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HCI and HCI —Base Adducts in Silicalite Channels as Models of AcidBase Interactions in
Zeolites: An IR and Theoretical Study
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The IR spectroscopy of HCI adsorbed on silica and on silicalite and ofHBGB = (CHj3),0, (CHCH,)0,

THF) adducts formed in silicalite channels~a210 K is described in detail. The whole subject is divided in
three parts. The first part concerns the IR study of the HCI interaction with silica and silicalite. The formation
of weak H-bonded adducts between silanols and HCI molecules has been observed; the number of HCI
molecules in the adducts increases with the HCI dosage. The HCI molecules adsorbed on silicalite behave as
partially hindered rotators. The experimental results are supported by ab initio and molecular dynamics
calculations. In the second part, the IR study of HBIcomplexes (B= (CHs).0, (CHCH,),0, THF, and
benzene) either adsorbed on silica or entrapped in silicalite channels is described. In the third part, the results
obtained for HCHB adducts in silicalite are compared with those obtained in cryogenic matrixes and in
solution. It is inferred that the acid strength of HCl is appreciably influenced by the presence of the siliceous
framework. This result allows discussion of the effect of long-distance interactions (framework effect) on the
acid strength of structural Brgnsted sites of zeolites.

1. Introduction CHART 1
Protonic zeolites are catalysts active in a wide variety of acid- T
catalyzed reactions. The acid strength of these systems can vary 0
__>Si

factors. These can be broadly divided into two (not fully
independent) groups: those primarily determined by the local
structure of the Brgnsted sites and those influenced by the three- . _ "
dimensional structure of the zeolite. Among the first group, we of th.eé andy bending mOde.S)'. Above aI_I, tiEv(AH) shift is .
mention the bridged structure of the OH Bransted group, the particularly useful because it is proportional to the formation
(SiO) and (AIO) distances, and the anglé (Chart 1). enthalpy of the complex between AH and7~BA_very mu_ch
Long cisance eracions (such as those associted win(*C5 008 HACEUS 3 Checause of e e
electrostatic interactions with the second, third, etc. shell atoms PeC
of the framework and with the extraframework ions) are the of different strength. Many other probe molecules can also be

i i 9
main contributors to the second group. These collective effects :fc?)%o?slg]oel\r/lgllggucllees;fgthaz,s mngndr%ﬁ){?@:geﬁgéi&? deerls !
are analogous to those which, in the liquid phase, are named : by y

p 2 : . used*15> because they allow estimation of the amount of
solvent effects™ The evaluation of the total acid strength and Bronsted sites, through formation of yHand PyH ions. On
of the relative role of the two groups of factors in determining the basis of a’s sterr?atic studv of the shifts iﬁduced b bases
the acidity of the acid sites of the zeolites is certainly a problem _ . System y Y
. : with proton affinities in the range 13804 kcal/mol, it has
of primary importance. ¥ that it i bl . h i b of
A well-accepted methdd® to study the acid strength of been showff that it is possible to estimate the acid strength o
R . L . a Brgnsted group in a way that is independent of the particular
Brgnsted sites in protonic zeolites is based on the analysis, by

: ) probe molecule used to test the acidity. This method is the
means of IR spectroscopy, of the perturbations that the |nterac-ex,[ension to heterogeneous conditions of the Bellahtgllam—
tion with basic molecules B induces on the vibrational properties 11-13
f Bronsted sites, AH, and of the base B, due to the formation ' 11amS PIot
Of Aﬁ’i%e dfjl ei’ Th’ an Otr € a?ev ,ri l:|e no thetorir:atlﬁn A comparison of the data relative to the strong acid sites of
0 i at f[jc ? ?. Spec tﬁschop()jc a abo j a tg et' € different zeolites, all containing the common bridged Si(OH)A
most important Information on the nydrogen-bonding Interaction structure, has showhthe following acidity trend:
are those relative to (i) the frequency changes of the internal
modes of the probe molecules (for instance, for a diatomic |, v (si/al = 3) < H—MORD (Si/Al = 5) ~
molecule AB, the variatiol\v of the stretching mode(A—B) (S H3) VAl _012 (SI|/_| 7 5’\)/|= A= 14
and (ii) the modification of the frequencies of the AH modes -B (SUAI = 12.5)= H—=ZSM-5 (Si/Al = 14)
(the shiftAv(AH) of the v(AH) stretching mode and the shifts

over a wide range and can be assumed to depend on several ~orl
U A\I\

o

The acidity trend illustrated is difficult to interpret directly,
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the acid strength and the chemical composition of the zeolite allowed both high-temperature treatments in vacuo and low-
(primarily determining the collective effects) on the other side temperature IR measurements to be performed in situ. The IR
is not clearly emerging. In fact, zeolites characterized by measurements were performed at 2"émesolution on a Bruker
isostructural Brgnsted groups and roughly the same Si/Al ratio, 66 instrument equipped with a MCT cryogenic detector.

