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Abstract

Catalytic activity and adsorption properties of zeolites depend on their topology and
composition. For better understanding of the structure-activity relationship it is advantageous to
focus just on one of these parameters. Zeolites synthesized recently by the ADOR protocol offer
a new possibility to investigate the effect of the channel diameter on the adsorption and catalytic
properties of zeolites: UTL, OKO, and PCR zeolites consist of the same dense 2D layers (IPC-
1P) that are connected with different linkers (D4R, S4R, O-atom, respectively) resulting in the

channel systems of different sizes (14Rx12R, 12Rx10R, 10Rx8R, respectively). Consequently,
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extra-framework cation sites compensating charge of framework Al located in these dense 2D
layers (channel-wall sites) are the same in all three zeolites. Therefore, the effect of the zeolite
channel size on the Lewis properties of the cationic sites can be investigated independently on
other factors determining the quality of Lewis sites. UTL, OKO, and PCR and pillared 2D IPC-
1PI materials were prepared in Li-form and their properties were studied by a combination of
experimental and theoretical methods. Qualitatively different conclusions are drawn for Li*
located at the channel-wall sites and at the intersection sites (Li* located at the intersection of
two zeolite channels): The Lewis acid strength of Li" at intersection sites is larger than that at
channel-wall sites. The Lewis acid strength of Li* at channel-wall sites increases with decreasing
channel size. When intersecting channels are small (10Rx8R in PCR) the intersection Li" sites
are no longer stable and Li" is preferentially located at the channel-wall sites. Last but not least,
the increase in adsorption heats with the decreasing channel size (due to enlarged dispersion

contribution) is clearly demonstrated.

1. Introduction
Adsorption and catalytic properties of zeolites depend on zeolite topology, chemical composition, and
distribution of atoms (Si vs. Al) among different crystallographic sites.”® Understanding of this seemingly
simple dependence at the molecular level is complicated by the fact that individual effects are strongly
coupled. For better understanding of the structure-activity relationship it is advantageous to focus just on
a single effect. At the molecular level, adsorption and catalytic properties depend primarily on the
coordination and accessibility of charge-balancing extra-framework cations (protons or metal cations).””
Information about the location and coordination of extra-framework cations for most zeolites cannot be
directly obtained from experiment, instead it is often deduced from a combination of various experimental

10-12

techniques (see Ref. ** for recent comprehensive review). A combination of experimental and
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computational investigations has been shown to be particularly suitable for understanding of the extra-

framework cation coordination in high-silica zeolites.**?

To understand the effects of the extra-framework cation coordination and the channel size on
adsorption and catalytic properties of zeolites, a probe molecule, such as CO, has been used.?*" In high
silica zeolites, the adsorption of CO is driven by two factors: by the effect from the bottom and by the
effect from the top.** * The effect from the bottom is due to the interaction of adsorbate with the primary
extra-framework cation and it reflects the cation coordination with the framework; the stronger is the
interaction of the extra-framework cation with the zeolite framework the weaker is the interaction with
CO and lower adsorption heats and lower CO stretching vibrations vco can be expected. The effect from
the bottom is more pronounced for smaller cation such as Li* and Mg*.** * Thus, the effect from the
bottom reflects the Lewis acid strength of the extra-framework metal cation that is demonstrated by its
ability to polarize an adsorbate. The effect from the top is due to the “secondary” interaction of adsorbed
molecule with the zeolite framework in its vicinity. This effect is mostly due to the electrostatic and
dispersion interactions and it leads to additional changes of CO stretching frequency. Experimentally
observed characteristics of adsorbed probe molecules reflect both effects (from the top and from the
bottom) simultaneously and individual effects can be demonstrated only computationally, using suitable
models. A recent theoretical investigation of CO adsorption on 2D layered IPC-1PI and corresponding 3D
UTL zeolites have shown that adsorption enthalpies and CO stretching frequencies are lower by 3 kJ mol’

Yand 5 cm™, respectively, in the 2D material (IPC-1P).*

It has been recently shown that UTL zeolite can be converted into layered two-dimensional (2D)
material IPC-1P by selective hydrolysis®” and this 2D material can be further converted into new zeolites
IPC-2 and IPC-4 (having OKO and PCR topology, respectively) via ADOR mechanism.***° The OKO
zeolite was originally prepared via inverse sigma transformation;* OKO and IPC-2 have the same
framework connectivity but differ in the symmetry. A layered 2D material obtained upon the hydrolysis

of UTL is denoted IPC-1P while the corresponding material obtained by pillaring is denoted IPC-1PI;
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experimental results reported below were obtained on IPC-1PI while calculations were carried out for
IPC-1P layers separated by vacuum (Section 2). We will use IPC-1PI to refer to pillared material
(experimental and theoretical) while IPC-1P notation will denote the structure of 2D layers. These four
materials (IPC-1PI, UTL, OKO, and PCR) thus constitute a unique set of adsorbents with the same dense
2D layers separated by different interlayer distances defined by different interlayer linkers. Consequently,
these materials have different channel systems parallel to the 2D layer (Fig. 1). We denote these zeolites
“IPC-1P group” since they all can be formally obtained from IPC-1P precursor. While the channel size
increases from PCR to IPC-1PlI, the structure remains relatively similar since parts of the channel defined
by 2D layers do not change. Thus, the IPC-1P group represents a unique series where majority of extra-
framework sites (those defined by dense 2D layers) are very similar, if not the same, and the differences
in adsorption and catalytic properties must be related to the channel size. It gives us a unique opportunity
to investigate the effect of the channel size without an influence of differences in the extra-framework
coordination and improve our understanding of adsorption and catalytic processes taking place in zeolites.
The results for such a unique series of zeolites with similar structures but increasing channel size are

presented herein for the first time.

