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The adsorption isotherms of nitrogen, oxygen and argon in four VA-class hydrophobic
DOI: 20.1039/x0xx00000% dipeptides are presented. Isotherms were determined at 5, 20 and 35 °C, for a pressure range of
www.rsc.org] 0-6 bar. Under these conditions, adsorption is still in the Henry region. For all materials and
temperatures, the sequence of preferential adsorption is Ar>0,>N,, a highly abnormal result.
At 5 °C, the dipeptide with the smallest pores, VI, has Ar/O, adsorption equilibrium
selectivities up to 1.30, the highest ever measured in Ag-free adsorbents. Gas uptakes, at 1 bar
and 20 °C, are ~0.05 mol-kg™', very low relative values that are partially explained by the low
porosity of the solids (< 10 %). The significance of these results for the development of new
materials for the process of O, generation by pressure swing adsorption (PSA) is discussed.
The results indicate some of the structural and chemical properties that prospective Ag-free

adsorbents should have in order to have Ar/O, selectivity; hydrophobic pores, less than 0.5

nm-wide, and porosity of, at least, 20 %.

Introduction

Crystalline hydrophobic dipeptides of the VA-class "2 are a type
of ultramicroporous solids that has received considerable attention in
recent years >, The structure of these molecular crystals is stabilised
by H-bonds and hydrophobic interactions, being essentially the same
for all VA-class dipeptides. This crystal structure displays an array
of identical, parallel unidimensional micropores > ’. The pore walls
are formed by the aliphatic side-chains of the dipeptides, making the
pores highly hydrophobic '. Different side-chain combinations create
slightly different crystal structures, with different pore sizes '. The
micropores are helical and have an approximately circular cross-
section, somewhat uniform throughout the unit cell * 7. Nominal,
average pore sizes of VA-class dipeptide crystals range from 0.37
nm to 0.50 nm *”.

Crystal porosity has been proven several times, by determination
of adsorption isotherms * * ° and through '*’Xe NMR * 37 10- 11,
Additionally, when embedded in solvents of different colours, the
crystals also become uniformly coloured ', indicating thorough
solvent permeation into the pores. Recent NMR experiments have
also shown that the pores in VA and AV dipeptide crystals typically
span the entire crystal length ® Dipeptide crystals thus have
incredibly open pores. Moreover, the supramolecular framework of
the dipeptide crystals is very flexible, allowing penetration of guests
bigger than the guest-free pore ® '* ', This observation is supported
by vibration spectroscopy '* and '*’Xe NMR * studies. For guest
molecules smaller than the pore, there has yet to be demonstrated
any clear effect resulting from framework flexibility .

This journal is © The Royal Society of Chemistry 2013

The relatively few gas adsorption studies performed with VA-
class dipeptides have yielded some notable results, such as high H,
adsorption capacities %, high CO,/CH, selectivities * and Xe
adsorption in pores nominally too small for that to happen ®. In this
article, we report the adsorption isotherms and heats of adsorption of
Ar, O, and N, in four crystalline dipeptides. The four dipeptides
used have the smallest pores of the VA-class; VI, IA, IV and VV,
having, respectively, 0.370, 0.374, 0.390 and 0.439 nm average
crystallographic  diameters 2, corresponding, respectively, to
porosities of 5.7, 6.0, 6.3 and 8.3 % (as determined from the crystal
structure) ’. The adsorbents show inverted Ar/O, selectivity, a highly
abnormal result, extremely interesting in the context of the very
important industrial process of O, production by pressure swing
adsorption (PSA).

Industrial O, production relies almost exclusively on air-
separation processes 7. One of these, PSA, is a cyclic
chromatographic separation process '®, which, in the last four
decades, has steadily been displacing cryogenic distillation as the
process of choice for O, production, in an increasing number of
conditions '® 7. Presently, improvement of the process of air
separation by PSA depends mainly on the development of new
adsorbent materials, with greater working capacities '* *° and
selectivities; this is especially the case for O,, which is particularly
hard to separate from Ar.

