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Abstract In this work, the zero coverage adsorption
properties of Cs—C;, n- and iso-alkanes on the UiO-66,
Ui0-66-Me and UiO-66-NO, metal-organic frameworks
are studied by gas phase pulse chromatography. Analysis
of enthalpy values, entropy values, Gibbs free energies and
Henry constants reveals unusual chain length dependent
adsorption behaviour of linear and branched alkanes,
caused by the complex structure of the zirconium metal—
organic framework UiO-66. The UiO-66 structure consists
of a small, tetrahedral and large, octahedral cage. It is
shown that at specific carbon chain lengths (e.g. C—C; for
n-alkanes), distinctive jumps in adsorption enthalpy,
entropy values and Henry constants occur. This chain
length dependent effect is even more pronounced for 2- and
3-methyl alkanes and double branched alkanes. This dis-
tinctive shift in adsorption behaviour occurs at a molecular
size that coincides with the cavity dimensions of the
smallest, tetrahedral cage. The resulting selective adsorp-
tion arises from confinement effects and is function of both
the molecular shape and size.
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1 Introduction

The metal organic framework UiO-66 was originally
reported by Cavka et al. in their work on the synthesis of
the isostructural Zr-MOF series UiO-66, UiO-67 and UiO-
68 materials based on the inorganic brick ZrgO4(OH)4 and
1,4-benzene-dicarboxylate (BDC) as organic linker for
UiO-66 (Cavka et al. 2008). The complex structure consists
of small tetrahedral (~7.5 A) and large octahedral
(~11 A) cages. The given pore dimensions are approxi-
mations by fitting a sphere inside the pore. The complex
structure was elucidated by a combination of XRD, NMR,
vibration spectroscopy and computational optimizations
(Valenzano et al. 2011). The average number of BDC-X
linkers coordinated to a ZrsO4(OH), cluster is 8—10 and not
the theoretical achievable 12. The result of this incomplete
coordination is the presence of defects or “holes” in the
framework (Vermoortele et al. 2012). At elevated tem-
peratures and high vacuum condition, a reversible dehy-
droxylation of the metal cluster occurs. This induces small
conformational changes in the metal-oxo cluster and sub-
sequently repositions the organic linkers (Valenzano et al.
2011; Devautour-Vinot et al. 2012). The change in struc-
ture does not compromise the structural integrity or sta-
bility of the framework. The effective size of the
microporous windows appears to be temperature dependent
due to the rotational motion of the benzene rings (Kol-
okolov et al. 2012). Furthermore the UiO-66 framework
shows remarkable thermal, chemical and mechanical sta-
bility (Cavka et al. 2008; Schoenecker et al. 2012; Val-
enzano et al. 2011).

Isoreticular synthesis and incorporation of modified
BDC linkers in the framework was reported for a variety of
functionalities including amides, amino, nitro, halogen,
alkyl, sulphonic. The most straightforward route is by use
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of modified BDC linkers in the UiO-66 synthesis. An
alternative route is post-synthetic modification. The latter
often starts from the amino-UiO-66 and leads to amide or
anhydride functionalities (Garibay and Cohen 2010; Foo
et al. 2012; Kim et al. 2012a; b; Abid et al. 2012a; Morris
et al. 2011; Zlotea et al. 2011; Kandiah et al. 2010). The
crystal and particle size of the UiO-66 material can be
controlled by modulated synthesis by introducing benzoic
acid as a growth controlling agent (Schaate et al. 2011).
The polarity of the structure is changed to a certain extend
by employing modified linkers. This is illustrated by the
reduced water adsorption on UiO-66-Me (Schoenecker
et al. 2012), increased CO, uptake in the presence of sul-
phonic acid groups (Foo et al. 2012) or changing selectivity
in catalysis (Vermoortele et al. 2012, 2011).