All four zeolites of IPC-1P group were prepared in the Li* form and the properties of extra-
framework Li" sites were probed with the CO adsorbate. In addition to standard characterization
techniques, the microcalorimetry and FTIR spectra were obtained from a zero coverage up to coverages
greater than monolayer (CO:Li > 1:1). Experimental results are compared with computational results
obtained for the same set of materials (results for Li-PCR and Li-OKO are presented herein while
computational results for Li-IPC-1P1 and Li-UTL are taken from Ref. *°). Based on excellent agreement
of theoretical and experimental data the effects of zeolite channel size on the Lewis acid strength (and

thus the adsorption and catalytic activity) of extra-framework Li* sites are discussed.

2. Experimental and Computational methods
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2.1. Synthesis and Characterization

Aluminogermanosilicate UTL and pure germanosilicate UTL were prepared according to a procedure
described in the literature.”” For the synthesis of IPC-zeolites, UTL was used as the starting material and
additional aluminium was incorporated during its hydrolysis as followed: calcined UTL (1 g) was
hydrolysed in a mixture of solutions 1M CH3COOH (150 ml) and 1M AI(NO3); (100 ml) at 90 °C for 16
hours. The product was isolated by filtration, washed with water and dried at 60 °C. For the synthesis of
OKO, the hydrolysed sample (1g) was treated with 1M HNO; solution (10 g) and diethoxydimethylsilane
Si(OCH,CHj3),(CHs), (0.2 g). The reaction was performed in the autoclave under static conditions at 170°
C for 16 hours. The final product was washed with water, dried at 60° C and finally calcined in the air
flow at 750° C for 6 hours. For the synthesis of PCR, the hydrolysed sample was treated with neat
octylamine at 80° C for 16 hours (with w/w ratio 1/13 g). The solid was then isolated by centrifugation
and dried at the ambient temperature. The product was calcined in the air flow at 750° C for 8 h. For the
synthesis of IPC-1PI, 1 g of hydrolysed sample was first swollen with 20 ml of 20 wit%
cetyltrimethylammonium hydroxide solution (C;sTMA-OH) by stirring at ambient temperature for 16
hours. The IPC-1SW was then treated with TEOS (for 1g of zeolite 50 ml TEOS) at 85°C for 16 hours.

The produced solid was hydrolysed in water and then calcined at 550°C for 6 hours.

The structure and crystallinity of zeolites were determined by X-ray powder diffraction using
Bruker AXS D8 Advance diffractometer equipped with a graphite monochromator and a position

sensitive detector Vantec-1 using CuKa radiation in Bragg—Brentano geometry.

Adsorption isotherms of nitrogen (at -196 °C) were measured on a Micromeritics ASAP 2020
static volumetric instrument. The BET area (Sget) Was evaluated by BET method using adsorption data in
the p/p, range of 0.05-0.20. The adsorbed amount at relative pressure p/p, = 0.98 reflects the total
adsorption capacity (V). For adsorption isotherms of nitrogen, the t-plot method was applied to

determine the volume of micropores (Vmicro). LOW-pressure adsorption isotherms of argon (at -186°C)
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were measured on the same instrument in order to inspect pore-size distribution. Experimental data were
treated by NL DFT model of Ar adsorption in H-zeolite at -186°C by SAIEUS software

(Micromeritics).*”

The lithium forms of zeolites were obtained by an ion exchange in a 0.5 M aqueous solution of
LiCl for two days at 35°C. After ion exchange, the samples were filtered and thoroughly washed by
distilled water several times and finally dried at 120°C overnight. The crystallinity of Li-zeolites was

checked by XRD. No decrease in crystallinity and no addition phase presence were observed in the XRD.

2.2. FT-IR spectroscopy of adsorbed CO

The samples were pressed into self-supporting wafers with density of 10 mg cm™ and placed into home-
made low temperature IR cell for transmission measurement. The zeolite samples were in situ activated
(outgassed) in a dynamic vacuum (residual pressure < 10 Pa) for 10 h at 430°C (with rate of temperature
increase of 1 °C min™ up to 130 °C, then the sample was kept for 30 min at this temperature and
subsequently temperature increased with the rate 5 °C min™ up to 430°C). Infrared spectra (64 scans)
were collected at temperature of liquid nitrogen with a resolution of 2 cm™ on a Nicolet 6700 FTIR
spectrometer equipped with an MCT/A cryodetector. Carbon monoxide (99.997 purity) used in the
experiments was purified by a freeze-pump-thaw cycle. The CO adsorption on Li-zeolites was performed
at equilibrium pressure of 0.1 Torr; CO pressure was then reduced until vibrational bands of adsorbed CO
were detected (approximately 4 h). IR spectra of the surface CO complexes were collected each minute.
The spectrum of dehydrated sample at temperature of liquid nitrogen recorded before CO adsorption was

subtracted from each spectrum shown in this work.

