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The critical temperatures, Tc, of CO2, CH4, and Ar are 304 K, 191 K, and 151 K, respectively. This paper
highlights some unusual characteristics of adsorption and diffusion of these molecules in microporous structures
such as zeolites and metal organic frameworks at temperatures T<Tc. Published experimental adsorption data for
T<Tc show that the isotherms invariably display stepped characteristics. The inverse thermodynamic factor 1/Γi�
d ln ci/d ln fi exceeds unity for a range of fugacities fi and molar concentrations ci within the pore corresponding to
the steep portion of the isotherm. With the aid of Monte Carlo simulations of isotherms for different temperatures
T<Tc in a variety of zeolites (AFI, MTW, FAU, NaY, MFI, and MOR), metal-organic frameworks (IRMOF-1,
CuBTC, MIL-47 (V), and MIL-53 (Cr)), and covalent-organic frameworks (COF-102, and COF-108), we
investigate the conditions required for 1/Γi > 1. For each of the three species investigated, data on pore
concentrations ci at any given temperature below Tc fall within the binodal region for the bulk fluid phase.
We present evidence to suggest that, in the concentration ranges for which 1/Γi>1, clustering of molecules occurs.
The extent of clustering is enhanced as T falls increasingly below Tc. Furthermore, molecular dynamics simulations
of diffusion demonstrate that the concentration dependence of the diffusivities is markedly influenced in the regions
where 1/Γi>1. In regions where molecular clustering occurs, the Fick diffusivity shows, in some cases, a decreasing
trend with concentration.

1. Introduction

A wide variety of microporous materials is used in a range
of applications in storage, separation, and catalysis.1-12 In
designing and developing such applications, it is necessary to
have a good understanding and description of adsorption and
diffusion of guest molecules. The processes of adsorption and
diffusion within micropores are closely interlinked. The Fick,
or “transport”, diffusivity Di is related to the more funda-
mental Maxwell-Stefan (M-S), or “corrected” diffusivity
^i by Di =^iΓi where Γi � ∂ ln fi/∂ ln ci = (ci/fi)(∂ fi/∂ ci) is
the thermodynamic factor, fi is the fugacity of the bulk fluid
phase and ci is the loading or concentration within the pores.
The Γi can be obtained by differentiating the pure component
adsorption isotherm. If the adsorbed phase concentration
follows a single-site Langmuir isotherm, then Γi=1/(1- θi),
where we define the fractional occupancies, θi� ci/ci,sat. In this
case, the inverse thermodynamic factor, 1/Γi, equals the
fractional vacancy (1-θi).

Amolecule can only jump to a site that is not occupied, and the
simplest model to describe the loading dependence of the M-S
diffusivity is

^i ¼ ^ið0Þð1- θiÞ ð1Þ
where ^i(0) is the diffusivity in the limiting case of vanishingly
small occupancy. In the general case where single-site Langmuir
behavior is not observed, 1/Γi provides a good indicator of how
the availability of adsorption sites changes with increased fuga-
city, and, consequently, loading. If we replace (1- θi) in eq 1 by
the generalized measure of the fractional vacancy, 1/Γi, we get

^i ¼ ^ið0Þ 1Γi
ð2Þ

In only a few cases this direct proportionality between the ^i

and the 1/Γi has been validated by MD simulations.13 More
generally, the ^i is found to be a more complex function of the
1/Γi.

13-17 Of particular interest is the situation when the isotherm
exhibits inflectionbehavior; this causes both 1/Γi and^i to exhibit
cusp-like loading dependence with a sharp minimum at the pore
concentration ci atwhich the preferred sites are fully occupied.

14-16

In many applications such as CO2 sequestration, capture, or
removal from gaseous streams, the temperatures involved could
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be lower than the critical temperatures Tc of the constituents.
Published experimental data on adsorption isotherms for T<Tc

show stepped characteristics. As an illustration, Figure 1 shows
experimental isotherm data for CO2 (Tc = 304 K), CH4 (Tc =
191 K), and Ar (Tc = 151 K) for a variety of zeolites, metal
organic frameworks (MOFs), and covalent organic frameworks
(COFs).18-25 In preparing these plots, the experimental pressures
are converted to fugacities using the Peng-Robinson equation of
state.26 The ci are the absolute loadings, expressed as the number
of moles per cubic meter of accessible pore volume; this allows a
proper comparison of the loadings in different structures; this
choice of concentration measure is useful not only for modeling
adsorption, but also for diffusion.27-29

