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Abstract

Due to its exceptional chemical and thermal stability, ZIF-8 is one of the most
promising representatives of nanoporous metal-organic frameworks. In this work, we
investigate adsorption properties of this material both experimentally and theoretically.
The experiments were carried out on 8 preparations differing in morphology of the crys-
tals. Adsorption was studied in isothermal approach exploiting standard adsorbates,
such as No or COg9, as well as in isobaric regime with C5-C9 linear alkanes. The
latter were performed with the novel quasi-equilibrated temperature-programmed des-
orption and adsorption (QE-TPDA) technique showing that a complexity of n-alkanes
adsorption mechanism in ZIF-8 depends on the nature of adsorbate. Unexpectedly,
for adsorption of C7-C9 n-alkanes a two-step process was found. QE-TPDA yielded

high quality adsorption isobars which were successfully reproduced by Grand-Canonical
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Monte Carlo molecular simulations. The calculations showed that the specific adsorp-
tion behaviour of ZIF-8 is due to the fact that its structure undergoes conformational
changes in order to adapt to the guest molecules. QE-TPDA measurements with n-
nonane were performed at conditions close to saturation of the adsorbate. This allowed
to observe surface-related adsorption on the ZIF-8 crystals, which was correlated with

their size.

Introduction

Zeolite imidazolate frameworks (ZIFs) constitute a class of metal-organic frameworks (MOFs),
a relatively new and intensively studied family of porous solids.1:2 ZIFs show exceptional
chemical and thermal stability, rarely observed among other types of MOFs,*? which
makes them candidates for numerous potential applications in gas separations, catalysis,
drug delivery or as sensors.5 One of the most promising zeolite imidazolate frameworks
is [Zn — (mIm)s - 2H90] 0, better known as ZIF-8, synthesized for the first time in 2006.10
ZI1F-8-based membranes are intensively studied for separation of various gases, including
Ho, 112 €09, 13 or small organic molecules. 14

The structure of this MOF is formed by Zn2" cations nodes and 2-methylimidazolate
(mIm) linkers. These building units create 3-dimensional pore system with a sodalite (SOD)
topology comprised of large cavities (diameter of ~11.7 A) connected via narrow windows
(~3.4 A).15 Moggach et al.16 found a phase transition of the ZIF-8 framework at high
pressures (up to 1.47 GPa) in the presence of a methanol/ethanol mixture. The mIm linkers
of ZIF-8 have rotational freedom leading to the change in the size of windows,” which is
shown in Figure 1. This phenomenon is referred to as "gate-opening" effect.1® Its occurrence
explains the capacity of ZIF-8 to adsorb molecules with higher kinetic diameters than the
size of the window such as branched alkanes.19 To fully understand adsorption of CO9 and
light paraffins in ZIF-8, Fairen-Jimenez et al.'® simulated adsorption using two rigid forms

of this structure. Ania et al.20 demonstrated more complex adsorption behaviour of this



material by reporting multistep high-resolution adsorption isotherms of No, O, Ar and CO

at cryogenic temperatures, which was explained in detail for Ar by Tanaka et al. 17

gate closed gate opened
B =0"de33=4.55A 0,,=255de;5=6.46A

Figure 1: Gate-opening in the ZIF-8 structure: rotation of mIm linkers about an Cy axis
through two Ny nitrogen atoms resulting in change of the window size. 17 O = 0° stands
for closed form and O\ = 25.5° for fully opened form.

Thermal stability is a key parameter of MOFs in the context of their potential appli-
cations. 9 ZIF-8 is known as very stable material, which can withstand temperatures up
to 450-550 °C in an inert atmosphere.? However, James and Lin2! showed that the envi-
ronment is crucial for kinetics of thermal decomposition of this material, as it occurs more
rapidly in oxidizing conditions than in inert or reducing ones.

