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A B S T R A C T   

Molecular sieves have attracted considerable interest for gas separation applications due to their ability to 
discriminate substances by their molecule’s size. To predict if a molecular sieve is suitable for a specific sepa
ration problem an accurate measure of the molecular sizes is called for. Furthermore, a high precision in esti
mations for molecular dimensions is needed for the characterization of materials using molecular probes. In this 
work, different popular concepts to estimate the size of a gas molecule, specifically Breck’s kinetic diameter, the 
critical diameter and molecular dimensions by Webster (MIN-1) are discussed. These concepts are evaluated 
using a tailorable carbon molecular sieve. It is concluded, that the widely used kinetic diameter has some 
drawbacks to determine the accessibility of pores. Finally, recommendations for alternatives from existing 
literature are presented.   

1. Introduction 

1.1. Motivation 

Molecular sieves are materials that can discriminate between sub
stances by their size on molecular level. To achieve such a sieving effect, 
these materials exhibit an extremely narrow pore system in the size 
range of individual molecules, i.e, sub-nanometer dimensions. There is a 
number of materials available that fulfill these requirements. Among 
those porous materials employed as molecular sieves, zeolites play a 
most important role. Nonetheless, metal-organic frameworks (MOFs), 
polymers and carbons are frequently reported as well. Zeolites and 
MOFs exhibit a high stability and very uniform pore size distribution but 
bind polar substances very strong. In contrast, carbon molecular sieves 
usually have a less defined structure but their regeneration is less energy 
consuming. With appropriate synthesis methods, molecular sieves can 
be tailored for many specific separation applications. 

There are many applications for molecular sieves, ranging from the 
drying of solvents to the purification of different isomers of hydrocar
bons or the separation of oxygen from air. For example, the potassium- 
substituted form of zeolite A is a very effective drying agent for protic 

organic solvents like methanol [1,2], whereas the sodium-base zeolite A 
is employed to dry aprotic solvents [3]. In these drying applications, the 
comparatively small water molecule is selectively adsorbed in narrow 
pores of the molecular sieves, whereas the larger solvent molecules are 
excluded from entering the pore system by their size. Furthermore, these 
zeolites may be employed for humidity control in air conditioning sys
tems [4]. Beside removing water from air, a carefully adjusted carbon 
molecular sieve can separate nitrogen and oxygen [5–8], which is the 
preferred method to generate technical nitrogen and oxygen from air in 
a small to medium scale [7,9]. The capture of CO2 from its mixture with 
methane (relevant for biogas or natural gas) has been reported as well 
for zeolite [10–12] and carbon molecular sieves [13]. In petrochemistry, 
zeolites are well known for their application in catalysis, most impor
tantly in the Fluid Catalytic Cracking (FCC) process [14]. Nevertheless, 
zeolites can also be employed to separate different isomers of hydro
carbons [15] or paraffins and olefins [14]. 

From a process perspective, molecular sieves can be employed in an 
adsorption process that requires alternating adsorption and regenera
tion steps (pressure or temperature swing adsorption) or, when contin
uous pores are present, serve as (component of) a membrane. Both 
processes correspond to different separation mechanisms in molecular 
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sieves, which can be either a real size exclusion effect or a kinetic sep
aration, where the smaller molecule diffuses much faster through a pore 
of a given size. In a practical application, there will usually be a trade-off 
between the high selectivity of a pure molecular sieve effect and suffi
cient adsorption or diffusion rates in larger pores. More detailed dis
cussions of these and other separation mechanisms can be found in the 
review literature, especially on gas separation membranes [16–18]. This 
work focuses on the size exclusion effect in equilibrium rather than on 
kinetic effects. 

Aside from the separation of various molecules from each other with 
the help of a molecular sieve, the sieving effect can also be used to 
characterize the molecular sieve itself with a number of adsorbate 
molecules of a given size. Before modern computational chemistry 
methods for the calculation of pore size distributions from gas adsorp
tion isotherms became available, the molecular sieve effect was used to 
evaluate the pore size distribution of a given material with different 
adsorptives, giving information on the pore volume in a specific size 
range between two adsorptives of different dimensions (“molecular 
probe method”) [19–23]. Molecular packing effects of different ad
sorptives can also be studied to verify calculated pore size distributions 
[24]. 

The precision of these methods greatly depends on the values used 
for the molecular size of gas molecules. To evaluate and compare 
different concepts for molecular dimensions is the aim of this work. First 
of all, common concepts for a molecular diameter calculation from the 
literature are presented. Secondly, a tailorable molecular sieve from 
previous work is introduced and the methodology is explained, how an 
adjustable molecular sieve enables to evaluate different approaches to 
estimate molecular sizes. Subsequently, the suitability of different con
cepts for molecular sizes are evaluated for typical application scenarios 
of molecular sieve adsorbents, using experimental results obtained with 
the tailorable molecular sieves. Lastly, remaining inconsistencies 
observed for some concepts are discussed individually, again making use 
of experimental results from the tailorable molecular sieve. 

