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Abstract Nature and population of Li? cationic sites in

MCM-22 zeolite and its pillared form (MCM-36) were

investigated by means of adsorption of CO as a probe mol-

ecule. CO stretching frequency and adsorption heat were

measured by FTIR spectroscopy and adsorption microcal-

orimetry. Intrazeolitic carbonyl complexes on Li? cations in

MCM-22 and MCM-36 are characterized by two main

vibrational bands at 2,195 and 2,188 cm-1. Band at higher

wavenumbers is ascribed to carbonyls on Li? ions coordi-

nated only to two oxygen atoms at the intersection of 10-ring

channels and interacting with CO molecule by energy

around 45 kJ mol-1. Band at 2,188 cm-1 was assigned to

the carbonyls on Li? cations located on top of 5 or 6-rings on

the channel walls and coordinated to three or four oxygen

atoms, interacting with CO molecule by energy

33–36 kJ mol-1. Effect of pillaring and layered form of

zeolite on nature and population of Li? cationic sites is also

discussed, as well as the formation of dicarbonyl complexes.

Keywords FTIR � CO � Adsorption microcalorimetry �
MCM-22 � MCM-36

Abbreviations

FCC Fluid catalytic cracking

C16TMA-OH Cetyltrimethylammonium hydroxide

HMI Hexamethyleneimine

BET method Brunauer–Emmett–Teller method

BJH method Barrett–Joyner–Halenda method

FTIR Fourier transform infrared spectroscopy

MCT/A Mercury cadmium telluride IR detector

SBET BET Surface area (m2 g-1)

Vmicro Micropore volume (cm3 g-1)

Vtot Total pore volume (cm3 g-1)

mCO Stretching frequency of C–O vibration

(cm-1)

Qdiff Differential adsorption heat (kJ mol-1)

1 Introduction

Knowledge of the localization and coordination of extra-

framework cations in zeolites is important for under-

standing their sorption properties (gas separation, gas

storage) and potential catalytic activity. The structure and

coordination of extraframework cations in aluminum-rich

zeolites can be determined by X-ray and neutron diffrac-

tion analysis (Mortier 1982; Olson 1995). However, due to

a low content of extraframework metal cations in high-

silica zeolites and a relatively large number of accessible

extraframework cation sites, the knowledge is lacking for

these systems and, thus, information about the metal

coordination can be obtained mainly from indirect exper-

imental techniques, including spectroscopic characteriza-

tion using probe molecules (Zecchina and Arean 1996).

Infrared spectroscopy of adsorbed carbon monoxide is one

of the most popular techniques for the investigation of

extraframework charge balancing cations in zeolites

(Zecchina and Arean 1996; Hadjiivanov and Vayssilov
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2002; Garrone and Arean 2005; Nachtigall et al. 2012). CO

stretching frequencies and CO adsorption enthalpy are highly

sensitive to the nature and environment of the adsorption site.

Previously, (Nachtigallova et al. 2006) proposed a general

model of CO vibrational dynamics in porous systems. It was

reported that the small Li? cation is the most suitable cation

for probing the site-specificity due to the effects from the

bottom (primarily determined by the nature of the metal

cation and its coordination to the zeolite framework) while

the effect from the top (originating from interaction of oxy-

gen atom of CO with charge on the opposite wall of zeolite

channel or cavity, where negative charge of framework

oxygen atoms or positive charge of second cation is located)

is not site specific in the case of the Li? cations (Nachtigall

et al. 2007; Nachtigall and Bulanek 2006). Increasing num-

ber of oxygen atoms, to which Li? cation is coordinated, led

to weakening of the Li? interaction with CO and the low-

ering of the shift in mCO. Therefore, experimental determi-

nation of CO stretching frequency and adsorption enthalpy

for particular zeolite can provide information on type of

cationic adsorption sites present in the investigated zeolite.