2.3. Adsorption microcalorimetry
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Prior to each calorimetric experiment, sample of the weight ca. 300 mg was outgassed by slowly
increasing temperature with simultaneous careful evacuation up to residual pressure 10 Pa at 450 °C.
The microcalorimetric/volumetric experiments were carried out using an isothermal Tian-Calvet type
microcalorimeter (BT 2.15, SETARAM) combined with a homemade volumetric/manometric device
equipped with capacitance pressure gauges (Pfeiffer Vacuum). The adsorption isotherms and heats of
adsorption were measured at -100 °C by step-by-step introduction of CO (99.997 purity) into the cell. The
system was equilibrated for 60 minutes for each dose and the equilibrium was monitored by both the
pressure and the heat-flow measurements. The integral area of the peak in heat flow — time plot provided
integral adsorption heat evolved at each adsorptive dose. The dependence of differential adsorption heat

vs. adsorbed amount was obtained by numeric differentiation.
2.4.Models and Computational methods

The numbering scheme of framework atoms in UTL, OKO, and PCR structures is defined at the I1ZA
database;* the use of three numbering schemes would make it complicated for a reader to follow the
comparison of results for individual structure types. In fact, all three UTL, OKO, and PCR framework
types are based on the same dense 2D layer (a material denoted IPC-1P)*" and they differ only by a linker
inter-connecting these 2D layers into 3D zeolites (O atom, S4R, and D4R for PCR, OKO, and UTL,
respectively). Therefore, for comparison of all 3 framework types the UTL numbering scheme is adopted
(Fig. 2) and the mapping with the 1ZA numbering is shown in Supplementary Materials (Table SI-1). The
same numbering is used also for IPC-1PI layered material. To prevent the confusion with the 1ZA

numbering the T-sites are denoted as T’-sites throughout this manuscript.

The notation of Li* cation positions for all structures is shown in Fig. 2. Li* positions located on
the surface of channel wall (type I sites) can be classified as Mx and Px, where M is the main (larger)
channel and P is the perpendicular (smaller) channel, x is the size of the ring on the channel wall that

hosts the extra-framework cation and 12 stands for type Il sites on the intersection (similar notation has
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been introduced previously for other high-silica zeolites® *). The substitution of Al for Si was
investigated for all distinguishable T-sites except those located at the interlayer linker (S4R unit in OKO).
For each investigated location of the framework Al the most energetically stable site of extra-framework

Li* cation was found and for these Li" sites the adsorption of CO was considered.

Unit cell parameters previously determined for IPC-2 (a= 12.5162A, b=13.8880A, c=13.9682A, and
o= 118.7520, 4=90.1740°, »=107.0870°) and PCR (a= 20.3599A, b=14.1746A, c=12.4572A, and
o=7=90°, f=114.0905°) were adopted.*® Since the methods used for the calculations on OKO and PCR
zeolites are exactly the same as described previously for UTL and IPC-1P1,*® they are only briefly
summarized below. All calculations were performed at the DFT level using Perdew-Burke-Ernzerhof

,*" 8 the projector augmented wave approximation (PAW)**° and

(PBE) exchange-correlation functiona
the plane wave basis set with a 400 eV kinetic energy cut-off. Brillouin-zone sampling was restricted to
the ' point. Calculations were performed with the VASP program package (version 5.3.3).>" ** The
structure optimizations were carried out with relaxed ions and a frozen unit cell. The zero point energies
(ZPE) were calculated within the harmonic approximation, considering 6 degrees of freedom of CO. The
standard enthalpies were reported at 0 K. CO stretching frequencies were calculated by veolfco
correlation method described in Ref. . The CO adsorption energies calculated at the PBE level were
corrected for a missing dispersion contribution using the DFT/CC method.>* Details of the method for Li-

zeolites were described in Ref. %

. Dispersion and local contributions (denoted Agiy and Ajgca,
respectively) to the interaction energy were evaluated as well. The part of DFT/CC correction upon
elimination the Li...C and Li...O correction is used for Agis, and interaction energy calculated at the PBE

level is used for A The IR spectra of adsorbed CO were modelled following the method described

previously,” assuming statistical distribution of Al inside the dense 2D layers.

3. Experimental results
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The X-ray diffraction patterns of UTL, OKO, PCR, and 2D IPC-1PI zeolites reported in Fig. 3a are in
good agreement with those reported in the literature.*” *® No diffraction lines of additional phases were
observed in the diffraction patterns. Nitrogen adsorption isotherms (Fig. 3b) are characteristic of a
microporous material lacking secondary mesopores, except the isotherm for IPC-1PI that is typical for
mesoporous material. The Si/Al ratios, BET areas, total pore volumes, volumes of micropores, and pore
sizes are reported in Table 1. The argon adsorption isotherms and pore-size distributions are shown in

Supplementary Materials (Fig. SI-1).
3.1. FTIR spectra of CO adsorbed on OKO and PCR