Another important feature of stepped isotherm behavior for
microporous materials has not received any attention or focus in
published work; this pertains to the characteristics of the thermo-
dynamic factor under these circumstances. The corresponding data
for 1/Γi obtained by numerical differentiation of the isotherms are
presented in Figure 2. We prefer to plot 1/Γi instead of Γi because
the latter has the undesirable property of approaching infinity as
saturation loading is approached; this makes the data less easy to
interpretwhenplotted in graphical form.The values of 1/Γiare seen
to exceed unity to significant extents for a range of loadings for
every guest-host combination. Within a Langmuirian conceptual
frame, an increase of 1/Γi to values exceeding unity implies an
increase in the fractional vacancy beyond unity; this is remarkable.
Inside mesopores, stepped isotherms are commonly encountered;
in this case, 1/Γi > 1 signals capillary condensation.30-39 For
micropores, the interaction of the molecules with the pore wall
serve to enhance phase stability and prevent first-order phase
transitions.32-45 The absence of capillary condensation inside

Figure 1. Experimental data for adsorption isotherms for (a) CO2,
(b) CH4,and(c)Ar invarietyof zeolites,MOFs,andCOFs.Theexperi-
mental data are taken from refs 18-25. Inmost cases, the experimental
data on the pore volumes were used to determine the loadings ci; in
cases where experimental pore volume data were unavailable, the
simulation values (see Supporting Information) were used for this
purpose. In cases where the experimental data were expressed in excess
loadings, these have been converted to absolute loadings using the pore
volume data provided.
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micropores has been established with neutron scattering experi-
ments;46 these experiments also show that themolecules are present
in a metastable state. The phenomenon of adsorption hysteresis is
usually not encountered in microporous materials, as has been de-
monstrated in a variety ofmolecular simulation studies.32-34,37,38,42

From the foregoing discussions, it is clear that 1/Γi >1 is un-
usual for micropores and therefore requires further thought and

investigation, not least because 1/Γi has a significant influence on
the loading dependence of the M-S diffusivity.

This paper has the following set of objectives: (1) to show that
stepped isotherm behavior is a characteristic for a guest molecule
in many microporous host at T < Tc (we also highlight cases
where this is not the case, and provide underlying reasons for
deviant behaviors); (2) for any given guest-microporous host
combination, to determine the set of conditions necessary to
prescribe 1/Γi>1; (3) to provide a molecular-level interpretation
and explanation of 1/Γi>1 (in particular, we aim to show that
clustering of molecules occurs in regions where 1/Γi>1); (4) to
demonstrate that clustering phenomena have important conse-
quences for the loading dependences of the Maxwell-Stefan and
Fick diffusivities.

To achieve these objectives, we useMonte Carlo simulations of
adsorption isotherms in the grand canonical ensemble (GCMC),
along with molecular dynamics (MD) simulations of diffusivities.
Specifically, we have chosen to investigate three guest species,
CO2, CH4, and Ar, in six different zeolites (AFI, MTW, FAU,
NaY (144 Si, 48 Al, 48 Naþ, Si/Al=3), MFI, and MOR), four
different MOFs (IRMOF-1, CuBTC, MIL-47(V), and MIL-53-
(Cr)), and two different COFs (COF-102, and COF-108). The
choice covers a wide range of micropore sizes, topologies, and
connectivities. All our simulationswere performed assuming rigid
frameworks. For MIL-53 (Cr), the adsorption of CO2 induces
structural transformations in the framework;25,47 the analysis of
such effects is not accounted for in this paper but is discussed in
detail elsewhere.48 As a result, the reported results for MIL-53
using the “large pore”, i.e., -lp structure, though qualitatively
correct, will not yield the correct quantitative results for the
isotherms and diffusivities.

The accessible pore volumes of the variety of structures
investigated were determined with the aid of molecular simula-
tions using the helium probe insertion technique suggested by
Talu and Myers.49,50 The entire database of simulation results is
available in the Supporting Information accompanying this
publication; this material includes details of the GCMC and
MD simulation methodologies, details of the microporous struc-
tures (unit cell dimensions, accessible pore volume, characteristic
pore dimensions), pore landscapes, specification of the force fields
used, simulation data on isotherms, clustering analysis, and
diffusivities.

2. Adsorption Isotherms and 1/Γi

The ability of GCMC simulations to capture stepped isotherm
characteristics in zeolites andMOFs for a variety ofmolecules has
been established in a few publications.19,22,51,52 For illustration
purposes, we present a comparison of ourGCMC simulations for
CO2/AFI/165 K, CH4/IRMOF-1/125 K, and CH4/IRMOF-1/
150 K with experimental data in Figure 3. The error bars on the
GCMC simulated loadings are generally encompassed by the size
of the symbols used in the data plotting.We see that not only is the
steep portion of the isotherm reproduced well by the simulations,
but also good quantitative agreement is obtained. Several other
comparisons of GCMC simulated isotherms with experimental
data are available in the Supporting Information. Encouraged by

Figure 2. The inverse thermodynamic factor, 1/Γi, for (a) CO2, (b)
CH4, and (c)Ar invarietyof zeolites,MOFs,andCOFsplottedasa
function of the pore loading, ci. The calculations of 1/Γi are by
numerical differentiation of the isotherm data in Figure 1.
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this validation, we proceed with the use of GCMC simulations as
a tool to investigate the variety of factors that lead to 1/Γi>1.