MCM-22 zeolite (IZA code-MWW) possesses the

unique layered structure with two independent 10-ring pore

systems, the intralayer sinusoidal channel (with dimensions

of 4.0 9 5.5 Å) and the interlayer pore comprised of large

supercage (inner diameter 7.1 Å and height of 18.2 Å)

defined by 12-rings and connected by 10-ring with

dimensions 4.1 9 5.1 Å (see Fig. 1) (Leonowicz et al.

1994; Dorset et al. 2005). Synthesis of MCM-22 proceeds

via a layered precursor (Lawton et al. 1996). The complete

three-dimensional structure is formed by condensation of

the individual layers. The discovery of a layered form of

the catalytically active zeolite MCM-22 was exploited for

synthesis of pillared zeolite (MCM-36) combining

unprecedented mesoporous structure and high zeolite

activity (Roth et al. 1995). Presence and accessibility of

cationic sites in supercages on the external surface of

MCM-22 has been postulated to play a significant role in

catalytic processes (Lawton et al. 1998).

This zeolite family attracts a particular attention owing

to its adsorption and catalytic properties. MWW zeolite has

been proved to be catalytically active in alkylation of

benzene and cracking of n-alkanes, it is also used as an

FCC octane booster additive especially valuable for the

production of reformulated gasolines (Corma et al. 1997,

2000, 1999; Cejka et al. 2002; Roth and Cejka 2011).

MCM-22 zeolite containing Cu? cations exhibited also

remarkable activity and stability in the decomposition of

NO and N2O in the presence of water, whereas CuZSM-5

deactivated rapidly upon steaming (Palella et al. 2004).

Adsorption of different adsorptive as carbon dioxide,

nitrosamines or basic dyes was also investigated (Zukal

et al. 2009a, b; Pawlesa et al. 2007; Corma et al. 1996;

Yang et al. 2010, 2012; Wang et al. 2006; Grajciar et al.

2012). Despite the previously mentioned unique catalytic

and adsorption properties of these zeolites, studies of cation

coordination and localization in MWW framework are rather

rare. The largest attention has been paid to the character-

ization of acidic sites and monovalent copper cations in

MCM-22 zeolite (Onida et al. 1999; Umamaheswari et al.

2005; Milanesio et al. 2008).

In this contribution, we investigate coordination of Li?

cation in MCM-22 and MCM-36 zeolite framework by the

study of CO adsorption on these materials. The purpose of

this study is twofold. On the one hand, it is of an interest to

gather detail knowledge about very promising catalytic

system and adsorbent. On the other hand, the comparison

of MCM-22 and MCM-36 may help to understand the

structure of the external surface of a zeolite which is

playing important role in many catalytic reactions.

Fig. 1 Scheme of the MWW

zeolite framework structure.

Framework T atoms (Al or Si)

and O atoms are depicted as

yellow and red sticks,

respectively. Surface of the

zeolite channels and cavities is

depicted by blue surface (light
and dark blue is used for inner
and outer side of channel

surface) (Color figure online)
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2 Experimental

MCM-22 precursor (MCM-22P) was synthesized by fol-

lowing procedure: 1.16 g of NaOH was dissolved in

251.2 g of water and mixed with 1.68 g of sodium alu-

minate (40–45 % Na2O, 50–56 % Al2O3). Then, 62 g of

LUDOX (AS 30) was added. The mixture became thick

and was stirred until homogeneous gel was formed. Then,

17.2 g of hexamethylenimine (HMI) was added and the

final mixture was stirred for 2 h. The reaction mixture was

charged into Teflon-lined steel autoclaves (4 9 90 ml).

Crystallization proceeded at 150 �C under agitation and

autogeneous pressure for 5 days. Solid product was col-

lected by filtration, washed with distilled water and dried in

the oven at 60 �C overnight.

Part of MCM-22P was calcined at 540 �C for 6 h with

temperature ramp of 2 �C min-1. The calcined product

MCM-22 was ion-exchanged into NH4
? form by treating

four-times with 1.0 M NH4NO3 solution for 4 h at room

temperature (100 ml of solution/1 g of zeolite).