As ZIF-8 arouses a great interest of the scientific community, the preparation methods
of this material are well developed.?2 It can be synthesized in high purity through several
different synthesis routes with crystal sizes ranging from 50 nm to 300 ym or more, 6,14,23-25
In addition to the standard methods of MOF synthesis based on different treatment of
reagent solutions, ZIF-8 can also be obtained in mechanosynthesis, which is found as a
cheap and environmentally friendly synthesis method.26:27 The morphology of microporous

6,12,28—

solids strongly affects thermodynamics and kinetics of adsorption. 30 However, there

are only a few systematic studies regarding the influence of size of the ZIF-8 crystals on these

1.31

properties. Zhang et a revealed that structural transition of ZIF-8 upon N9 adsorption



occurs at a significantly higher pressure in nanoparticles comparing to the bulk phase, which
is consistent with the findings of Tanaka et al.32 showing that crystal downsizing (or high
surface-area-to-volume ratio) suppresses the structural flexibility of this MOF.
Quasi-equilibrated temperature programmed desorption and adsorption (QE-TPDA) is a
novel experimental technique developed to study adsorption properties of micro- and meso-

33,34 The most important feature that distinguishes this method from the

porous materials.
conventional ones is the isobaric approach to adsorption measurements. During the QE-
TPDA experiments, the pressure is fixed while desorption/adsorption is induced by the
change of the temperature of the sample, which allows for faster establishment of adsorp-
tion equilibrium and cyclic measurements.3? In recent years, QE-TPDA was used for several
MOFs including MOF-5,36 Cd-MOF based on 4,4’-sulfonyldibenzoic carboxylate (sdb?") and
4-pyridinecarboxaldehyde hydrazone (pcih),3” and STAM-1.38

Molecular simulations often serves as a supplementary method helpful in understanding
the experimental results on the molecular level or predicting the behaviour of the systems
that cannot be directly measured. Monte Carlo (MC) molecular simulations is efficient com-
putational tool often used for modelling the equilibrated adsorbent-adsorbate systems. 39:40
These non-quantum-based calculations rely on force fields to describe the interactions be-
tween atoms and molecules. Grand-Canonical Monte Carlo (GCMC) calculations allow to
determine average number of guest molecules in the pores of the host structure (loading)
at given conditions (T, p), their distribution as well as different energies, including heat of
adsorption. One can relate these thermodynamic properties to the microscopic behaviour
of the systems, while average loading is directly comparable with experimental adsorption
isotherms/isobars. This fact makes GCMC simulations a very attractive computational
method for studying adsorption phenomena.

In this work we study adsorption of C5-C9 n-alkanes on crystal-size engineered ZIF-8

with the use of QE-TPDA experimental technique supported by the conventional techniques

of measuring porosity, as well as using GCMC molecular simulations.



Materials and methods

Synthesis

All reagents and solvents were of analytical grade (Sigma Aldrich (MERCK), POCH, Polmos)
and were used without further purification. The ZIF-8 preparations (a), (b), (c), (d), (f),
(g), (m) were prepared according to the published methods.32 However, in case of (a), (g),
(m), the synthetic procedures were slightly modified.

ZIF-8 (a): 57.6 mg of Brij®) 100 was dissolved in 100 ml of deionized water to prepare
a diluted Brij@®) 100 solution. 0.744 g (2.5 mmol) of zinc nitrate hexahydrate was dissolved
in 10 ml of Brij®) 100 solution and added to a solution consisting of 12.300 g (0.15 mol)
of 2-methylimidazole in 90 ml of Brij® 100 solution. The mixture was stirred at room
temperature. The solution "quickly" became cloudy and a suspension was obtained. 24 h
later, the suspension was centrifuged and washed with methanol three times. The products
were then dried for 24 h under reduced pressure at 40 °C.