The UiO-66 framework was evaluated for gas based
adsorptive applications (H,, CHy, CO,) by several groups
(Yang et al. 2012; Abid et al. 2012b; Chavan et al. 2012;
Wiersum et al. 2011; Yang et al. 201 1a, c; Zlotea et al. 2011;
Soubeyrand-Lenoir et al. 2012, Nik et al. 2012). In humid
conditions, CO, uptake remains unchanged (Soubeyrand-
Lenoir et al. 2012). Incorporation of UiO-66-NH, in polymer
membranes increased the CO, permeability in CO,/CH,
separations (Nik et al. 2012). Enhanced affinity of the dime-
thyl functionalized UiO-66 for CO, was reported (Huang et al.
2012). Reversed shape selectivity of hexane isomers and
selective xylene adsorption in vapour and liquid phase has
been reported (Barcia et al. 2011; Moreira et al. 2012; Mendes
et al. 2013). The potential of the UiO-66 framework for these
separations was evaluated experimentally and computation-
ally in packed columns (Barcia et al. 2011; Moreira et al.
2012). A follow-up study using capillary GC confirmed and
extended the work to alkylbenzenes (Chang and Yan 2012). In
recent work, we have studied the adsorption of n-alkanes and
cyclo-alkanes on UiO-66, and demonstrated the separation of
cis- and trans-isomers of disubstituted cyclic stereoisomers
(Duerinck et al. 2013). It was shown by experimental work
and Monte Carlo simulations that shape and size effects play a
determining role in the preferential adsorption of isomers at
specific positions (large or small cage).

In this work, we focus on the adsorption of linear and
branched alkanes by different techniques, using the concept
of confinement factors. The trends in adsorption enthalpy,
entropy and Gibbs free energy are rigorously analyzed and
connected to confinement effect resulting from the inter-
play between molecular size, shape and the metal-organic
framework topology.

2 Adsorption data and analysis

The inverse pulse chromatographic data of UiO-66 and
functionalized variants (UiO-66-Me, UiO-66-NO,) is
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reproduced from the recently published work (Duerinck
et al. 2013). UiO-66 and functionalized variants (UiO-66-
Me, UiO-66-NO,) were synthesized according to published
methods (Vermoortele et al. 2012). The different UiO-66-X
materials were synthesized from an equimolar solution
(1.5 mM) of ZrCly, the (functionalized) terephthalic acid
and H,O in DMF. The solution was poured in a Schott
bottle and placed in an oven at 393 K for 10-24 h. After
the synthesis, the metal-organic frameworks (MOF) was
recovered by centrifugation. Structure was verified by
XRD (Figure S1.). Adsorption equilibrium Henry constants
were calculated from the first moment of the chromato-
graphic response curves in the range of 473-573 K for
Ui0-66, 473-573 K for UiO-66-Me and 473-553 K for
UiO-66-NO,. From the temperature dependency of the
Henry adsorption constants K’, the adsorption enthalpy
AH, (kJ/mol) can be derived. A detailed explanation of the
experimental setup and procedure was previously reported
(Ocakoglu et al. 2002).

From an extensive data set of 70-80 molecules on the
UiO-66 materials (native, UiO-66-Me, UiO-66-NO,, UiO-
66-Me,), the subset of linear (as reference), single and
double branched alkanes was taken. The adsorption prop-
erties of the branched alkanes subset is given in Table S1
but has received no detailed analysis so far. The Gibbs free
energy values AGy (kJ/mol) were directly calculated from
the Henry constants that were determined using published
methods (Denayer et al. 1998b; Tielens et al. 2003). Given
the knowledge of both AG, and AH,, the entropy factor
AS, is deducible:

AGy = —RT In[K'p_RT]
ASy = —[AGy — AH|/T

with R ideal gas constant (J/[mol.K]), T Temperature
(523 K), K’ Henry constant (at 523 K), p. crystal density
(kg/m?).

In this work, the influence of carbon chain length on the
adsorption properties of UiO-66 is investigated. In the
further analysis of Henry constants, adsorption selectivity
is calculated as the ratio of them for two components at a
given reference temperature, 523 K in this case. The ratio
is rounded down to 1 significant digit in all cases, although
standard errors are 1-3 % in all cases.

=

O(K/ =

7

N

with Kll = Henry constant of adsorbate i, axg = adsorption
selectivity at zero coverage, 523 K.

