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Graphical Abstract: 

Precise pore size analysis of isoreticular series of UTL related zeolites is performed using high-resolution 
argon adsorption and positron annihilation spectroscopy 
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Structural analysis of IPC zeolites and related materials using 
positron annihilation spectroscopy and high-resolution argon 
adsorption 
J. Jagiello,a M. Sterling,a P. Eliášová,b† M. Opanasenko,b,c A. Zukal,c R. E. Morris,d M. 

Navaro,d A. Mayoral,e P. Crivelli,f R. Warringham,g S. Mitchell,g J. Pérez-Ramírezg and J. 

Čejka,c,h 

The advanced investigation of pore networks of isoreticular zeolites and mesoporous materials related to the IPC family 
was performed using high-resolution argon adsorption experiments coupled with the development of a state-of-the-art 
non-linear density functional theory approach. The optimization of a kernel for model sorption isotherms for materials 
possessing the same layer structure, differing only in the interlayer connectivity (e.g. oxygen bridges, single- or double-
four-ring building units, mesoscale pillars etc.) revealed remarkable differences in their porous systems. Using high-
resolution adsorption data, the bimodal pore size distribution consistent with crystallographic data for IPC-6, IPC-7 and 
UTL samples is shown for the first time. A dynamic assessment by positron annihilation lifetime spectroscopy (PALS) 
provided complementary insights, simply distinguishing the enhanced accessibility of the pore network in samples 
incorporating mesoscale pillars and revealing the presence of a certain fraction of micropores undetected by gas sorption. 
Nonetheless, subtle differences in the pore size could not be discriminated based on the widely-applied Tao-Eldrup model. 
The combination of both methods can be useful for the advanced characterization of microporous, mesoporous and 
hierarchical materials.  

Introduction 
Detailed analysis of the textural properties of microporous 

and mesoporous materials is crucial for the rational 
development of new and improved zeolites with advanced 
functionality.1, 2 While X-ray diffraction provides precise 
information on the crystalline structure of molecular sieves, 
adsorption techniques are essential to quantify porosity and to 
relate porous properties to their performance in applications 

like catalysis and separations.3 As materials with increasingly 
refined pore systems continue to be developed, there is a 
growing demand for more sensitive techniques to discriminate 
subtle differences in the pore assembly. The importance of 
developing advanced textural analysis methods is even greater 
in the case of porous materials whose structures are not yet 
exactly defined or are amorphous.4, 5 

A novel family of materials where discrimination of the 
pore structures proves highly challenging is that of the IPC-n 
series of zeolites, which possess uniquely tunable micropore 
structures.6, 7 In particular, a series of zeolites and pillared 
analogues can be readily prepared by transforming a UTL 
zeolite into its constituent layers (IPC-1P) via a chemical- and 
regioselective top-down approach and either separating the 
layers by pillaring8, 9 or reassembling them into zeolite 
materials with specific micropore sizes.6, 10 The complete 
sequence starting with the parent UTL zeolite to new 
crystalline zeolite structures is called ADOR (abbreviated from 
its main steps; Assembly-Disassembly-Organization-
Reassembly).6 The key feature of the parent zeolite is the 
presence of a hydrolytically sensitive heteroatom, usually 
germanium, incorporated within the framework at a particular 
site. This enables the chemically selective removal of the units 
containing the dopant. Essentially, a weakness is incorporated 
into the material at a specific place11 followed by disassembly  
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Figure 1. Structures of the UTL and IPC-1P derived materials. 
From left to right: (top) UTL, IPC-7, IPC-2; (bottom) IPC-6, IPC-
4, IPC-1A (schematic representation), IPC-1B (schematic 
representation). 
 
of the material into 2D layers and reassembling it into a new 
structure.12 Application of this strategy for UTL zeolite leads to 
a variety of zeolite materials with the same layer structure, but 
different interlayer connectivity.12 