ZIF-8 (g): 3.530 g (11.9 mmol) of zinc nitrate hexahydrate was dissolved in 40 ml of
methanol and added to a solution consisting of 1.940 g (23.6 mmol) of 2-methylimidazole
and 0.807 g (11.9 mmol) of sodium formate in 40 ml of methanol. The mixture was heated
at 90 °C for 24 h in a 4 sealed Teflon jar (100 ml). The suspension was filtrated and washed
with methanol three times. The products were then dried for 24 h under reduced pressure
at 40 °C.

ZIF-8 (m): ILAG (ion- and liquid-assisted grinding) reaction was performed at 1 mmol
scale,?0 by placing a mixture of solid reactants ZnO (0.080 g) HMelm (2-methylimidazole;
0.180 g, 10% excess) into a 10 mL agate jar with 200 pL of a grinding liquid EtOH and with
0.010 g of an NH4NO3. Two 7 mm diameter agate balls were added to the reaction mixture,

and the mixture was then ground for 30 min in a Retsch MM200 grinder mill operating at



20 Hz. Precipitate was washed several times with MeOH and dried 2 h at 40 °C under low

pressure.

Physicochemical characteristics

Elemental analysis: the amount of carbon, hydrogen, and nitrogen in the studied samples
were determined by conventional microanalysis with CHNS combustion analyzer (Elementar
Vario MICRO Cube) equipped with microbalance.

Thermogravimetric analysis: TGA measurements were performed on a STA 409 PC
from NETZSCH Company instrument at a heating rate of 10 °C min-1 in a temperature
range of 25 — 600 °C (approx. sample weight of 20 mg). The measurements were performed
at atmospheric pressure under flowing synthetic air.

Powder X-ray diffraction: PXRD patterns were recorded at room temperature (295 °C)
on a Rigaku Miniflex 600 diffractometer with Cu-K o radiation (A = 1.5418 A) in a 20 range
from 3° to 45° with a 0.05° step at a scan speed of 2.5° - min 1.

Scanning Electron Microscopy: SEM images were acquired using a Zeiss Ultra Plus

field-emission microscope equipped with a Gemini®)column, working at acceleration volt-

ages in the range of 1-5 keV. Samples were deposited by drop casting on an aluminium holder.

Adsorption measurements

Nitrogen: adsorption isotherms of No were measured at 77 K (liquid nitrogen bath) using
Autosorb 1Q (Quantachrome) gas sorption analyser. Prior to the measurements the samples
were activated under vacuum at 80 °C for 0.5 h (2 °C/min ramp), then at 120 °C (2 °C/min
ramp) for 0.5 h and finally at 200 °C for 5 h (5 °C/min ramp).

Carbon dioxide: adsorption isotherms of CO9 were measured at 195 K (dry ice/isopropanol
bath) using BELSORP-max (MicrotracBEL Corp.) apparatus. Prior to these measurements

the samples were evacuated at 100 °C for 18-24 h at reduced pressure.



Alkanes: adsorption of C5-C9 n-alkanes was studied with the quasi-equilibrated tempera-
ture programmed desorption and adsorption (QE-TPDA) experimental technique. The QE-
TPDA instrument is a modified temperature programmed desorption (TPD) setup, which
was described in a previous works.33 Activation of the sample is performed by placing it in a
quartz tube in a flow of He, heating it to 300 °C (10 °C/min ramp), and the cooling it down
to room temperature. Then, the flow is switched for helium containing small admixture of
hydrocarbon (< 1mol%) that starts isothermal adsorption. After stabilization of the TCD
signal, signifying the end of adsorption process, desorption/adsorption cycles are measured.
Desorption results from heating of the sample, while adsorption from cooling it according to
linear temperature programs with 5 and 2 °C/min ramps. In each QE-TPDA experiment, we
measured from 5 to 9 repeatable desorption/adsorption cycles, which proves the stability of
the studied material. The experimental adsorption isobars were determined by integrating

time-dependent QE-TPDA profiles according to the published methods. 46

Molecular simulations

In this work we used force field-based Monte Carlo computational techniques exploiting
force fields to calculate interactions. 3940 Guest molecules of n-alkanes were described using
TraPPE united atom model of Martin and Siepmann®’ that merges the CH3 and CHg groups
into single interaction centres — pseudoatoms. Alkanes were modelled as flexible via TraPPE
intramolecular potentials for bonds, bends and torsions.*?