Figure 4a presents GCMC simulation results for CO2 iso-
therms in AFI for a variety of temperatures below the critical
temperature Tc = 304 K. We note that as the temperature falls
increasingly below Tc the steepness in the isotherm is enhanced.
For the purposes of determining the 1/Γi, the isothermswere fitted
using a dual-Langmuir-Sips isotherm, following the work of
Chmelik et al.16

ci ¼ ci,A, sat
bi,Af

νi,A
i

1þ bi,Af
νi,A
i

þ ci,B, sat
bi,Bf

νi,B
i

1þ bi,Bf
νi,B
i

ð3Þ

All six constants in eq 3 were fitted to match the GCMC
simulated isotherms; neither exponent vi,A and vi,B was restricted
to unity. The 1/Γiwas then obtained by analytic differentiation of
the fitted isotherm. In every case, the 1/Γi was also determined by
the fluctuation formula ofReed andEhrlich,53 as described in our
earlier publications.13,17 There was good agreement between the
two sets of values; only the values obtained by differentiation of
eq 3 are reported in this paper.

Figure 4b shows the 1/Γi vs ci data; we note that as T falls
progressively below Tc, 1/Γi exceeds unity to increasingly greater
extents. To put it another way, 1/Γi is higher if the reduced
temperature, TR � T /Tc, is lowered below unity.

For adsorption of CO2 in IRMOF-1, a similar increase in the
extent by which 1/Γi exceeds unity is observed as TR falls
increasingly below unity; see Figure 4c. It is interesting to note
that, for IRMOF-1, even at 300 K, only 4 K below Tc, there is a
region of concentration 0<ci< 6 kmolm-3 within which 1/Γi>
1. We will see later that this has an impact on the concentration
dependence of the Fick diffusivity.

The critical temperature of CH4 is significantly lower than that
ofCO2, and consequently, the 1/Γi exceeds unity onlywhenT falls
below the value ofTc=191K. The 1/Γi data for CH4 in IRMOF-
1 are shown in Figure 5a. As expected, the extent by which 1/Γi

exceeds unity is higher as TR falls increasingly below unity.
Let us examine in some more detail the characteristics in the

region of the critical temperature ofmethane. For this purpose we
carried out a set of GCMC simulations for CH4 in NaY at T=
150 K, 180 K, 190 K, 200 K, and 300 K. The 1/Γi data are shown
in Figure 5b. We note that, at T=190 K, 1/Γi already displays a
tendency to exceed unity. The consequences for CH4 diffusion in

the vicinity ofTc will be examined later. The influence ofT on 1/Γi
for Ar/FAU is shown in Figure 5c; results analogous to those for
CO2 and CH4 are obtained.

Interactions of the molecules with the pore walls tend to have a
decreasing influence as the pore size increases.32-45 We should
therefore expect the micropore size to have an influence on the

Figure 3. Comparison of GCMC simulation results (open sym-
bols) with experimental data (filled symbols) for CO2/AFI/165 K,
CH4/IRMOF-1/125 K, and CH4/IRMOF-1/150 K.

Figure 4. (a)GCMC simulations of adsorption isotherms for CO2

inAFI at 165K, 200K, 250K, 270K, and 300K.Also shownwith
the continuous solid lines are the dual-Langmuir-Sips fits of the
isotherms. The inverse thermodynamic factor, 1/Γi, plotted as
a function of the pore loading, ci, for CO2 in (b) AFI, and
(c) IRMOF-1 at a variety of temperatures. The 1/Γi is calculated
by differentiation of dual-Langmuir-Sips fits of the isotherms.16

(53) Reed, D. A.; Ehrlich, G. Surf. Sci. 1981, 102, 588–609.
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1/Γi. To test this hypothesis, we present for the isotherm data for
CO2 in a variety of structures at a temperature of 200 K in Figure
6a. The S-shaped curve represents the calculations for the fluid
density calculated using the Peng-Robinson equation of state.
The vapor-liquid coexistence, or binodal, region is indicated by
the shaded area. The most open of these structures, with the
largest pore size, IRMOF-1, is closest to the S-shaped curve;
the steep rise in its isotherm corresponds roughly to the span of

the binodal region. The isotherms for CO2 in other structures,
wherein the pore size is smaller than that of IRMOF-1, do not
exhibit the same degree of steepness, because the interactions with
the pore walls are stronger.MFI that has the smallest channel size
of the various structures, is the farthest away from the S-shaped
curve, and exhibits no steepness at all in its isotherm because the
molecule-wall interactions are dominant. A further point to note
is that the saturation capacities of diversemicroporous structures,
ci,sat≈ 30-35 kmolm-3, equal one another and correspond to the
liquid density calculated by the equation of state. This is a distinct
advantage of using the ci defined in terms of the accessible pore
volume; it allows a fair comparison of the loadings in the different
structures and provides an independent estimate of the saturation
capacities.