At present, the IPC family of UTL-derived materials includes 
4 zeolites with the same chemical nature and different 
geometry/size of micropore apertures: IPC-4 (PCR) with 8×10 
rings, IPC-2 (OKO) with 10×12 rings, IPC-9 with 7×10 rings, IPC-
10 with 9×12 rings, plus the parent UTL with 12×14 rings (Fig. 
1).7 Moreover, they can also be prepared in their 
combinations, i.e., the coexistence of two independent pore 
systems 8×10 and 10×12 in IPC-6 and 10×12 and 12×14 system 
in IPC-7 zeolite (Fig. 1). The design of these materials through 
the ADOR approach offers a unique opportunity to compare 
these isoreticular zeolites in terms of their diffusion/sorption 
and catalytic features.13 

Various gas sorption approaches with different probe 
molecules have been explored to describe the porous 
structure of IPC zeolites and their parent UTL.6, 14, 15 However, 
none of these studies attained a satisfactory agreement 
between the pore size distributions (PSDs) and the 
crystallographic structure of the IPC materials due to the great 
difficulty in discriminating the subtle differences in the 
micropore topology. In this work, we assess the pore 
architecture of structurally-related zeolites and zeolite-like 
materials from the IPC family using argon adsorption data and 
the non-local density functional theory (NLDFT) model that 
describes the configuration of the adsorbed phase in porous 
materials at a molecular level.16 To get the maximum 
resolution of pore sizes we optimized the NLDFT kernel of 
argon adsorption isotherms used in the PSD analysis of IPC 
samples. By adjusting only one solid-fluid interaction 
parameter in the model we obtained the PSDs consistent with 
XRD results for all studied samples.  

Another technique that has been applied for the analysis of 
pore networks in zeolites and other complex porous materials 
is that of positron annihilation spectroscopy (PALS).17, 18 This 
technique operates on the basis that metastable 
ortho-positronium (o-PS) atoms form upon the implantation of 
positrons into a material, which localize in voids and defects 

(Fig. S2 in the Supporting Information).10, 19 The o-PS 
annihilates with the lifetime related to the size of the void in 
which it is confined, attaining reasonable trends between the 
micropore size and the lifetime of o-PS in different framework 
types (e.g. FAU, LTA, MOR).20-22 Nevertheless, the agreement 
is not always as satisfactory as desired, which can be 
attributed to a lack of understanding of the factors influencing 
the annihilation of o-PS in zeolites.21,23 Apart from the analysis 
of o-PS lifetimes, if the pore network of the material is well 
connected with the external surface, o-PS can diffuse from the 
crystal and annihilate in the surrounding free volume, 
providing an indication of the accessibility of pores in the 
material. Focusing on the out-diffusion of o-PS, PALS was 
recently demonstrated as a unique dynamic tool for probing 
the pore connectivity within hierarchically organized zeolites 
combining micro- and mesopores.24, 25 This parameter is linked 
to the quality of their pore network and was shown to directly 
relate to the lifetime of zeolites in catalyzed reactions.25 

The aim of this contribution is threefold: 
1) To develop a NLDFT model (kernel) optimized for the 

description of microporous zeolites of the IPC family 
using high-resolution adsorption data, 

2) To characterize these zeolites using positron 
annihilation lifetime spectroscopy and to compare the 
sensitivity of this method for distinguishing zeolites 
with different pore sizes, 

3) To quantify the enhanced accessibility of the pore 
network in analogues materials having the same layer 
structure as the zeolites under study. 

A matrix of samples including five zeolites, namely UTL, IPC-2, 
IPC-4, IPC-6 and IPC-7 and two pillared analogues IPC-1PI-A 
and IPC-1PI-B as representatives of mesoporous materials 
having the same structure of the layers (Fig. 1) are assessed, 
presenting a challenging set of crystallographically-related 
materials. 

Materials and methods 
Synthesis 

IPC zeolites were prepared by the ADOR protocol starting 
from germanosilicate UTL. The synthetic procedure for UTL is 
detailed elsewhere.26 Briefly, a reaction mixture of molar 
composition 0.8 SiO2 : 0.4 GeO2 : 0.5 SDAOH : 30 H2O was 
prepared by dissolving germanium oxide (Aldrich) in a SDAOH 
(7-ethyl-6-azoniaspiro-[5.5]-undecane hydroxide) solution and 
addition of silica (Cab-O-Sil M5). The resulting gel was 
transferred into a 30-ml Teflon-lined autoclave and heated at 
448 K for 7 days under agitation. The obtained solid product 
was recovered by filtration, washed with distilled water, dried 
overnight (363 K) and calcined in a stream of air at 823 K for 
6 h. 