Guest-host interactions were calculated with Lennard-Jones potential, where € and o pa-
rameters were mixed according to Lorentz—Berthelot combining rules. For adsorbate we used
TraPPE force field. For all framework atoms the parameters were taken from DREIDING, 48
except the ones for zinc taken from UFF.49 Effective potentials were truncated and shifted
to zero at 12 A. Since the molecules on paraffins are non-polar, the Coulomb contribution

to total energy has been neglected. A full set of parameters for the L-J potentials for guests

and host is available in Table S2 of the Supporting Information.



Adsorption was calculated using Grand Canonical Monte Carlo (uV'T ensemble).3? Each
point on the adsorption isobars corresponds to equilibrium adsorbent-adsorbate state, where
chemical potential u, volume V, and temperature T are fixed.

Structures used in this work were treated as rigid.?? Positions of atoms were taken from
the literature. 31641 Crystallography information files (CIFs) are available in the Supporting
Information. We used 2 x 2 x 2 unit cells simulation box with periodic boundary conditions
applied. 39

Pore size distributions were calculated geometrically using the method of Gelb and Gub-
bins.?! Helium void fractions were calculated with the Widom particle-insertion method.
Pore volumes were calculated by multiplying HVF by 103 and dividing the result by frame-
work density (in kg - m’s). All calculations were carried out using open access RASPA 2.0

simulation code, 40,52

Results and discussion

Characterization of the studied materials

We synthesized a series of ZIF-8 materials with increasing crystal sizes, which were labelled
(a)—(g). Elemental analysis was performed showing their overall compliance with the stoi-
chiometric chemical composition ZnCgH19N4. The structure of the materials were confirmed
with powder X-Ray diffraction. The patterns and elemental analysis data are available in the
Supporting Information (Figure S1, Table S1). Thermogravimetric analysis (TGA) showed
that the temperature of degradation of ZIF-8 in air is ca 450 °C, but it was also found this
temperature slightly depends on the morphology of the crystals. Material (a) that have the
smallest crystals shows the highest reactivity, while material (g) the with the largest crys-
tals is the most resistant against oxidation, which is shown in Figure S2 of the Supporting
Information.

In Figure 2, we show the particle size distributions of the ZIF-8 materials in this study,
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Figure 2: Crystal size distributions of the studied ZIF-8 preparations (labelled (a)—(g))
estimated based on SEM images.

along with close-ups on SEM images. The size of the crystals ranges from 0.04 ym up
to 100 ym. The crystals of preparations (a)—(f) (0.04-0.6 pm), which were obtained by
preticipation from water solution at room temperature, have uniform shape, either cube
or chamfered cube (tetratruncated rhombic dodecahedron). Solvothermally synthesized (g)
crystallized in form of smaller (6-20 um) and bigger (30-100 pm) rhombic dodecahedrons.
Mechanochemically synthesized (m) as well as commercial Basolite@®) Z1200 have crystals
of 0.05-0.25 ym with a less defined shape. More detailed information on morphology of each

sample can be found in the Supporting Information (Figure S3-S5).