The IR spectra of CO adsorbed on all four Li-zeolites at liquid nitrogen temperature are shown in the Fig.
4 and adsorption characteristics obtained for low coverages are summarized in Table 2. The spectra
recorded on individual samples differ in a number and relative intensity of spectral bands. The IR spectra
of CO adsorbed on Li-IPC-1PI (see Fig. 4a) are characterized by only one, relatively broad band with
maximum at 2187 cm™. The band is clearly asymmetric on the low frequency side and its maximum shifts
with increasing coverage to 2183 cm™. The spectra of CO adsorbed on Li-UTL (Fig. 4b) reveal two
bands at 2194 and 2187 cm™. The relative intensity of bands changes with coverage. The high-frequency
band dominates the spectra at low coverages and there is a shoulder at low-frequency side at about 2189
cm™. With increasing coverage, the low-frequency shoulder develops and becomes the dominant band.
Simultaneously, the position of low frequency band slightly shifts from 2189 to 2187 cm™. IR spectra of
the CO adsorbed on Li-OKO zeolite (Fig. 4c) resemble spectra obtained for Li-UTL zeolite. The spectra
obtained for the lowest coverage show two well-distinguished bands at 2195 and 2188 cm™. The maxima
of both bands are rather coverage independent, whereas relative intensities of these bands change. The
band at 2188 cm™ dominates the spectra recorded at the high coverage. Relative intensity of the high
frequency band with respect to the low frequency one is higher in Li-UTL than in Li-OKO zeolite. The
IR spectra of CO adsorbed on Li-PCR (Fig. 4d) are characterized by the single asymmetric absorption

band occurring below 2190 cm™. At low coverage, the band is centered at 2188 cm™ with half-width
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around 7.5 cm™. With increasing coverage, the maximum of the band is shifted to 2186 cm™ and the

shoulder at around 2179 cm™ is developed.
3.2. Adsorption microcalorimetry of CO adsorption on OKO and PCR

Calorimetric curves for the CO adsorption on investigated Li-zeolites and Li-IPC-1PI at -100 °C are
depicted in Fig. 5. The differential heat of adsorption is plotted as a function of sample coverage (CO:Li
ratio equal to 1 is considered to be 100%). The decrease in the adsorption heat with coverage reflects
significant adsorption heterogeneity (in terms of energy) for all studied materials. Li-IPC-1PI exhibits the
lowest adsorption heats from all four samples. Calorimetric curve of Li-IPC-1PI starts at 34.5 kJ mol™
and very slowly decreases to approximately 30 kJ mol™ at 60% of coverage. Then the heat falls to 20 kJ
mol™ followed again by slow decrease to 17 kJ mol™, at which calorimetric curve levels-off. The
adsorption heats on Li-UTL zeolite are higher compared to Li-IPC-1PI. The first CO doses (up to 15 % of
coverage) result in heats of 41 kJ mol™, followed by a decrease to approximately 32 kJ mol™ where
distinct plateau is clearly visible. The heats start to slowly decrease at coverage higher than 75% and level
off at 18 kJ mol™. The strongest adsorption sites in Li-OKO zeolite are characterized by 43 kJ mol™ and
the heat higher than 40 kJ mol™ can be detected up to coverage of 30 %. Then the heat monotonically
decreases to 20 kJ mol™ at coverages above 100%. Adsorption of CO on Li-PCR zeolite exhibits the
largest initial adsorption heat (44 kJ mol™) from all investigated materials. Subsequent increase in
coverage is reflected by substantial decrease in the heats to approximately 30 kJ mol™ at near 100% of
coverage. It must be noted that heats of CO adsorption on Li-PCR is significantly lower compared to

heats on Li-OKO at intermediate coverage.

4. Computational results

4.1. Li* cation sites in OKO and PCR

36
|

Following the previous investigation of Li* sites in UTL and IPC-1PI*° the energetically preferable Li*

sites located in the vicinity of each of 10 T-sites in OKO and PCR were investigated; Li-Os distances are

10
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summarized for all four materials in Supplementary Materials (Table SI-2). Both OKO and PCR zeolites
reflect a strong preference of Li* cations in type | site on the channel wall (Table 3), similar to FER> and
MFI*’. The Li* cation is located in type Il site only in one and two cases in PCR and OKO, respectively
(Table 3). Comparing the most stable Li* cation position in OKO and PCR, it is apparent that Li* cation
positions and coordination number (CN) are the same in both materials when framework Al atom is in
T3, T4, T5, T8, T9’, and T11’ (Fig. 2). Since these sites are clearly defined by 2D layer and they are
not affected by the inter-layer linker they will be denoted “layer sites”. On the contrary, when framework
Al atomisinT6’, T7’, T10’, and T12’, both site type and coordination number change between OKO and
PCR. These sites will be denoted “inter-layer sites”; note that such sites are not necessarily located in the
inter-layer region, however, their relative stability (and thus populations) are affected by the inter-layer

linkers.
4.2.CO adsorption in OKO and PCR

The adsorption energies and stretching frequencies of CO were calculated to evaluate Lewis acid strength
of the most stable Li" cation site found for particular Al position. Characteristics of CO adsorption
complexes on Li" sites in OKO and PCR are reported in Table 3 summarizing Li-Os distances, adsorption
enthalpies AH(0 K), and CO stretching frequencies vco. The sensitivity of CO probe molecule to the local
environment is reflected in veo and AH that ranges from 2178 to 2197 cm™ and from -29 to -46 kJ mol™,
respectively. Examples of CO adsorption complexes in OKO and PCR are shown in Fig. 6 together with
corresponding adsorption complexes found previously® in UTL and IPC-1PI.