IPC-2 and IPC-4 were prepared accordingly to Ref.6 
Calcined UTL was hydrolyzed in 0.1 M HCl with w/w ratio of 
about 200/1 at 90 °C overnight. The solid (IPC-1P) was isolated 
by filtration and centrifugation, washed with water and dried 
overnight. A 0.5 g of IPC-1P in 10 ml of 1 M HNO3 solution 
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containing 0.1 g of Si(CH3)2(OCH2CH3)2 was heated at 443 K for 
16 h. The product (IPC-2) was isolated by centrifugation, 
washed and calcined at 813 K for 2 h. A 0.3 g of IPC-1P was 
mixed with 20 g of octylamine, heated at 343 K for 3 h and 
then stirred at room temperature overnight. The solid (IPC-4) 
was isolated by centrifugation, decantation of the supernatant 
and drying in an open tube in air at 363 K, and calcination at 
813 K for 2 h. IPC-6 and IPC-7 were synthesized by treatment 
of parent UTL with different aqueous solutions of  HCl (a 
different concentration is required depending on the desired 
structure) heating at 368 K for 17 h and calcination at 823 K as 
described in Ref.7 

The synthetic procedures for IPC-1A and IPC-1B 
mesoporous materials are described in Ref.27 IPC-1P was 
treated with a mixture of 40 wt.% tetrapropylammonium 
hydroxide and 25 wt.% hexadecyltrimethylammonium chloride 
(w/w = 1/9) in the ratio 1/50 (w/w). The mixture was stirred at 
ambient temperature overnight, the product isolated by 
centrifugation, washed with water, and dried at 353 K. The 
obtained solid (0.2 g) was vigorously stirred at 333 K for 2 days 
in a chloroform solution (5 ml) containing 0.4 g of 
octakis(tetramethylammonium)T8-siloxane (in the case of IPC-
1A) or a mixture of 0.2 g of the same siloxane with 0.2 g of 
tetraethyl orthosilicate for (IPC-1B). The products were heated 
for 2 days at 368 K, suspended in 30 ml of 1M NH4NO3 solution 
in ethanol/H2O (w/w = 1/1) for 2 days at room temperature, 
separated by centrifugation, treated with 0.2 M HCl solution in 
ethanol/octane mixture (w/w = 1/1) for 2 days at 333 K, 
filtered off, washed with water, ethanol/octane (w/w = 1/1) 
solution, ethanol and then dried at 338 K overnight. 
 
Characterization 

X-ray powder diffraction measurements were carried out 
on a Bruker AXS D8 Advance diffractometer with a Vantec-1 
detector in the Bragg-Brentano geometry using CuKα 
radiation. To reduce the effect of preferential orientation of 
individual crystals a gentle grinding of the samples was 
performed before measurements. 

PALS measurements were undertaken using the ETH slow 
positron beam.28 Powdered samples (ca. 0.1 g) were degassed 
in situ under vacuum (<5x10-7 mbar) at 365 K for 2 h before 
measurement. Monoenergetic positrons were obtained from a 
22Na source coupled to a rare-gas solid moderator and 
accelerated into the sample at 5 keV, resulting in a mean 
implantation depth of 500 nm). Photons from annihilation 
events were captured by a large solid angle bismuth 
germanium oxide (BGO) detector and a smaller barium 
fluoride (BaF2) detector. The combined data from both sets of 
detectors permits increased resolution over the range of short 
to long annihilation lifetimes. The obtained PALS spectra were 
best fitted with a combination of 4 or 5 exponential 
contributions corresponding to the annihilation of para-
positronium (125 ns), positrons (<1 ns), and ortho-positronium 
in micropores (PSmicro1 and PSmicro2, 1-10 ns), in mesopores 
(PSmeso, 20-80 ns), and in vacuum (PSvac, >130 ns). Due to the 
time resolution of the instrument (ca. 0.9 ns), the short-lived 

para-positronium and positron components were sometimes 
mixed. The relative lifetimes and intensities, collected in Table 
S1, were extracted using a combination of a direct 
deconvolution combined with Maximum Entropy 
regularization methods in MELT29 and a fitting method based 
on Markov chain Monte-Carlo Bayesian inference in the 
PAScual data suite.30 For comparative purposes, the o-PS 
intensity values were normalized by the total amount of o-PS 
formed to eliminate variations in the absolute intensity arising 
due to differences in the sample quantity or composition.  

