RASPA40

simulation software package. All simulations include a 100,000-
cycle equilibration period and a 500,000-cycle production run.
The structure of all the frameworks is rigid; all framework atoms
are held fixed at their crystallographic positions. The transfer-
able potentials for the phase equilibria (TraPPE)41 model with a
rigid structure were used for the CO2 as they predict the solid-
fluid-gas phase equilibrium with considerable confidence.42 The
CO2 molecules can undergo three different types of GCMC mo-
tion: translation, rotation, and swap. The CO2-MOF and CO2-
CO2 interactions are modeled using the Lennard–Jones (L–J) and
Coulombic potential functions. The universal force field (UFF)43

defines the L–J parameters for each framework atom of the MOF.
Lorentz–Berthelot mixing rules were applied to model the CO2-
MOF interactions. The charge distribution was calculated using
the charge equilibration method given by Wilmer and Snurr.44

The L–J cut-off distance of 12.5 Å was used, while the Ewald
method was employed with a precision of 1e-06. All parameters
are summarized in Sec. S3 of the ESI1.

The differential enthalpy of adsorption is defined as the dif-
ference in the internal energy of one CO2 molecule inside and
outside the framework.45–47 That is,

∆H = ⟨Uhg⟩−⟨Uh⟩−⟨Ug⟩− kBT (1)

where ⟨Uhg⟩, ⟨Uh⟩, and ⟨Ug⟩ are the average energies of the CO2

molecule (guest) inside the MOF (host), average structural en-
ergy of the MOF framework (host), and average structural energy
of a single CO2 molecule (guest) in the gas phase, respectively.
The kBT term accounts for the pV work necessary to push the
CO2 molecule into the ideal bulk phase during desorption. As the
TraPPE model with rigid CO2 is used, ⟨Ug⟩ is zero. Moreover, the
framework is considered rigid, implying ⟨Uh⟩ is also zero.

The GCMC simulations conducted in this study allow for an
analysis of the contributions of various interactions to the over-
all potential energy. Specifically, the energy budget focuses on
comparing the contributions of different interactions, namely
Framework-CO2 van der Waals (vdW), Framework-CO2 Coulom-
bic, CO2-CO2 vdW, and CO2-CO2 Coulombic interactions. This
analysis provides insights into the relative importance of these
interactions in the adsorption process. Furthermore, to gain
a better understanding of the distribution of CO2 within the
MOF cavity, two types of radial distribution functions (RDFs) are
examined. The first type investigates the distribution of CO2

molecules around other CO2 molecules, shedding light on the
spatial arrangement and clustering behavior of CO2 molecules
within the MOF. The second type focuses on the distribution of
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CO2 molecules around the central metal atom, providing insights
into the coordination and spatial proximity between CO2 and the
metal sites in the MOF structure. RDFs are calculated according
to the following formulation:

g(r) =
N(r,r+dr)

4πr2ndr
(2)

Here, r is the radial coordinate assuming the carbon of CO2 or
the central metal atom as the origin, dr is the bin width, and
N is the number of particles in the bin. n is the normalization
factor, which is the average number density throughout the cavity.
The bin width is considered 0.0125 for calculating all the radial
distribution functions in the current work.

3 Results

31.90 Å

24.54 Å

10.02 Å

10.22 Å

5.45 Å

MIL-101

MOF-177

UiO-66

a

b

c

Fig. 3 Pore size distribution
Artistic view of pore the sizes and positions obtained from non-local
density functional theory (NLDFT) for a MIL-101, b MOF-177, and c
UiO-66.

3.1 Structure and Geometry of MOFs
Three MOFs (MIL-101, MOF-177, and UiO-66) were chosen based
on diversity in their pore radii. The pore size distribution (PSD)
is obtained via NLDFT using the experimentally obtained N2 ad-
sorption isotherm at 77 K, as shown in Fig. 3. Note that the crystal
structures (.cif files) of the three MOFs shown in Fig. 3 (position

data and charge distribution) were obtained from the Cambridge
Crystallographic Data Centre (CCDC) database. The experimen-
tally obtained pore diameters are shown in the appropriate posi-
tions.