1.2. Concepts for the molecular dimension 

For all applications listed above, accurate measures for the size of 

molecules are required to give a quick estimate if a certain mixture of 
gases can be separated with a specific molecular sieve. There are several 
methods available that intend to give an average value of the size of a 
molecule to assess the accessibility of a molecule into a pore. It must be 
acknowledged, however, that any fixed value describing the dimension 
on molecular level must be considered with caution due to the contin
uous decrease of electron density around a molecule with increasing 
distance from its center and a potential polarizability [20,21]. In the 
following, three representative sets of values for molecular dimensions 
from the literature with different approaches will be presented. Fig. 1 
provides a schematic overview on these three common approaches. 

First of all, collision diameters can be deducted from macroscopic 
experimental data like the second virial coefficient [25] via gas density 
measurements or gas viscosity [26] (Fig. 1a). One of the most frequently 
cited set of values are the kinetic diameters collected by Breck [27] in his 
book from 1974. These kinetic diameters are based on experimental data 
for the second virial coefficient. Many of the values in Breck’s collection 
are taken from the older book of Hirschfelder, Curtiss and Bird [25] from 
1964, where the procedure to obtain diameters from virial coefficient 
data is explained in detail. In short, the virial coefficient B can be 
expressed as a collection of spheres surrounded by an adsorption po
tential. With a suitable adsorption potential function and an experi
mental value for B, characteristic parameters of the potential function 
can be calculated. For nonpolar and spherical molecules, the 
Lennard-Jones potential is commonly applied. For polar molecules, the 
Stockmayer potential [28] may be employed. The most important 
equations are also listed in the supporting information. To account for 
some irregularities, Breck made manual adjustments to his list. For 
example, Breck [27] noted that the diameter of CO2 obtained from the 
Lennard-Jones potential (405 p.m.) is too large to explain experimental 
results with zeolite A and recommends to use an older value derived 
from data collected by Pauling [29]. 

Considering the macroscopic approach for the calculation of the 
molecular dimension, only a single average value can be obtained with 
this method [21,27,30]. Some drawbacks of this method to describe a 
molecular sieve effect are obvious. For asymmetric molecules, a single 
parameter describing an average value for three dimensions may be 
insufficient to describe their ability to access a certain pore system [21, 

Fig. 1. Schematic overview of different methods to determine molecular dimensions for an exemplary diatomic gas molecule. First, the approach via macroscopic 
experimental data like virial coefficients or gas viscosity (a). Secondly, geometric considerations with van der Waals-radii (rvdW) derived from diffraction data (b) and 
thirdly, computational chemistry approaches (c). 
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30]. Given that Breck collected most of his kinetic diameters from older 
work, it must be emphasized that much of the underlying experimental 
data dates back to the 1930s or even earlier. Some of these drawbacks of 
Breck’s kinetic diameters are discussed in literature, for example for 
pore size analysis [20,21] (equilibrium data) or for the selectivity pre
diction in membranes [16] (kinetics, diffusion). In both cases, criticism 
is based mostly on the fact that the kinetic diameter does not appro
priately consider shape anisotropy. Furthermore, concern arises from 
inconsistencies of kinetic diameters obtained from virial coefficient data 
and viscosity data [16]. 

In this context, it must be noted that the term “kinetic diameter” is 
not restricted to the values collected by Breck. There are more collec
tions of “kinetic diameters” or “effective kinetic diameters” with 
different experimental procedures that are, however, less commonly 
used in this context [31,32]. As another example for macroscopic ap
proaches, molecular dimensions derived from gas viscosity data are 
often called Lennard-Jones diameters [16,26,33], although the 
Lennard-Jones potential is also used to determine kinetic diameters from 
virial coefficients. Frequently cited Lennard-Jones diameters by Svehla 
[26] are listed in the Supporting Information. 

Another approach to determine molecular dimensions is to construct 
a molecule from bond angles and van der Waals-radii (Fig. 1b). A 
frequently mentioned set of values are the so-called critical diameters. 
These values were listed by Grubner, Jiru and Ralek in 1968 in their 
book on molecular sieves [34,35] and appear in several textbooks on 
chemical engineering [36–39] as well as online resources [40,41]. For 
spherical adsorptives such as noble gases or methane, the critical 
diameter is simply defined as the diameter of the sphere surrounding the 
molecule [34]. For diatomic molecules (H2, N2, O2, …), the critical 
diameter is the diameter of the smallest circle that is perpendicular to 
the length axis of the molecule [34]. The critical diameter of tetrahedral 
(CCl4) and octahedral (SF6) molecules is defined as the diameter of the 
smallest circle around the triangle of the tetrahedron and the square 
base of the octahedron, respectively. According to Grubner et al. 
asymmetric molecules can be described by the diameter of the smallest 
sphere surrounding the molecule [34]. Primary sources for the 
employed van der Waals-radii and bond angles are, however, not given, 
neither by Grubner et al. nor by the other works listing critical 
diameters. 