The corresponding 1/Γi data for CO2 at 200 K in a variety of
structures is shown in Figure 6b. The 1/Γi follows the hierarchy
IRMOF-1>FAU>MIL-53 (Cr)>MIL-47>AFI>MTW>
MFI. The hierarchy is dictated by the pore size and “open-ness”
of the structures. IRMOF-1 consists of two alternating, inter-
connected cavities of 10.9 Å and 14.3 Å with window sizes of 8 Å.
FAU has large cages separated by 7.4 Å windows. MIL-53 (Cr),
MIL-47, AFI, andMTW have one-dimensional (1D) channels of
8.5 Å, 8.5 Å, 7.3 Å, and 5.8 Å size, respectively. MFI has
intersecting channels of approximately 5.5 Å size; here, the
molecules are most strongly confined and the 1/Γi never exceeds
unity because the interaction of the molecules with the pore walls

Figure 5. The inverse thermodynamic factor, 1/Γi, plotted as
a function of the pore loading, ci, for CH4 in (a) CH4/IRMOF-1,
(b) CH4/NaY, and (c) Ar/FAU at a variety of temperatures. The
1/Γi is calculated by differentiation of dual-Langmuir-Sips fits of
the isotherms. The isotherm data are provided in the Supporting
Information.

Figure 6. (a)GCMCsimulations of adsorption isotherms for pure
CO2 in zeolites and MOFs at 200 K. (b) The inverse thermo-
dynamic factor, 1/Γi, plotted as a function of the pore loading, ci,
for adsorption of CO2 in zeolites and MOFs at 200 K. The 1/Γi is
calculated by differentiation of dual-Langmuir-Sips fits of the
isotherms.
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is significantly higher than the molecule-molecule interactions.
The Supporting Information provides simulation results for CO2

adsorption in cage-type zeolites with narrow windows, such as
LTA, TSC, DDR, CHA, ERI, and AFX; in such cases, the cage
size provides a rough indication of the 1/Γi trends.

MOR (1D channels of 6.5-7 Å size, connected with side
pockets of 2.6-5.7 Å size), exhibits “rogue” behavior. Each unit
cell of MOR contains four side pockets within which the CO2

locates preferentially;54-56 see the snapshot of the equilibrium
locations in Figure 7. 1/Γi shows a cusp-like minimum at
4 molecules per unit cell, corresponding to ci ≈ 7 kmol m-3, at
which other structures show a maximum. The minimum in 1/Γi

corresponds to a loading when all the side pockets are fully
occupied. For MOR, the 1/Γi increases beyond 7 kmol m-3,
whereas other structures show a corresponding decrease. In
addition, the 1/Γi for MOR never exceeds unity. The precise
reasons for this will be explained in the next section.

We collected the set of data fromFigures 2, 4, 5, and 6 forwhich
1/Γi>1 and plotted these in Figure 8 in ci-T space. Also plotted
are the corresponding binodal and spinodal vapor-liquid curves
for bulk fluid phase equilibrium, calculated using the Peng-
Robinson equation of state. All simulation and experimental
data on 1/Γi fall within the areas indicated in gray in Figure 8. For
the structure with the smaller pore sizes, suchAFI andMTW, the
data points span a considerably smaller portion of the gray area.
Generally speaking, the lowest loading at which 1/Γi > 1 corre-
sponds to that at the vapor binodal curve at that T. Also, the
maximum ci values are significantly lower than the corresponding
liquid spinodal. Put another way, the metastable regions for the
variousmicroporous structures are smaller than the vapor-liquid
coexistence regions for the bulk fluid. This result is generally true
for ordered, disordered, and fractal porous structures.37,38,45,57

The conclusion to be drawn from the data in Figure 8 is that the
necessary conditions for 1/Γi>1are as follows: (a)T<Tc, (b) for
a givenT<Tc, the range of ci should lie within the binodal region,
and (c) ci is lower than the value corresponding to the liquid
spinodal curve at that T.

3. Investigating the Possibility of Clustering

Available evidence suggests that capillary condensation is
discounted for adsorption in micropores, and the molecules are

most likely present in ametastable state.46 In thismetastable state,
there exists the possibility of clustering of molecules causing an
effective increase in the “vacancy” leading to 1/Γi>1. In order to
test this hypothesis, GCMC simulations were carried out for CO2

adsorption in AFI for a loading of 2 molecules per unit cell. The
chosen loading corresponds to ci=4.37kmolm-3, a value close to
the maximum in the 1/Γi vs ci curve in Figure 4b. For four
different temperatures, T=150 K, 165 K, 200 K, and 300 K, the
GCMC simulations were run for a total of 106 Monte Carlo
cycles. From these, a total of 103 samples were taken to determine
the equilibrated positions. For 2 � 2 � 5 unit cells of AFI at a
loading of 2 molecules per unit cell, this yielded a total of 40 000
sampled molecules. These data were postprocessed to determine
the distances between every pair of CO2molecules; these distances
are center-to-center between the C atoms. The resulting distribu-
tion of percent probabilities are plotted in Figure 9a,b; the latter is
an enlarged version, truncated on the x-axis to separation
distances smaller than 11 Å, of the same data set. The first peak
in the distributions for a separation distance of 4.5 Å is particu-
larly noteworthy. Furthermore, the percent probability of finding
molecule pairs that are separated by less than 11 Å increases as
T decreases. This suggests that clustering of CO2 molecules is
more probable at lower T, providing a rationale for the observed
increase in 1/Γi with decreasing T for a fixed loading ci
(cf. Figure 4b).