Second part of MCM-22P (3.8 g of uncalcined MCM-

22P sample) was mixed with 77 ml of ion-exchanged

cetyltrimethylammonium hydroxide (C16TMA-OH) and

the slurry was stirred overnight at ambient temperature.

The product was separated by centrifugation, properly

washed out with distilled water and dried at 60 �C.

Pillaring was carried out with 5 g of swollen MCM-22 in

150 ml of tetraethyl orthosilicate (1 g of zeolite per 30 ml

of TEOS). The mixture was stirred and heated under reflux

at 85 �C for overnight. The solid was isolated by centri-

fugation, dried at 40 �C and hydrolyzed by adding about

500 ml of water to 5.013 g of dried powder (stirred over-

night at room temperature). The product was centrifuged

again and dried at 60 �C. Final calcination was carried

out at 540 �C for 6 h with the temperature ramp of

2 �C min-1. The calcined product MCM-36 was ion-

exchanged into NH4
? form by treating four-times with

1.0 M NH4NO3 solution for 4 h at room temperature

(100 ml of solution/1 g of zeolite). Li? form of zeolites

was prepared by conventional ion-exchange from aqueous

solution of 1 M LiCl at 45 �C for 5 days.

Concentration of exchangeable cations was determined

by quantitative analysis of ammonia evolved from NH4
?

form of zeolites during ammonia temperature programmed

desorption. Chemical analysis of the samples is summa-

rized in the Table 1.

All as-synthesized, calcined and ion-exchanged samples

were checked for their crystallinity and phase purity by

X-ray powder diffraction on a Bruker D8 X-ray powder

diffractometer equipped with a graphite monochromator

and position sensitive detector (Våntec-1) using CuKa
radiation (at 40 kV and 30 mA) in Bragg–Brentano

geometry. The size and shape of synthesized materials

were evaluated by scanning electron microscopy images

using a JEOL JSM-5500LV instrument.

Nitrogen adsorption/desorption isotherms at -196 �C

on zeolites under study were recorded using GEMINI II

2370 instrument (Micromeritics). Before the sorption

measurements all samples were degassed under helium at

200 �C for 4 h. The specific surface area was evaluated by

BET method and the mesopore size distribution was cal-

culated using BJH method.

Prior to IR spectra measurement, the samples were pres-

sed into self-supporting wafers with surface density of about

10 mg cm-2 and placed into IR cell for transmission mea-

surement. The zeolite samples were in situ activated (out-

gassed) in a dynamic vacuum (residual pressure\10-4 Torr)

for 10 h at 430 �C (with rate of temperature increase

5 �C min-1 from ambient to required temperature). Infrared

spectra (64 scans) of carbonylic species formed upon

adsorption of CO were collected with a resolution of 2 cm-1

on a Nicolet 6700 FTIR spectrometer equipped with an

MCT/A cryodetector. CO was adsorbed on the samples at

liquid nitrogen temperature under equilibrium pressure of

0.5 Torr. Subsequently, IR spectra were collected while the

surface coverage was decreasing due to evacuation at the

same temperature. IR spectrum of empty IR cell was taken as

a background for each measured spectrum. The spectrum of

dehydrated sample recorded before CO adsorption was

subtracted from each spectrum shown in this work. All

spectra were normalized to wafer surface density of

10 mg cm-2 using integral intensity of zeolite skeletal

overtones (2,066–1,721 cm-1) as a benchmark. The Si/Al

ratio was determined using adsorption of pyridine (PYR)

followed by IR spectroscopy (Nicolet Protégé with a trans-

mission DTGS and MTC/A detector). Before adsorption,

pyridine was degassed by freeze-and-thaw cycles. Pyridine

was adsorbed at 150 �C for 20 min at partial pressure

600–800 Pa, followed by desorption for 20 min. All spectra

were recorded with a resolution of 2 cm-1 by collecting 128

scans for a single spectrum at room temperature. Spectra

were recalculated to a wafer density of 10 mg cm-2.