Some of these values for simple molecules, however, appear to be 
based on the early works of Barrer on zeolites [42], who calculated 
critical dimensions for H2, O2, N2 using the van der Waals-radii listed in a 
book by Pauling [29]. These van der Waals-radii are derived from 
averaged diffraction data of organic molecules and used to make a 
simple geometric construction of the molecule (Fig. 1b). The critical 
diameter is then the shortest distance from edge to edge of the molecule. 
To give a size estimate for noble gases such as Ar, crystallographic data 
was used by Barrer [43,44]. In contrast to kinetic or Lennard-Jones di
ameters, problems arising from the evaluation of highly asymmetric 
molecules due to the insufficient description of the molecule’s size with 
a single parameter can be mitigated. To avoid confusion, it must be 
emphasized that the term critical diameter is sometimes used for other 
lists of molecular dimensions [45], even though the list by Grubner et al. 
[34] is far more popular, given its presence in several textbooks [36,38, 
39] and Ullmann’s encyclopedia of industrial chemistry [37]. 

To further address the issue of insufficient descriptions of molecules 
with different lengths in different dimensions, Webster et al. [30,46–48] 
proposed additional values based on calculations of the electronic 
structure with the program ZINDO [49] (Fig. 1c). Using the subroutine 
GEPOL [50–52], a van der Waals molecular surface was calculated as 
envelope around the adsorptive, which is basically a set of intersecting 
spheres centered in the nuclei of the individual atoms [48]. Finally, 
molecular sizes in different dimensions were calculated by connecting 
the outermost points of the molecular surface. MIN-1 is the smallest 
diameter of the molecule in any direction, while MIN-2 represents the 
molecule’s smallest diameter perpendicular to MIN-1. 

Webster lists molecular sizes for three different dimensions, which 
allows to evaluate size exclusion effects in a more sophisticated way. For 
slit pores as found in carbon molecular sieves as the one studied here, 
only the smallest length of a molecule is relevant because the depth and 
length of the pore are considerably larger than its width. Consequently, 
only the value MIN-1 by Webster will be considered in this work. MIN-2 
may be used for adsorbents with cylindrical pores, where both length 
and width play a role for the accessibility of the pore [30]. Consideration 
of the third dimension (MIN-3) may be of interest for the analysis of 
diffusion [30]. 

Table 1 gives an overview on frequently used sets of values for the 
size of chosen molecules. 

There are only few publications available that present sufficient data 
to allow for a general comparison of these different approaches. Usually, 
these works present adsorption results of various gases on a single ma
terial, be it for the characterization of adsorbents [61] or kinetic effects 
in separation membranes [62,63]. For example, Madani et al. studied 
the behavior of several adsorptives with different kinetic diameters on a 
microporous carbon [64,65] and evaluated the adsorption mechanisms 
as well as the consistency of Gurvich volumes. However, due to the 
absence of a molecular sieve effect, some inconsistencies [64] observed 
in the obtained Gurvich volumes cannot be explained by the choice of 
the molecular diameter concept. Liu et al. presented a high throughput 
approach to characterize 15 carbonaceous molecular sieves with 9 ad
sorptives with different kinetic diameters [61]. Equilibrium capacities 
and kinetic data was presented in a way to account for some industrially 
relevant separation problems. A discussion of the validity of the mo
lecular diameter was not aimed at. Traa and Weitkamp discussed mo
lecular sieving in zeolites with a focus on hydrocarbons in great detail 
[21,22]. They recommend the concept of Webster et al. [30,46–48] over 
the kinetic diameter due to its ability to account for different di
mensions. In addition, Yampolskii discussed some concepts for the 
molecular diameter in his books, focusing on diffusion in gas separation 
membranes [16,66]. However, as the separation mechanism is not 
necessarily limited to molecular sieving, kinetic effects in gas separation 
membranes can be complex to assess. 

To directly compare different concepts for the molecular diameter 
without having to consider kinetic effects, a material is helpful which 
can be tailored to different pore sizes in the desired regime of ultra
micropores, which is addressed in this work. 

2. Materials and methods 

2.1. Electrospun PAN-based carbon nanofibers as a tailorable molecular 
sieve 

In a previous work, electrospun PAN-based carbon fibers were pre
sented [67] that were carbonized in a range from 600 to 1100 ◦C and 
were not activated by any additional reactant. The surface chemistry 
was evaluated with elemental analysis and XPS, whereas the pore 
structure was evaluated with Ar and CO2 adsorption experiments [67]. 
In the Ar adsorption experiments, Type I isotherms with extremely slow 
adsorption kinetics were obtained for carbonization temperatures of 600 
and 700 ◦C, indicating an ultramicroporous material. At higher 
carbonization temperatures, the isotherm shape changed to Type II, i.e., 
a nonporous surface. Similar results were obtained in CO2 adsorption 
experiments. However, the change in isotherm shape was shifted to a 
higher carbonization temperature [67]. These results were explained 
with a carbon molecular sieve model: 

