Chapter 15

Adsorption Microcalorimetry,
IR Spectroscopy and Molecular
Modelling in Surface Studies

Vera Bolis

Abstract The advantage in coupling adsorption microcalorimetry with IR
spectroscopy and/or ab initio modelling in surface studies is illustrated by a selection
of examples dealing with metal oxides and silica-based (either non porous or micro-
porous) materials. Correlations between thermodynamic and vibrational parameters
are illustrated for the adsorption of CO and of NH3, employed as probe molecules
for studying the Lewis/Brgnsted acidity of the investigated materials. Surface recon-
struction processes, responsible for endothermic effects, are invoked to interpret the
unexpectedly low heat measured in the calorimetric cell for the high-coverage adsorp-
tion of CO on transition aluminas, the adsorption of NH3 on a defective all-silica
zeolite and the adsorption of HyO on an amorphous alumino-silicate.

15.1 Introduction

Heat evolved when (reactive) molecules contact the surface of a solid material is
related to the molecule/surface site bonding energy. By processing the overall set of
volumetric-calorimetric data at increasing equilibrium pressure, both magnitude of
the enthalpy of adsorption and its evolution with increasing coverage are obtained.
In such a way the possible heterogeneity of the surface (structural, chemical and/or
induced) is quantitatively described.

The volumetric-calorimetric data obtained by a Tian-Calvet heat-flow micro-
calorimeter connected to a gas-volumetric apparatus (as the one described in Chap. 1)
being intrinsically molar quantities, their molecular interpretation often requires a
multi-techniques approach.
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Adsorption microcalorimetry is suitably and fruitfully coupled with complemen-
tary techniques, in particular with the ones which are intrinsically apt to detect the
nature of both the pristine surface sites and the new terminations created by the chem-
ical interaction of the (probe) molecules with the surface sites [1-3]. IR spectroscopy
is an ideal technique for this purpose [4, 5]. On the other hand, the increasing amount
of computational ab initio results on adspecies formed at simulated model sites is
ideally suited to be compared with experimental data from microcalorimetry [6—10].

IR spectroscopy experiments and/or ab initio calculations being strategically
planned and performed in parallel with the microcalorimetric measurements allow
to describe the surface features of a solid material in an almost exhaustive way
(nature/structure, population and strength of the surface sites) [11-13].

The combined use of adsorption microcalorimetry, IR spectroscopy and/or ab
initio calculations will be illustrated for a selection of non-dissociative chemical
adsorption cases. In the reported examples, no new surface terminations were orig-
inated during the adsorption: only a perturbation of the vibrational features of the
adsorptive when adsorbed at the surface was so detected by IR spectroscopy. The
experimental details of the microcalorimetric measurements, including the descrip-
tion of the investigated materials, were reported in Chap. 1.

15.2 CO Adsorbed on Coordinatively Unsaturated
Metal Cations

The adsorption of carbon monoxide has been widely used over the years in studies
aimed at characterizing the surface acidity of coordinatively unsaturated (cus) Me"™"
cations. The cus metal cations, either exposed at the dehydrated surface of oxidic
materials or located within the dehydrated zeolite nanocavities as charge-balancing
cations, are known to act as Lewis acidic sites of variable strength [14].

On non d/d° cus metal cations, for which any d-electrons m-back-donation is
prevented, CO is either simply polarized by the local electric field generated by the
positive charge of the cus metal cation, or is o-coordinated to the cus metal cation
through the C — end lone pair [1-15]. In the former case weak electrostatic adducts,
in the latter case reversible chemisorbed species of variable stability are formed. In
both electrostatic and o -coordinated adducts, the C—O stretching frequency of the
adsorbed molecule is upwards shifted with respect to the stretching frequency of
the free molecule in the gas phase (Vcoads > Vcogas = 2143 cm_l). It has been
observed that the extent of the C-O stretching frequency shift, defined as Avcop =
VCOads — VCOgas» 15 @ measure of the extent of the lone pair donation to the cus
cations and so of their electron-accepting properties [16—18]. In this respect, Avco
can be taken as a measure of the acidic strength of the cus cations, and is correlated to
the enthalpy of adsorption, which directly measures the strength of the Me™* <« CO
bond [4, 15, 19-21].
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In the case of d-block cus metal cations, the strength of the o -coordinative bond
in the carbonyl-like species is reinforced by the m-back donation of d electrons.
The actual spectral position of the vc o band turns out to be a compromise between
the upward shift due to the polarization/o -coordination and the downwards shift
due to the -back donation [1, 22]. As a consequence, the stretching frequency of
adsorbed CO can arrive to suffer a downwards shift with respect to the free molecule
(Vcoads < Vcogas)-