The MIL-101 has three pore sizes: small (super tetrahedron
(ST), blue spheres in Fig. 3a) at 10 Å, medium (green spheres
in Fig. 3a) at 25 Å, and large (purple spheres in Fig. 3a) at 32
Å. The Cr3O trimers occupy the vertices of the ST, and the edges
are occupied by 1,4-benzene dicarboxylate (BDC). The large and
medium pores (shown in purple and green, respectively) are en-
capsulated within a polyhedron and assembled by the corner-
sharing ST. The MOF-177 has a single cavity (blue spheres in
Fig. 3b) at 10 Å surrounded by a diamond-shaped structure of
1,3,5-benzenetribenzonate (BTB) linkers around the Zn4O octa-
hedral units. Moreover, the UiO-66 structure has cuboctahedral
units consisting of ZrO4 at each vertex and 1,4-benzene dicar-
boxylic acid (BDC) connecting the edges of the structure. This
forms a single cavity of around 6 Å, as shown in Fig. 3c (blue
spheres).

3.2 Adsorption Isotherms

The MIL-101, MOF-177, and UiO-66 exhibit different adsorp-
tion isotherms based on their pore radii and are labeled Type IV,
Type V, and Type I, respectively. For MIL-101 with a multi-pore
structure, the IUPAC Type IV adsorption isotherm with a step-like
shape is observed. At 195 K, Type IV behavior is seen (Fig. 4a)
with a step-wise increase around P/Psat ≈0.5. The small and
medium cavities gradually fill at lower pressures (P/Psat < 0.3),
while the large cavities suddenly fill at a relative pressure within
0.3–0.5 (Fig. S16 of the ESI1).

The MOF-177 has a Type V isotherm, which shows a continuous
increase for lower pressures and a sharp increase for higher pres-
sures with eventual saturation. The adsorption monotonically
increases for P/Psat < 0.1 and sharply increases at P/Psat ≈ 0.1
(Fig. 4c). The UiO-66 has a typical Type I adsorption isotherm at
195 K (Fig. 4e). The Nmax plateau is attained at P/Psat ≈ 0.2.

The shapes of adsorption isotherms obtained from experiments
and the GCMC simulation agree with each other validating the
GCMC simulations at 195 K. Additional Experimental data for ad-
sorption isotherms at 195 K and 205 K is provided in the Fig. S13
of the ESI1

3.3 Enthalpy of Adsorption

The cumulative enthalpy of adsorption is shown in Fig. 4b,
Fig. 4d, and Fig. 4f. The solid triangles in each of these figures
represent the experimentally obtained values and the crosses rep-
resent the values obtained from the GCMC simulation. From the
figure, it can be observed that GCMC simulations are in excellent
agreement with the experimental values at 273 K.

For MIL-101 (Fig. 5a), the differential enthalpy of adsorption
(∆Hads) decreases with the amount of CO2 adsorbed at lower
values of N/Nmax (<0.2, section I in Fig. 5a). Near saturation,
the differential enthalpy of adsorption starts to increase again
(N/Nmax<0.2, section III in Fig. 5a). The differential enthalpy
of adsorption does not change in section II of Fig. 5a (0.2<
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N/Nmax<0.8). For MOF-177 with a pore size of 10.22 Å, (Fig. 4e), ∆Hads increases with respect to the amount adsorbed. For UiO-66
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(Fig. 4h), the differential enthalpy remains around 24–25 kJ/mol
throughout the N/Nmax range. The trends of the differential en-
thalpy of adsorption are similar at 195 and 273 K (Figs. 5a, 5b,
and 5c), implying that the differential enthalpies of adsorption
are independent of temperature, as found by Cao et al.48

4 Discussion

4.1 Energy Budget and Radial Distribution Functions

During adsorption, randomly moving high-energy molecules in
the bulk phase interact with the adsorbent and find a lower en-
ergy state (potential well) due to the van der Waals and Coulom-
bic interactions. The difference between their initial energy and
the final steady-state energy is released as the enthalpy of adsorp-
tion. The amount of energy released depends on the strength of
the attractive forces between the adsorbent and adsorbate (depth
of potential well). In this case, the interactions include the MOF
and CO2 molecules and the inter-molecular interactions between
adsorbed CO2.

