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The recently developed density functional theory method for pore size distribution analysis from
nitrogen adsorption and desorption isotherms is extended to materials with pores ranging from 2 to
100 nm. The method is based on the nonlocal density functional theory (NLDFT) of capillary
condensation hysteresis in cylindrical pores. It is shown that NLDFT correctly predicts both the
adsorption and desorption branches of the hysteretic isotherms in materials with cylindrical pores
wider than ca. 5 nm. For pores larger than ca. 6 nm, the NLDFT results agree well with the
thermodynamic theory of Derjaguin-Broekhoff-de Boer. When pore-blocking (networking) effects
are insignificant, both branches of the experimental isotherm produce identical pore size distributions.
The NLDFT method is validated against literature data on capillary condensation in MCM-41 type
materials with pores from 5 to10 nm.

1. INTRODUCTION
After the breakthrough discovery of mesoporous molecular sieves of M41S type [1] new
periodically structured materials have been synthesized with pores covering the whole mesoporous
domain of 2-20 nm. Enlarged MCM-41 materials [2-4] and other well-ordered mesoporous
structures [5-7] with pores wider than 4-5 nm are of special interest for the theory of capillary
phenomena. Unlike standard MCM-41 and MCM-48 samples, which typically contain pores of 3-4
nm, low temperature nitrogen adsorption-desorption isotherms on larger pore materials form a welldefined hysteresis loop, whose origin has been the focus of intense studies and discussions for more
than fifty years [8-20]. From the practical viewpoint of pore structure characterization, the
adsorption-desorption hysteresis presents a problem of choice of a suitable branch of the isotherm
for the pore size distribution calculations [14]. The results obtained from different branches of the
isotherm are usually significantly different.
According to the classical treatment of Cohan [8], which is the basis of the conventional BJH
method [14], capillary condensation in an infinite cylindrical pore is described by the Kelvin equation
using cylindrical meniscus, while desorption is associated with spherical meniscus. In large pores the
following asymptotic equation is expected to be valid [8]: PD/P0 = (PA/P0)2, where PD/P0 and PA/P0
are the relative pressures of the desorption and adsorption, respectively. An improved treatment [9-
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11, 13], originated from Derjaguin [9], takes into account the influence of surface forces on
adsorbed film equilibrium and stability, which leads to predictions for capillary condensation and
desorption pressures, substantially different from those of Cohan’s theory, even in relatively large
pores.
Recent progress in understanding capillary condensation deals with molecular level models. The
methods of the grand canonical Monte Carlo (GCMC) simulations [17], molecular dynamics (MD)
[18], and density functional theory (DFT) [19] allow direct modeling of capillary
condensation/desorption phase transitions, and are capable of generating hysteresis loops of simple
fluids sorbed in model pores. In our previous publications [20-24], we have shown that the nonlocal density functional theory (NLDFT) with properly chosen parameters of fluid-fluid and fluidsolid intermolecular interactions quantitatively predicts desorption branches of hysteretic isotherms of
nitrogen and argon on reference MCM-41 samples with pore channels narrower than 5 nm. A new
method for calculating pore size distributions from the desorption branch of the isotherm has been
developed and tested against reference experiments on high-quality MCM-41 materials [23] and
direct Monte Carlo simulations [17]. The NLDFT method gives reliable estimates of pore sizes and
pore wall thicknesses in MCM-41 materials [23] and catalysts [21, 22, 24].
In this paper, we extend the NLDFT method to larger pore MCM-41 materials, whose nitrogen
isotherms exhibit prominent hysteresis. Density functional theory is especially suitable for modeling
adsorption isotherms in large pores, and is likely the most feasible technique for testing the reliability
of conventional macroscopic approaches. We demonstrate that the NLDFT model provides
accurate agreement between calculations and experiments for both adsorption and desorption
branches of nitrogen isotherms on newly synthesized enlarged MCM-41 type materials with pore
channels in the range from 5 to 10 nm [2-4]. We conclude that in the range of pore sizes > ca. 5 nm,
the experimental desorption branch corresponds to the equilibrium evaporation, while the
experimental capillary condensation branch corresponds to the spontaneous (spinodal)
condensation. Moreover, the NLDFT predictions of equilibrium and spontaneous capillary
condensation transitions for pores wider than 6 nm are well approximated by the macroscopic
equations of the Derjaguin-Broekhoff-de Boer theory [10,11], while the results of the traditional
Cohan equations (the BJH method) are significantly in error.
Two kernels of theoretical isotherms in cylindrical channels have been constructed corresponding
to the adsorption and desorption branches. For a series of samples [2-4], we show that the pore
size distributions calculated from the experimental desorption branches by means of the desorption
kernel satisfactory coincide with those calculated from the experimental adsorption branches by
means of the adsorption kernel. This provides a convincing argument in favor of using the NLDFT
model for pore size characterization of nanoporous materials provided that the adsorption and
desorption data are processed consistently.