Correction of PBE interaction energies evaluated at the DFT/CC level accounts mostly for the lack of
dispersion interactions; they are summarized in Supplementary Materials, Table SI-3. They are rather
important in PCR (-16 kJ mol™ on average) where they represent 30-50% of the overall interaction
energy. This is due to a relatively small size of PCR channel system (intersecting 10R and 8R channels)
where CO primarily bound to the Li* cation is within vdW radii of many framework atoms.

Consequently, dispersion interactions do not depend on the cation site. Due to a larger diameter of OKO

11
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channel system, dispersion contributions are smaller than in PCR (by about 5 kJ mol™ on average) and
larger dependence on particular Li* position in PCR can be observed. In the case of OKO zeolite, the
dispersion corrections account for 20-30% of overall interaction energies. For layer sites (see above),
adsorption enthalpies in PCR are 4-8 kJ mol™ larger than in OKO, that can be attributed mostly to the
increased importance of dispersion interaction in PCR having a small channel system (effect from the
top). Examples of corresponding CO adsorption complexes are shown in Fig. 6 for Al in T4’ (Fig. 6a-6d),
and T3’ (Fig. 6e-6h). In the case of inter-layer sites, the situation is opposite — adsorption enthalpies in
OKO are up to 12 kJ mol™ larger than in PCR for corresponding adsorption sites (Table 3). This
difference clearly results from the effect from the bottom; coordination of Li* is larger in PCR (CN = 4)
than in OKO (CN < 3). For the same reason also veo frequencies are larger in OKO than in PCR by 8-16
cm™. Examples of CO adsorption complexes are shown for Al located in T10” and in T7” sites in Fig.6

6k-61 and Fig. 60-6p, respectively.

5. Discussion
The experimental and theoretical results reported above for Li-PCR and Li-OKO zeolites are discussed
first, followed by a broader discussion of the results obtained for the series of Li-exchanged IPC-1PI,
UTL, OKO, and PCR zeolites.
5.1. CO adsorption on Li" sites: experiment vs. theory

Calculated CO stretching frequencies are in quantitative agreement with the band maxima obtained
experimentally for CO adsorbed on Li-OKO (2195 and 2188 cm™) and on Li-PCR (2188 and shoulder at
2176 cm™), thus, experimental spectra can be straightforwardly interpreted based on the theoretical
investigation. The high-frequency band at 2195 cm™ observed for CO/Li-OKO is due to the CO
adsorption on two-coordinated 12 sites (Table 2 and Fig. 4). CO adsorption complexes on all other Li*

sites (with 3- or 4-fold coordination) in Li-OKO are characterized by vco between 2181 and 2191 cm™,

well within the experimentally observed band centered at 2188 cm™. Larger values of —~AH found for two-

12
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coordinated sites explain the relative intensity of two bands reported for CO/Li-OKO in Fig. 4c. As for
Li-PCR, in agreement with experimental data (Fig. 4d) no high-frequency CO adsorption sites (above
2190 cm™) were found (Table 3). Even the adsorption complex formed on 12 site is characterized by veo =
2187 cm™, that is 8 cm™ lower than the one found for corresponding adsorption complex in Li-OKO.
Note that Li* in 12 site in Li-PCR is actually located inside the 8R window of the channel; therefore, CO
adsorption complex is almost perpendicular to Al—Si direction (Fig. 6d). CO adsorption complexes on
layer sites (voo between 2186-2190 cm™) are characterized by higher ~AH values than complexes on
inter-layer sites (vco between 2178-2181 cm™); that explains why the band maximum is shifted and
shoulder is formed at higher CO coverage. Experimental and calculated adsorption heats are in good
agreement as well: at low CO coverage there are stronger adsorption sites on Li-PCR than on Li-OKO
while at the coverage approaching CO/Li" = 1 the Li-OKO zeolite shows stronger adsorption sites than
Li-PCR (Table 3). This is in line with experimental data (Fig. 5). Even quantitative agreement is
reasonable — estimated experimental adsorption heats at zero coverage (43 and 44 kJ mol™ for Li-OKO
and Li-PCR, respectively) are close to values reported for the low-coordinated Li* sites (Table 2).
Computational results reported previously for Li-IPC-1PI and Li-UTL®* are compared with experimental
results reported above in Table 2. A good qualitative and quantitative agreement between experimental
and theoretical results reported above entitles us to discuss the subtle details of extra-framework cation

coordination in a series of materials with similar topologies but different pore sizes.

5.2. Li" coordination and Lewis acid strength vs. pore dimension

Results reported above for Li-IPC-1PI, Li-UTL, Li-OKO, and Li-PCR may give us new insight
on how the pore diameter affects the coordination of extra-framework cations and how that affects their
Lewis acid strength. The structures of all four materials discussed here consist of identical 2D dense
layers that are interconnected differently into 3D materials (Fig. 1): (i) IPC-1PI pillared material contains
2D IPC-1P layers (containing framework Al and thus extra-framework cations); the void space above the
adsorption site is large compared to the size of the adsorbate and adsorption on Li-IPC-1PI can be viewed

13



Physical Chemistry Chemical Physics

as an adsorption on thin 2D IPC-1P layer. (ii) IPC-1P layers in UTL are connected by D4R units, forming
relatively large 14R and 12R interconnected channels. (iii) Connection of IPC-1P layers with S4R, zeolite
OKO, results in 12R x 10R channel system. (iv) Direct condensation of IPC-1P layers (linked simply by
oxygen atoms) gives PCR zeolite with 10R x 8R channels. While these four materials differ in the pore
size (decreasing in the order IPC-1P1 > UTL > OKO > PCR) they have very similar topology — layer
sites defined above (Al in T3’, T4’, T5’, T8, T9’, T11’) are not much effected by the inter-layer linking
and they are expected to be very similar in all four systems. On the contrary, inter-layer sites (T6’ and
T7’ — adjacent T-atoms to inter-layer linker; T10> and T12’ — bridging T6’ and T7’ T-sites) depends on
the way how IPC-1P layers are linked together and they are expected to have different properties.
Computational results for all four materials are summarized in Supplementary Materials; Li* coordination
and dispersion contribution to CO interaction with zeolite are reported in Tables SI-2 and SI-3,
respectively. Characteristics of CO adsorption complexes are summarized in Table 4.