Depending on the carbonization temperature, gas molecules with 
different dimensions can enter or are excluded from the ultramicropores 
in the fiber structure. More specifically, both Ar (at 87 K) and CO2 (at 
273 K) can access the pores of fibers carbonized at 600 ◦C. When 
elevating the carbonization temperature to 800 ◦C, CO2 can still enter 
the pores while Ar is excluded by its size. For an even higher carbon
ization temperature of 1000 ◦C both gases cannot access the 
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ultramicropores and the fibers behave like a simple nonporous surface 
[67]. This effect was explained by narrowing pores with increasing 
carbonization temperature and was confirmed by a kinetic analysis of 
CO2 adsorption [68]. The structural changes during carbonization of the 
material have been examined as well in TEM studies [69,70]. In a recent 
publication, the separation performance of the electrospun PAN-based 
carbon nanofibers was evaluated in a dynamic flow system [71]. The 
breakthrough behavior was evaluated, along with the long-term stabil
ity over 300 cycles of adsorption and desorption [71]. 

It is expected that the observed size exclusion effect found for Ar and 
CO2 can be applied to any other gas with molecules in the same size 
range. For each gas, there must be a specific carbonization temperature 
threshold, at which the adsorption capacity changes from high (the gas 
molecule can enter the pores) to low (the gas molecule is excluded from 
adsorption by its size). By measuring a set of adsorption isotherms for 
different carbonization temperatures for a specific gas, it shall be 
possible to determine the carbonization temperature threshold. If this is 
performed for a sufficient number of different gases, these thresholds 
can then be correlated to the molecular sizes listed above. The resulting 
value pairs then enable to draw two important conclusions:  

1. The different concepts for determining the molecular size listed 
above can be qualitatively evaluated on a single carbon material. 

2. When a concept for evaluating molecular sizes is found that satis
factorily describes the behavior of different gases on the electrospun 
PAN-based carbon fibers, it can be used to predict if they are suitable 
for a specific separation problem. 

3. Experimental 

PAN-based electrospun carbon nanofibers were prepared as described 
elsewhere [67,68]. Briefly, 8 g of Polyacrylonitrile (MW = 150′000, BOC 
Science, USA) were dissolved in 72 g DMF (VWR Chemicals, Germany). 
The resulting solution was electrospun in an electrospinning device (IME 
Technologies, The Netherlands) at constant climate conditions (25 ◦C, 

30% relative humidity). The obtained PAN nanofiber mats were stabi
lized in air for 15 h at 250 ◦C and carbonized in Argon atmosphere for 3 h 
at various temperatures from 600 to 1100 ◦C. 

Isotherms and equilibration curves were obtained on an Autosorb 
iQ2 device equipped with three pressure transducers for each station 
(1 ktorr, 10 torr, 0.1 torr) and a Cryocooler (Quantachrome, USA). The 
obtained CNF mats were cut into small pieces and transferred into a glass 
tube. The samples were degassed under vacuum for 8 h at 200 ◦C. The 
sample weight was determined by calculating the difference of the 
weight of the filled and empty sample tube. All gas adsorption mea
surements were performed on the same sample series. 

Gas adsorption isotherms were recorded in VectorDose™ mode. The 
gas purities are listed in Table S2. 

4. Results 

4.1. Carbonization temperature threshold 

To evaluate the concepts for molecular size, isotherms of 13 gases on 
carbon fibers carbonized at 6 different temperatures in steps of 100 ◦C 
between 600 and 1100 ◦C were recorded at a temperature of 273 K. 
These isotherms are shown in the Supporting Information. For each gas, 
a carbonization temperature threshold was defined as the average of the 
highest carbonization temperature with high capacity and the lowest 
carbonization temperature with low capacity. In many isotherm sets, 
especially for subcritical gases (see Table 1), there may be an interme
diate isotherm with extremely slow adsorption kinetics, which is then 
taken as the carbonization temperature threshold. As examples, the Ar 
and CH4 sorption isotherms are shown in Fig. 2. 

For the Ar adsorption at 273 K, the highest carbonization tempera
ture with a high adsorption capacity of 0.4 mmol/g is 800 ◦C. The lowest 
carbonization temperature with a low capacity (about 0.02 mmol/g) is 
900 ◦C. Hence, the average value of 850 ◦C is chosen as carbonization 
temperature threshold for Ar. For CH4 adsorption at 273 K, the highest 
carbonization temperature without a reduction in adsorption capacity is 

Table 1 
Overview on molecular dimensions for selected adsorptives. Kinetic diameter, critical diameter and MIN-1. If available, primary sources are listed as reference. Some 
additional, less commonly used lists of values for the molecular size [16,26,31,33,53–58] obtained with various methods can be found in the Supporting Information. 
The adsorptives printed in bold letters were used in this work.  