The data in Figure 4b show that 1/Γi < 1when loadings exceed
ci=15kmolm-3. This implies that the extent of clustering should
decreasewith increased loadings beyond themaxima in the 1/Γi vs
ci curves. To verify this, we collected data on percent probabilities
for intermolecular distances at a CO2 loading of 8 molecules per
unit cell, corresponding to 17.5 kmol m-3, in AFI; see Figure 9c
(again with truncated x-axis). We note that the percent prob-
ability data at various T values are significantly lower than the
corresponding values in Figure 9b. Furthermore, the data at
different values of T are much closer together. We conclude that
clustering phenomena is practically absent at ci>15kmolm-3 for
CO2/AFI.

To confirm that clustering is not specific to the AFI structure,
we carried out a similar sampling exercise for MIL-47 at a CO2

loading of 2 molecules per unit cell, and obtained similar results;
see Figure 10a. As for AFI, the percent probability of finding
molecules at separation distances less than 5 Å increases signifi-
cantly with lowering T. Also, each of the distributions shows a
peak at a separation distance of 4.5 Å between CO2 pairs. For
comparison purposes, we also determined the radial distribution
function (RDF) forCO2 inMIL-47 at a loading of 2molecules per

Figure 7. Snapshot showing the location ofCO2molecules inMORat a loading of 10molecules per unit cell, corresponding to 20.87 kmolm-3.

(54) Garcı́a-P�erez, E.; Parra, J. B.; Ania, C. O.; Garcı́a-S�anchez, A.; Van Baten,
J. M.; Krishna, R.; Dubbeldam, D.; Calero, S. Adsorption 2007, 13, 469–476.
(55) Krishna, R.; van Baten, J. M. Chem. Eng. J. 2007, 133, 121–131.
(56) Krishna, R.; van Baten, J. M. Chem. Eng. Sci. 2008, 63, 3120–3140.
(57) De Grandis, V.; Gallo, P.; Rovere, G. J. Mol. Liq. 2007, 134, 90–93.
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unit cell; see Figure 10b. The RDF data are analogous to the
corresponding data on percent probability for distances between
CO2 pairs. To demonstrate this, we collected the information on
the peaks from the two sets in Figure 10a,b, and these data are
compared in Figure 10c. The two sets of peak data are seen to be
proportional to one another, and therefore yield the same
information on the degree of clustering. Similar agreements
between the two different sets of probability distributions were

obtained for several other structures; see the Supporting Infor-
mation.

In the following discussions, we arbitrarily consider the
percent probability of the first peaks in Figures 9 and 10 for
molecule-molecule pair distances as a measure of the degree
of clustering. In Figure 11, we plot these percent probabilities
as a function of the reduced temperature, TR, for adsorption
of (a) CO2, (b) CH4, and (c) Ar in a variety of host structures;
the detailed probability distributions are available in the Sup-
porting Information. These plots clearly show that, as TR

falls increasingly below unity, the degree of clustering increases.

Figure 8. Binodal and spinodal, vapor and liquid, curves for
(a) CO2, (b) CH4, and (c) Ar calculated using the Peng-Robinson
equation of state. The symbols indicate the data points for various
microporous structures, for which 1/Γi>1; all these data points
fall within the gray regions.

Figure 9. Percent probability distributions for distance between
pairs of CO2 molecules. Results obtained for adsorption in AFI at
variousT loadings of (a,b) 2 molecules per unit cell and (c) 8 mole-
cules per unit cell.
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We also note that the influence of clustering for CO2, CH4,
and Ar appear to be a similar function of TR; this is a rational
result.

Figure 11a shows that the degree of clustering of CO2 inMIL-
47 is higher than inMIL-53(Cr), which has the approximately the
same pore dimensions. The reason for this is that the adsorption

strength of CO2 inMIL-53 is higher than inMIL-47; see isotherm
data in Figure 6a. Consequently, the interactions with the pore
walls are stronger in MIL-53, resulting in a lower degree of
clustering.