PSA production of O, with up to 95 % purity is done using
zeolites with N,/O, selectivities of 2 to 10 '® 2% 2 1In these
adsorbents, it is very common that the adsorption isotherms of O,
and Ar are close 2> %, causing the Ar/O, ratio to remain unchanged
throughout the column, approx. 1/20 (the same as in air), thus
limiting the O, purity achievable to 95 %. Separation of O, and Ar
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for high-purity (> 95 %) O, generation is usually done using a
kinetically selective carbon molecular sieve (CMS) adsorbent, where
O, has a much higher diffusivity than Ar and N,; that is, the
adsorbent has O,/Ar and O,/N, kinetic selectivities. This separation
can be performed before % or after 2° removing the bulk of N, with
another PSA unit, using a zeolite adsorbent. For technical reasons 2>
227 the optimal situation combines initial N, removal followed by
Ar/O, separation based on an adsorbent with Ar/O, selectivity
(instead of O,/Ar). Enormous efforts have been directed at finding
materials displaying this property *>%*,

Adsorbents that preferentially adsorb Ar over O, are rare, and
the ones that do exist have marginal selectivities. The first Ar-
selective adsorbent discovered was silver-exchanged mordenite, Ag-
mordenite, with an Ar/O, selectivity of 1.13 *. The potential for
PSA separation of Ar/O, mixtures of Ag-mordenite was immediately
recognised 2. In the next two decades, several articles and patents
followed, describing adsorbents with greater selectivities and
capacities, as well as more efficient O,-generating PSA processes **
22,24,27,29-32

The highest Ar/O, adsorption selectivity value ever measured
was 1.65, on a Ag-exchanged zeolite ZSM-5, closely followed by
that of a Ag-exchanged zeolite A, 1.63, both at atmospheric pressure
3% Adsorbents used in PSA or gas chromatography experiments are
all also Ag-exchanged zeolites **2* " % 32 These have the
additional advantage of having extremely high N,/O, selectivities
(>10) 2. However, incorporation of silver also makes these materials
quite expensive, greatly hindering their usage. Discovery of Ag-free
porous materials displaying the desired selectivites is thus of great
commercial and technical interest.

The overwhelming majority of porous solids adsorb more O,
than Ar ?* >33 Metal-organic frameworks (MOFs) typically have
the preferential adsorption sequence O,>Ar>N, *> ¥, zeolites have
N,>0,>Ar ¥ ¥ and carbon-based materials display the two
situations with similar frequency ***°. We were able to find a single
case of an adsorbent having an O,>N,>Ar sequence of preferential
adsorption *'. To date, to the best of our knowledge, only six known
Ag-free porous materials show Ar/O, equilibrium selectivity; MIL-
53(Al) (the “breathing” MOF) **, mordenite (zeolite) ***, a CMS *,
ZSM-5 (zeolite) ** **, a polymer of intrinsic microporosity ** and an
activated carbon ¥/, having equilibrium Ar/O, selectivities of,
respectively, 1.26, 1.12, 1.11, 1.08, 1.09 and 1.06. Out of the six, the
first four adsorb in the sequence N,>Ar>0,, the last two Ar>0,>N,
and not a single instance of adsorption in the sequence Ar>N,>O,.
The reason for this exceptional behaviour was not addressed in any
case. This limited number and inexistence of appropriate
explanations of the selection mechanism prevent the design of
strategies for the development/discovery of new Ag-free Ar/O,
selective adsorbents.

The dipeptide crystals tested for this work have the order of
adsorption Ar>0,>N,, with a maximum Ar/O, selectivity of 1.30, at
5 °C, for VI. A discussion of the reasons for these abnormal results
and their significance in the context of the development of new
materials for air separation by PSA is given.