The argon adsorption isotherms for UTL and the IPC 
samples were measured at its boiling point (87 K) using a high-
resolution Micromeritics 3Flex instrument equipped with a 
high-vacuum system, three micropore ports and three 0.1 Torr 
pressure transducers. Prior to argon adsorption, the zeolite 
samples were degassed at 383 K under turbo molecular pump 
vacuum until the residual pressure of 0.5 Pa was reached. 
After further heating at 383 K for 1 h the temperature was 
increased to 523 K and maintained for 8 h.  
Transmission electron microscopy analysis of the crystal size 
and morphology was performed on a FEI Tecnai F30 FEG 
instrument operated at 300 kV. The samples were directly 
dispersed as dry powders onto lacey carbon-coated copper 
grids. Powder samples for high-resolution transmission 
electron microscopy (HRTEM) studies were crushed with a 
mortar and pestle. Then they were dispersed in a few drops of 
ethanol onto a copper grid coated with ultra-thin holey carbon 
film (Ted Pella Inc.). For the zeolites IPC-2 and IPC-7 atomic 
resolution spherical aberration (Cs) corrected STEM-HAADF 
image acquisition was carried out on a TITAN X-FEG 60-300, 
operated at 300 kV used in scanning transmission mode 
(STEM). The microscope is equipped with a high brightness 
X-FEG emission gun and a monochromator (not excited for the 
current experiments). The column is fitted with a CEOS 
spherical aberration corrector of the electron probe, an EDAX 
EDS detector, a Fischione HAADF detector and a Gatan BF and 
DF image detectors (not used). The aberrations of the 
microscope were corrected using a gold standard sample. 
Beam convergence was set to 17.7 mrad half-angle yielding to 
a probe size, after correction, of 0.8 Å. The total dwell time per 
image varied from 5 to 16 s depending on the magnification 
and beam damage observed, keeping the beam current below 
than 10 pA. For IPC-1A and IPC-1B the microstructures were 
investigated using high resolution transmission electron 
microscopy (HRTEM) on a Jeol JEM-2011 electron microscope 
operating at an accelerating voltage of 200 kV. The HRTEM 
images were recorded using a Gatan 794 CCD camera. The 
camera length, sample position and magnification were 
calibrated using standard gold film methods. 

Results and Discussion 
IPC zeolites prepared by the ADOR protocol are highly 
crystalline solids (except IPC-1A and IPC-1B) as confirmed by 
powder X-ray diffraction (Fig. 2). The connectivity of the silica 
layers (with UTL topology) varied for each zeolite, which is 
evidenced by the position of the dominant peak corresponding  
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Micro (w < 20 Å) and mesopore (20< w <500 Å) volumes were calculated from the NLDFT analysis of the pore 
size distribution. (*) Mean values were calculated in the micropore range only. 

to the interlayer distance. The parent UTL zeolite has large 
double-four-ring (D4Rs) units between the layers giving rise to 
14×12-ring channels. The interlayer peak 200 is located at 6.1° 
2θ. The daughter zeolites IPC-2 (12×10-ring) and IPC-4 (10×8-
ring) contain smaller connecting units, single-four-ring (S4R) 
and oxygen bridges, respectively. With the smaller connecting 
unit and thus decreased interlayer distance, the interlayer 
peak is shifted to higher 2θ angles. 