Let us now examine whether we can correlate the percent
probability data with the 1/Γi vs ci data. For this purpose, we
collected 103 samples from a total of 106 Monte Carlo cycles of
equilibratedpositions ofCO2,CH4, andArmolecules in IRMOF-
1 for a variety of loadings ranging from 10 to 150 molecules per
unit cell. We collected the percent probability data corresponding
to the first peaks and have compared thesewith the corresponding

Figure 10. (a) Percentprobabilitydistributions fordistancebetween
pairsofCO2molecules.Resultsobtained foradsorption inMIL-47at
various T for a loading of 2 molecules per unit cell corresponding to
3.57 kmol m-3. (b) Radial distribution function (RDF) for adsorp-
tion of CO2 inMIL-47 at various T for a loading of 2 molecules per
unit cell corresponding to 3.57 kmol m-3. (c) Comparison of the
peaks of the distributions in (a) and (b) above.

Figure 11. Percent probability (first peak of distribution) of find-
ing pairs of (a) CO2, (b) CH4, and (c) Ar in a variety of zeolites and
MOFs, as a function of reduced temperature, T/Tc.
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1/Γi data in Figure 12a,b,c. There is a qualitative correlation
among these sets of data for all three molecules. This suggests
that, the higher the probability of clustering of molecules, the
higher the 1/Γi value. This is a rational result and further strength-
ens the clustering hypothesis.

Recalling that, in a Langmuirian frame of behavior, 1/Γi

signifies the fractional vacancy, it is now clear why clustering
implies 1/Γi > 1; clusters behave like k-mers and therefore the
occupancy is lower than that for a single, unclustered, molecule.
A lower occupancy implies a higher vacancy, exceeding unity in
some concentration regions. We are now in a position to explain
the rogue 1/Γi vs ci behavior of MOR in Figure 6b. For loadings
below ci ≈ 7 kmol m-3, CO2 molecules that are ensconced in the

side pockets cannot participate in cluster formation because of
lack of proximity to partners. Since clustering is not possible, 1/Γi
does not exceed unity forMOR. The preferential location of CO2

molecules in the side pockets of MOR also has severe conse-
quences for diffusion, and this aspect has been emphasized in our
previous publications.55,56

Other evidence of clustering, or layering, of a variety of
molecules insidemicropores is available in the published literature
using either molecular simulations51,58,59 or experiments.46,60,61

For adsorption of alkanes in AFI, Maris et al.51 have presented a
detailed analysis of the reasons behind the stepped isotherms, and
present evidence to suggest a transition from a low-density to a
high-density state of the adsorbates. In none of the aforemen-
tioned publications are data on the 1/Γi presented.

4. Concentration Dependence of Diffusivities at T<Tc

From eq 2, we anticipate 1/Γi to leave its imprint on the loading
dependence of the ^i. We carried out MD simulations to
determine the M-S diffusivity ^i of CO2, CH4, and Ar for
different loadings in a variety of structures in order to see if this
expectation is fulfilled.

From the 1/Γi data for CH4 adsorption in NaY (cf. Figure 5b),
we would anticipate the loading dependence of^i at 300 K to be
different from that in the range 150 K-200 K. This is indeed
confirmed byMD simulations; see the data in Figure 13. TheMD
simulation data for^i are subject to a significantly higher degree
of uncertainty than that of the GCMC simulations; for this
reason, theMDcampaignswere run for a vast numberof loadings

Figure 12. Comparison of the inverse thermodynamic factor ob-
tained from experimental data with the percent probability of a
separation distance of 4.2 Å for pairs of (a) CO2, (b) CH4, and (c)
Ar in IRMOF-1.

Figure 13. M-S diffusivity^i for CH4 in NaY (144 Si, 48 Al, 48
Naþ, Si/Al = 3) at 150, 180, 190, 200, 250, 270, and 300 K.

(58) Samios, S.; Stubos, A. K.; Papadopoulos, G. K.; Kanellopoulos, N. K.;
Rigas, F. J. Colloid Interface Sci. 2000, 224, 272–290.

(59) Yang, Q.; Zhong, C. Langmuir 2009, 25, 2302–2308.
(60) Steriotis, T. A.; Stefanopoulos, K. L.; Kanellopoulos, N. K.; A.Ch., M.

Appl. Phys. A: Mater. Sci. Process. 2002, 74, S1333–S1335.
(61) Steriotis, T. A.; Stefanopoulos, K. L.; Kanellopoulos, N. K.; A.Ch., M.

Colloids Surf., A 2004, 241, 239–244.
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ci that are closely spaced. The continuous solid lines in Figure 13
are fits of the ^i data from MD simulations using the Reed and
Ehrlichmodel described in our earlier work.56,62,63 The deviations
of the individualMD simulated data points from the fitted curves
provide an indication of the uncertainties in the simulated
diffusivity values. At 300 K, the ^i declines almost linearly, in
keepingwith the 1/Γi data. For the lowerT range, there is a hint of
a maximum in the loading dependence of ^i at low ci; this is a
direct reflection of the maximum in the corresponding 1/Γi
behavior. Plant et al.64 have investigated the concentration
dependence of the diffusivity of methanol in NaY and find a
similar maximum; they attribute this to dimer formation caused
by hydrogen bonding betweenmethanol pairs. On the basis of the
evidence presented in this paper, the slight maxima in the ^i for
the lower T ranges in Figure 13 are most likely the result of
forming clusters of CH4 molecules at temperatures near or below
Tc. Clustering increases the M-S ^i because the k-mers have a
lower occupancywithin themicroporous structure; this causes the
diffusivity to decrease less than it would have without clustering.