like H—=Y and H-MORD, show different acidities, while All the experiments were carried out it= 214 & 5 K,
H—MORD and H-ZSM-5, characterized by very different Si/  ¢hosen so that the amount of adsorbed HCl is sufficiently large
Al ratios, have comparable acid strengths. On the basis of thetq give strong IR spectra. As a result of unaivodable fluctuations
initial considerations, these observations lead immediately to of the temperature between 209 and 219 K in our experimental
the following question: is it possible to estimate the relative setup, it was not possible to make the measurements of the
influences on the acid strength of the effects associated with josieric heat of sorption. Gravimetric experiments with a

the local structure and of the long-distance interactions? A \5c,um microbalance were not performed due to the corrosive
preliminary way to gain information on the approximate i e of HCI

magnitude of this effect is to plan an experiment where the acid . . .

properties of a well-known molecule with Brgnsted acid CLhce:HcogdsTol_r'r'):tlon degpenmen:]s OfbHCI W'tz (?bc? th

character (HCI) adsorbed in the channels and cavities of a§ I s~ 2)20, Aft, an " epzenteh aylg eend/conthuc ('al' I?t €

neutralzeolitic framework are probed by studying the interaction ofiowing way. Alter activation, the silica and/or the siicalite
samples previously cooled at 2#45 K, were contacted with

with suitable basic molecules B. The comparison of the
spectroscopic perturbations induced by the formation-eHE! HCI (p = 266 Pa), and the spectra were recorded after the

adducts in the channels of the neutral zeolitic framework with 2ttainment of equilibrium. Then (GO, (CHCH),0, THF,

those of the same molecule in vacuo and in a cryogenic matrix @"d benzene (from an external reservoir) were allowed to
can in fact give information about the effect that the long- 9radually flow in and the IR spectra of the-B{Cl complexes
distance interaction associated with the atoms of the neutral9radually formed inside the silicalite channels were taken at
framework (considered as a matrix encaging the adducts Or,f|xed time intervals, until t_he total consumption of the signal
more approximately, a solid and not uniform solvent) exerts ©f adsorbed HCl was achieved.
on the acid properties of the encapsulated molecule. The Itis worth noting that during the experiment only the sample
feasibility of such an experiment has been already demon- holder was kept at 214 5 K, while all the remaining parts of
strated” for HCI-CH3;CN complexes, which have been syn- the cell were at room temperature. This means that the gas phase
thesized in situ in the channels of silicalite (i.e., a totally siliceous in equilibrium with the pellet can be prevalently considered to
zeolite with MFI structure). The key point of this experiment be at~300 K. Under the experimental conditions of pressure
was represented by the fact that the silicalite structure showedand temperature~300 K), the amount of BHCI adducts in
a good resistance to chemical attack by HCI, so allowing the the 1:1 gaseous phase is negligible and does not appreciably
HCI—CH3CN interaction to be studied in its purest form. From contribute to the IR spectra.
the vibrational properties of this complex, the magnitude ofthe 2.2 calculation. Molecular dynamic calculations were
solvent effect exerted by the neutral MFI structure on the gptained using the classical mechanics Discover 95.0 program
complexes was then estimated. In this paper, we extend thefom Molecular Simulationd! The cff91 (version 3.0) force field
investigation to other basic molecules such as {gB| developed by Sauer and H#f,based on fit to ab initio energy
(CHsCH,);0, THF, and benzene, and the whole body of results g rface data, was used for all the atoms. The extension of this
is discussed. A detailed discussion of the state of HCI adsorbedyqce field to the hydrogen and chlorine atoms is arbitrary. The
on silicalite probed with atomistic and ab initio simulation  perjodic structures were optimized by means of constant pressure
techniques is also added. The reader must acknowledge thajyiice energy minimization with respect to atomic Cartesian
this investigation has”only a limited scope, as it canno.t bg coordinates and cell parameterShe system energy was
extended to _real zeolitic systems, where_ the effect of the IONiC gy /aluated using a cutoff of 9.5 A for van der Waals interactions
charge localized on the extraframework ions and on the zeolite ;4 the Ewald method for Coulombic interactions (to an
framework, containing A", is certainly playing an important accuracy of 0.025 kcal/mol). Minimization was performed using
role. the steepest descent method for a few steps, followed by the
. . conjugate gradient method and then by the quasi-Newton
2. Experimental and Calculation Methods Raphson method (BFGS), until the maximum derivative of the
2.1. Experimental. The silicalite sample (kindly supplied by ~ €nergy with respect to the Cartesian coordinates was less than
ENICHEM laboratories, Novara, ltaly) was synthesized in a Na-, 0-001 kcal/A. The first minimization step (at variable cell
K-, Al-, Fe-free form (<20 ppm) by following the procedure  Vvolume) was followed by a molecular dynamics step (10 000
described in ref 18. Details about its characterization are reportedfs, 300 K, constant volume, constant energy). Finally, a last
in refs 18-20. The high purity silica sample (Aerosil) had a minimization step was achieved (at constant cell volume). This
specific surface area of about 156/m Before adsorption, the ~ procedure has been applied to the pure silicalite structure and
silicalite and silica samples were activated at 973 K for 2 h. to silicalites containing 11 HCI molecules/cell (simulating low
The thermal treatments (under high vacuum) and the spectro-acid dosage) and 25 HCI molecules/cell (simulating high
scopic measurements have been performed on samples in thelosage).