To understand the trends of the adsorption isotherms and dif-
ferential enthalpy of adsorption interaction energies released due
to the van der Waals and Coulombic interactions are plotted in
the interaction energy budget diagrams (Fig. 6). The major con-
tributing factors for these interactions are the MOF-CO2 Coulom-
bic interaction ((M-C Coul.) sky blue regions in Fig. 6), the MOF-
CO2 van der Waals interaction ((M-C VdW) cobalt blue regions
in Fig. 6), the CO2-CO2 Coulombic interaction ((C-C Coul.) light
yellow regions in Fig. 6), and the CO2-CO2 van der Waals ((C-C
VdW) ochre yellow regions in Fig. 6) interaction. As these forces
depend significantly on the inter-molecular distance, the RDFs for
metal-CO2 and CO2-CO2 are also analyzed (Fig. 7). The energy
budget and RDFs are described for MIL-101, MOF-177, and UiO-
66.

The MIL-101 exhibits a typical Type IV adsorption isotherm
(Fig. 4a) with a step-wise increase in loading at P/Psat ≈ 0.5. The
differential enthalpy of adsorption (Fig. 5a) displays a decreasing
and increasing trend at lower and higher loadings, respectively.

At lower pressures (P/Psat < 0.2), the MIL-101-CO2 interaction
dominates, as seen in Fig. 6a. The MIL-101-CO2 interaction en-
ergy (M-C Coul. and M-C VdW regions in Fig. 6a) decreases with
the pressure. This indicates that adsorbed CO2 molecules interact
with only one metal site, and there are limited CO2-CO2 interac-
tions. With further loading, CO2 is adsorbed from the Cr metal
atom and weakens the interactions with MIL-101, which explains
the decreasing trend in the differential enthalpy at lower pres-
sures. As the pressure further increases, the number of adsorbed
CO2 molecules increases (Fig. S16 in the ESI1). The energy is
released due to increases in the inter CO2 interactions (light and
dark yellow regions). The sudden change near P/Psat ≈ 0.5 cor-
responds to the step in the adsorption isotherm (the grey-shaded
region in Fig. 4a) due to capillary condensation.49 Below the sat-
uration pressure, the differential enthalpy of adsorption increases
rapidly as the CO2-CO2 interactions increase due to greater space
density. The increasing trend in the differential enthalpy of ad-
sorption corresponds to this capillary condensation. It is noted
that the sudden increase in the differential enthalpy of adsorption
does not occur when the small and medium pores are completely
filled (Fig. 1b at 273 K), suggesting that there is a minimum pore
radius beyond which the sudden increase in differential enthalpy
of adsorption occurs.

The GCMC simulations show that the three pores in the MIL-
101 fill in ascending order, as illustrated in Fig. S16 in the ESI.1

The same is observed from the RDFs for CO2 molecules around
Cr atoms in MIL-101 (Fig. 7a). At lower pressures (P/Psat = 0.1
in Fig. 7a), the majority of the adsorption occurs near the metal
site (peak I). As the pressure increases, the metal site remains
one of the adsorption sites, while the remaining adsorbed CO2 is
distributed uniformly around the medium and large cavities. In
Fig. 7b, for P/Psat ≥ 0.5 (Fig. 7b), the RDF for CO2 around CO2

resembles the bulk liquid phase, and as the pressure continues
to increase, the RDF starts resembling the bulk liquid phase and
demonstrates the hypothesized capillary condensation earlier.

The adsorption isotherm for MOF-177 shows IUPAC Type V be-
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haviors with a step-wise increase in the adsorption with respect
to pressure (the grey-shaded region in Fig. 4c). The differential
enthalpy of adsorption exhibits a peculiar monotonically increas-
ing trend (Fig. 5b). At lower pressures (P/Psat < 0.1), the CO2-
CO2 interactions are negligible compared to MOF-177-CO2 inter-
actions (Fig. 6b). The step-wise increase near P/Psat ≈ 0.1 corre-
sponds to capillary condensation, as seen in Fig. 4c. The lower
relative pressure for capillary condensation compared to MIL-101
(P/Psat ≈ 0.5) is attributed to the greater degree of confinement,
which increases the CO2-CO2 interactions due to the smaller pore
size of MOF-177.