We had previously concluded that more open structures, with
larger pore sizes, yield higher 1/Γi than structures with narrower
pores. A logical consequence of this should be that, in open
structures such as IRMOF-1 (cavities of 10.9 Å and 14.3 Å; pore
volume fraction = 0.812), COF-102 (cavity size = 8.9 Å; pore
volume fraction=0.8), and COF-108 (cavities of sizes 15.2 Å and
29.6 Å; pore volume fraction=0.93), the increase in^i with ci at
subcritical temperatures should be more severe. Figure 14a,b,c
compares the normalized M-S diffusivities for at 300 K with
those at lower temperatures for CH4 and Ar. Indeed, we find that
the ^i/^i(0) is about 1.5-4.5 times higher at the lower T, with
the highest degree of enhancement for the most open structure:
COF-108.

Even though 1/Γi leaves its imprint on the^i vs ci behavior, the
direct linear proportionality, as anticipated by eq 2, is not fulfilled
in any of the cases examined. Depending on the guest-host
combination, the initial increase of^i vs ci could be less, or more,
steep than that of the corresponding 1/Γi vs ci data. The particular
scenario that prevails has an impact on the concentration depen-
dence of the FickDi. To illustrate this, let us consider diffusion of
CO2 in IRMOF-1 at T=200 and 300 K; see normalized data on
theM-S diffusivities in Figure 15a.At the lower temperature, the
significantly larger increase in^i is explained by the correspond-
ingly higher 1/Γi at 200 K as compared to that at 300 K
(cf. Figure 4c). A further point to note from the 1/Γi data at
200K is the steep increase in 1/Γi in the ci range of 0-6 kmolm-3.
The steepness in the 1/Γi increase is significantly higher than that
of the corresponding increase of^i with ci. The net result is that
the Fick Di decreases in the ci range 0-6 kmol m-3; see
Figure 15b. Clustering of molecules causes a decrease in the Fick
Di with increased ci. The data at 300 K also show a very slight
decrease ofDi for corresponding ci. This indicates that clustering
starts to occur, albeit to a slight extent, at 300K,which is only 4K
than Tc. It is interesting to note that a similar trend in the Fick
diffusivity at 300 Kwas obtained in theMD simulations reported
by Babarao and Jiang.65 The agreement between the two sets of
simulation results is perhaps a testimony to the reproducibility of
the simulation results emanating from different groups of inves-

tigators.MD simulation results forDi vs ci of CO2 inMIL-47 and
MIL-53(Cr) at 200K also show a similar decrease with loading as
observed for IRMOF-1; see Figure 15c,d.

The recently published experimental data of Salles et al.25 show
that, for the region inwhich 1/Γi exceeds unity, theFick diffusivity
Di of CO2 in MIL-53(Cr) at 230 K decreases with loading. This
decrease is most likely caused by clustering phenomena.

Figure 16a compares the normalized Fick diffusivity of Ar in
FAU at 300 K with that at 120 K. At the lower T, the strong
decrease in Di in the ci range 0-6 kmol m-3 can be explained by
the corresponding strong increase in 1/Γi (cf. Figure 5c); theDi vs

Figure 14. Normalized M-S diffusivities for in CH4, and Ar in
(a) IRMOF-1, (b) COF-102, and (c) COF-108 at 300 K and lower
temperature.

(62) Krishna, R.; Paschek, D.; Baur, R. Microporous Mesoporous Mater. 2004,
76, 233–246.
(63) Krishna, R.; van Baten, J. M. Microporous Mesoporous Mater. 2008, 109,

91–108.
(64) Plant, D. F.; Maurin, G.; Bell, R. G. J. Phys. Chem. B 2006, 110, 15926–

15931.
(65) Babarao, R.; Jiang, J. Langmuir 2008, 24, 5474–5484.



DOI: 10.1021/la9033639 3991Langmuir 2010, 26(6), 3981–3992

Krishna and van Baten Article

ci behavior at 300 K does not show this decrease because 1/Γi

decreasesmonotonouslywith ci. An exactly analogous behavior is
exhibited by CH4 in FAU 150 and 300 K; see Figure 16b. Results
for the normalizedFick diffusivities ofAr andCH4 inMIL-47 are
analogous to that for FAU; see Figure 16c,d.

Sholl66,67 has used molecular simulations to determine the Fick
Di of Xe (Tc=290K) and CF4 (Tc=556 K) in the 1D channels of
AFI. His results also show that the steepness of the decrease in Di

increases as T falls increasingly below Tc. His results are in quali-
tative agreement with those presented here. Sholl and Fichtorn68

present a detailed analysis of the influence of clustering of CF4, SF6,
and CCl4 on the diffusion within the 1D channels of AFI. Our
current study shows that influence of clustering manifests also for
other guest-host combinations at subcritical temperatures.