Molecule Critical Temperature 
[K] 

Kinetic Diameter [pm] (Breck 
[27]) 

Ref. MIN-1 [pm] (Webster [30, 
46–48]) 

Ref. Critical Diameter [pm] (Grubner 
[34,35]) 

Ref. 

He 5 260 [55] – – 200 [34] 
Ne 44 275 [25] – – 320 [34] 
Ar 151 340 [25] 351 [47] 383 [34] 
Kr 209 360 [25] – – 394 [34] 
Xe 290 396 [25] 404 [47] 437 [34] 
N2 126 364 [59] 299 [30] 300 [34] 

([42]) 
O2 155 346 [25] 293 [30] 280 [34] 

([42]) 
H2 33 289 [25] - - 240 [34] 

([42]) 
CO 133 376 [25] 328 [30] 320 [34] 
CO2 304 330 [27] 319 [30] 280 [34] 
N2O 310 330 [27] 303 [5] - - 
H2O 647 265 [25] 292 [30] 260 [34] 
NH3 405 260 [25] 311 [30] 380 [34] 
SO2 431 360 [27] 337 [30] – – 
SF6 319 550 [25] 487 [30] 606 [34] 
CH4 191 380 [25] 383 [30] 400 [34] 
C2H2 308 330 [27] 332 [5] 240 [34] 
C2H4 282 390 [27] 328 [5] 425 [34] 
C2H6 305 410a [60] 381 [30] 444 [34] 
C3H6 225 450 [27] – – – – 
C3H8 370 430 [27] 402 [47] 489 [34] 
C6H6 562 585 [27] 328 [30] 560 [34] 
cyclo- 

C6H12 

554 600 [27] 498 [30] – –  

a Not listed in the original collection by Breck. 
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700 ◦C. For 900–1100 ◦C, the adsorption capacity is much lower. The 
isotherm of the sample carbonized at 800 ◦C exhibits an intermediate 
capacity and severe kinetic restrictions. Consequently, the carbonization 
temperature threshold is set to 800 ◦C. Given the fact that there is a small 
transition range between low and high adsorption capacity, it is not 
reasonable to enhance the carbonization temperature steps to signifi
cantly more than 100 ◦C. As a result, the carbonization temperature 
thresholds can be assessed with an uncertainty of ±50 ◦C. However, a 
more detailed qualitative assessment of isotherms can improve the ac
curacy of a direct comparison of different gases. For example, N2 and 
CO2 (see isotherms in the Supporting Information) show a very similar 
adsorption behavior and were assigned the same carbonization tem
perature threshold of 900 ◦C; but for a carbonization temperature of 
900 ◦C the isotherm of N2 shows a more pronounced pseudo-hysteresis 
than CO2, which indicates a significantly lower adsorption rate. 
Consequently, despite being assigned the same carbonization tempera
ture threshold, CO2 can be considered smaller than N2. 

Furthermore, in accordance with literature, it is expected that the 
molecular sieve effect is also temperature dependent. For example, ni
trogen can enter pores at elevated temperature, from which it is 
excluded at cryogenic temperatures used for pore size analysis [21,72]. 
This effect is also visible in Ar adsorption for the samples studied here. 
At 87 K, the carbonization temperature threshold is 750 ◦C [67] but 
increases to 850 ◦C at 273 K (see Supporting Information). Furthermore, 
some measurements are not possible with a reasonable duration at the 
cryogenic temperatures used for pore size analysis (the measurement of 
a simple Ar sorption isotherm at 87 K takes more than 200 h [67] on this 
material). As a result, at cryogenic temperatures it is expected that ki
netic restrictions become so severe that they will conceal size effects 
observed in equilibrium. Hence, the discussion in this work is restricted 
to 273 K, i.e., closer to room temperature and more relevant for tech
nical separation applications. 

4.2. Stability of the carbon molecular sieve 

The long-term stability is an important property of any adsorbent for 
industrial processes. Two important aspects can be considered to 
describe the stability of a porous material. 

First of all, the pore volume is important for the adsorption capacity 
and should stay constant over a high number of adsorption-desorption 
cycles. For this material, the adsorption capacity of CO2 has been eval
uated elsewhere [71]. It was found that the adsorption capacity is not 
reduced after 300 cycles [71]. 

Secondly, the pore size should be constant as it has a significant 
impact on the isotherm shape and, therefore, the design of an adsorption 
process. This is particularly important for a molecular sieve, where little 

changes in pore size can impact the adsorption capacity of small gas 
molecules in the size range of the pores. To verify that the carbon mo
lecular sieves do not significantly change their pore size, H2O and CO2 
adsorption measurements were reproduced on the same sample after 18 
months and about 20 steps consisting of heat-assisted degassing 
(200 ◦C), adsorption and desorption. The original isotherms and their 
reproduction are shown in Fig. S3. It becomes apparent that the kinetic 
restrictions very close to the carbonization temperature threshold 
slightly improve, which is an indication for a widening of the pores. It 
must be emphasized, though, that the effect is too small to have an 
impact on the determination of carbonization temperature thresholds in 
subsequent measurements. 