First, we focus the discussion on layer sites. The coordination of Li* cations for particular layer
site (defined by Al position) is the same in all four materials inspected herein and even Li-O distances are
very similar (cf. Table SI-2). Therefore, any differences along the IPC-1PI — UTL — OKO — PCR series
found for layer sites must be due to the changes in channel diameter and its curvature. Averaged values of
corresponding adsorption characteristics are reported in Table 5. Adsorption enthalpies increase for layer
sites in order IPC-1PI < UTL < OKO < PCR. Inspection of the dispersion contribution (obtained from
the DFT/CC correction) and of the local contribution (PBE part of an overall interaction) reveals that the
average dispersion interactions for layer sites are the same for IPC-1PI, UTL, and OKO (-11 kJ mol™)
while they are larger (-16 kJ mol™) for PCR. It follows that the Lewis acid strength of Li* cations which
can be roughly quantified by A increases with the decreasing diameter of channels (Table 5). This is
also apparent from Fig. 7 that summarizes adsorption enthalpies and vco for all four materials.

The CO stretching frequency is determined by a combination of the effect from the bottom and
the effect from the top.** * The effect from the bottom is represented by cation Lewis acid strength (its
ability to polarize an adsorbate) — vco increases with increasing cation Lewis acid strength. The effect
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Page 14 of 35



Page 15 of 35

Physical Chemistry Chemical Physics

from the top also leads to the vco increase when the channel becomes smaller and CO vibrates “against”
the wall. Following this model, vco increases from IPC-1PI to UTL to OKO (Tables 5); however, vco
calculated for PCR does not increase with respect to zeolites with larger pores. This unexpected
frequency decrease found for layer sites in PCR is in agreement with experimental observation (Fig. 4
and Table 2) and it is similar to the situation found previously for Li-MFI and Li-FER zeolites (having
10R x 10R and 10R x 8R intersecting channel systems, respectively).* %%

As for the inter-layer sites the coordination of Li* changes from system to system (Table SI-2).
Therefore, there are significantly larger differences between cation characteristics (Table 5). Intersection
12 sites, where Li" is coordinated to only 2 framework oxygens, exist only in Li-UTL and Li-OKO; CO
adsorption complexes on these 12 sites show the highest frequency (2196-97 cm™), in agreement with
experiment (Fig. 4). In the case of Li-PCR, the Li" in inter-layer sites is always coordinated to four
framework oxygen atoms (Table 3) and consequently its Lewis acid strength is rather small (Table 5). It
follows that both —AH and v¢o values are significantly lower than in the case of UTL and OKO. The
inter-layer sites in Li-IPC-1PI have the lowest Lewis acid strength reflected in low —AH and vco values.
First, there are no channels and intersections in Li-IPC-1PI, second, a smaller rigidity of 2D zeolite
(compared to 3D one) results in better accommodation of Li* by framework atoms.*

The analysis presented above can be summarized on the example of experimental IR spectra of
CO on all four materials presented in Fig. 4. The high frequency bands at 2194 cm™ observed only for Li-
UTL and Li-OKO are due to the presence of Li* cations in the intersection 12 sites. These sites do not
exist in Li-PCR where Li" preferentially binds at channel wall sites and these sites cannot exist in layered
Li-IPC-1PI1. The low energy bands experimentally observed at 2183, 2187, 2187, and 2186 cm* for Li-
IPC-1PI, Li-UTL, Li-OKO, and Li-PCR, respectively, correspond to CO adsorbed on channel wall sites
where Li" is coordinated to at least three framework oxygen atoms. Relatively small differences in band
maxima positions are due to the changes in Lewis acid strength of Li" sites. The band shoulders observed

for Li-PCR and Li-IPC-1PI at about 2176 cm™ are mostly due to Li* in inter-layer sites which are formed
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in place of intersection sites in OKO and UTL. Thus, the strongest adsorption Li" sites in Li-UTL and
Li-OKO becomes the weakest adsorption sites in Li-PCR and Li-IPC-1PI.

The results reported for three Li-zeolites and one structurally related Li-pillared material
possessing the same structure of the layers clearly show that the correlation between —AH and vco is
rather weak.*® Such correlation can only exist if both —AH and oo are determined by the effect from the
bottom and the effect from the top is negligible or constant. However, this is not the case as can be nicely
demonstrated on the example of Li-PCR zeolite: large adsorption enthalpy is due to a significant
dispersion contribution (CO fits well in 10R x 8R channel system) and it does not correspond to lower
values of vco.