Zeolites IPC-6 and IPC-7 combine two types of connections 
in a ratio close to 50:50. In IPC-7 approximately half of the 
layers are connected with D4R and half with S4R. On the other 
hand, in IPC-6 half of the layers are connected with S4R and 
half by oxygen bridges. Therefore, their interlayer peaks 
correspond to the average distance between the layers. All 
these zeolites are expected to be purely microporous. In 
contrast, in pillared IPC-1A and IPC-1B the 3D crystalline order 
is less pronounced (low intensity of the peaks at high 2θ) and 
low angle diffraction lines dominate, which is typical for 
mesoporous materials. The overview of their channel 
diameters and textural properties are presented in Table 1. 
The difference in IPC-1P layers connectivity in IPC-materials 

can be also followed in TEM images of respective samples (Fig. 
3). 
High-resolution Cs-corrected STEM-HAADF images allows a 
clear identification of the different frameworks produced, as 
well as their connectivity between the pore system. Figure 4 
displays the atomic resolution observation of IPC-2 and IPC-7. 
Fig. 4a corresponds to a crystal orientated along the [001] 
direction with the FFT, inset, indexed assuming the OKO 
framework type.  
A closer observation is presented in Fig. 4b where the S4R are 
clearly identified; the superimposed model where the S4R 
appear in blue corroborates the excellent concordance 
between the model and the experimental image. A similar 
analysis was carried out for IPC-7 material. Figure 4c exhibits 
the image of an IPC-7 crystal. The FFT shown inset presents 
short streaks rather than single spots suggesting the double 
nature of system (composed of S4R and D4R). A magnified 
micrograph, Fig. 4d allows observing both S4R and D4R, with 
the two schematic representations are superimposed on the 
image. 
 

Table 1 Structural and textural properties of the materials under investigation. 

Figure 2. X-ray powder diffraction patterns of parent UTL and IPC-7, IPC-2, IPC-6 and IPC-4 zeolites (left) and mesoporous IPC-1A 
and IPC-1B (right). 

Material 
Pore system (in Å)  Pore volume, cm3/g Smicro, 

m2/g 
Mean pore 

width, Å Meso 14-ring 12-ring 10-ring 8-ring Micro Micro + meso 

UTL  9.5×7.1 8.5×5.5   0.246 0.260 690 7.38 

IPC-7  9.5×7.1 8.5×5.5 
6.6×6.2 5.4×5.3  0.187 0.198 600 6.31 

IPC-2   6.6×6.2 5.4×5.3  0.175 0.210 580 6.06 

IPC-6   6.6×6.2 5.4×5.3 
5.8×3.8 4.5×3.6 0.144 0.162 515 5.71 

IPC-4    5.8×3.8 4.5×3.6 0.120 0.141 460 5.36 

IPC-1A 81.1     0.015 0.867 376 81.1 

IPC-1B 28.9     0.017 0.882 784 28.9 
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Adsorption isotherms and pore size distribution 

Fig. 5 shows the argon isotherms of the samples measured 
at 87 K. The rectangular shape of the isotherms of UTL, IPC-2, 
IPC-4, IPC-6 and IPC-7 are representative of zeolite structures  
consisting almost uniquely of micropores with a practical 
absence of mesopores. The small increase in adsorption at 
high relative pressure (p/pS > 0.95) is evidently due to argon 
condensation in interstitial voids among the zeolite particles, 
which is most pronounced for UTL. The initial vertical parts of 
the isotherms are so similar that they virtually overlap in linear 
coordinates. More detailed comparison of the isotherms in 
logarithmic coordinates in Fig. 6 reveals the characteristic 

sigmoidal shape, typical for ordered microporous materials. 

Here it is clearly seen how small diameter pores (8×10-ring) in 
IPC-4 and IPC-6 are filled first at very low relative pressures 
followed by the larger 10×12-ring in IPC-2 and IPC-7 and finally 
the extra-large pores 12×14-ring in UTL. The zeolites that 
partially share the same channel system, IPC-4 and IPC-6 with 
8×10-ring, and IPC-2 and IPC-7 with 10×12-ring, have a similar 
profile of isotherms in semi-logarithmic coordinates (Fig. 6). 
Their common smaller channels are filled first starting at the  
same relative pressures. And they differ in higher relative 
pressures due to the presence of the second system of larger 
independent channels. IPC-1A and IPC-1B derivatives possess a 
negligible amount of micropores (Table 1). Adsorption 
isotherms for both these materials were characterized by quite 
narrow mesopore size distribution (Fig. 6). The average 
mesopore diameter depends on the method of preparation 
and totaled about 81 and 29 Å for IPC-1A and IPC-1B, 
respectively. 