4.3. Relating carbonization temperature threshold and molecular 
dimensions 

Fig. 3 shows the carbonization temperature threshold of adsorption 
for various adsorptives depending on their molecular dimension. The 
molecular dimensions are given as kinetic diameter (a), critical diameter 
(b) and MIN-1 (c). As the pore size is shrinking with increasing 
carbonization temperature, adsorptives with a small diameter are ex
pected to show a high carbonization temperature threshold. Conse
quently, a concept which describes the experimental data correctly must 
give a continuous correlation between increasing molecular size and 
decreasing carbonization temperature threshold. 

Fig. 3d shows the molecular size related to the adsorbate’s ability to 
enter the ultramicropores. This order is purely qualitative and does not 
rely on the carbonization temperature threshold assignment. 

For further analysis, Fig. 4 shows the differences in molecular size of 
all possible gas pairs of the adsorptives measured for this study as nu
merical value and in a color code. The adsorptives are ordered by their 
ability to enter pores with increasing carbonization temperature. Unlike 
the carbonization temperature threshold, this order is only qualitative. 
Adsorptives with a low difference in size exclusion behavior, i.e., close to 
the diagonal in the middle of the table are expected to show a low dif
ference in molecular size. Molecular sieving in this regime is demanding 
and only kinetic separation appears possible rather than a real size 
exclusion effect. In the top right corner of the matrix, carbonization 
temperature threshold and the difference in molecular diameter are 
high. Consequently, synthesizing a molecular sieve for a gas pair is 
comparatively easy (green color). A molecular size concept ideally 
matching with the experimentally determined pore accessibility would 
result in a gradual change of the color from red (close to the diagonal in 
the middle) to green (top right corner). Deviations from ideal behavior 
are visible for example as fully red or fully green lines or columns or 
significant deviations in color in comparison to the surrounding fields. 

Fig. 2. Ar (a) and CH4 (b) adsorption isotherms of electrospun carbon nanofibers prepared at different carbonization temperatures in a range from 600 to 1100 ◦C, 
measured at 273 K. Adsorption is shown as filled symbols, desorption as empty symbols. The color-coding is resolved in the legend in b. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Carbonization temperature threshold of the adsorption capacity depending on the molecular dimensions. Kinetic diameter by Breck [27] (a), and critical 
diameter listed by Grubner et al. [34] (b) and MIN-1 by Webster et al. [30,46–48] (c). In addition, all molecular dimensions are shown in (d) for different adsorptives. 
The adsorptives are ordered corresponding to their carbonization temperature threshold. 

Fig. 4. Differences in molecular size for all possible combinations from the set of adsorptives measured for this study. The molecular sizes are given for the kinetic 
diameter (a), the critical diameter (b) and MIN-1 (c). The differences in molecular sizes are color-coded, which is shown as a legend in (d). The adsorptives are 
arranged by their carbonization temperature threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Consequently, this representation allows to identify outliers easily. 
In the following, firstly the consistency of the different concepts and 

experimental observations is discussed for some typical application 
scenarios of molecular sieves. Secondly, additional issues of these con
cepts emerging as outliers in Figs. 3 and 4 are discussed. 

5. Discussion 

5.1. Discussion of applications for molecular sieves 

5.1.1. N2/O2 
As mentioned previously, a common application for carbon molec

ular sieves is the separation of N2 and O2 in air. Typically, the kinetic 
diameter (O2: 346 pm; N2: 364 pm) [27] is cited to explain the 
adsorption behavior of these two gases [73]. On comparing these kinetic 
diameters to the critical diameter and MIN-1, it becomes apparent, that 
all three studied concepts for molecular dimensions consider O2 to be a 
smaller molecule than N2 (see Table 1 and Fig. 3d). This is confirmed by 
the adsorption behavior of the carbon nanofibers studied in this work 
and, obviously, by the existence of commercial carbon molecular sieves 
for air separation [5,8,74]. While both gases show a similar adsorption 
behavior, the carbonization temperature threshold is shifted from 
900 ◦C (N2) to 1000 ◦C (O2) (see isotherms in the Supporting Informa
tion). This observation indicates that N2 is kinetically hindered in pores 
that are still easily accessible by O2. Consequently, N2 is the larger 
molecule. All in all, experimental results and all studied concepts for the 
molecular size are consistent with each other for O2 and N2. 

5.1.2. CH4/CO2 
Another example for size exclusion in carbon molecular sieves is the 

separation of CH4 and CO2, for example for biogas purification [13]. To 
give evidence that these gases may be separated by a molecular sieve 
effect, the kinetic diameter (CH4: 380 pm; CO2: 330 pm) [27] is the 
concept of choice in the literature as well [11,75,76]. The critical 
diameter and MIN-1 predict larger dimensions for CH4 in comparison to 
CO2, too (Table 1, Fig. 3d). The adsorption behavior of both gases on the 
PAN-based carbon nanofibers confirms the comparatively large size 
difference of both molecules. Whereas CH4 is excluded at carbonization 
temperatures above 800 ◦C, CO2 can still adsorb in carbon fibers 
carbonized at 900 ◦C, but with a very slow adsorption rate [68] (see 
isotherms in the Supporting Information). 