The confinement factor Z, developed for zeolitic sys-
tems and calculable from thermodynamic data obtained in
inverse pulse chromatography, correlates well with the
pore size for zeolites (Denayer and Baron 2005; Devriese
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Fig. 1 Chromatographic
profiles of linear and branched
C6 isomers on UiO-66 and UiO-
66-NO, at 523 K
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et al. 2007). It quantifies the steric constrains imposed by a
pore or cavity on the adsorbed molecule. Thus it can serve
as a measure for the effective pore size that the adsorbate
experiences.

zZ="
o

The values for « and y are normally obtained from the
linear regression of adsorption enthalpy AH, and entropy
AS, factors as a function of the carbon number for
n-alkanes. The factors § and f§ are intercept values. In this
work, these values are calculated between alkanes of N
and N., to allow for stepwise assessment as no general
linear trend was obtained (see below).

—ASy =yNc + &
—AHO = OCNC + ﬁ

The given geometrical discussion (below) is based on the
size of “ball-stick” models and van der Waals volumes for
guest molecules. n-Alkanes are approximated by the cylinders
to take into account rotational mobility along their length axis.
These values are computed from optimized geometrical
structures in Materials Studio 5.0. The size and volume of the
nanocages are determined computing the volume of a
tetrahedron (small cage) or octahedron (large cage). The
appropriate distances are measured between corner atoms,
correcting for the van der Waals volume of the atoms.

3 Results and discussion
3.1 Chromatographic elution profiles
The metal-organic framework UiO-66 is able to discriminate

between linear and branched alkanes, as illustrated in the
chromatograms for Cg isomers on UiO-66 and UiO-66-NO, in

A —2,2-dimethylbutane
T T L v T T
6 8 10 12

14

Time (min)

Fig. 1. Remarkably, the chromatographic profiles show a
strong preference for single and double branched alkanes.
This preference is called “inverse shape selectivity”. UiO-66
materials strongly retain C; isomers: 2,3-dimethylpentane is
retained 4.2 times longer than n-heptane on UiO-66, 4.0 times
longer on UiO-66-Me and 2.9 times longer on UiO-66-NO, at
523 K. Very high selectivity factors of 6.6 and 6.9 were
observed for 3,3-dimethylpentane over n-heptane on UiO-66
and UiO-66-Me. Most nanoporous materials preferentially

Table 1 Adsorption selectivity of branched over linear alkanes at
523 K

Molecule Ui0-66 UiO-66-Me Ui0-66-NO,
2-Methylbutane 2.1 1.0 1.5
2-Methylpentane 1.8 14 1.4
3-Methylpentane 29 24 29
2,2-Dimethylbutane 53 3.8 33
2,3-Dimethylbutane 4.7 39 3.0
2-Methylhexane 1.2 1.1 1.3
3-Methylhexane 2.1 1.6 1.7
2,3-Dimethylpentane 4.2 4.0 2.9
2,4-Dimethylpentane 1.9 1.5 1.5
3,3-Dimethylpentane 6.6 6.9 4.2
2-Methylheptane 0.9 0.9 1.5
3-Methylheptane 1.1 1.0 1.5
4-Methylheptane 1.2 1.0 1.5
2,2-Dimethylhexane 1.3 1.1 1.4
2,4-Dimethylhexane 1.5 1.1 1.5
2,5-Dimethylhexane 0.8 0.7 1.3
2,2,4-Trimethylpentane 22 1.5 1.4
2-Methyloctane 0.9 - 0.9
2,3-Dimethylheptane 1.0 0.9 0.8
2,2,4-Trimethylhexane 1.4 0.8 0.7
3-Methylnonane 0.4 0.8 0.8
4-Methylnonane 0.7 0.5 0.7
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adsorb linear alkanes over branched or cyclic isomers. For
example MIL-47 retains n-heptane respectively 1.6 and 1.4
longer than 3-methylhexane and 2,3-dimethylpentane (Finsy
et al. 2009). ZSM-5 shows preferential adsorption by a factor
of 2.1 of n-heptane over 3-methylhexane (Denayer et al.
1998b). A few materials that show an inverse shape effect are
SAPO-5, CHA and MCM-22 (Denayer et al. 2006a, b 2008,
2005; Huang et al. 2009). Such materials typically have nar-
row pores or complex cage structures with small windows.
Confinement effects play an important role here. For example
2,2-dimethylbutane and 2,3-dimethylbutane have a selectivity
factor of 1.56 and 1.51 over n-hexane on SAPO-5. On UiO-66
n-hexane, 2-methylpentane, 3-methylpentane, 2,3-dimethyl-
pentane and 2,2-dimethylpentane are eluting sequentially.
Selectivity factors compared to n-hexane are respectively 1.8,
2.9,4.7 and 5.3. This corresponds with a shift from a linear to a
more ellipsoidal or globular molecular shape. The same trend
is observed for UiO-66-Me and UiO-66-NO, but the relative