form of self-supporting wafers. Ab initio calculations were performed at the ab initio level
High-purity HCI was produced by reaction of Mith optical by means of the GAUSSIAN 94 packaffeThe gradient
AgCl at 973 K and used after elimination of residualtArough corrected exchange and correlation hybrid functional B3-#YP

repeated freezing cycles, by using a cold trap kept at 77 K. with the 6-3H-G(d,p) basis set was used for all calculations.
(CH3)20, (CHCH),0, THF, and benzene were high-purity The geometry optimization was carried out by using analytical
Aldrich products; all the reagents were dosed from the gas phasegradient techniques. Harmonic normal-mode frequencies were
The cell, equipped with a thermocouple in contact with the computed by adopting analytical second-energy derivatives and
sample holder and permanently attached to a gas manifold,solving the equations of nuclear motion by standard metfods.
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Figure 1. IR spectra of silica (outgassed at 973 K) and of silica interacting with 4133 Pa of HCI at 300 K.
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Figure 2. IR spectra of increasing doses of HCI adsorbed at21%8 K on silica outgassed at 973 K @ equilibrium pressures 2933 Pa).

3. Results and Discussion silica sample (Aerosil) outgassed Bt= 973 K (Figure 1) is
o . characterized by a single narrow peak at 3750 tdue to the
o e epion SUEENG ode{OF) o he Surace sanols: tese SIOF
" o T .~ groups are isolated and not interacting each other, as indicated
between HCI and silica and silicalite; this introductory study is - .
A . . by the very small fwhm (full width at half-maximum) of the
necessary, because data about the interaction of HCI with theseDan d
systems are not available in the literature (to our knowledge ) . . .
the reader will find only ref 26 about the interaction of HCI _ The IR spectra concerning the interaction of HEK 4133
with NaY zeolite) and because it are of great help in under- Pa) with silica at 298 K are reported in Figure 1. It can be
standing the spectroscopy of HEB adducts. The second part immediately observed that the rotovibrational peaks of gaseous
is devoted to the study of the synthesis of H8I complexes ~ HCI centered at 2886 cm appear above the unmodified
(B = base molecule) on silica and in silicalite channels and to spectrum of silica; consequently, it can be deduced that=at
their spectroscopic properties. Finally, in the third part, the 298 K neither chemical nor physical HCI adsorption on the
results obtained for HGIB adducts in silicalite are compared surface is taking place.
to those obtained in cryogenic matrixes and in solution. On the contrary, the IR spectra of increasing doses of HCI
3.1. Adsorption of HCI on Silica and Silicalite. 3.1.1. IR (Pmax = 2933 Pa) afl = 214 + 5 K (Figure 2) show that the
ResultsThe IR spectrum in the 3862200 cnT? range of the adsorption is taking place for the following reasons.
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CHART 2 °C) (v(HCI) = 2780 cnt1)27 and to those of (HC})oligomers
n HCl isolated in a cryogenic matrix (Ar or )N?33 In the second
_\SioH > —SiOH---- (HCI), (n=1,2,3...) case, the interaction with the siloxane bridge is dominating;
7 4 unfortunately, the involved stretching frequencies cannot be