The radial distribution of CO2 molecules around the Zn metal
atom indicates that at lower pressures (P/Psat = 0.1 in Fig. 7c),
the primary adsorption site is closer to the metal atom. This is be-
cause most of the adsorbed CO2 is in the first coordination sphere
around the Zn metal site (Peak I in Fig. 7c). As the pressure in-
creases, the adsorption site moves away from the metal atom and
toward the center of the pore (Peak II in Fig. 7c). Near satura-
tion, the adsorbed CO2 molecules are evenly distributed through-
out the pore. Furthermore, the RDF for CO2 around CO2 (Fig. 7d)
resembles the bulk liquid phase for P/Psat ≥ 0.3, which maintains
the hypothesis of capillary condensation associated with the step-
shaped adsorption isotherm.

The differential enthalpy of adsorption is nearly constant

throughout the entire loading range. The UiO-66 adsorption
isotherm is a typical Type I adsorption isotherm with a loading
plateau that reaches saturation around P/Psat = 0.2. The pore
diameter is around 6 Å, and one CO2 molecule is 3.32 Å in di-
ameter. This means a single pore can accommodate a maximum
of 7 CO2 molecules, even considering complete packing and zero
intermolecular spacing between adsorbed molecules. The nar-
row pore size implies they cannot accommodate more than a sin-
gle layer of CO2 molecules, as shown in the pore-filling diagram
(Fig. S16) in the ESI.1 This monolayer formation does not allow
the possibility of capillary condensation.50 Additionally, Fig. 6c
illustrates that the UiO-66-CO2 interactions dominate throughout
the pressure range, implying there is no capillary condensation.
However, as seen in previous sections, the differential enthalpy of
adsorption is more than the MIL-101 and MOF-177. This means
that each adsorbed CO2 interacts with Zr atoms beyond the ad-
sorbing unit cell (the nearest Zr atom and those in adjacent cells),
releasing more energy due to the smaller pore size.

This process can be better illustrated through Fig. 7e, where
peak II is higher than peak I for the entire pressure range, indi-
cating that the center of the pore (∼ 8Å) is the primary adsorption
site rather than close to the Zr metal atom, which allows it to in-
teract with more ZrO4 units. As opposed to the earlier cases, in
the case of UiO-66, the RDF for the adsorbed CO2 (Fig. 7f) has 3
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distinct peaks which resemble the RDF of a bulk solid phase. This
can be explained due to the higher degree of confinement and the
overlapping coordination spheres of two or more Zr atoms. The
pores in UiO-66 completely fill up, even at relatively low pres-
sures to produce a solid-like RDF.

However, there is a question regarding the factors that con-
tribute to the observed variations in the adsorption isotherms
among the selected MOFs, including differences in charge distri-
bution, pore structures, and cavity shapes. In order to eliminate
the effect of these factors, an additional analysis was conducted
using UiO-66, UiO-67, and UiO-68, and the results are presented
in Section S4 of the ESI1. The trends observed in the UiO fam-
ily of MOFs are consistent with the discussion presented earlier,
highlighting the dominant influence of pore size on the adsorp-
tion process compared to other parameters. This further rein-
forces the significance of pore size in determining the behavior of
the adsorption process.

Nevertheless, in order to achieve a comprehensive understand-
ing of the adsorption process, it is imperative to investigate the
non-equilibrium adsorption-desorption process. This necessitates
the utilization of molecular dynamics simulations to study the dy-
namic behavior of the adsorbed fluid51,52, which would require a
separate study.