In Fig.15.1 the possible cus metal cation/CO interactions are schematically
illustrated. In Fig. 15.1a the plain electrostatic polarization/o-coordination of the
molecule on non d/d® cus metal cations, implying an upwards shift of the C-O
stretching frequency with respect to the free molecule, is reported. In Fig. 15.1b
the o -coordination + r-back donation on d-block cus metal cations, for which the
C — O stretching frequency can be either slightly upward shifted or downward shifted
with respect to the free molecule, according to the weight of the 7 -back donation
contribution with respect to the electrostatic/o -coordination contribution.

In Fig. 15.2 the shift of the CO stretching frequency (Avg,) is reported as a func-
tion of the negative enthalpy of adsorption (—A, H) for CO adsorbed on cus Me" ™"
cations (either non d, d” or d in nature). The reported plot summarizes a large number
of experimental data. Av,, and —A, H values were obtained through parallel exper-
iments carried out in different laboratories (see ref. [1] for details on the samples and
on the experimental conditions). The reported data will be discussed for CO adsorbed
at vanishing coverage on: (i) non-d/d°® metal cations (circle), (ii) copper and silver
metal carbonyls (square and diamonds, respectively), and for CO adsorbed at high
coverage on: (iii) transition catalytic alumina (star). Note that series (i) includes also
a d19 metal cation (cus Zn%t) which was found to behave similarly to the non-d
metal cations, both when hosted in Y-zeolite cages or when exposed at the surface
of dehydrated ZnO [23].

As far as non-d/d® metal cations are concerned, a linear correlation between the
spectroscopic and thermodynamic quantities does exist (left-top side of the figure),
resulting in the Eq. 15.1:

(a) electrostatic polarization (b) c-coordination
c-coordination n-back donation
0] 0]
|
| Veoads > Veogas I Veoads # Vcogas
C
i n-back donation i
n+ n+
Me ous Me CUs
AH<0

Fig.15.1 The possible cus metal cation/CO interactions are schematically illustrated. a electrostatic
polarization/o -coordination (non d/d° metal cations); b o-coordination + 7-back donation of d
electrons (d-block metal cations)
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Fig. 152 Av,, versus — A,H for CO adsorbed at vanishing coverage on cus metal cations
exposed at the surface of either microporous or non-porous dehydrated systems (see Table3 in
ref. [1] for details). Circle non-d/d® metal cations; square Cu-carbonyls; diamond Ag-carbonyls;
star high CO coverage on transition catalytic alumina. Adapted from ref. [1] Fig. 6

Avco = [(1.03 +0.05) cm ™! mol (kJ)—‘] |AH|+ (=4 +£3)em™"  (15.1)

with R = 0.981 [1]. The observed linearity for non-d/d® metal cations in Fig.15.2
arises from a statistically significant number of pairs of experimental data, so that
Eq.15.1 can be considered as an empirical rule of general validity for all non-d/d®
CO complexes.

In the case of d-block metal cations, a lack of correlation with the Eq. 15.1 empir-
ical rule is expected as a consequence of the -back donation of d-electrons. It was
already mentioned that the presence of a 7w -back-donation contribution does reinforce
the strength of the carbonyl bond and does cause a downwards shift of the stretching
frequency [22, 24, 25]. This was confirmed by plotting the pairs of IR spectroscopic
and microcalorimetric data for Cu- and Ag-carbonyls formed either within the zeo-
lite nanopores or at the surface of metal oxides. The reinforcement of the carbonyl
bond was witnessed by: (i) the large heat of adsorption (g9 > 100kJ mol~1) mea-
sured for both for Cu- and Ag- carbonyls (see Chap. 1, Fig. 1.14) and (ii) the partial
irreversibility of the adsorption upon evacuation of pressure (see Chap. 1, Figs. 1.10
and 1.11).

A deviation from the non-d/d” metal cations linear plot was clearly observed for
both copper and silver species, with remarkable differences between the two group 11
metals. The increase of —A, H values for both Cu- and Ag- carbonyls with respect
to the non-d/d° metal cations adspecies was not accompanied by a correspondent
increase of the upwards shift of the C — O stretching frequency.