Adsorption enthalpies were calculated at the DFT/CC level,**

using correction functions derived
previously.®* Very good agreement between calculated and experimental adsorption heats was found for
all four Li-exchanged materials investigated here. This agreement confirms that common DFT functionals
overestimate interaction between the CO molecule and Li (alkali metals in general) cation and good
agreement with experiment can only be achieved upon appropriate correction. Adsorption enthalpies

calculated at the PBE-D3 level at PBE optimized geometries for Li-PCR were as large as -50 kJ mol™;

this overestimation is mostly due to the overestimation of Li*...CO interaction.

6. Conclusions

Lewis acidity of alkali-exchanged zeolites is determined by the Lewis acid strength of individual extra-
framework cation sites. The Lewis acid strength depends on cation coordination — the weaker is the
interaction between the extra-framework cation and zeolite framework and more accessible is this cation
the stronger is its Lewis acid strength. Therefore, cations located at the intersection of two channels are
more active in adsorption and catalysis driven by the Lewis acidity than cations located inside the
channels at the so-called channel-wall sites. The details of Lewis acid strength of Li-exchanged zeolites
have been investigated by a combination of experimental (FTIR and microcalorimetry) and computational
(DFT/CC and o/r) methods using a CO probe molecule.
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A unique series of zeolites with the same dense 2D layers with different interlayer linkers (IPC-1PI, UTL,

OKO, and PCR) has been investigated. Majority of Li* sites defined by framework Al in the 2D layer

have identical local environment in all investigated materials. Therefore, the differences between them

can be attributed to the size of the channels parallel to the 2D layers. A very good agreement between

calculated and experimental adsorption enthalpies and CO stretching frequencies entitles us to draw

following conclusions:

(i)

(i)

(i)

The highest Lewis acid strength has been found for Li* cation coordinated to only two framework
oxygen atoms at the intersection of two channels where Li* cation is located at the void space of
the intersection. Such sites can only exist on the intersection of channels of the sizes larger than
8R — they only exist in Li-UTL and Li-OKO (having 14Rx12R and 12Rx10R channel systems,
respectively). Intersection sites do not exist in Li-PCR (intersection of 10R and 8R channels) and
they cannot exist in IPC-1PI. Thus, Li-UTL and Li-OKO have the strongest Lewis acid sites.
Evaluation of Lewis acid strength based on adsorption heats could be misleading; apart from
(mostly electrostatic) interaction with the extra-framework cation there is a significant
contribution from dispersion interactions between adsorbate and zeolite framework. Due to good
“fit” of CO into the 10Rx8R channel system of Li-PCR the dispersion component for this system
is significantly larger than for other investigated zeolites and the largest adsorption heats were
measured (and calculated) for Li-PCR, despite the fact that there are no sites with large Lewis
acid strength at the channel intersection.

A detail analysis of Li" sites defined by 2D dense layers shows that Lewis acid strength depends
on the channel dimension: Li* cations in smaller channels show slightly larger Lewis acid

strength.
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FIGURE CAPTION

Fig. 1 Structure of IPC-1PI, UTL, OKO and PCR consist of the same dense 2D layers (in green color)
but different linkers (in red color) leading to the different pore sizes in these materials; shown for main

channel (left side) and the perpendicular channel (right side).

Fig. 2 Notation used for extra-framework Li* cation sites in IPC-1P1, UTL, OKO and PCR. Sites in the
main and perpendicular channels are denoted as Mx and Px, respectively, where x stands for the size of
the ring on the channel wall where the Li* cation is located. A new surface site in IPC-1PI formed upon
the removal of D4R is denoted S8b. Two sites in PCR at the location of P5 and M5 in UTL are denoted
M6 and P6 (insertion on the top). The numbering schemes of T’ atoms following UTL numbering

schemes are also shown.

Fig. 3 Powder XRD patterns (a) and adsorption-desorption isotherms of nitrogen measured at -196 °C (b)
for UTL, OKO, and PCR zeolites and for 2D IPC-1PI pillared hierarchical material. The solid points

denote desorption branch.

Fig. 4 FTIR spectra of CO adsorbed at liquid nitrogen temperature on Li-IPC-1PI (a), Li-UTL (b), Li-
OKO (c), and Li-PCR (d). The intensity of spectra obtained upon CO adsorption decreases with
evacuation. Insets in individual panels show theoretical spectra at corresponding Li-zeolites calculated for

0.75, 0.50, 0.25, 0.10, and 0.05 coverages (CO:Li ratio) in cyan, green, blue, red, and black, respectively.

Fig. 5 Adsorption heats of CO on Li-zeolites and Li-IPC-1P1 measured by microcalorimetry at -100°C as

a function of coverage.

Fig. 6 The CO adsorption complexes in the most stable position of Li cation in IPC-1PIl, UTL, OKO and

PCR (from left to right); shown for Al in T4’ (a-d); T3’ (e-h); T10' (i-1) and T7’ (m-p). The Al, O, and Si
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atoms are depicted in black, grey, red and grey color, respectively while Li, C, and O atoms are depicted

in purple, grey and red color balls, respectively.

Fig. 7 CO adsorption energies (lower part) and CO stretching frequencies (upper part) for the most stable

Li* sites in IPC-1PI, UTL, OKO and PCR.
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Table 1 Textural properties determined by N, and Ar adsorption and chemical analysis of UTL, OKO,

PCR and IPC-1PI zeolites.?