4.2 Pore Confinement Parameter

A straightforward one-dimensional model of a MOF consisting of
only metal atoms and van der Waals interactions is proposed to
simplify and summarize the numerical results. The unit cell is
considered between positions (-a,0) and (a,0), and adsorption
occurs only along the axis joining the metal atoms, as shown in
Fig. 8a. Let the L–J parameters for the metal atom be σm and
εm and for the CO2 molecule be σco2 and εco2. Then, using the
Lorentz–Berthelot mixing rules gives,

σmc =
σm +σco2

2
and εmc =

√
εmεco2 (3)

Here the coarse-grained model of CO2 is used to define the values
of L–J parameters53. In addition, the charge on the metal atom
is +Q. The charge distribution of the CO2 molecule is the same
as the TraPPE model as listed in the ESI1. Using these values for
L–J parameters and charge distribution, the potential energy for
a system at infinite dilution is written as:

U(r) =
−µQ
4πε0

[
1

(a− r)((a− r)2 −d2)
+

1
(a+ r)((a+ r)2 −d2)

]

+4εmc

[(
σmc

a+ r

)12
−
(

σmc

a+ r

)6
]

+4εmc

[(
σmc

a− r

)12
−
(

σmc

a− r

)6
]
+ ... (4)

where, d is the C=O bond length and µ = 2qd2 is the quadrupole
moment of CO2. In Eq. 4, a dimensionless distance coordinate
is defined as x = r/a. In the resulting equation, d2/a2 << 1 is
ignored and the remaining equation is differentiated with respect
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to x and equated with zero to find the local equilibria along the
axis joining the centers of the metal atoms.

∂U
∂x

=
1

4εmc

[
1

(1+ x)4 − 1
(1− x)4

]

+
8πε0a3

µQ

[
−12σ12

mc
(1+ x)13 +

6σ6
mc

(1+ x)7 +
12σ12

mc
(1− x)13 +

−6σ6
mc

(1− x)7

]
= 0

(5)

In Eq. 5, we can define Ψ = σmc/a as the confinement parame-
ter. In Eq. 5, x = 0 is one of the roots as the forces are balanced
at x = 0, making it an equilibrium point. Moreover, if there are
additional equilibrium positions in the one-dimensional pore, the
polynomial must have roots in the interval (-1,1). Considering
the symmetric nature (around x = 0) of the problem, if one of the
roots is

√
c̃, the other has to be −

√
c̃. Therefore, the polynomial
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in Eq. 5 can be written as,

x(x2 − c̃)P(x18) = 0,

here, c̃ = f (Ψ,Q,µ,εmc) (6)

Here, c̃ is a function of Ψ,Q,µ,εmc and P(x18) is a 18-degree poly-
nomial. The Matlab code for the one-dimensional model is at-
tached to the electronic version of this manuscript1.

Eq. 6 is the normal form of the pitchfork bifurcation with54

∂Ũ
∂x

= c̃x− x3 (7)

For Eq. 6 to have real roots other than x = 0, c̃ must be > 0. There-
fore, for Q = 0.5e, εm = 65 [K], and σm = 2.5 [Å], Ψcrit = 0.8036.
This implies that when Ψ is in the range (0,0.8036), there are
two stable and one unstable equilibrium. For Ψ in the range
[0.8036,1), there is only one stable equilibrium, as shown in
Fig. 8b. Therefore, we define a critical value of the confinement
parameter as Ψcrit = 0.8036.

Plotting the roots of ∂Ũ
∂x = 0 in Eq. 7 (0, ±

√
c̃) with respect

to x gives the curve for the supercritical pitchfork bifurcation, as
shown in Fig. 8b. Plotting Eq. 4 for the metal atoms and CO2

adsorbate for MIL-101 (Cr) gives Ψ = 0.18 potenial wells, while
MOF-177 (Zn) gives Ψ = 0.61 and UiO-66 (Zr) gives Ψ = 0.89 po-
tential wells, as shown in Fig. 9. Here, the depth of the potential
wells depends on the parameter εmc in Eq. 3, which determines
∆Hads at lower N/Nmax. For UiO-66, the metal atoms at (±3a,0)
contribute to the depth of the potential well up to 23% of the
total value. On the other hand, for MOF-177 and MIL-101, this
contribution falls to around 0.3% and 0.0007%, respectively. This
supports the hypothesis that for UiO-66, the greater ∆Hads is due
to interactions with metal atoms beyond the unit cell of adsorp-

tion.