The method for extracting the pore size distribution (PSD)  

Figure 3. TEM examination of selected IPC zeolites at low and high magnification. The images reveal the variation in crystal 
size and morphology during the ADOR process as well as the distinct mesopore topology of the pillared samples. 

Figure 4. Cs-corrected STEM-HAADF images of IPC-2 (top) and IPC-7 
(bottom). 

Figure 5. Argon adsorption isotherms (in linear coordinates) 
measured at 87 K on the materials under investigation. 
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from the adsorption isotherm is based on the assumption that 
the experimentally measured isotherm can be expressed in 
terms of the adsorption integral equation first proposed by 
Seaton et al. 31 for the PSD analysis of porous carbons. Here 
the adsorption integral equation is solved by using the 
SAIEUS32 procedure that employs the NLDFT kernel calculated 
for a simple cylindrical pore model. Detailed description of PSD 
determination procedure can be found in Supporting 
Information. As a result of this procedure we obtain the fit to 
the isotherm data and the PSD of a sample. The results of the 
PSD analysis of the adsorption isotherms of UTL and IPC 
zeolites using our simple cylindrical NLDFT model are shown in 
Figs. 6 and 7 and in Table 1. A quantitatively good fit of the 
model to the data is obtained for all samples (Fig. 6) except for 
IPC-4 sample where small deviations are observed in the low 
pressure range. The structural parameters of the samples 
listed from top to bottom for UTL, IPC-7, IPC-2, IPC-6 and IPC-4 
(in Table 1) show decreasing trend in their values of the 
micropore volume and the mean pore width calculated as the 
first-order moment of the PSD. 

In the discussion of the evaluated PSDs (Fig. 7), it is 
important to keep in mind that the ideal cylindrical model used 
in the analysis is only a simplified representation of the 
actual/real pore structure. The main simplifications of the real 
pore structure in UTL and IPC zeolites are that the model 
neglects the fact that there are intersections between the 
orthogonal channels in these materials and assumes that the 
channels are perfect cylinders with circular cross sections. In a 
more realistic description based on the structural analysis 
(from X-ray powder diffraction data) these channels are 
irregular, intercrossing (2-dimensional) and each of them can 
be characterized by two different widths (diameters) 
measured in different directions. To address this feature in the 
PSD graphs (Fig. 7) we included horizontal bars describing 
irregularity of the channels. Each bar represents the range 
given by two diameter values for each channel of the sample 
(Table 1). For example, UTL has two channels each 
characterized by diameters of 7.1 – 9.5 Å and 5.5 – 8.5 Å. In 
this case the ranges of pore diameters describing both 
channels partially overlap and practically cover the same range 
as the calculated PSD that shows two peaks corresponding to 
the two channels of this sample (Fig. 7). This demonstrates the 
consistency between the calculated PSD as the effective 
combination of the PSDs related to the individual channels and 
the structural analysis data represented graphically by the 
horizontal bars. Similar arguments can be applied to all 
calculated PSDs, which are more or less consistent with the 
XRD results in terms of covering the same pore size range. 
Partial resolution of the PSD peaks related to different 
channels can be seen only for UTL, IPC-6 and IPC-7.  
In the case of IPC-2 and IPC-4 samples we found only one 
maximum of pore size distribution. The range of the diameters 
characterizing the individual channels is of the order of 1-2 Å 
(Table 1), which is so narrow that the peaks cannot be resolved 
and only one common peak is observed. It is important to 
realize at this point that our method has limitations with 
respect to the resolution and the choice of the conservative 
optimal solution is probably the best we can do in this case. 
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Figure 6. Argon adsorption isotherms (in semi-logarithmic 
coordinates) of the zeolites studied (87 K). Solid lines represent fits 
of the cylindrical NLDFT model to the experimental data. 
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values of each channel of the sample. 
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Note also that the kinetic diameter of argon atom is about 3.8 
Å. This is the same value as for the elliptic 8-ring pores of IPC-4 
and half of the layers in IPC-6. Thus, these pores are seemingly 
not accessible for argon and thus, they cannot be distinguished 
by our model. More detailed discussion on the resolution of 
this method is given in Supporting Information. 
 