differences in retention time and adsorption selectivity chan-
ges. This elution sequence is in accordance with the results of
Barcia et al. at 473 K and Mendes et al. (Barcia et al. 2007,
Mendes et al. 2013). However, the adsorption selectivity
(Table 1) at zero coverage are higher than those reported at
higher partial pressure. Selectivity factors of all measured
branched over linear alkanes are given in Table 1.

It should be noted that the adsorption selectivity of
branched over linear alkanes in general follows the same
trends for the different UiO-66 forms: isomers with double
methyl groups on the main carbon chain are retained much
stronger for C¢ and C; isomers. The explicit preference
vanishes for the Cg, Co and C;q isomers. In the case of Cq
and C,q isomers the linear and not branched alkanes are
much stronger retained: 4-methylnonane has selectivity
factors of 0.7 for UiO-66, 0.5 for UiO-66-Me and 0.7 for
UiO-66-NO,. When comparing the different UiO-66
forms, the native UiO-66 in general has higher selectivity
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Fig. 2 Henry constants (K’'s»3 , mol/[kg.Pa]) of linear, 2-methyl alkanes and 3-methyl alkanes as a function of the carbon number (N.) on UiO-

66, UiO-66-Me and UiO-66-NO, at 523 K
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factors for Cs—C; alkanes: e.g. 2,3-dimethylbutane/hexane
is respectively 4.7, 3.9 and 3.0 for UiO-66, UiO-66-Me and
UiO-66-NO,. An exception is 3,3-dimethylpentane on
UiO-66-Me: separation factor of 6.9 compared to 6.6 for
Ui0-66 and 4.2 for UiO-66-NO,. The cages of UiO-66-
NO, allow for better separation of Cg isomers. The authors
conclude from this that selectivity factors vary depending
on the adsorbate-adsorbent combination and are size (shape
and length) dependent.

3.2 Chain length dependency of adsorption properties

The size dependent adsorption behavior is clearly visible in
Figs. 2, 3. Here the evolution of Henry constants, Gibbs free
energy, adsorption enthalpy and entropy is plotted as a
function of the total carbon number for n-alkanes, 2-methyl

and 3-methylalkanes. On most microporous solids exhibit-
ing a pore system consisting of channels, a perfect expo-
nential trend for Henry constants is observed for n-alkanes
and isostructural branched alkanes (Duerinck et al. 2012a, b;
Devriese et al. 2007; Finsy et al. 2009; Denayer and Baron
1997; Denayer et al. 1998a, b). On this material, with a
structure containing small and large cages, a non-linear trend
is observed, even for linear alkane chains curved or sig-
moidal trends, even local minima are found. When Henry
constants are plotted in a logarithmic scale (Fig. 2), large
deviations from linearity are observed. The Henry constants
K's»; K only increase by 8 % between 2-methylpentane and
2-methylheptane on UiO-66 whereas this is a 170 %
between 2-methylpentane and 2-methylnonane. Similarly,
only a limited change (~6 %) in Henry constants K's»3 k is
observed for 3-methylalkanes between Cq and Csg.
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Fig. 3 Gibbs free energy (AGy, kJ/mol—empty symbols), adsorption
enthalpy (AHy, kJ/mol—full, black symbols) and entropy (ASy,
J/[mol. K]—full, grey symbols) of linear, 2-methyl alkanes and