Experimental

Excess adsorption isotherms of N,, O, and Ar were determined for
crystalline samples of four dipeptide crystals, VI, IA, IV and VV, at
5°C, 20°C and 35 °C. Samples of dipeptides VI, IA, IV and VV
were purchased from Bachem. Samples are received as a crystalline
white powder °, which were regenerated overnight, under vacuum (<
1 mbar), at 70 °C, before being used in the adsorption experiments.
The adsorption isotherms were determined using the volumetric
method. This method is based on measuring the variation of pressure
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of the gas after an expansion between two tanks of known volume,
one of which contains the adsorbent sample. Using an appropriate
equation of state for the gas phase (the Peng-Robinson equation was
used in this work) and performing a mass balance, it is possible to
determine the total amount adsorbed. The sorbate concentration is
determined by dividing this value by the sample mass. The sample
tank and feed tank volumes were, respectively, 13.32 mL and 54.37
mL. The masses of VI, IA, IV and VV used were, respectively,
2.4927 g, 1.0144 g, 2.4131 g and 1.0064 g. The pressure transducer
used was a WIKA P-30, 0-6 bar (accuracy of 0.1 % FS). The
temperature of the system was controlled through immersion in a
Huber CCE-K12 thermostatic bath. Swagelok tubing and valves
were used to connect the tanks, the gas feed and the exhaust.
Pressures below 1 atm were achieved using a Vacuubrand RZ 2.5
vacuum pump. Alphagaz 1 gases, supplied by Air Liquide, were
used, with purities of 99.99965 % for O, and 99.99945 % for the
remaining ones.

Results and Discussion

Adsorption isotherms and monocomponent selectivities

The adsorption isotherms of Ar, O, and N, in the crystalline
powder of dipeptides VI, IA, IV and VV, at 20 °C, are shown,
grouped by material, in
Fig. 1. Graphs of isotherms at 5 °C and 35 °C and grouped by gas
species are presented in Sup. Inf. Adsorption takes place,
essentially, in the Henry region, with isotherms being only slightly
bent. 80 % of adsorption took place, at least, in the first 30 s, and
very often in the first 5-10 s. The dipeptide crystals in the powder are
1-50 um in length. Desorption isotherms were also determined in
every case (not shown) and hysteresis was never detected. N,
adsorption isotherms have been determined before, for 25 °C 4 and
are similar to the ones here reported.

The adsorption isotherms were numerically fitted with the Volmer
equation,

0 0

= — 1
bp 1—anp(1—9) M

where

Ky
b= 2
Nmax @
and
o=— 3)
B nmax

b is the affinity constant, P is the pressure, 8 is the amount adsorbed
relative to the maximum that can be adsorbed, Ky is Henry’s
constant, n is the adsorbed concentration and 71,4, is the maximum
adsorbed concentration. The parameters fitted were np,,, and b.
Both excess and absolute adsorption equilibrium values were
determined. Fitting results are shown in Sup. Inf..

A previous report * showed that CO, adsorption in VA-class
dipeptides has a mixed localised/mobile character. However, the N,
and O, molecules and the Ar atom are much shorter and more
electronically homogeneous than the CO, molecule. This leads us to
think that the N,, O, and Ar adsorbed phases must have a
predominantly mobile character, being thus better represented by the
Volmer rather than the Langmuir equation. Nonetheless, the Henry
constants determined for both equations, through Eq. (2), are
essentially the same, with only b and n,,,, varying. This was to be
expected, since both equations reduce to the Henry equation at low
loadings.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 Excess adsorption isotherms ** of Ar, O, and N, on VI, IA, IV and VV, at 20 °C, grouped per material.

Adsorption trends are similar for the four dipeptides. The
adsorbed concentration varies according to the sequence Ar>0,>N,,
for all cases. This is a highly unusual sequence, as discussed in the
Introduction, having been observed only in two other adsorbents **
47 1t is noteworthy that both of these cases refer to fully organic
microporous materials, like the crystalline dipeptides considered
here. For the three gas species, the amount adsorbed increases with
pore size/porosity, i.e., VIKIA<IV<VV. This increase is not even,
being greater for the least adsorbed species, N,, and smallest for the
most adsorbed species, Ar (see Sup. Inf.). A similar overall trend of
increased adsorption with pore size was also observed for CO, and
CH,*.

Fig. 2 plots Ar/O, and O,/N, monocomponent selectivities (i.e.,
concentration ratios) as a function of pressure, for VI, at the three
temperatures used. Monocomponent adsorption selectivities were
determined from the adsorption results, with adsorption isotherms
being expressed by data-fitted Volmer equations. The graphs for IA,
IV and VV are shown in the Sup. Inf,, since they display the exact
same trends, with somewhat smaller values. The monocomponent
selectivity curves have the typical shape for two gases displaying
Type 1 adsorption isotherms; an asymptotic decline to the ratio of
capacities. Since, for the pressure range tested, the isotherms are still
close to the Henry region, this decline is moderate. Selectivity
variation with temperature is very dependent on pressure, with
curves for different temperatures crossing in the graph. Still, at close
to vacuum (Henry) conditions, the selectivity always decreases with
temperature, as a consequence of the greater heat of adsorption of
the most adsorbed gas. This is not always the case for the other three
dipeptides, as will be later discussed, and is apparent in their
respective graphs (see Sup. Inf.).