Dynamic assessment of the pore network by PALS 

Deconvolution of the PALS spectra (Table S2) acquired for 
the purely microporous UTL, IPC-2 and IPC-4 samples 
identified three o-PS lifetime components (Fig. 8): two below 
10 ns attributed to annihilation within micropore-sized 
volumes (PSmicro1 and PSmicro2) and a single component 
corresponding to annihilation in vacuum (close to 142 ns, 
PSvac).

25 Since o-PS are sufficiently long-lived to diffuse through 
the pore network, the relative intensity of each lifetime 
component carries information not only about the amount and 
size, but also about the connectivity of micro- and mesopores 
within the samples. In particular, due to the quantum 
mechanical nature of the diffusion within pores of this size 
range, o-PS will preferentially migrate to accessible pores of 
increasing size and if possible to vacuum driven by the 
decreasing zero-point energy. The relative contribution of the 
two micropore components of the UTL, IPC-2, and IPC-4 
zeolites of close to 90% is fully consistent with the plate-like 
morphology of these materials. Since the channels run parallel 
to the layers, o-PS must diffuse over the full length of the plate 
(in the order of µm) to escape the crystal, increasing the 
likelihood of decay in the micropores and resulting in a low 

probability of annihilation in vacuum. Although the daughter 
(IPC-2, IPC-4) zeolites exhibit a decreased crystal size with 
respect to the UTL parent (Fig. 3), which could increase the 
probability of out diffusion, this effect will be compensated by 
the reduced characteristic diffusion length of o-PS owing to the 
smaller micropore dimensions. Reductions in crystal size could 
also shorten the lifetime of o-PS in the material. Indeed, 
correlation between o-PS out-diffusion and lifetime has been 
successfully modelled by increasing the implantation depth of 
positrons in mesostructured silica films.33 However, as stated 
previously the high fractions of o-PS annihilating in the 
micropores for UTL, IPC-2 and IPC-4 indicates that out-
diffusion would only have a minor impact in these samples. 
Further, a recent systematic study of MFI-type zeolites of 
different crystal size and morphology demonstrated the 
difficulty in extrapolating conclusions between crystal size and 
o-PS lifetime in the micropores even in crystals with well-
defined properties.23 Such observations underline the need for 
the development of a fundamental framework to describe o-
PS diffusion in zeolites. 

Derivation of pore sizes from positronium annihilation 
lifetimes is widely approached by application of the extended 
Tao-Eldrup model.34 Here, the two o-PS components observed 
below 10 ns correspond to sizes of 6.2, 5.4 or 6.0 Å (Psmicro1) 
and 10.4, 9.0, or 9.7 Å (Psmicro2) assuming a square channel 
geometry for UTL, IPC-2 and IPC-4, respectively. The 
observation of these distinct lifetimes indicates that o-PS 
atoms experience at least two dissimilar micropore 
environments within the samples, although the first 
contribution clearly dominates in all cases. While slightly 
higher lifetimes are evidenced for the UTL zeolite, consistent 
with the larger channel sizes of this structure, the lifetimes of 
the micropore components in IPC-2 and IPC-4 do not exhibit an 
obvious relation with the size of the connecting units. It should 
be noted that the Tao-Eldrup model is limited to pores of 
square channel and discrete spherical geometries, and does 
not account for pore interconnectivity or for the fact that due 
to the energetic driving forces o-PS may not equally sample all 
of the pores within a material. Thus, it is not surprising that the 
estimated pore sizes do not match the crystallographic pore 
sizes. Previous studies of zeolites35,23 and other porous 
materials36 have also identified discrepancies between the 
Tao-Eldrup derived and the actual pore sizes, and identifies the 
need for better-described models that match more closely the 
real pore shape. Although the presence of framework defects 
is not likely as 29Si MAS NMR spectra and XRD confirmed the 
high quality of this material, the second micropore component 
could indicate the presence of a certain fraction of stacking 
faults or other small defects in the samples not detectable by 
these methods. 