N, sorption Ar sorption
Zeolite Si/Al
SgET Vit Vinicro Mean pore width
UTL 45 600 0.195 0.180 0.78
OKO 77 356 0.182 0.144 0.63
PCR 51 206 0.123 0.083 0.51
IPC-1PI 33 788 0.469 0.125 2.29

3 Surface area, volume and mean pore width are reported in m?g™, cm®g™ and nm, respectively
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Table 2. Experimental and calculated CO adsorption characteristics for Li-IPC-1PI, Li-UTL, Li-OKO

and Li-PCR.?
zeolite Ques’ (exp.) -AH (calc.) veo (exp.)° veo (calc.)?
Li-IPC-1PI 34.5 37 2187 2186
Li-UTL 41.0 42 2194; 2189 2196; 2188
Li-OKO 43.1 43 2195; 2188 2197; 2189
Li-PCR 44.0 46 2188 2188

 Experimental adsorption heats estimates for zero coverage and a maximum —AH value
calculated for particular system (in kJ mol™). ® Frequencies (in cm™) taken from Fig. 4 for

low coverage.
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Table 3. The most stable Li* cation positions, coordination numbers, distances to framework Oy atoms,

adsorption heats and CO vibrational frequencies obtained computationally.®

Li* cation position®

AlP Al° r(Li...O AH Ve
cN) ( ) co
location site
OKO PCR OKO PCR OKO PCR OKO PCR
1.87,2.02, 1.88,2.10,
T3> M8b(3) M8b(3) -36.2  -445 2190 2188
2.05 2.19
T4 12(2) 12(2) 1.861.87 1.87,1.89 -41.8  -46.5 2195 2187
1.91,1.94, 1.92,1.93,
T5> M8b(3) M8b(3) 349  -39.0 2186 2187
2.15 2.03
layer
. 1.93,1.94, 1.94,1.94,
sites T8  M8b(3) MB8h(3) -37.0  -417 2188 2186
2.03 2.10
2.00,2.05, 1.98,2.00,
T9  M8b(4) M8b(4) -35.1 415 2181 2180
212,213 212,220
1.95,2.01, 1.97,1.97,
TI1> M6b(3) M6b(3) 344 <420 2191 2190
2.32 2.31
1.89,2.01, 1.94,2.06,
T6> M8b(3)  P6(4) -35.7 312 2186 2181
2.04 2.16,2.24
- T7 12(2) P6'(4) 1.87,1.91 1.92,2.10, 435 -31.4 2197 2181
Inter- SO 017,220 ' '
layer
. 1.83,2.01, 1.97,1.97,
sites TI0C P5(3)  P6'(4) -39.1  -295 2191 2179

2.04 2.24,2.24

1.89,2.03, 1.96,1.96,

T12° M8b(3)  P6(4) 2.09 2.16,2.16

-39.9 -29.2 2190 2178
? Distances, adsorption enthalpies, and frequencies reported in A, kJ mol™, and cm™, respectively.

® Al located either at the 2D dense layer (layer sites) or in the proximity of interlayer linker (inter-layer sites); for
T-site numbering see Fig. 2 and Table SI-1.

¢ See Fig. 2 for site notation; CN stands for number of O; atoms at the distance of 2.4 A or smaller from the Li*

cation.
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Table 4. Summary of CO adsorption enthalpies and stretching frequencies for Li" sites in Li-IPC-1PlI, Li-

UTL, Li-OKO, and Li-PCR.?

AH Vco
IPC-1PI UTL OKO PCR IPC-1PI UTL OKO PCR

Al location Al site

T3’ -354  -35.0 -36.2 -445 2187 2188 2190 2188

T4 -35.6  -404 -418 -465 2190 2192 2195 2187

layer T5’ -31.8 -324 -349 -39.0 2183 2186 2186 2187
sites T8 -375  -376 -37.0 -417 2184 2187 2188 2186
T9’ -285 -315 -351 415 2177 2181 2181 2180

T11° -32.0 -324 -344 -420 2185 2190 2191 2190

T6’ -24.2  -41.4 -357 -31.2 2175 2197 2189 2181

inter-layer  T7 -22.2 -41.8 -435 -314 2177 2196 2197 2181
sites T10° -229 -396 -39.1 -295 2175 2191 2191 2179
T12 -345 -37.3 -399 -29.2 2184 2187 2190 2178

2 Adsorption enthalpies and frequencies reported in kJ mol™® and cm™, respectively.
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Table 5. Average values of interaction energies

(overall and its parts — dispersion and local
contributions) and CO stretching frequencies.?

AH Aisp Alocal Veo
layer sites
IPC-1PI -33.5 -11.2 -22.3 2184.3
UTL -34.9 -11.0 -23.9 2187.4
OKO -36.6 -11.2 -25.4 2188.5
PCR -42.5 -16.0 -26.6 2186.5
inter-layer sites
IPC-1PI -25.9 -7.8 -18.1 2177.7
UTL -40.0 -10.5 -29.5 2192.8
OKO -39.6 -11.0 -28.6 2191.8
PCR -30.3 -15.7 -14.6 2179.8

? Interaction energies and frequencies in kJ mol™ and cm™,

respectively. Values are averaged for layer sites and for

inter-layer sites.
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Graphical abstract

Lewis acid strength increa.
1 1 X : F

Lewis acid strength of Li" sites in Li-exchanged zeolites depends on the diameter of the pores.
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