5.1.3. CH4/N2 
The separation of N2 from CH4 is an important step for the purifi

cation of natural gas. As both N2 and CH4 are rather inert gases and show 
a difference in the kinetic diameter, molecular sieving appears to be a 
reasonable separation mechanism for adsorbent design. The difference 
in kinetic diameter is rather small (364 pm for N2 vs. 380 pm for CH4) 
[27]. In comparison, the difference in adsorption temperature thresh
olds on PAN-based carbon fibers is quite high (800 vs. 900 ◦C), which 
indicates that a separation with these fibers carbonized at 800 or 850 ◦C 
is expected to be possible with high selectivity. Various reports show 
that high selectivities can be obtained for CH4/N2 separations with dy
namic gas adsorption [61,77] or in membranes [78,79]. Consequently, 
the higher difference in molecular size predicted by the critical diameter 
and MIN-1 may be a more realistic description. 

5.1.4. CO2/N2 
A molecular sieve separation of CO2 and N2 is discussed in literature 

[80], as the kinetic diameter of CO2 is small (330 pm [27]) in compar
ison to N2 (364 pm [27]). Consequently, the kinetic diameters of CO2 
and N2 are often quoted to discuss if CO2 will access pores when N2 will 
not [67,76,80,81]. Having a look at the isotherms of CO2 and N2 for a 
carbonization temperature of 900 ◦C (see Supporting Information), it 
becomes apparent that N2 can access the pores of the sample carbonized 
at 900 ◦C with similar kinetic restrictions like CO2 at 273 K, although N2 

is considered larger by the concept of the kinetic diameter. The critical 
diameters of CO2 (280 pm) and N2 (300 pm) are much closer to each 
other, giving a better prediction of the observed size exclusion on the 
carbon molecular sieve. Hence, it must be emphasized that – also in 
ultramicroporous adsorbents – a much lower N2 adsorption capacity in 
comparison to CO2 is not necessarily a molecular sieve effect. Instead the 
difference in condensability (close to room temperature, CO2 is below its 
critical temperature, N2 is not; the evaporation temperature of CO2 at 1 
bar is much higher than for N2) and chemical interactions must be taken 
into account, although it may be difficult to separate those effects on a 
single material. For the carbon molecular sieve studied here, the 
comparatively sudden change in adsorption capacity depending on the 
carbonization temperature allows to neglect any influence of surface 
chemistry, which changes gradually over the range of carbonization 
temperatures [67]. Overall, with the data presented here, it appears 
unlikely that an efficient molecular sieving of CO2 and N2 is possible 
without kinetic restrictions even for the smaller molecule. This is 
confirmed by the results of Liu et al. [61], who observed that the offset of 
kinetic restrictions for CO2 and N2 begins at the same pyrolysis severity. 

5.1.5. Hydrocarbons 
For other applications, the kinetic diameter also has some draw

backs. Especially for different isomers of hydrocarbons, shortcomings 
regarding the lack of different dimensions became apparent and are 
discussed elsewhere for adsorption on zeolites [21,22]. This application 
will not be discussed here, as hydrocarbons larger than propane will not 
adsorb in the ultramicropores of the studied carbon molecular sieve. 

5.2. Discussion of concepts for molecular dimensions 

5.2.1. Kinetic diameter 
In addition to the separation applications discussed above, the ki

netic diameter shows some additional deviations from the expected 
correlation of the molecular dimension and the carbonization temper
ature threshold, visible as outliers in the plot in Fig. 3a. For example, the 
kinetic diameter of CO is higher than indicated by its adsorption 
behavior on the carbon nanofibers. In direct comparison to the 
isoelectronic N2, CO shows an almost indistinguishable adsorption 
behavior that indicates that there is no size difference between these two 
adsorptives. The difference in kinetic diameter between CO (376 pm) 
and N2 (364 pm) could be caused by their different chemical properties 
of these two adsorptives. CO exhibits a dipole moment that is not present 
in N2 and may not be reflected in the adsorption potential that was used 
to calculate the kinetic diameters. For the other isoelectronic pair of 
gases, N2O and CO2, the kinetic diameter is the same (330 pm), as is 
expected from the almost identical adsorption isotherms. 

Also other adsorptives can have a very different size exclusion 
behavior, despite having similar kinetic diameters. For example, the O2 
molecule (346 pm) can easily access the very small pores of the sample 
carbonized at 900 ◦C, whereas the Ar atom with a very similar kinetic 
diameter (340 pm) is kinetically hindered already for the pores of the 
carbon fibers prepared 800 ◦C. 