Analysis of the pillared IPC-1A and 1B samples evidenced 
an additional component between 60-80 ns, attributed to o-PS 
annihilation in mesopore-sized volumes. The low intensity of 
this component (5-10%) coupled with the high vacuum 
contribution (ca. 50%) suggests the number of annihilation 
events in these mesopore-sized volumes are relatively low. 
This indicates that the mesopore domains are well-connected 

Figure 8. The normalized o-PS values from the measured samples, 
indicating the fractions annihilating in the micropore, mesopore 
and vacuum, respectively. 
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with the external surface, facilitating the escape of o-PS. No 
clear relation is attained between the average mesopore sizes 
estimated by NLDFT (29 and 81 Å, respectively) and by the 
Tao-Eldrup model, which indicates similar values of ca. 57 and 
52 Å (for a square channel). Consistent with the results of Ar 
adsorption, comparison of the TEM images reveals significant 
differences in the mesopore topology (Fig. 3). While both 
samples appear highly mesoporous, IPC-1A presents larger 
mesopores which appear less ordered than the uniform 
channel-like structures evidenced in IPC-1B. The distinct 
mesopore architecture together with the significant extent of 
out diffusion from the crystal could explain the lack of a good 
agreement in the derived mesopore sizes, again reflecting the 
inadequacy of current models to relate the PALS response to 
the pore structure. Interestingly, although the contribution in 
the micropores (ca. 40%) is less than half that of the purely 
microporous materials, it remains significant and cannot be 
explained based on the negligible values derived by adsorption 
data (Vmicro = 0.015 - 0.017 cm3/g). Structurally, IPC-1A and 1B 
incorporate cubic (O–Si–O)8 linkers separating the layers by ca. 
8 and 3 nm, respectively, and thus no significant microporosity 
is expected. Such an observation could be ascribed to the 
incomplete hydrolysis of the UTL layers. However, a noticeably 
reduced lifetime is observed for Psmicro1 in the pillared samples 
with respect to UTL, and the presence of non-hydrolyzed UTL 
layers is not detected by powder XRD. An alternative 
possibility could be that some of the hydrolyzed layers have 
randomly condensed without incorporating the pillaring 
species. Since the extent of micropore voids should be small, 
the fact that the components remain non-negligible strongly 
suggests that they are not interconnected with the mesopore 
network. As o-PS atoms forms in situ upon positron 
implantation, they can probe isolated microporous regions 
that may not be accessible by gas sorption providing a 
measure of the structural uniformity. Full details of the data 
presented in Fig. 8 are collected in Table S2 in the Supporting 
Information. 

Conclusions 
We have assessed the potential of a combination of high-

resolution argon adsorption and positron annihilation lifetime 
spectroscopy to characterize the textural properties of a series 
of novel isoreticular zeolites and related materials having the 
same (IPC-1P) structure of their layers. 

Pore size distributions calculated from high-resolution 
argon isotherms using an adsorbent with cylindrical pores as 
kernel represent simple models of the porous structure of UTL 
and structurally related IPC zeolites. The remarkable feature of 
this model, which is composed from cylindrical pores of a 
given distribution, is that the model provides the same argon 
isotherm as experimental one recorded on the investigated 
sample. This model provides a basis for an analysis of different 
processes taking place inside the pores and depending on their 
size, which are principally consistent with structural data. 
While this model is successful for 14-, 12- and 10-zeolite rings, 

the limitation is for elliptic 8-rings of IPC4 and IPC-6. Argon is 
too large to penetrate into 8-ring channels.  

The analysis of the UTL-derived materials has shown that 
PALS is sensitive to the structural differences between zeolites 
from the IPC family. In particular, the dynamic assessment by 
this technique could easily differentiate between the different 
accessibility of the pore network in the purely microporous 
UTL, IPC-2 and IPC-4 samples and the predominantly 
mesoporous pillared structures of IPC-1A/B. On the basis of 
the current measurements, it was not possible to relate the 
lifetime of ortho-positronium in the micropores of the UTL, 
IPC-2 and IPC-4 samples to the small differences in the 
crystallographic structure. In this regard, the development of a 
fundamental framework to describe the diffusion of the ortho-
positronium in zeolites will be imperative to obtain improved 
insight. Capping of the external surface to isolate the 
ortho-positronium within the zeolitic domains could also 
facilitate the more accurate determination of the micropore 
lifetime. Analysis of the pillared IPC-1A and IPC-1B zeolites also 
revealed a non-negligible fraction of ortho-positronium 
annihilating within micropores, which is ascribed to the 
presence of residual microporous regions that were 
undetectable by argon adsorption. 
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