This journal is © The Royal Society of Chemistry 2012

The vacuum (Henry) Ar/O, and O,/N, selectivities of the four
dipeptides, at 20 °C, are plotted against pore size in Fig. 3. The
selectivities of VI, IV and VV form an approximately linear,
descending trend with increasing pore size, reflecting the importance
of confinement in determining the unusual sequence of intensity of
adsorption. IA is a clear outlier, falling significantly below the trend
line, especially for Ar/O,. The linearity of the trend may be just a
coincidence, but it is interesting to notice that, if it was to continue,
the Ar/O, and O,/N, selectivities would reach 1 at ~0.55 nm and
~0.46 nm, respectively. These are still very small pore sizes, again
showing the paramount importance of pore size in determining the
unordinary sequence of adsorption.

The well-established and consistent kinetic selectivities of
atmospheric gases in CMSs *7 3% #4959 show that the relative size
of the three species, in the context of adsorption and diffusion, in
atomic-sized pores of hydrophobic materials, is N,>Ar>0,. The
Lennard-Jones atomic diameter of Ar and minimum molecular
widths of N, and O, have been estimated as 0.32, 0.34 and 0.31 nm,
respectively °', all clearly below the pore sizes of the dipeptide
crystals used.

Studies performed using '*’Xe NMR * '° showed that sorbate-
sorbent interactions in dipeptide crystal micropores are maximised
when pore-size precisely matches sorbate size, decreasing for bigger
and smaller pores. This is exactly the same behaviour as that
observed for hard materials >'. We thus think that the size sequence
of the three gases established from CMS adsorption experiments is
also valid for dipeptide crystals. A lot has also been made of the
possibility of using the chiral pores of dipeptide crystals to separate
enantiomers 8  However, in the context of adsorption of
symmetrical molecules/atoms smaller than the pores, there is not
reason to think that pore helicity and chirality influence adsorption.

J. Name., 2012, 00, 1-3 | 3
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Selectivity Ar/O,

Selectivity 0,/N,

1.54

Fig. 2 Variation of Ar/O, and O,/N; selectivities with pressure, for VI, at 5
°C, 20 °C and 35 °C.

The Lennard-Jones minimum width serves as a good indicator of
cut-off size for sieving but is not the best measure of the most
energetically favourable intermolecular distance. From the Lennard-
Jones potential, this distance can be estimated as 2" times the
minimum width, that is, 0.36, 0.38 and 0.34 nm, respectively St
has long been known that molecules even slightly bigger than the
pore/constriction experience a significantly lower adsorption
potential ', which is precisely why CMSs are able to have very high
kinetic selectivities. The N, molecule is slightly bigger than the pore
size of VI and IA, being thus tempting to explain the fact that N, is
the least adsorbed species because of a similar effect. This could
explain both why N, is the least adsorbed species and the most
sensitive to pore size increment. However, for [V and VV, this effect
should disappear and N, become the most adsorbed species. This is
not the case, so there are clearly other factors involved. The range of
phenomena at play influencing adsorption becomes much clearer
upon analysis of the heats of adsorption.

Heats of adsorption and influence of pore size in adsorption

Isosteric heats of adsorption were determined using the Clausius-
Clapeyron equation. Assuming ideal gas behaviour, it can be written

as,
_ R dIn(P)
st = — <6 (1/T)>n

where g, is the isosteric heat of adsorption, R is the ideal gas
constant and T is the absolute temperature. Having adsorption
isotherms for 5 °C, 20 °C and 35 °C, heats of adsorption were
estimated through linearization of In(P) vs (1/T), for a given n
(when pressure values corresponding to the desired n were
unavailable, they were estimated by interpolation). Results are
shown in Fig. 4 Heat of adsorption as a function of the adsorbed
concentration, for Ar, O, and N, in VI, IA, IV and VV, grouped per gas.