Table 1 Chemical analysis and textural characteristics of the MWW zeolites

Zeolite Si/Al nLi (mmol g-1) SBET (m2 g-1) Vmicro (cm3 g-1) Vtot (cm3 g-1)

MCM-22 24.5 0.395 447 0.17 0.26

MCM-36 29.9 0.293 637 0.11 0.32
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Calorimetric measurements were carried out using iso-

thermal microcalorimeter of Tian-Calvet type (BT 2.15,

Setaram) operating at -100 �C connected with home-made

volumetric–manometric device. Prior to each measure-

ment, the samples of the weight of 400 mg were outgassed

by the same procedure as in the case of IR spectra mea-

surements. Experimental set-up represents open isothermal

system. The free volume of the apparatus was determined

by set of expansion experiments with helium as an inert/

nonadsorbing gas at different pressure ranges. The

adsorption isotherms were measured via step-by-step

introduction of adsorptive into the cell. The CO (purity of

99.997 % supplied by Linde Gas Corp.) was introduced via

a system of electrically operated vacuum valves controlled

by PC with software developed at our laboratory. Once

pressure in the dosing volume was stabilized, the valve

separating dosing volume from sample cell was opened to

allow the adsorptive to reach the sample. The system was

equilibrated at each dose for 50 min. All experiments

consist of minimally 40 dosing cycles. More details about

calorimetric measurements are published in our previous

papers (Bulanek et al. 2010, 2011).

3 Results and discussion

X-ray powder diffraction patterns of the parent MCM-22

(black patter) and MCM-36 (red pattern) samples (Fig. 2)

confirmed good crystallinity of the matrices. Compared

with the pattern of MCM-22, an intense low-angle peak

appears at 1.95� 2h in the XRD pattern of MCM-36 cor-

responding to a d-spacing of 4.53 nm, which represents the

new c-parameter of the unit cell. This d-value includes the

c-parameter of the unit cell of MCM-22 and the spacing

distance between the layers of MCM-36. The distance

between two layers in MCM-36 is calculated by subtract-

ing the thickness of the layer (c-parameter of MCM-22,

2.51 nm; Leonowicz et al. 1994). The values obtained for

the samples suggest an average interlayer distance of

2.02 nm. All peaks observed correspond perfectly to those

of the MCM-36 material reported by Roth et al. (1995).

SEM micrographs (Fig. 3) of the parent matrices show

typical sheets like discs or agglomerates of a number of

cross-linked discs (Corma et al. 1995; Nicolopoulos et al.

1994). The N2 adsorption/desorption isotherms of MCM-

22 and MCM-36 parent materials are shown in Fig. 4. The

surface areas (SBET), micropores volume (Vmicro) and total

pore volume (Vtot) are summarized in the Table 1. Surface

area of pillared zeolite is significantly larger than surface

area of MCM-22 as well as total pore volume. This is in

agreement with data reported in literature and with the fact

that additional surface of pillared lamellas exists in the

MCM-36 sample (Laforge et al. 2005; Meloni et al. 2001;

Pawlesa et al. 2007). Both isotherms exhibit an H4 hys-

teresis loop according to IUPAC classification. This type of

hysteresis loop is usually related to slit-shape pores among

plate-like particles. This is in accordance with morphology

of studied samples (see Fig. 3). The micropore volumes

were determined using t-plot method. The value of Vmicro

of pillared zeolite is significantly lower than Vmicro of

MCM-22 zeolite. The IR spectra of OH groups of the H–

and Li– form of both zeolites exhibit three distinguished

signals (Fig. 5) in agreement with previous studies (Onida

et al. 1999; Corma et al. 1995). The sharp band centered at

3,750 cm-1 is assigned to isolated silanols mainly located

on the external surface of the zeolite crystals. The weak

absorption band at 3,675 cm-1 is ascribed to the AlOH

species partially anchored to the zeolitic framework. The

absence of broad absorption band at about 3,500 cm-1

suggests a negligible presence of hydroxyl nests and thus

structure imperfections. The band at 3,626 cm-1 corre-

sponds to the bridged hydroxyl groups (Si(OH)Al), there-

fore to the Broensted acid sites and exchangeable protons

in the zeolite. The band corresponding to Broensted acid

sites is completely missing in the spectra of Li– form of

both zeolites evidencing the complete ion-exchange of H–

form to provide the lithium form.