2. NONLOCAL DENSITY FUNCTIONAL THEORY OF ADSORPTION HYSTERESIS
In the density functional theory, the structure and thermodynamics of confined fluids are predicted
from the intermolecular potentials of the fluid-fluid and solid-fluid interactions. To model nitrogen
adsorption, we employ a version of the NLDFT based on the Tarazona’s smoothed density
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approximation [19]. A detailed description of the theory has been given in our previous publications
(see e.g. [23] and references therein).
Predictions of the density functional theory depend largely on the correct choice of the parameters
of intermolecular interactions. Parameters of the Lennard-Jones potential describing the fluid-fluid
interactions have been optimized to provide an accurate description of the two-phase equilibrium in
bulk nitrogen, including the surface tension of the liquid-gas interface [23]. Interactions between solid
and fluid are approximated using the potential in an infinite cylindrical pore [25]. Parameters of solidfluid interactions have been chosen to provide the best possible fit to the standard nitrogen isotherm
on nonporous oxides [26]. A comparison of the calculated excess adsorption isotherm in a large
cylindrical pore of 107 nm with the standard nitrogen isotherm is presented in Figure 1a. The steps
on the calculated isotherm are caused by the structureless pore wall model used. On average
however, the calculated adsorption isotherm agrees well with the experimental data as it is seen from
the corresponding t-plot (Figure 1b).
The adsorption and desorption isotherms have been calculated for the N2 sorption at 77K in
cylindrical pores in the range 2-100 nm. The points of equilibrium and spinodal transitions are plotted
in Fig. 2 in comparison with the adsorption and desorption points calculated according to standard
Cohan’s equations using the same nitrogen standard isotherm [26]. There are several features worth
noting. The line of equilibrium capillary condensation asymptotically approaches the Kelvin equation
for the spherical meniscus and the line of spontaneous capillary condensation asymptotically
approaches the Kelvin equation for the cylindrical meniscus. This asymptotic behavior is in
agreement with the classical scenario of capillary hysteresis [12]: capillary condensation occurs
spontaneously after the formation of the cylindrical adsorption film on the pore walls while
evaporation occurs after the formation of the equilibrium meniscus at the pore end. As the pore size
decreases, the surface forces come forefront and deviations from the classical picture become
significant even for pores as large as 10-20 nm.
Much better agreement has been found with the results of the Derjaguin-Broekhoff-de Boer
theory [10,11] (Figure 3, top). For pores wider than ca. 6 nm the equilibrium and spontaneous
capillary condensation transitions predicted by the NLDFT are well approximated by the semiempirical equations of Broekhoff and de Boer [10,11]. In smaller pores, the deviations are
substantial (Figure 3, bottom).
The NLDFT predicts the critical point for capillary condensation phase transition (capillary critical
pore size) at ca. 2 nm, which is approximately the minimum pore size in which capillary condensation
is experimentally observed [21,27]. However, the theory fails to predict the disappearance of the
hysteresis loop for pores smaller than ca. 4 nm (hysteresis critical point) [20,15]. It should be noted
that the theory of Broekhoff and de Boer fails to predict both critical points unless some additional
semi-empirical corrections are made [16].
Recent Monte Carlo simulations of N2 in cylindrical pores fully support the results of the NLDFT
calculations [28]. Thus, it appears that the failure of the NLDFT to predict the disappearance of the
hysteresis loop at relative pressures below ca. 0.4 and pores smaller than ca. 4 nm is of a
fundamental nature and cannot be explained by approximations made in the theory.
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Figure 1. (a) Comparison of the NLDFT isotherm in a 107 nm diameter cylindrical pore with the
standard nitrogen isotherm on nonporous oxides [26]. (b) corresponding statistical film thickness
plot.
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Figure 2. Capillary hysteresis of nitrogen in cylindrical pores at 77 K. Equilibrium desorption (black
squares) and spinodal condensation (open squares) pressures predicted by the NLDFT in
comparison with the results of Cohan’s equation (the BJH method) for spherical (crosses and line)
and cylindrical (line) meniscus.
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Figure 3. Capillary hysteresis of nitrogen in cylindrical pores at 77 K. Equilibrium desorption (black
squares) and spontaneous condensation (open squares) pressures predicted by the NLDFT in
comparison with the results of the Broekhoff and de Boer theory [10, 11].
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3. COMPARISON WITH EXPERIMENTS AND CALCULATION OF PORE SIZE
DISTRIBUTIONS
From our earlier studies, we have made the following general conclusions regarding capillary
condensation in cylindrical pores [20, 22, 23]. Reversible isotherms in sufficiently narrow pores and
desorption branches of the hysteretic isotherms in wider pores correspond to the equilibrium
transitions predicted by the NLDFT. The adsorption branches of hysteretic isotherms lie inside the
theoretical hysteresis loop. These conclusions were made based on analyses of limited experimental
data on reference MCM-41 materials with pores < 5nm. Sayari et al. [2-4] have recently
synthesized enlarged MCM-41-type samples with pore diameters from 5 to 10 nm. The N2
isotherms on two of these samples are presented in Figs. 4-5 in comparison with the theoretical
hysteresis loops for cylindrical pores of an average size, formed by the metastable adsorption branch
and the equilibrium desorption branch. The experimental and theoretical hysteresis loops are in good
qualitative agreement.
To calculate the pore size distributions we have constructed two kernels of theoretical isotherms
in cylindrical channels corresponding to the metastable adsorption and equilibrium desorption
branches. These kernels were employed for calculating pore size distributions from experimental
isotherms following the deconvolution procedure described elsewhere [21, 24]. In Figs. 6-7 we
present the pore size distributions of the enlarged MCM-41 samples [2-4] calculated from the
experimental desorption branches by means of the desorption kernel and the pore size distributions
calculated from the experimental adsorption branches by means of the adsorption kernel. The pore
size distributions obtained from the desorption and adsorption branches practically coincide, which
confirms that the NLDFT quantitatively describes both branches on the adsorption-desorption
isotherm.
Structural parameters of the MCM-41 materials calculated by means of the NLDFT method are
listed in Table 1. We note very good agreement between the results obtained from the desorption
and adsorption branches of the isotherms, especially for samples #1 - #3. It is worth noting that the
pore wall thickness (1.2-1.8 nm) of wide-pore MCM-41 materials is larger than that usually
obtained for conventional MCM-41, and tends to increase with the pore diameter.