“4)
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Fig. 3 Ar/O, and N»/O, selectivities of the four dipeptides, at 20 °C, plotted
against nominal pore size. The two straight lines represent the linear
decreasing trend apparent for three of the four points, in both graphs.

'With the exception of N, it is clear the heat of adsorption does
not show any variation trend with adsorbed concentration, being
approximately constant in the tested range. The N, trend,

also not clear enough, so for it, too, a constant heat of adsorption
considered. Therefore, the heat of adsorption of each gas was
obtained by averaging the values of Fig. 4 Heat of adsorption as a
function of the adsorbed concentration, for Ar, O, and N, in VI, IA, IV and
VV, grouped per gas.

. These are shown in Fig. 5 Average heat of adsorption and pre-
exponential constant (Eq. (5)), for Ar, O, and Ny, in VI, IA, IV and VV,
grouped per gas.

. The errors were calculated from this averaging, corresponding
to 95 % confidence intervals.

In other materials, excluding those containing silver, the heats of
adsorption of N,, O, and Ar are typically in the range of 15-27
kJ/mol, 13-25 kJ/mol and 12-20 kJ/mol, respectively 2% 3¢ 3% 39 4145,
5254 The heats of adsorption determined for VI, IA, IV and VV are
close to, or below, the lower limit of these ranges. For Ar and O,, all
the values are within the respective ranges. For N,, three out of four
of those values are clearly and significantly below 15 kJ/mol, the
lower limit mentioned. We were unable to find a single isosteric heat
of adsorption for N, below 15 kJ/mol in the literature, showing that
the N, interaction with the aliphatic side-chains is exceptionally
weak.

In the Henry region of a Type I isotherm, the isosteric heat of
adsorption can be related to Henry’s constant by the van’t Hoff
equation,

st

Ky = K7 - exp (ﬁ) (5)

where K7 is the pre-exponential factor. K;; expresses the
and capacity contributions to Henry’s constant *. By using the

This journal is © The Royal Society of Chemistry 2012
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values obtained from the adsorption isotherms at three
temperatures and the K;; obtained from the data fitting of
individual adsorption isotherms, it is possible, using Eq. (5), to
calculate a K;; for each isotherm. Results shown in Fig. 5 Average

heat of adsorption and pre-exponential constant (Eq. (5)), for Ar, O, and N,
in VL, IA, IV and V'V, grouped per gas.

are averages for the three temperatures, with the respective errors.
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Fig. 4 Heat of adsorption as a function of the adsorbed concentration, for Ar,
0O, and N,, in VI, IA, IV and VV, grouped per gas.

The sequences observed for the heats of adsorption in Fig. 5 Average
heat of adsorption and pre-exponential constant (Eq. (5)), for Ar, O, and N,
in VL, IA, IV and V'V, grouped per gas.

Error! Reference source not found. are less regular than those
observed in the adsorption isotherms. In fact, it could be argued they
are highly irregular. VI is the only material having an Ar>0,>N,
trend for heats of adsorption, equivalent to that existing in the
adsorption isotherm. No other material shows it, or even any other
trend. Regarding variation with pore size, only for Ar there seems to
be a trend, VV<IV<IA<VI, precisely the opposite of that observed
for the adsorption isotherms. This indicates that Ar-framework
interactions diminish with increasing pore size. For N, and O,,
variation of adsorbent-adsorbate interaction intensity with pore size
is not monotonic. The complex profiles obtained for O, and N, are
very similar to each other, which could indicate that pore size
increase has a similar physical effect on the two species, different
from the one it has on Ar.

This journal is © The Royal Society of Chemistry 2012
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The polarisabilities of Ar and O, are, respectively, 1.6411 and
1.5812 A* *°. Both species do not have a dipole moment, but only Ar
does not have a quadrupole moment. Thus, since adsorbate-
adsorbent interactions can rarely be considered exclusively
dispersive, O, typically adsorbs more than Ar, due to the effect of its
non-negligible quadrupole moment ** ** ** 3 However, in the
confined environment of a micropore, the polarisability of atoms and
molecules may be influenced by the limited ways in which they are
able to interact with the framework ¥, making such analyses more
complicated.