Figure 6 shows IR spectra recorded at liquid nitrogen

temperature concerning the adsorption of CO on Li-MCM-

22 (Fig. 6a) and Li-MCM-36 (Fig. 6b). To compare FTIR

and calorimetric data, the experimental results are dis-

cussed first for the lowest surface coverage (reflecting the

most stable adsorption species) followed by spectra

obtained for increasing coverages. At low CO coverages,

the spectra of CO/Li-MCM-22 (Fig. 6a) are dominated by

the band at 2,195 cm-1. This band represents the most

stable carbonyl complexes. However, it is apparent that

0 5 10 15 20 25 30 35 40
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n
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.

2 Theta, °

Fig. 2 X-ray diffraction patterns of the calcined NH4
? forms of

MCM-22 (black curve) and MCM-36 (red curve) parent zeolites

(Color figure online)
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even at very low CO coverage the spectra are not sym-

metrical showing a weak band at about 2,188 cm-1. The

respective sites become more populated. Detailed inspec-

tion of the spectra reveals that high-frequency band keeps a

constant wavenumber, whereas the low-frequency band

shifts with increasing coverage by about 3 cm-1 to lower

frequency. Features of spectra reported here resemble

spectra of Li–CO complexes in Li-ZSM-5 reported in the

literature before (Bonelli et al. 2003; Nachtigallova et al.

2004; Nachtigall et al. 2007). The similarities of cation

coordination in MCM-22 and ZSM-5 were also reported by

Umamaheswari et al. 2005 based on similarities in spec-

troscopic characteristics of EPR signals of Cu(I)–NO

complexes in Cu-MCM-22 and Cu-ZSM-5 zeolites. Pre-

viously, on the basis of a good agreement between exper-

imental IR spectra and theoretical calculations obtained

for a number of different Li exchanged zeolites, four

types of stable Li? sites in zeolites were discussed and

Fig. 3 Scanning electron micrographs of parent calcined NH4
?-MCM-22 (a) and NH4

?-MCM-36 (b) zeolite
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Fig. 4 Nitrogen adsorption isotherms of parent calcined MCM-22

(black points) and MCM-36 (red points) zeolite (open symbols for

desorption, full symbol for adsorption) (Color figure online)
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Fig. 5 FTIR spectra of OH stretching vibration region of dehydrated MCM-22 (a) and MCM-36 (b) zeolite. H-forms of samples resulting from

calcination of parent zeolites are depicted by red lines and Li-forms are depicted by blue lines (Color figure online)
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characterized by stretching frequency of corresponding

carbonyl complexes (Nachtigall et al. 2007): (i) Li? ions

coordinated only to two oxygen atoms at the intersection of

two 10-ring channels; corresponding to monocarbonyl

complexes are characterized by vCO [ 2,190 cm-1. (ii) Li?

ions coordinated to three oxygen atoms of 8-ring or Li?

cation located on top of 5 or 6-rings on the channel walls

and coordinated to three or four oxygen atoms; corre-

sponding monocarbonyl complexes are characterized by

vCO *2,187 cm-1. (iii) Li? cations located in the plane of

6-ring and coordinated to four oxygen atoms of this ring;

corresponding monocarbonyl complexes are characterized

by mCO *2,182 cm-1 and (iv) Li? cations in the vicinity of

two framework aluminium atoms (Al-pair); corresponding

monocarbonyl complexes are characterized by vCO

*2,170 cm-1. The experimental spectra of Li-MCM-22

(Fig. 6a) can be interpreted in the light of general charac-

teristics of carbonyl complexes mentioned above: the 2,195

and 2,188 cm-1 bands are due to CO adsorption on the Li?