Model of ZIF-8 framework

For molecular modelling, a model of the structure of the studied material is essential. There
is a wide selection of ZIF-8 crystal lattice models. 3161741 T Taple 1, we present charac-
teristics of the structures exploited in this work. We used a series of theoretical forms of

ZIF-8 structure with the O\ angle between linkers (see Figure 1) ranging from -3°to 30°,



Table 1: Characteristics of ZIF-8 structures used in molecular simulations.

unit cell window cavity pore

lengths?  sizeP size®  volumeP
O = 3°F 4.34 11.0  0.529
O — 0° 4.55 11.0  0.523
Opp = 3° 4.76 11.0  0.516
Opp = 6° 1.98 11.0  0.510
O = 9° 5.20 11.0  0.505
O = 12° 16.9856  5.42 10.9  0.500
O — 15° 5.65 10.8  0.497
Op — 18° 5.88 10.7  0.495
Op = 21° 6.11 10.6  0.498
Op = 24° 6.34 10.5  0.503
O = 27° 6.58 10.4  0.509
Onp — 30° 6.81 10.3  0.514
exp. 13 16.9910 4.51 10.9  0.523
exp. 241 16.8510  4.69 109  0.496

exp. 3 LP**16 16,9856  4.55 11.0  0.522
exp. 3 HP**16 170710 6.44 10.5  0.512
*% @\ from work of Tanaka et al.;17 ** LP — low pressure: HP — high pressure
@ in A; ¥ C3-C3 distance in A; ¢ the position of the highest PSD peak in A; % obtained in
Monte Carlo simulation using Widom test particle insertion method in cm? - g1
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where the structure with ©py = 0° is closed (narrow windows), and with Oy = 25.5°
is fully opened (wide Windows).17 We compared these structures to the ones obtained ex-
perimentally. Structures exp. 1,3 exp. 2,4 and exp. 3 LP16 were solved at atmospheric
pressure. They are similar to each other and correspond to the closed form. Exp. 3 HP was
obtained at high pressure (1.47 GPa) and corresponds to the opened form. 6 Adsorption-
related properties of the studied ZIF-8 models were also designated and analysed. The size
of window, defined as C3-C3 distance (Figure 1), varies from 4.34 to 6.81. The size of cavity
was obtained from the Monte Carlo calculation of pore size distribution (Figure S13 and
S14) slightly varies from 10.3 to 11 A. Interestingly, the pore volume — determined based on
Monte Carlo simulations of Widom particle insertions — is the lowest for U1; angle of ca 18°

(Figure S16).

Adsorption

In Figure 3, adsorption isotherms of COg9 in ZIF-8 materials are shown. For all studied
materials we obtained type I COg adsorption isotherms with no hysteresis loops, which
are characteristic for microporous materials. Most uptake occurs at relative pressures p/ pY
from 0.05 to 0.1, while sorption capacity ranges from 270 for (m) to 290 ¢cm3-STP.g~1
for (f). Apart from the small quantitative differences that may result from measurements
uncertainty, the size of crystals does not affect adsorption of COs.

Similarly as for CO9, we found type I adsorption isotherms of No for all studied ZIF-8
preparations (Figure 4), confirming the microporosity of these materials. For No adsorption
a small hysteresis loop can be found at relative pressure p/p0 between 0.05 and 0.3. The
loop is narrower and shifted to lower pressures for the materials having larger crystals. This
effect is due to structural phase transition depending on the size of the crystals, which was
explained in detail in literature.3132 In Table 2 we collated values of the micropore volume
and specific surface area obtained using the t-plot*? and Brunauer-Emmett-Teller (BET)

methods, respectively. It is important to note that the assumptions of the BET theory are
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Figure 3: Adsorption isotherms of COg9 in
the studied ZIF-8 at 195 K plotted on lin-
ear (top) and logarithmic (bottom) scales.
The value of p? is ca 1 bar.
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not met for the microporous materials, especially extremely porous MOFs. However, it is
still a commonly used parameter in material chemistry that is associated with porosity. BET
specific surface area for the studied ZIF-8 materials ranges from 1636 to 1812 m?2 - g1 (ca
10 %). The volume of micropores that should be independent of the crystal size also varies
between 0.526 and 0.630 cm® - g1 (ca 16 %), but no trend can be found. The external
surface area which is related to the surface of crystallites, is decreasing with increasing size
of crystal from ca 200 m? - g1 for preparations (a) or (b) to 61 m? - g ! for (g). Detailed
information about transformation of N9 adsorption isotherms and data reduction is available

in the Supporting Information (Figure S6, S7, Eq. S3-S10).