Apparently, even the smallest pore (0.37 nm) is not too tight in
order to hinder adsorption of the 0.36 nm-wide Ar atom. Increasing
pore size probably causes a decrease in the intensity of the
adsorption potential well inside the pore, lowering the heat of
adsorption. In the case of O,, however, there is an increase in the
heat of adsorption from VI to IA and from IA to IV. Given that an
0O, molecule is only slightly smaller than an Ar atom, it is unlikely
the pore size increase does not contribute to decrease the adsorption
potential intensity, as with Ar. It is likely that the increased
rotational freedom the O, molecules experience allows for a better
matching of the pore morphology, overcoming the decreased
adsorption potential effect. Between IV and the much bigger VV
pore, the decreasing trend observed for Ar is established. For the
bigger N, molecule, there are no sensible differences between VI
and IA, and only for the IV framework is the increase in the heat of
adsorption clear. Besides the rotational freedom factor mentioned for
O,, there may exist a small contribution from the pore size increase
beyond the optimal intermolecular distance of N,, 0.38 nm. Finally,
for N, also, the big increase in pore size associated with VV
significantly decreases the heat of adsorption. In fact, from IV to
VYV, the heat of adsorption of all species decreases. Because the
Lennard-Jones diameter/widths of Ar, N, and O, are smaller than the
nominal size of the smallest pore (VI), the influence of framework
flexibility is not especially significant, with the possible exception of
Nz.
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Fig. 5 Average heat of adsorption and pre-exponential constant (Eq. (5)), for
Ar, O; and N, in VI, IA, IV and VV, grouped per gas.

If compared for the same material and different species, only VI
displays a clear trend in heat of adsorption variation, Ar>0,>N,. For
IA, the Ar and O, values are within the error range, although both
are still clearly higher than that of N,, Ar = O, > N,. For IV, the
heats of adsorption of O, and N, are much larger than that of Ar, O,
~ N, > Ar and, for VV, no sensible differences exist between the
three, O, = Ar = N,.

For exclusively dispersive interactions, the heat of adsorption
should only depend on the polarisabilities of the different species, so
it would be expectable that Ar be more strongly adsorbed than O,.
The N, molecule has a nominal polarisability greater than the Ar
atom, but since its confinement limitations are greater than those of
Ar, both higher and lower values are reasonable. It is possible that
due to their quadrupole moments, the O, and N, molecules bond,
even if weakly, with the slightly polarised H atoms from the
aliphatic side-chains forming the pore walls. Since the polarisability
of Ar is only marginally higher than that of O,, that effect could be
enough to switch the order of the heats of adsorption of the two
species. An heat of adsorption of N, similar to that of O,, in IV, may
be only the reflection of the still important confinement effects
having a greater impact on the bigger N, molecule than on that of
O,. This would also explain why N, heats of adsorption are inferior
to those of O, and Ar for VI and IA, despite having greater
polarisability and quadrupole moment. These confinement effects
are certainly much less important in VV, if at all significant.
Therefore, it would be expectable that a N,>O,>Ar order was well
established by then, which seems to not be the case.

The variation patterns observed for the Kj are even harder to
explain. In the four dipeptides considered, the capacities should be
similar, therefore differences in K} must be explained by variations
in entropic contributions. The entropy of the mobile adsorbate
depends on translational, rotational and vibrational components **.
For Ar, one could tentatively try to interpret the increases in K by
considering that rotational entropy is absent in Ar atoms, thus the
great increases may reflect increased vibrational and translational
freedom as the frameworks become more open. In the case of O, and
N,, it is possible the highly hindered non-axial rotation in VI
potentiates faster translation inside the pores, while the slightly
larger IA and IV allow greater rotational freedom, thus limiting
translation inside the pore. This factor is the basis for some
separations using microporous membranes > ®. The much bigger
VV pores allow such rotational freedom that the increasing trend in
Ky} observed for Ar is finally established.

Overall, it is astonishing how such regular patterns in amount
adsorbed (adsorption isotherms), indicating equally regular free
energy variation patterns, stem from such wide and irregular swings
in entropy and enthalpy as those shown Fig. 5.