The formation of well-defined [Cu (CO)]+ complexes within the zeolite nanopores
was characterized by (—A,H)y ~120kJ mol~! and (Av.,) comprised in the
16-14cm™! range, according to different authors [1, 26]. These pairs of values
well agreed with those obtained for CO adsorbed on Cu/SiO,-AlLO3(—A,H =
115 —112kJ mol~! and Av,, = 16 — 15 cm™b), as reported in ref. [27].

The low-enthalpy values for Cu-carbonyls reported in Fig. 15.2 refer to Avg,
and —A, H pairs obtained for partially reduced Cu- species. In one case CO was
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adsorbed on a Cu(I)-MFI specimen, in which Cu(I) sites were already engaged with
NH3 ligands, so yielding a mixed amino-carbonyl [Cu (NH3) colt complex as illus-
trated in ref. [1]. The zero-coverage enthalpy change of ~80 kJ mol~! indicated
a weakening of the CO/ [Cu (NH3), " interaction with respect to the CO/Cu(l)
one. The CO stretching frequency for the amino-carbonyl complex was negative
(Avey = —43cm™), confirming the major change in the amino complex Cu/CO
interaction with respect to that of the bare Cu(I) cations. In fact, the actual charge
density of copper cations in [Cu (NHg)n]Jr was much lower than that of the pristine
cus Cu(I) cations, owing to the presence of the charge-releasing NH3 ligands. This
was clearly demonstrated by XANES spectroscopy, as reported in ref. [1, 28]. In
the other reported cases, CO was adsorbed on Cu-species grafted on a non-porous
ZnO matrix. Cu- species were reduced by thermal treatments in Hj, either partially
in the Cu(6+)/Zn0O sample or totally in the Cu(0)/ZnO one, as reported in ref. [29].
For both partially and totally reduced Cu- species, the stretching frequency shift was
negative (Av., = —45 and —74cm™!, respectively) and the enthalpy change was
significantly lower (—A,H 266 and 43kJ mol~!, respectively) than that for cop-
per sites located within the zeolite nanocavities, and characterized by a well-defined
oxidation state of the metal.

By plotting Av,, against —A, H values for the adsorption of CO on the various
Cu-sites, as illustrated in Fig.15.2, it is rather evident that the spectroscopic and
thermodynamic parameters are once more linearly correlated, as witnessed by the
Eq.15.2:

Aveo = [(1.21 +0.07) cm™'mol (kJ)’l] A H| + (=127 £ 6)em™!  (15.2)

with R = 0.993 [1]. The linear decrease of Av., with decreasing —A,H by
moving from [Cu (CO)2]+ to [Cu (NH3), (CO)]+ complexes, and down to both
Cu(6+)/Zn0O and Cu(0)/ZnO species was interpreted as due to the decrease of the
actual charge of copper cations which brought about a progressive extinguishment of
the carbonyl bond electrostatic component. This result strongly suggests the major
role played by the electrostatic component in the carbonyl-like bonds.

By the inspection of Ag/CO data reported in Fig.15.2, it is rather evident
that the deviation from the Eq.15.1 empirical line for Ag-carbonyls was not as
large as for Cu- carbonyls. This datum indicates that the x-back-donation con-
tribution was lower for the former than for the latter. In fact, the zero-coverage
enthalpy of formation for Ag(I)-carbonyl (*~100kJ mol~') was lower than for
Cu(I)-carbonyl (~120kJ mol 1), as reported in ref. [1] and pointed out in Chap. 1
Fig. 1.14. As for the stretching frequency shift, the upwards shift measured for Ag(I)-
carbonyls was Avg, = 50cm™!, much larger than that measured for Cu(I)-carbonyls
(16 — 14cm™"), confirming the 7-back donation minor contribution in the Ag/CO
bond. Data for CO adsorbed on Ag(I) sites dispersed at the SiO;-Al,O3 surface
were in fairly good agreement with those for Ag(I)-MFI, as it was reported in ref.
[27]. Conversely, a lower enthalpy change was measured for Ag sites characterized
by silver species in a not-well defined oxidation state, either hosted within a zeo-
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lite nanopores (=80kJ mol~1) or dispersed at the SiO;, surface (=70kJ mol ™).
The correspondent stretching frequency shift (Avco = 34cm™! for the former and
41 cm™! for the latter) was lower than for Ag(I)-MFI (50cm™~!) [27].