Table 2: Characteristics of the porosity of ZIF-8 determined based on No adsorption
isotherms measured at 77 K. Crystal sizes determined from SEM images were also included.

@) (b (¢ @ (f) (g (m) Basolite®

crystal size® 0.040 0.120 0.150 0.220 0.600 5-100 0.220 0.100
micropore volume® 0.540 0.604 0.577 0.564 0.609 0.630 0.526 0.537
Surface area (BET)® 1636 1800 1876 1654 1812 1734 1699 1772
Surface area (external)® 203 208 151 164 87 61 132 97

b -1. ¢

@ in cm3-g’L; € in m2.g!

in um;

Figure 5a) shows experimental QE-TPDA profiles of n-alkanes in commercial ZIF-8 — Ba-
solite®) Z1200, which reflect temperature windows for adsorption and desorption at a given
relative pressure of adsorptive. Each profile consist of maxima corresponding to desorption
and minima to adsorption. Their intensities are related to momentary amounts of compo-
nents being desorbed/adsorbed at specific value of temperature. ZIF-8 adsorbs subsequent
n-alkanes in the homologous series at increasing temperatures, which results from increasing
heats of adsorption. Adsorption of n-pentane (nC5) and n-hexane (nC6) in ZIF-8 is a one-
step process, while for C7-C9 n-alkanes two steps might be discerned. For n-heptane (nC7)
and n-octane (nC8), both desorption maxima and adsorption minima result from adsorp-
tion in bulk (internal micropores) of the ZIF-8 as the relative partial pressures p/p0 were
far from saturation conditions. However, p/p? of n-nonane (nC9) was close to 1, thus the

low-temperature maxima result from adsorption in the interparticle mesopores or condensa-

13
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tion on the external surface of the material, which will be investigated in detail later in this
work. Two-step adsorption of nC7 and nC8 in ZIF-8 most likely is the result of framework
dynamics of this MOF, in particular arising from rotation of the mIm linkers.

Despite the accuracy and high resolution, QE-TPDA profiles do not provide direct infor-
mation on the amount of adsorbed components. A quantitative description of the adsorption
process is presented by the adsorption isobars in the Figure 5b. It is important to note that
a unit cell of the ZIF-8 framework comprises two cavities. Two-step adsorption of nC7,
which was clearly observed for the QE-TPDA profiles, is barely marked on the experimental
isobar. To fully understand thermodynamics of the adsorption process, we calculated ad-
sorption isobars using Grand Canonical Monte Carlo (GCMC) simulations. 3%40 This compu-
tational technique is used to study adsorption equilibrium at static conditions (T, p). More
importantly, the values calculated with GCMC technique can be directly compared with
the experimental data. Good agreement between experimental lines and calculated points
proves accuracy of the exploited theoretical models. The structure of ZIF-8 was modelled
with different angles between mIm linkers ranging from -3° to 30° (Figure 1). In Figure 5b we
show only the results of calculations most consistent with the experimental data. The full set
of data together with average occupation profiles is available in the Supporting Information
(Figure S8-S12).

As mentioned before, GCMC simulations reveal thermodynamically favourable equilib-
rium states of the adsorbent—adsorbate system at given conditions of temperature and pres-
sure. Although the gate-closed ZIF-8 structure (Tthetapy; = 0°) has the smallest cavities
(Table 1) effecting in the highest heat of adsorption for all n-alkanes (Figure S15), the values
calculated for this form do not coincide with experimental data. In fact, in the presence
of C6-C9 n-alkanes, the ZIF-8 structure adopts a transitional form between fully opened
and fully closed (Tthetary; is between 12 and 18°). Moreover, the molecules of nC5 prefer
adsorbing in the opened configuration. It is highly probable that the framework changes

continuously with the loading as was reported for adsorption of argon in the literature.l?
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; : | 4.7 molec./uc i1 6.7 molec./uc

Figure 7: Average occupation profiles of octane in ZIF-8, which were drawn from snaphots
corresponding to four points on the GCMC adsorption isobar (Figure 5).