cations coordinated only to two oxygen atoms and local-

ized at intersection of sinusoidal 10-ring channel and su-

percage and the Li? cations coordinated to three or four

oxygen atoms of the zeolite framework on the wall of

zeolite channels, respectively. Presence of two Al atoms in

close vicinity of Li? cation leads to decrease in partial

charge of the Li? cation and subsequently to the lowering

of interaction energy and stretching frequency of carbonyl

complex formed on this Li? cation. Considering very low

intensity of the spectra below 2,175 cm-1, we can claim

that investigated samples contain only very insignificant

amount of Li? cations in the vicinity of two framework

aluminium atoms (Al-pair). This observation is in agree-

ment with high Si/Al ratio of investigated sample (Si/

Al = 24.5) limiting a presence of Al-pair in the frame-

work. Shift of the band at 2,188 cm-1 with increasing CO

coverage to 2,185 cm-1 can be due to the formation of

dicarbonyl complexes or due to the formation of Li?

carbonyls on cations located in the plane of 6-ring and

coordinated to four oxygen atoms, which exhibit lower

stability of carbonyl complexes. The calculated CO

stretching frequencies of dicarbonyl complexes in Li-ZSM-

5 zeolite are 3–13 cm-1 lower than vCO of monocarbonyl

complexes (Nachtigallova et al. 2004). Geminal species in

the alkali-metal exchanged zeolites behave as two inde-

pendent (or very weakly coupled) oscillators showing only

one vibrational band in the IR spectrum, as documented in

the literature (Hadjiivanov et al. 2001; Hadjiivanov and

Knozinger 1999; Arean et al. 2001; Bonelli et al. 2003).

Theoretical calculation of the splitting of CO frequencies in

Li?(CO)2 complexes (1T model, C2v symmetry) reported

in the literature showed that the split of both vibrational

modes was less than 2 cm-1 at all levels of theory (Nac-

htigallova et al. 2004). The theoretical study of Li-ZSM-5

(Sillar and Burk 2007) and Li-FER (Nachtigall and Bu-

lanek 2006) zeolites led to the conclusion that dicarbonyls

can be formed mainly on the Li cations at the channel

intersections with the adsoption enthalpy for the second

CO molecule being only about 50–75 % that of adsorption

enthalpy of the first CO molecule, it means in the range

from 34 to 23 kJ mol-1. Ability of Li? cations in MCM-22

zeolite to form dicarbonyls is evidenced by CO adsorption

isotherms and calorimetric measurements reported here

later (see Fig. 7).

FTIR spectra of CO adsorbed on Li-MCM-36 are

depicted in the Fig. 6b. Intensities of CO vibrational bands

in the spectra are approximately about 80 % that of MCM-

22 in accordance with Si/Al ratio and Li? concentration in

individual samples. It is evident by comparison of IR

spectra in Fig. 6b that the main spectral features are

identical with IR spectra of intrazeolitic carbonyls formed

on Li-MCM-22 zeolite (Fig. 6a). The changes of positions

and intensities of the bands with CO coverage are the same

as in the case of Li-MCM-22. Therefore, this observation

indicates that swelling of layered precursor of MCM-22P
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Fig. 6 FTIR spectra of CO adsorbed at liquid nitrogen temperature on the sample Li-MCM-22 (a) and Li-MCM-36 (b) under dynamic vacuum
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and its subsequent pillaring did not affect the coordination

and localization of Li? cations. Split of supercage and

existence of mesoporous space between individual lamellas

did not lead to formation of new Li sites, disappearance of

some specific Li sites or alteration of effect from the top

(interaction of CO with opposite channel wall). This means

that Li cationic sites in the MWW zeolite framework are

located in the sinusoidal 10-ring channel or are deeply sunk

in the cups of supercage.