Furthermore, the NH3 molecule has a remarkably low kinetic 
diameter that is even lower than H2O and H2. Regarding the size 
exclusion effect on carbon nanofibers, however, NH3 behaves like the 
much “larger” CO2 and N2O, indicating that the value for the kinetic 
diameter of NH3 is far too small. This deviation becomes also obvious in 
the color-coding of Fig. 4. Whereas most of the gases show the antici
pated gradual change from green to red when approaching the diagonal, 
the kinetic diameter of NH3 is much larger or much smaller in com
parison to adsorptives with a comparable size exclusion behavior. 

Like the kinetic diameter of H2O, the value for NH3 is derived by 
Hirschfelder, Curtiss and Bird (HCB) [25] from experimental data using 
the Stockmayer potential [28]. Both values are comparatively small in 
comparison to the values derived with other methods (see Figs. 3d and 
4), indicating that it is an intrinsic property of the Stockmayer potential 
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[28] to yield very small kinetic diameters. This effect is confirmed by 
comparing the molecular dimensions of additional polar adsorptives like 
chloroform (HCB [25]: 298 pm; MIN-1 [30]: 461.3 pm) and chloro
methane (HCB [25]: 343 pm; MIN-1 [5]: 396 pm). In most other cases, 
kinetic diameters are larger than MIN-1 (see Fig. 3d). 

5.2.2. Critical diameter 
In contrast to the kinetic diameter, the approach of a construction of 

molecules with van der Waals-radii allows to give molecular dimensions 
in three directions, rather than an average value. For the access in slit 
pores, only the smallest dimension of a molecule is relevant. Conse
quently, the critical diameters listed in various works [36,37,39] 
(Fig. 3b) works better in predicting the adsorption behavior of different 
adsorptives in comparison to the kinetic diameter. An obvious deviation 
is the large difference in critical diameters of CO2 and NH3, although 
their adsorption behavior is very similar. In contrast to the observed 
deviation of NH3 in the kinetic diameter discussion, the critical diameter 
of the NH3 molecule is larger. A more detailed discussion is hindered by 
the fact that it is not entirely clear how the critical diameter of NH3 was 
obtained. In Figs. 3b and 4b it becomes apparent, that not only the 
critical diameter of NH3 is too high, but the critical diameter of CO2 is 
slightly too small. 

5.2.3. MIN-1 
In comparison to the kinetic diameter, the MIN-1 values computed 

by Webster et al. [30,46–48] do a better job as well in predicting the 
adsorption behavior of the adsorptives studied in this work. Small de
viations from the linear relationship between carbonization temperature 
threshold and molecular dimension are solely found for the hydrocar
bons C2H4 and C3H8. In contrast to the kinetic diameter, the MIN-1 by 
Webster et al. are derived from ab-initio calculations and not from 
macroscopic data that can only give an average value for three di
mensions of a molecule. Hence, their accuracy is much better, as they 
take all three dimensions into account to estimate the overall smallest 
diameter of the molecule, which determines the accessibility of a slit 
pore. A notable exception is the small difference in MIN-1 of O2 and N2, 
which is not reflected in the size exclusion behavior observed in the 
isotherms. On comparing Fig. 4b and c it attracts attention that the 
differences in molecular dimensions are much smaller for MIN-1 than for 
critical diameters, resulting in a color shift towards red and orange. 

5.3. Perspectives with PAN-based carbon nanofibers 

Using the relation of molecular size and carbonization temperature 
threshold, it appears possible to tailor the carbonization temperature of 
electrospun PAN-based carbon nanofibers to optimal performance for 
O2/N2, CO2/CH4 or N2/CH4 separation. Other separation problems like 
C2H4/C2H6 may be tackled as well, given that a difference in molecular 
size is present. This necessary difference is expected to be as low as 20 
pm (in critical diameter), since the size difference of the O2 and N2 
molecules is that small and a commercial molecular sieve for this 
application is available. To evaluate the performance of tailored elec
trospun PAN-based carbon nanofibers in these and other separation 
problems will be part of future investigations. 

6. Conclusion 

Molecular dimensions of gases are needed for various applications, 
be it for the separation of gases in molecular sieves or characterization of 
materials using molecular probes. In this work, commonly used methods 
to estimate the size of gas molecules were evaluated using a tailorable 
carbon molecular sieve. For specific applications for molecular sieves 
like CO2/CH4 and O2/N2 the different methods showed consistent re
sults with the experimental observations on the tailorable carbon mo
lecular sieve. However, it was shown that the widely applied kinetic 
diameter shows some drawbacks, especially for polar molecules. More 

consistent results were obtained with the critical diameter and the 
concept of MIN-1 and MIN-2 introduced by Webster. Finally, as a result, 
the possibility to steplessly tailor PAN-based carbon nanofibers may 
allow to synthesize a carbon molecular sieve for any gas separation 
application with sufficient difference in molecular sizes. 
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