Significance for PSA separation of air

In spite of the extraordinary Ar/O, selectivities reported, use of
hydrophobic dipeptides as PSA adsorbents is highly unlikely.
Besides good selectivities, good working adsorption capacities are
needed to implement any PSA separation '*. The nearly linear
isotherms presented allow a working adsorption capacity essentially
proportional to the pressure range used in the PSA, an excellent
property. However, the overall capacities are low, when compared to
other materials. At ambient temperatures and for 1 bar, values of
oxygen/argon adsorption between 0.1 mol/kg and 0.2 mol/kg are the
most typical in materials that have been tested as PSA adsorbents 2
24272932 These results are all significantly above the ~0.05 mol/kg
obtained for Ar adsorption in VI. It thus seems these materials show
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very little potential as a PSA adsorbent, as long as Ag-based
adsorbents remain commercially viable.

Nonetheless, that the pores of crystalline hydrophobic VA-class
dipeptides can generate good Ar/O, selectivities was totally
unexpected. This knowledge may be used to search for new (or
otherwise) materials that combine good selectivities with good
capacities. The organic materials having the Ar>O,>N, adsorption
sequence, also observed in this work, also have very hydrophobic
pores ** 7 which leads us to think this is a fundamental property,
together with pore size, determining the sequence. This probably
results from the limited influence the quadrupolar moment of O, has
in hydrophobic pores.

The main causes of the low capacities of the materials are their
low porosities and micropore concentrations. The four dipeptide
frameworks considered have very similar densities, making porosity
highly dependent on pore size. The crystallographic porosities of
dipeptides VI, TA, TV and VV are 5.7, 6.0, 6.3 and 8.3 % " and the
micropore concentrations are 0.048, 0.053, 0.053 and 0.067 cm3/g,
respectively. These are very small values, especially the porosities,
when compared to materials used in O,-generation PSA. Ag-
mordenite has been reported as having values of 17 % and 0.062
em’/g %, AgLiLSX has 27 % and 0.118 cm’/g ®' and Ag-ETS-10 has
38 % %2 and 0.13 cm’/g ® *. The low porosity of the dipeptides is
a contingent property, which does not need to exist in other materials
with unidimensional pores, even for such small pores; it stems
mostly from the low pore concentration existent in the dipeptides,
0.45 pores/nm” to 0.48 pores/nm’. A material possessing cylindrical
unidimensional pores has a geometrical limiting porosity of 78.5 %,
corresponding, for a material with 0.4 nm-wide pores, to 6.25
pores/nm®. Therefore, there is plenty of room for improvement of
porosities. A material with pores having similar morphologies and
chemical properties as those of the four dipeptides studied in this
work, but with significantly higher porosity could, perhaps, combine
both the good selectivity observed with the desired adsorption
capacities. Such a material should have highly hydrophobic and less
than 0.5 nm-wide pores, and a porosity of, at least, 20 %. With the
large numbers of organic microporous solids discovered in recent
years, there are plenty of candidates to be tested *

Conclusions

Crystalline powders of hydrophobic dipeptides VI, IA, IV
and VV are able to adsorb N,, O, and Ar, in the sequence
Ar>0,>N,, thus displaying Ar/O, selectivity, an extremely rare
result. The best Ar/O, selectivities were obtained for VI; at 5 °C
and near vacuum conditions, the Ar/O, selectivity is 1.30, the
highest ever measured in Ag-free adsorbents. Despite the good
selectivity, the low capacities of the materials strongly hinder
their use in PSA for O, generation from air. At 20 °C and 1 bar,
the adsorption of Ar, O, and N, on VI is, respectively, 0.048
mol/kg, 0.038 mol/kg and 0.023 mol/kg.

The exceptional adsorption sequence observed, Ar>0,>N,,
stems from the very small pore size of the materials. The
combination of geometrical confinement effects, limitation of
rotational degrees of freedom and low polarity limit both the
enthalpic and the entropic contributions to the adsorption of O,
and N,, much more than that of Ar.

The low capacity of the dipeptides tested is strongly related
to their low porosity, below 10 % in all cases. A material with
chemical and morphologically similar pores, but greater
porosities, may be able to combine both the good selectivities
observed with greater capacities.
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