This is clearly seen for adsorption of nC8 in ZIF-8. For loadings lower than 6 molecules
per unit cell, the best model that fits to the experimental data assumes O\ angle of 18°.
Apparently, to adsorb more than 6 molecules per unit cell, the structure needs to change to
a more closed form (O = 12°) that is able to accommodate up to 8 molecules per unit
cell. In Figure 7, we show average occupation profiles of nC8 in ZIF-8 showing preferential
situations of the guest molecules in the host structure. Adsorption of n-alkanes in ZIF-8
takes place in the cavities of this material, in a very similar way that we found for LTA-type
zeolites.*3 The molecules prefer to locate close to the framework atoms, so the centres of
cages are less occupied. Either way, no specific sites for adsorption of C5-C9 n-alkanes can
be found in the structures of ZIF-8 (Figure S10-S14), which was confirmed by the analysis
of radial distribution functions (Figure S17).

In Figure 6a, the QE-TPDA profiles of nC9 in the studied ZIF-8 preparations are pre-
sented. The shape and intensity of these profiles at temperatures above 338 K are similar for

all materials except (a) and (g) and correspond to adsorption in the structural micropores.
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For (a) the difference is smaller and may result from overall lower porosity of the sample,
which was demonstrated by isothermal adsorption measurements of CO9 or No (Figure 3, 4,
Table 2). In the case of preparation (g), most likely, it was not possible to establish equi-
librium at used experimental conditions due to kinetic restrictions in large crystals of this
material. A smaller amount of sample would be required to be used in the experiment, as
well as lower heating/cooling rate and higher carrier gas flow rate. However, results obtained
in this way could not be compared with the rest of data. Also, this is insignificant for the
further considerations.

The low-temperature parts of the QE-TPDA profiles of nC9 correspond to low-energy
adsorption states. Figure 6a shows that for all the studied ZIF-8 materials — except (g) —
we observe sharp desorption maxima at temperatures below 338 K. We previously reported
such peaks for adsorption of nC9 in mesopores of SBA-15 and MCM-41 silicas. %4 They were
also observed in the nC9 profiles of fine-crystalline ZSM-5 zeolite*® and AIPO4 — 5 alu-
miophosphate. 46 For the investigated ZIF-8 materials the intensity of this low-temperature
maxima decreases in the (a)—(f) series as the size of the crystals increases, which indicate
that this effect is correlated with adsorption on the external surface of the ZIF-8 crystals. To
obtain the amount of nC9 adsorbed in the micropores and on the surface of crystallites we
integrated QE-TPDA maxima in appropriate temperature ranges — 338-550 K and 298-338
K — respectively. The results are collated in Table 3. Adsorption in bulk of the studied
ZIF-8 varies between 289.1 and 348.9 mg - g ! (ca 17 %), which is similar deviation to the
micropore volume obtained from Ng adsorption (Table 2). But yet, much more intriguing
is the dependence of surface adsorption on the size of crystals which is presented in Figure
6b. For the materials (a)—(f), which have roughly uniform distribution of size of crystals
(Figure 2), the surface adsorption amount is inversely proportional to the size of the crystals
— a hyperbolic trend is observed. This is natural surface-area-to-volume (SA : V) correlation

for most of simple solids such as cubes, spheres, tetrahedrons, octahedrons etc.
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.0l
A1 a *A/'l (1)

SA:V = m = "
where A1, A9, A’ are the constant coefficients and a is dimension of the particles. Crystals
of preparation (m) and commercial Basolite@®) Z1200 are patchy and irregular, so it was
difficult to clearly determine their sizes. This can be the reason why we do not find the
above-mentioned SA:V relationship for these materials. The QE-TPDA profiles of nC9 on

(g) were too low to determine adsorption on the surface of this material.