4. CONCLUSIONS
The non-local density functional theory (NLDFT) with properly chosen parameters of fluid-fluid
and fluid-solid intermolecular interactions quantitatively predicts both adsorption and desorption
branches of capillary condensation isotherms on MCM-41 materials with pore sizes from 5 to 10
nm. When pore-blocking (networking) effects are insignificant, the pore size distributions calculated
from the adsorption and desorption branches of the experimental isotherm are in good agreement.
For materials with a wide hysteresis loop of IUPAC’s type H2 [14], which is usually attributed to
pore blocking [29,30], the use of the adsorption branch may yield more reliable results, provided the
kernel of metastable adsorption isotherms is employed. For samples with smaller pores (< 5 nm), the
equilibrium desorption branch has the advantage of being theoretically more accurate. In this case we
recommend using desorption isotherms for estimating pore size distributions in mesoporous materials
of the MCM-41 type.
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Figure 4. Comparison of the NLDFT N2 isotherm in 5.1 nm cylindrical pore at 77 K with the
isotherm on enlarged MCM-41 material [2, 3] (sample #1 in Table 1).
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Figure 5. Comparison of the NLDFT N2 isotherm in 9 nm cylindrical pore at 77 K with the isotherm
on a wide-pore material [4] (sample #4 in Table 1).
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Figure 6. The pore size distributions of enlarged MCM-41 materials [2-3] calculated from
adsorption (dotted lines) and desorption (solid lines) branches of nitrogen isotherms by the NLDFT
method.
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Figure 7. The pore size distribution of wide-pore material [4] (sample #4 in Table 1) calculated from
adsorption and desorption branches of nitrogen isotherm by the NLDFT method.
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Table 1
Pore structure parameters of enlarged MCM-41 materials [2-4]
Sample

a0,
nm

Standard
method
SBET ,

Vp,

m2/g

cm3/g

NLDFT method

Branch

VpDFT,
cm3/g

SpDFT,
m2/g

DpDFT
nm

σpDFT,
nm

dwall,
nm

#1

6.37

880

1.0

ads
des

0.97
0.97

790
800

5.1
5.2

0.34
0.34

1.3
1.2

#2

6.80

880

1.07

ads
des

1.04
1.04

800
805

5.3
5.4

0.46
0.49

1.5
1.4

#3

7.61

760

0.97

ads
des

0.96
0.95

690
690

5.8
5.8

0.54
0.64

1.8
1.8

#4

n/a

1050

2.38

ads
des

2.2
2.2

1000
1010

8.5
8.8

1.0
0.71

-------

Samples #1, #2 and #3 are from Refs. [2, 3] (denoted 5.5 nm, 6.0 nm, and 6.5 nm therein).
Sample #4 is from Ref. [4] (sample E on Fig. 2 therein)
a0 = 2/√3 d100 is a distance between pores calculated from X-ray diffraction data assuming
hexagonal unit cell [2, 3].
SBET was calculated using the molecular cross-sectional area of N2, 0.162 nm2/molecule.
Vp is the pore volume estimated from N2 isotherms at P/P o=0.6 (P/P o=0.9 for sample #4) using the
bulk liquid nitrogen density
VpDFT and SpDFT are the pore volume and the pore surface area, respectively, calculated by the
NLDFT method.
DpDFT is the mean pore diameter calculated from the NLDFT pore size distribution
σpDFT is the standard deviation calculated from the NLDFT pore size distribution
dwall = a0 - DpDFT- the pore wall thickness assuming cylindrical pores
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