The MIL-101 has the lowest potential (adsorption site) near
the Cr-metal site (Fig. 9a), which is seen from the RDFs (Fig. 7a).
Thus, the smallest pore fills up first. As the pressure increases, the
medium and large cavities are filled, which is evident from the
adsorption isotherm (Fig. 4a), differential enthalpy of adsorption
(Fig. 5a), and the pore-filling process in the ESI1 (Fig. S16).

The MOF-177 (Fig. 9b) has only one pore, and the depth of the
potential well is skewed slightly toward the metal atoms; hence,
pore filling at lower pressures is near the Zn-metal site. As Ψ is
close to Ψcrit, even at moderate pressure levels, the pore fills up
uniformly. This leads to capillary condensation at a much lower
relative pressure, as seen in the previous sections (grey shaded
region in Fig. 5b). In the case of UiO-66 (Fig. 9c), Ψ > Ψcrit,
which implies there is only one stable equilibrium position at the
pore center. Thus, the adsorption site must be at the center of the
pore, which is affirmed by the RDFs in Fig. 7e.

It is crucial to acknowledge that the applicability of the one-
dimensional model discussed earlier may have limitations, par-
ticularly in cases where multiple metal sites are present within
the MOF structure. An example is PCN-221 (see Sec. S5), where
the confinement parameter Ψ = 0.91 suggests a Type I adsorption
isotherm; however, GCMC simulations reveal a step in the adsorp-
tion isotherm instead. This mismatch in trend can be attributed to
the presence of multiple metal sites within the framework of PCN-
221 (Cu and Zr), indicating the need for further investigation to
understand the underlying mechanisms and factors responsible
for this behavior.

5 Conclusion
Three MOFs with varying pore sizes illustrate the effects of the
degree of confinement on the adsorption isotherm shape as well
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as the heat of adsorption. Optimizing the amount of CO2 ad-
sorbed and the differential enthalpy of adsorption maximizes the
total heat released with respect to pressure. This work qualita-
tively analyzes the effects of pore diameter on the heat of adsorp-
tion. The adsorption isotherms and heat of adsorption for CO2 in
MIL-101, MOF-177, and UiO-66 were measured experimentally.
The GCMC simulations help understand the pore-filling mecha-
nism and attain a general concept of the CO2 molecule packing in
the adsorbed states. Moreover, a simple one-dimensional model
provides the confinement parameter (Ψ), the ratio of the L–J pa-
rameter σma, and the pore radius. Bulk behavior is observed for
values of Ψ tending to 0. For Ψ ∈ (0, Ψcrit), there exists a double
potential well with two stable equilibria and one unstable equi-
librium (MIL-101 and MOF-177). For MOF-177, Ψ is larger than
MIL-101 and still lower than Ψcrit. Therefore, capillary condensa-
tion occurs at low pressures (P/Psat ≈ 0.1). For Ψ>Ψcrit, there is a
single well with one stable equilibrium (UiO-66). Due to volumet-
ric constraints, only monolayer adsorption can occur, preventing
the possibility of capillary condensation.

In a previous study,8 we proposed the concept of an HCA-HP
cycle based on the sorption of CO2 in MOFs. To achieve max-
imum performance from such a cycle, the adsorbent (MOF) (i)
must have a high heat of adsorption (enthalpy of phase change
on the order of ∼ 10–100 kJ/mol) to maximize the output, and
(ii) must have a step-shaped adsorption-desorption isotherm to
reduce the work required for regeneration by creating a low op-
erating pressure ratio. The present study focuses on investigating
the influence of pore size on the adsorption process. By consider-
ing the adsorption of particles as being confined within potential
wells of varying depths, the equilibrium properties of these par-
ticles can be correlated with the shape of the potential well. A
one-dimensional model is employed to examine the behavior of
these wells, revealing a distinct bifurcation in their shapes in rela-
tion to the confinement parameter Ψ. Notably, within the range of
Ψ values between 0.4 and 0.6, a stepwise adsorption isotherm is
observed at relatively low pressures, as demonstrated in the case
of MOF-177, MOF-5, and UiO-68 in this particular study. Conse-
quently, the optimal cumulative enthalpy of adsorption for heat
pump applications can be achieved by designing MOFs with Ψ

values falling within this range.
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