Table 3: Characteristics of the ZIF-8 samples obtained in the QE-TPDA experiments. Crys-
tal sizes determined from SEM images were also included.

a) b) ¢) d) f) g) m) Basolite®)

crystal size® 0.04 0.12 015 0.22 06 5-100 0.22 0.1
adsorption (total) 457 383.5 384.5 376.2 367 - 317.1 336.2
adsorption (surface) 146.9 72.3 64.8 424 181 - 28.0 16.1
adsorption (micro)® 3101 311.1 319.7 333.8 3489 - 289.1 320.1

“in ym; b in mg-g’!

Conclusions

A wide range of experimental and simulation techniques was exploited to investigate the
porosity of ZIF-8 metal-organic frameworks. We synthesized a series of seven ZIF-8 prepa-
rations characterized by different morphology of crystals with sizes ranging from nanometre
(0.04 ym) to almost millimetre (100 pm). A basic physicochemical characterization of the
preparations was carried out. Adsorption measurements of No and CO9 showed type I ad-
sorption isotherms, revealing that micropore volume and specific surface area do not differ
significantly for the studied materials. A t-plot analysis of N9 adsorption data showed that
external surface area is decreasing with increasing size of crystals.

Adsorption of C5—C9 linear alkanes was investigated with quasi-equilibrated temperature
programmed desorption and adsorption (QE-TPDA). For n-pentane and n-hexane we ob-

served one-step adsorption that would correspond to the standard adsorption isotherm for
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microporous material (type I). C7-C9 n-alkanes exhibit a two-step adsorption behaviour.
To obtain a molecular understanding, we reproduced the experimental data with Grand
Canonical Monte Carlo (GCMC) molecular simulations. The results of the calculations
indicated that the complex adsorption behaviour results from the flexibility of the ZIF-8
framework, as this MOF exhibits gate-opening effect associated with the rotation of the
2-methylimidazolate linkers. 16,17,20 For the adsorption of long, linear paraffins this is mani-
fested by the adaptation of the structure to the guest molecules. It was also shown that the
molecules of n-alkanes are located only in ZIF-8 cages, similarly to LTA zeolites. 3

The QE-TPDA experimental technique was also used to study surface-related adsorption
on the ZIF-8. Nanocrystalline ZIF-8 desorbs significant amounts of pre-adsorbed n-nonane
at relatively low temperature. This effect is related to the molecules weekly adsorbed on the
surface of ZIF-8 crystals. A hyperbolic trend between surface adsorption amount and the

size of ZIF-8 crystals was found.
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elemental analysis. X-Ray diffraction patterns. Results of thermogravimetric analysis: TGA
and dTG curves. Scanning electron microscopy (SEM) images of the studied ZIF-8 crystals.
Crystal size distribution showed for each preparation. Data reduction exploited for analysis
of the adsorption isotherms of nitrogen. Experimental and simulated adsorption isobars of
each C5-C9 n-alkanes in the commercial Basolite®) Z1200 including calculations performed
using different models of ZIF-8 framework — O\t dependency. Force fields parameters used
in Monte Carlo simulations. Pore size distribution of the studied models of ZIF-8 framework
obtained in geometric Monte Carlo calculations. Low-coverage heat of adsorption on C5-C9
n-alkanes calculated using Widom test particle insertion method for ZIF-8 with different
O\ angle. Dependence of O\ angle on theoretical micropore volume.

A crystallography information file (.cif) containing models of ZIF-8 structure with differ-

ent Oy angles (reported by Tanaka et al.'7) was also included.
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