In the silver case, owing to the limited set of partially reduced Ag-carbonyls data,
it was not possible to draw any reasonable correlation. A clear trend was however
observed: once more as far as the electrostatic component contribution decreases, as
a consequence of the reduced actual charge of the metal cation, the strength of the
interaction decreases.

By a further inspection of Fig.15.2, it turns out that the pair of —A,H and
Avg, values for CO adsorbed on transition catalytic aluminas is definitely out of
the Eq. 15.1 correlation line, if the high coverage values are considered.

In fact, the pairs of values for CO adsorbed at low coverage on both y—
and 8, 6—Al,O3 were found to fit quite well with the Eq.15.1 correlation plot:
Avco = 60—70cm™ ! and — A, H ~60—70kJ mol~!. Conversely, at high CO cov-
erage the measured heat was surprisingly low (—A, H ~10kJ mol~") with respect
to the vibrational parameter (Avcp = 55 cm™ ).

It is here recalled that in cation-deficient spinel transition aluminas, the AI(III)
cations are located either in tetrahedral or octahedral cavities of the cubic close
packed array of oxide ions [15, 30]. In the y— and §, 8 —Al,O3 here discussed, two
CO adspecies were formed at the surface when outgassed at 7 = 773 K. The two
adspecies were defined as (CO) 4 and (CO)p in refs. [15, 31], being their presence
witnessed by the appearance of vco bands at 22205 and 2215cm ™!, respectively.
A third CO adspecies defined as (CO)., witnessed by the appearance of a vco
band at ~2230cm ™!, was observed only when the surface was outgassed at T =
1023 K [15]. The formation of more than one CO adspecies was ascribed to the
presence of the tetrahedral cus AI(III) cations located in different crystallographic
positions. The tetrahedral cus AI(III) cations are in fact known to be the only sites
able to adsorb at room temperature, being the octahedral cus ones too weakly acidic
todoso [4, 30, 31]. The vanishing coverage enthalpy of formation of the three species
(—Ay H ~ 58,73 and 83kJ mol~! for (CO) 4, (CO)p and (CO), respectively) was
found correlated with the correspondent shift: 62, 72 and 87 cm~! for (CO) 45 (CO)p
and (CO), respectively) as reported in refs. [1, 15].

In Fig. 15.3 the heats of adsorption for y- and §, 6 —Al>,O3, both activated at T =
773 K, are reported as a function of CO uptake in comparison with the correspondent
data for TiO-anatase (activated at T = 673 K). The zero-coverage heat of CO
adsorption on y- and 8, #—Al,O3 (260kJ mol~!) was close to the value measured
for CO adsorbed on cus Ti(IV) cations on TiO; [20] and was compatible with a
plain electrostatic polarization/o -coordination of CO at the Lewis acidic AI(III)
sites [4, 32]. However, remarkable differences were observed between the titania
and alumina plots as far as the surface coverage increased. The heat of adsorption
on TiO; decreased only slightly upon increasing coverage, whereas on Al,O3 (both
y— and §, f-phases) the heat values dropped abruptly down to very low values
(g ~10KJ mol !, at the highest coverage reached at pco ~80 Torr).

The assignment of this surprisingly low heat value to the adsorption of CO on
Lewis acidic sites other than the tetrahedral Al(IIT) cations was discarded by the IR
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spectra which confirmed the presence of the sole o -coordination of CO, through the
C-end, on the Lewis acidic tetrahedral AI(IID) sites [4, 15, 30, 31].

A process other than a plain o -coordination taking place at the Al,O3/CO inter-
face was invoked to justify the lack of correlation with the linear plot described
by Eq.15.1 for the high-coverage —A, H value. It was demonstrated that the heat
measured at high coverage comprised two different processes: (i) the exothermic
o-coordination of CO on tetrahedral cus AI(IIT) cations, and (ii) an endothermic sur-
face reconstruction accompanying the adsorption process. In this respect, it is here
recalled that the overall heat measured within the calorimetric cell is irrespective
of how many and what kind of processes are actually occurring at the gas—solid
interface.