Figure 7 reports both the volumetric isotherms and calo-

rimetric curve (differential heats of adsorption vs. coverage)

for both investigated Li-zeolites. The curves corresponding

to Li-MCM-22 and Li-MCM-36 sample in both plots closely

overlap. This agrees with similarities of IR spectra and

confirms conclusion drawn from comparison of stretching

frequencies of carbonyls on both samples. Adsorption iso-

therms exhibit steep concave shape. The monolayer capacity

was achieved at CO equilibrium pressure 0.6 Torr. Sub-

sequent increase in CO pressure led to gradual increase in the

adsorbed amount proving the formation of dicarbonyl

complexes under these conditions (-100 �C and CO pres-

sure above 0.6 Torr). The initial differential heat of

adsorption is 47 kJ mol-1, which coincides with the value of

45 kJ mol-1 predicted by theoretical calculation (interac-

tion energy of -32 kJ mol-1 obtained from DFT calculation

at 0 K for two coordinated Li cations (Nachtigall et al. 2007)

plus contribution of dispersive interaction being estimated to

be around 13 kJ mol-1). Comparison of calorimetric and

FTIR results led to the conclusion that this adsorption heat

characterizes carbonyls reflected in vibrational band at

2,195 cm-1 because this band prevails in the spectra at very

low coverage. The differential heat of adsorption is seen to

decrease gradually with coverage to value of 33 kJ mol-1 at

monolayer. This is consistent with adsorption heats of CO

interacting with Li? cation located on top of 5 or 6-rings on

the channel walls and coordinated to three or four oxygen

atoms, which was predicted to be 33–36 kJ mol-1 (taking

into account contribution of dispersive interaction of

13 kJ mol-1). This adsorption heat characterizes carbonyl

species represented in the IR spectra by band at 2,188 cm-1

because this band is populated at coverage close to mono-

layer. Adsorption of CO on Li? cations above monolayer

capacity is characterized by adsorption heat ranging from 33

to 23 kJ mol-1 being in a very good agreement with theo-

retical prediction that adsorption enthalpy for the second CO

molecule is only about 50–75 % that of adsorption enthalpy

of the first CO molecule. Dicarbonylic species are formed

preferentially on the intersection sites characterized by

adsorption heat around 47 kJ mol-1, therefore the heat of

33 kJ mol-1 represents 70 % of this value. Last dicarbonylic

species are formed on channel wall sites characterized by

adsorption heat 33–36 kJ mol-1. The value of 23 kJ mol-1

represents also 70 % of adsorption heat of monocarbonyls on

these sites. It must be noted that adsorption isotherms did not

level off at coverage equal to 2, therefore we cannot exclude

formation of some tricarbonylic species but probability of

such species formation is relatively low.

4 Conclusion

To the best of our knowledge, nature of cationic sites of

conventional 3D MCM-22 zeolite and its pillared lamellar

form (MCM-36) was characterized and compared for the

first time. By combining FTIR spectroscopic and micro-

calorimetric measurements on adsorbed CO, at least two

lithium sites were identified to be present in the Li-MCM-

22 and Li-MCM-36 zeolites. Intrazeolitic carbonyls on Li?

cations in MCM-22 and MCM-36 are characterized by

two main vibrational bands at 2,195 and 2,188 cm-1.
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High-frequency band is ascribed to carbonyls on Li? ions

coordinated only to two oxygen atoms at the intersection of

two 10-ring channels. Band at 2,188 cm-1 is assigned to

carbonyls on Li? cations located on the top of 5 or

6-membered rings on the channel walls and coordinated to

three or four oxygen atoms, respectively. This is in line

with the heat of adsorption of CO on investigated samples

ranging from 47 kJ mol-1 at zero coverage to 33 kJ mol-1

at monolayer coverage. Slight shift of low-frequency band

in IR spectra from 2,188 to 2,185 cm-1 is an indication of

the formation of dicarbonylic complexes (in agreement

with reaching coverage higher than monolayer). Compar-

ison of FTIR spectra and calorimetric curves for both

conventional 3D (MCM-22) and lamellar 2D (MCM-36)

zeolite led to conclusion that swelling and pillaring of

MCM-22 precursor does not cause the formation of new

cationic sites nor leads to the disappearance of some spe-

cific cationic site. From this it can be deduced that Li

cationic sites are localized on the 10-ring channel walls or

at the bottom of the cups of zeolite supercage.
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