In the experimental study of Chmelik et al.,16 the Fick Di of 2-
methylbutane and 2,2-dimethylpropane (neo-pentane) in CuBTC
was found to decrease significantly in the concentration range
corresponding to 1/Γi > 1; this phenomenon was attributed to
“phase transition” phenomena.16 On the basis of the evidence
presented in the current investigation, we can surmise that cluster-
ing of alkanes is the most likely explanation of the observations.

5. Conclusions

On the basis of published experimental data on adsorption
equilibrium, backed by extensive molecular simulations of both

isotherms and diffusivities of CO2, CH4, and Ar in a variety of
zeolites, MOFs, and COFs at different temperature, we can draw
the following set of conclusions.

1. Stepped isotherms are characteristic of all three guest
molecules at T < Tc in most, not all, of the microporous host
structures investigated. The exception to this rule isMOR that has
side pockets which allow only one molecule to locate there; the
lack of proximity to partner molecules prevents clustering. The
steepness of the isotherm is more for open structures such as
IRMOF-1 and COF-108 than when the molecules are strongly
confined, e.g., within the channels of MFI.

2. Generally speaking, 1/Γi>1 occurs when T<Tc and the
pore concentrations are such that they lie within the binodal
region of the bulk fluid phase equilibrium. Furthermore, the
loading ci should be lower than that at the liquid spinodal at that
temperature. For a chosen guest at a specified T, 1/Γi tends to be
higher for more open structures, such as IRMOF-1, and COFs
with larger pore sizes. Conversely, for narrower pores the influ-
enceof the porewalls is higher, and this leads to a lower 1/Γi, when
compared at the same loading ci. For strongly confinedmolecules,
1/Γi may never exceed unity even at T<Tc.

3. The scenario 1/Γi > 1 within micropores is a reflection of
metastable equilibrium and is characterized by clustering of mole-
cules. The greater the extent of clustering of molecules, the larger is
the value by which 1/Γi exceeds unity. The extent of clustering
increases asT falls increasingly belowTc. The degree of clustering is
loadingdependent, andapproximately follows the trendof 1/Γivs ci.

4. For the loading range forwhich 1/Γi>1, theM-S diffusivity
^i shows a sharper increasewith ci than thatwhich corresponds to

Figure 15. Normalized (a) M-S and (b) Fick diffusivities for CO2 in IRMOF-1 at T= 200 and 300 K. (c) Normalized Fick diffusivity for
CO2 in MIL-47 at T= 200 K and 300 K. (d) Normalized Fick diffusivity for CO2 in MIL-53(Cr)-lp at T= 200, 230, and 300 K.

(66) Sholl, D. S. Ind. Eng. Chem. Res. 2000, 39, 3737–3746.
(67) Sholl, D. S. Chem. Phys. Lett. 1999, 305, 269–275.
(68) Sholl, D. S.; Fichthorn, K. A. Phys. Rev. Lett. 1997, 79, 3569–3572.
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conditions prevailing for T> Tc. In some cases where the 1/Γi

increasesmore sharply than the^i, the FickDi decreaseswith ci in
certain regions. This decrease is a direct consequence of clustering
of molecules.

Even though the focus in this work was on the adsorption and
diffusion characteristics of CO2, CH4, and Ar at subcritical
temperatures, the results of the present study is of generic validity.
The clustering mechanism provides a rationale for our earlier
experimental studies for diffusion of alkanes in CuBTC, in which
the Fick Di was found to decrease with concentration in regions
within which 1/Γi>1.16 The temperatures in these experiments
were also below the corresponding Tc of the alkanes.

Our future investigations will address the question of adsorp-
tion and diffusion of binary mixtures under conditions such that
at least one of the species is below its critical temperature.
Preliminary simulation results indicate that the adsorption selec-
tivities for CO2/CH4mixtures is significantly higher at 200K than
at 300 K; see Supporting Information.
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Glossary

ci concentration of species i, mol m-3

ci,sat saturation capacity of species i, mol m-3

Di Fick diffusivity of species i, m2 s-1

^i M-S diffusivity, m2 s-1

^i(0) zero-loading M-S diffusivity, m2 s-1

fi fluid-phase fugacity of species i, Pa
T absolute temperature, K
Tc critical temperature, K
TR reduced temperature, K

Greek letters
Γi thermodynamic factor, dimensionless
νi exponent in the dual-Langmuir-Sips isotherm, dimen-

sionless
θi fractional occupancy of species i, dimensionless

Subscripts
A,B referring to adsorption sites A and B
c critical parameter
i referring to component i
R reduced parameter
sat referring to saturation conditions

Figure 16. Comparison of normalized Fick diffusivities for (a) Ar/FAU, (b) CH4/FAU, (c) Ar/MIL-47, and (d) CH4/MIL-47 at two
different temperatures.