In Fig. 15.4a, the presence of surface AI(III) cations engaged with strained Al-O
bonds (and so not available as such for the interaction with molecules) is schemati-
cally illustrated [4, 30]. The adsorption of on this kind of AI(IIT) cations, which causes
the O—Al groups interaction to be broken, is schematically illustrated in Fig. 15.4b.
This effect was in fact evidenced at high coverage of CO by IR spectroscopy in the
region of the AI-O modes (1100-1000 cm™!), and was found to be entirely reversible
[4, 30, 31, 33].

The modification of the surface structure produced by the rupture of the
Al- - - O-Al moieties interaction is intrinsically endothermic, and caused the mea-
sured heat for the Al,O3/CO interaction to be lower than what expected for a plain
o-coordination. This result does justify the dramatically low heat of interaction mea-
sured within the calorimetric cell, and does explain the lack of correlation between
the energetic and vibrational parameters [1, 20, 34, 35].

In conclusion, in transition aluminas only the zero-coverage heat of adsorption,
which is correlated to the shift of the stretching frequency, can be taken as a measure
of the electron accepting properties of cus Al(III) cations and of the strength of the
o-dative bonds formed.

The lack of correlation between thermodynamic and spectroscopic data for CO
adsorbed on transition aluminas revealed that the interaction at the gas-solid interface
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Fig. 15.4 a Surface AI(III) cations engaged with strained Al-O bonds in transition aluminas; b the
adsorption of CO on the engaged Al(III) cations causes the Al(III)/O—Al interaction to be broken

is more complicated than expected. Also in this respect, the joint use of adsorption
microcalorimetry and IR spectroscopy was proved very useful in arriving at a detailed
molecular interpretation of the process.

15.3 NH3 Adsorbed on All-Silica MF1 Zeolites (Silicalite)

Defective Silicalite is an all-silica MFI zeolite, which is non-hydrophobic and weakly
acidic as a consequence of the abundant polar defects (Si—~OH nests) generated by
the structure to compensate the Si atoms vacancies [7]. IR spectrain the vp g stretch-
ing frequency region give a clear evidence of the presence of Si—OH nests, which
are characterized by a different geometrical arrangement according to the synthesis
procedure and/or post-synthesis treatments, as illustrated in ref. [36].

The shift of the stretching frequency of the Si—~OH terminations (Avppy) when
the latter are engaged in H-bonding interaction with molecules is generally taken as
a measure of the strength of the H-bonding interaction [6, 13, 37-39]. In the case of
NHj3 adsorbed on a variety of silica—based materials (defective MFI-Silicalite and
amorphous non-porous silica) Avp gy was found to be linearly correlated to the zero-
coverage adsorption enthalpy (—A, H), as illustrated in Fig. 15.5. See ref. [36] for
details on the samples, and see also Chap. 1 Fig. 1.15b for the differential heat versus
coverage plots of the MFI-Silicalite investigated specimens.

The pair of Avp g and (—A, H), values measured for one of the investigated MFI-
Silicalite samples (Sil-B, see Chap. 1 Fig. 1.15b) was found to deviate from the linear
correlation illustrated in the plot. The zero-coverage adsorption enthalpy for Sil-B

Fig. 15.5 Shift of the -600
von stretching frequency ~Q
(Avpp) versus the zero- ~
coverage adsorption enthalpy
(—A4H)q measured for NH3
on a variety of silica-based
materials (defective MFI-
Silicalite and amorphous xR
non-porous silica). Adapted -1000 - % N
from ref. [36] Fig. 6
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Fig. 15.6 Cluster model of a secondary building unit of MFI-Silicalite simulating a Si-OH nest
arranged in a closed chain (ring), either free (C3) or in H-bonding interaction with one NH3 molecule
(C3/NH3). Geometries were fully optimized without constraints at B3-LYP/6-31+G(d,p) level.
Atomic symbols for cluster atoms are reported in C3 model; atomic symbol for ammonia N atom
on C3/NH3 model. Adapted from ref. [36] Fig.8

(~73kJ mol~!) was lower than that expected on the basis of the A, value
(~85kJ mol™"). It is here recalled that the heat released for the adsorption of NH3
on Sil-B was lower than for the other investigated samples in the whole coverage
examined (see curve 3 in Chap. 1 Fig. 1.15).

Alsoin this case, the apparently anomalous behavior of one sample was interpreted
as an indication of the presence of phenomena others than a plain adsorption. In fact,
the adsorption of NH3 on Sil-B was demonstrated to imply an endothermic step
which lowered the measured heat value.