3-methyl alkanes as a function of the carbon number (N.) on UiO-
66, UiO-66-Me and UiO-66-NO,
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A distinctive drop in Henry constants is observed for
2-methyl and 3-methylalkanes between Cg and C; (Fig. 2).
From Cg on, the Henry constants increase again. This drop
is observed for the native and functionalized UiO-66
materials. The Gibbs free energy (Fig. 3) shows smoother
evolution with the carbon number but the jumps in prop-
erties are clearly visible for enthalpy and entropy values.
Normally, adsorption enthalpy and entropy vary linearly
with chain length. An increase of adsorption enthalpy by
6—-6.5 kJ/mol per added carbon number was previously
reported for Y zeolites, 10-12 kJ/mol Beta, Mordenite,
ZSM-5 and ZSM-22 (Denayer et al. 1998b). Here a
decrease (absolute values) in adsorption properties values
is observed for certain guest host combination: e.g.
2-methylpentane and 2-methylhexane (4-7 units) or
3-methylpentane and 3-methylhexane (58 units) on UiO-
66-Me. The average trend in adsorption enthalpy (from
linear regression) is 4.4 kJ/mol for UiO-66, 5.5 kJ/mol for
UiO-66-Me and 6.4 kJ/mol for UiO-66-NO, per added
carbon atom. Compared to Na-Y and Na-USY, the
adsorption strength is 5-10 kJ/mol higher (more negative
enthalpy value), which is explained by the smaller size of
the tetrahedral cages of UiO-66.

The jumps in adsorption properties coincide with the
size at which a molecule is no longer able to fit easily
inside the smallest, tetrahedral pore (largest dimension
molecule >largest dimension tetrahedral cage ~ 11 A) but
has to adopt a folded state. n-Pentane fills about 80 %
(~144 A ) of the pore volume of the smallest pore
(~175 N ), n-hexane nearly completely (~ 172 Az) Thus,
longer carbon chains have to be folded densely or have one
or more groups in the window region. As the octahedral
cage is about three times as large (~512 A%, no con-
finement effects are expected there. It was previously
shown by molecular simulations for n-alkanes that an n-
alkane chain with 6 carbon atoms still fits inside the tet-
rahedral cage but longer chains only fit in a densely folded
conformation (Duerinck et al. 2013). Longer carbon chains
(Cs—Cyp) are statistically distributed between the tetrahe-
dral and octahedral cages, with a dense population of long
chains in the latter one.

The experimental data suggests interplay between
molecular shape, size and the metal-organic framework
cavities. The confinement factor offers an estimate of how
well a molecule fits in a cage. This parameter was intro-
duced for zeolitic structures but can be applied to metal—
organic frameworks as well (Denayer and Baron 2005). In
this work, the match between adsorbent and adsorbate is
estimated by observing changes in confinement factor
between isostructural molecules with n and n + 1 carbon
atoms. Results are given in Table 2. A decrease in con-
finement factor indicates that the average distance between
adsorbate and the pore wall increases. Within the subset of
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n-alkanes, UiO-66-Me has the highest confinement factors.
On average the confinement effects are much more pro-
nounced for the functionalized UiO-66 materials. The
conclusion that can be drawn from this observation is that
the methyl or nitro group reduces the effective pore size.
The inner pore volume of the tetrahedral cage is approxi-
mately 175 A3 for the native UiO-66 material. The linkers
are essentially randomly orientated in the framework
structure. From a statistical point a view two or three
functional groups (—CHj3 or NO,) will be on average ori-
entated inside a cage. The van der Waals volume of the
methyl and nitro group corresponds to respectively 24.3
and 24.6 A>. When a single functional group is completely
orientated inside the pore, an effective pore volume
reduction of ca. 13 % is expected. This effective pore
reduction can also be deducted from the average confine-
ment factor for C,—~C,, n-alkanes series: 0.98 for UiO-66,
1.27 for UiO-66-Me and 1.05 for UiO-66-NO,. No specific
interaction with the nitro group was observed for the
studied alkane series. This observation is in line with the
work Yang et al. (2011a, b). They reported that the
chemical environment inside the framework’s cages is
influenced by the chemical nature of the functional group
on the BDC linker but no specific interaction sites were

Table 2 Confinement factor Z of Cs—C, linear and branched alkanes
on UiO-66, Ui0-66-Me and UiO-66-NO,