The Sil-B sample was characterized by a structured spectroscopic response in the
vo g region. The peculiar structure of the vp g band of this specimen was interpreted
as due to the presence of small highly structured rings of mutually interacting silanol
groups located within the nanopores of the zeolite. This was also suggested by neutron
diffraction data [40, 41] and was confirmed by an ab initio modeling study. A nest
arranged in a closed chain (ring) was simulated by a cluster model of a secondary
building unit of MFI-Silicalite. The model is reported in Fig. 15.6, either free (C3)
or in H-bonding interaction with one molecule (C3/NH3). Geometries were fully
optimized without constraints at B3-LYP/6-31+G(d,p) level. The ab initio modeling
study demonstrated that rings must be first “opened” in order to become available
for the interaction with NH3. The insertion of one molecule in the ring required the
breaking of the Si—~OH- - - OH-Si mutual H-bonding interaction, the energetic cost
of which was computed to be as high as ~212kJ mol~!. This value turned out to
be in fairly good agreement with the experimental difference between the expected
(~85kJ mol~!) and the measured (~73kJ mol~!) enthalpy of adsorption [36].

Also in this case, the accurate interpretation at molecular detail of the volumetric-
calorimetric results was achieved thanks to the joint use of microcalorimetry, IR
spectroscopy and ab initio calculations.
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Fig.15.7 avolumetric isotherms, b differential heats of adsorption versus coverage plots of Hy Oy,
adsorbed at 7 = 303K on H-BEA (square) and on SiO»-Al,O3 (diamond). H-BEA was pre-
outgassed at T = 873K, SiO,-Al, O3 at T = 673 K. Solid symbols first run; open symbols second
run of adsorption. Adapted from ref. [7] Fig. 8

15.4 H,O Vapor Adsorbed on Crystalline and on Amorphous
Alumino-Silicates

The adsorption of water on a crystalline zeolite (H-BEA) and on an amorphous
alumino-silicate specimen (SiO;-Alp03) was studied in order to investigate the
nature/structure of the acidic species originated by the presence of Al moieties the
silica matrix [7]. It is generally accepted that proton-exchanged zeolites and alumino-
silicate materials of similar composition exhibit different acidic features [42]. In
particular, it was demonstrated that the Brgnsted acidic strength, which is strongly
dependent on the structural features of the material, is highest for H-zeolites [43].

In Fig. 15.7, volumetric isotherms (Sect. a) and differential heats (Sect. b) of water
vapor (H20,,,) adsorption for the two investigated specimens are reported. The two
samples,' were pre-outgassed for 2h at either T = 873K (H-BEA) or T = 673K
(Si07-Al03), at a residual pressure p < 103 Torr in order to ensure a maximum
density of Lewis and Brgnsted acidic sites.

The H-BEA specific adsorption capacity was much larger than that of SiO,-Al> O3,
as witnessed by the volumetric isotherms. For instance at p = 6 Torr, uptake was
5.3 mmol g~ for against only 1.7 mmol g~! for Si0,-Al;O3. In both cases the
adsorption was found to be partially irreversible (2nd run isotherms lie below 1st
run isotherms) but the percent of the irreversible component was much larger for
Si0;-Al> O3 than for H-BEA: &40 % versus ~20 % of the total uptake, respectively.
This datum suggested that H>O,,;, adsorption on the amorphous alumino-silicate
caused an irreversible modification of the surface larger than on the crystalline
specimen.

' H-BEA ( :1120023 = 4.9) features are reported in Chap.1 (Sect.1.4.1). The amorphous alumino-

SiO,

silicate ( ALO; = 5.8) was purchased by Strem Chemicals, Inc.
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Si0,-Al, 03 being more reactive towards water than H-BEA, a larger energy of
interaction with H>O,,, was expected for the former than for the latter. Surprisingly,
the heat of adsorption curves reported in Fig. 15.7b indicate that the heat of adsorption
was dramatically larger for the crystalline than for the amorphous alumino-silicate,
in the whole range of coverage examined. The zero-coverage heat of adsorption was
~160kJ mol~! for H-BEA and ~110kJ mol~! for SiO>-Al,03. At high coverage,
the former sample heat values lie well above the latent heat of liquefaction of water,
g1 = 44kJ mol~!, while the latter sample heat values approach ¢; . The same trend
was observed for the 2nd run reversible adsorption.

Also in this case, an endothermic step during the adsorption was invoked as a
possible explanation for the large SiO;-Al,O3 surface reactivity surprisingly not
accompanied by a high energy of interaction with water. The endothermic step of the
overall process was due to the deformation/reconstruction of the surface, consequent
to the interaction with water molecules. This process is expected to be facilitated by
the flexible structure of the amorphous alumino-silicate and inhibited by the rigidity
of the crystalline zeolite framework. In fact, the Lewis acidic cus Al(II) atoms,
when making part of a rigid zeolite framework, acquire a close similarity with the
Lewis acidic sites exposed at the ionic surface of transition aluminas [44]. This
was confirmed by the closeness of the zero-coverage heats of adsorption of HO,,4,
on §—Al,03 and H-BEA (=180 and ~160kJ mol 1, respectively) [7]. Conversely,
the covalent SiO»-Al>O3 cus Al(III) species being exposed at a pliable amorphous
Si— O — Al surface were much less available for the interaction with molecules than
those making part of the above mentioned rigid structures. As a consequence of the
surface reconstruction allowing Al(III) species to interact with water molecules, the
measured heat for SiO,-Al,O3 was lower than what expected for a plain adsorption.

This interpretation was supported by the ab initio modeling results described in
ref. [7]. Owing to the large uncertainty from the experiments of the local structure
around the Al atom, two topological different clusters (LS and LC structures) were
designed to simulate the Lewis acidic site, as illustrated in Fig. 15.8, top side row.
LS model was adopted to mimic highly strained moieties, typical of defects located
in nanocavities. [32] The cluster LC was conversely adopted to simulate the surface
species partially saturated by the coordination with an additional nearby framework
O atom. This structure can be reasonably assumed as a model for SiO,-Al>03,[7] in
which the Al atom is allowed to expand its coordination thanks to the flexibility of the
Si-O-Al amorphous structure. The structure of all clusters, either free or interacting
with water (vide infra), were fully optimized at ab initio level using the B3-LYP/6-
31+G(d,p) model chemistry [32, 45].

In the bottom side row of Fig. 15.8, the B3-LYP/6-31+G(d,p) optimized struc-
tures of LS and LC clusters interacting with one molecule (LSW and LCW, respec-
tively) are reported. The computed water binding energies (BE) were corrected
for the basis set superposition error, using the standard Boys-Bernardi counter-
poise method [46]. It turned out that H>O interacts much less strongly with LC
(BE—LCW ~109kJ mol~!) than with LS (BE—LSW ~160kJ mol~!), in agree-
ment with the lower local coordinative unsaturation of the LC-AI(IIT) atom with
respect to that of the LS model. When H»O is adsorbed at the LC site, a fraction of
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Fig. 15.8 Top side row B3-LYP/6-31+G(d,p) optimized clusters mimicking Lewis acidic AI(III)
sites. LS model mimics highly strained Al(IlI)atoms, typical of defects present in H-BEA zeolites;
LC cluster simulates the Al(III) atoms coordinating an additional nearby framework O atom. Bottom
side row B3-LYP/6-31+G(d,p) optimized structures of the LS and LC clusters interacting with one
H;0O molecule (LSW and LCW, respectively). Atomic symbols are reported in the model cluster
LS. Adapted from ref. [7] Figs. 2 and 3

the adsorption energy is lost to pull out the Al atom from the amorphous framework.
Conversely, in the crystalline material the acidic sites are already in place, as imposed
by the rigidity of the structure. The “extraction” of the Al-containing site requires
an energy cost which was computed to be ~25 % of the total binding energy for the
LCW case [7].

Once more the ab initio modeling results allowed to properly interpret the appar-
ently anomalous results obtained by adsorption microcalorimetry, confirming the
hypothesis formulated to justify the experimental data.

15.5 Conclusions

A few examples of adsorption processes accompanied by an endothermic step due
to the deformation/reconstruction of the surface in interaction with molecules were
illustrated. In the reported cases, the heat measured within the calorimetric cell was
the combination of an exothermic (adsorption) and an endothermic (surface recon-
struction) effect, which caused the calorimetrically measured heat to be lower than
what expected on the basis of a plain adsorption. An extra-care in interpreting (at
molecular level) the experimental calorimetric results should be addressed in several
cases, and in this respect it is quite fruitful to complement the molar volumetric-
calorimetric data with results from other approaches, typically the various spectro-
scopic methods and/or the ab initio molecular modeling.
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