Confinement factor Ui0-66 UiO-66-Me Ui0-66-NO,

from n-C, to n-C,;

n-Pentane to n-hexane 0.05 1.64 1.42

n-Hexane to n-heptane 1.01 1.26 1.18

n-Heptane to n-octane 1.00 1.25 0.78

n-Octane to n-nonane 1.17 1.26 0.89

n-Nonane to n-decane 0.96 1.37 1.21

n-Decane to n-undecane - 1.01 -

n-Undecane to - 1.10 -
n-dodecane

2-Methylbutane to 1.57 1.51 1.44
2-methylpentane

2-Methylpentane to —0.89 1.89 1.51
2-methylhexane

2-Methylhexane to 1.26 1.64 —-5.27
2-methylheptane

2-Methylheptane to 1.35 - 1.39
2-methyloctane

3-Methylpentane to 2.64 1.71 1.96
3-methylhexane

3-Methylhexane to 1.52 1.82 —0.68
3-methylheptane

2,3-Dimethylbutane to 0.92 0.98 1.11
2,4-dimethylpentane

2,4-Dimethylpentane to 0.98 1.58 1.36

2,5-dimethylhexane
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Fig. 4 Molecular structure of
2,3-dimethylbutane, 2,4-
dimethylpentane and 2,5-
dimethylhexane

2,3-dimethylbutane

PN

2,4-dimethylpentane

2,5-dimethylhexane

found for CH4 on the UiO-66 materials. However they
showed that in simulations that specific interactions
between CO, and polar functionalities (e.g. nitro group in
UiO-66-NO,) are likely to occur.

A local minimum is observed between n-heptane and n-
octane. This confirms a switch in preferential adsorption
site from the tetrahedral to the octahedral cage. Drastic
drops in confinement factors are observed between
2-methylpentane and 2-methylhexane (Z = —0.89) on
UiO-66, 2-methylhexane and 2-methylheptane (Z =
—5.27) on Ui0O-66-NO, and 3-methylhexane and 3-meth-
ylheptane (Z = —0.68) on UiO-66-NO,. The negative

factors results from a negative slope in adsorption enthalpy
or entropy between N, and N.,; (not both).

The subtle interplay of molecular and framework size
and shape is nicely expressed when considering the subset
of 2,3-dimethylbutane, 2,4-dimethylpentane and 2,5-
dimethylhexane (Fig. 4). These isomers have an iso
branching structure at both sides of the main carbon chain
which is elongated from C4 to C¢. When considering this
series of molecules, a decreasing trend in adsorption
properties is observed for all adsorption parameters on the
native UiO-66 material (Fig. 5). The adsorption enthalpy
stepwise decreases from —66.6 to —61.7 kJ/mol and then
—59.7 kJ/mol. Analogue, adsorption entropy goes from
—77.4 to —72.9 J/[mol.K] and —70.9 J/[mol.K]. The Gibbs
free energy values and evolution thereof for UiO-66-Me
and UiO-66-NO, are similar to those for the native UiO-66
material. A pronounced downward slope of adsorption
enthalpy and entropy values is observed for UiO-66-Me.
Entropy factors play a much bigger effect due to effec-
tive pore size reduction on the functionalized mate-
rials: —15 J/[mol.K] between 2,3-dimethylbutane and
2,5-dimethylhexane on UiO-66-Me. For UiO-66-NO, a
downward step is observed between 2,3-dimethylbutane
and 2,4-dimethylpentane (—2 units) but an upward step in
noted between 2,4-dimethylpentane and 2,5-dimetylhexane
(+8 to 10 units). The adsorption selectivity og shows that
2,3-dimethylbutane (N._,) and 2,4-dimethylpentane
(N._) are respectively 2.25 and 1.26 times more retained
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Fig. 5 Gibbs free energy (AGy, kJ/mol), adsorption enthalpy (AH,, kJ/mol), adsorption entropy (ASy, J/[mol.K]) and Henry constants (K’ 5,3 k,
mol/[kg.Pa]) as a function of carbon number for 2,3-dimethylbutane, 2,4-dimethylpentane and 2,5-dimethylhexane
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than 2,5-dimethylhexane (N.) on UiO-66. The same trend
is observed for UiO-66-Me: og = 2.44 for 2,3-dimethyl-
butane and ag = 1.25 for 2,4-dimethylpentane (N._;).

4 Conclusion

It was unambiguously shown that there is a chain length
dependent effect in the adsorption of saturated alkanes in
UiO-66 structures. The data shows that this effect coincides
with the moment that a carbon chain no longer easily fits
inside the tetrahedral cage without significant folding. The
influence of entropy values underlines the interplay
between adsorbate—adsorbent size and shape. Confinement
effect plays an important role in observed chromatographic
retention times. Remarkably, this results in a lower reten-
tion of some hydrocarbons of higher carbon number as
compared to their N._; or N._, counterparts.
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