compared with those of suitable model compounds. For the time
(i) The peak at 3750 cnt (vOH) of silanols is gradually  peing, it is not possible to make a reasonable choice between
eroded with simultaneous formation, at lowest dosages, of threethe two possibilities. This problem will be discussed in the
bands at 3723, 3630, and 3580 TmAs the equilibrium  following sections on the basis of molecular mechanics and ab
pressure of HCI increases, the intensity of the components atjnitio calculation.
3723 and 3630 crrt decreases in succession, while the intensity (iii) A band shows up at 923 cnd (inset Figure 2), whose

of the band centered at 3580 chngrows in a parallel way.  jyieqrated intensity varies with HCI dosages in a way propor-
Finally, at higher pressures, only a single band at 3595481 jona) 10 the intensity of the bands at 3594 and 2640 c(due
observable. These results are a clear indication of the graduak, e complexes between HCI and silanols). This band is
formation of hydrogen-bonded adducts SIOH(HGH = 1) tentatively assigned to the (in-plane) bending madef the
between the surface silanols and the HCl molecules (Chart 2). ;janol groups involved in the hydrogen-bonding interaction.

About the detailed structure of the SIOH(HEN = 1) The spectrum of a silicalite sample outgassed at 973 K is

clusters, it is not possible from the bare IR data to infer the reported in Figure 3 (curve 1). It shows a single peak at 3746
exact geometry of the individual complexes. However, helpful p,l_ . 9 L : . nge p .
cm~1; with respect to silica, the peak is less intense and tailed.

information can be achieved by means of theoretical calculation, This peak is due to silanols present on the external and internal

and the results are shown later. . 1
(ii) Beside the narrow rotovibrational components of HCI gas %giir:ﬁgﬁg ?gcy tail, 37483680 cm) surfaces of the

centered at 2886 cm, an absorption centered at 2788 ©m . . )
and a band (large and probably composite) centered at about Like on silica, HCI is not adsorbed.at room temperature (and
2640 cm! appear. The formation of the last two bands P= 2266 Pa); accordlngly_,_the rotovibrational peaks_ of th_e gas
demonstrates that, besides a dominant fraction of noninteracting2PP€ar above the unmodified spectrum of the zeolite. Like on
HCI molecules in the gas phase, at least two types of HCI Silica, the absorption process takes plac# at 214 K.
molecules perturbed in different way exists on the surface. Since In Figure 3, the interaction of increasing doses of HCT at
by increasing the HCI pressure a clear correlation is observed= 214 K is shown. The following features can be noticed.

between the bands at 2640 and 3594 &nthe band at 2640 (1) The progressive disappearance of the peak at 3746 cm
cmtis assigned to the(HCI) stretching mode in SIOH(HG]) (the tail at lower frequencies being preferentially affected) and
(n = 1) complexes (Chart 2). the simultaneous appearance of a broader band (without distinct

The band at 2788 cmt is continuously increasing with the  components, as on silica) varying with dosage between 3630
HCI pressure, even when the band at 2640 €has reached a  (low pressures) and 3600 (high pressures)tare evident.
constant maximum (that corresponds to the total consumption These effects are clearly due to the formation of Si§HCI),
of the band at 3750 cnt due to free silanols). The band at adducts between silanols (prevalently in internal positions) and
2788 cn1 can be associated either with the formation of (HCl) HCI molecules (Chart 2). HEIOH adducts are more clearly
oligomeric chains or with HCI species interacting with the defined on amorphous silica since the silanol species on silica
oxygen atoms of siloxane bridges. In the first case, each HCI are much more homogeneous (as shown by the very sharp peak
molecule is more stabilized by lateral interactions with contigu- at 3745 cm?), while a wider distribution of SiOH exists on
ous molecules than by interaction with the surface, and the IR silicalite (the band at 3746 is asymmetric and less narrow) due
properties should be very similar to those of liquid HCI{&t00 to the presence of hydroxyl nedfst?

2

—
|
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3600 3300 3000 2700 2400

Wavenumber (cm'1)
Figure 3. IR spectra of increasing doses of HCI adsorbed at213lK on silicalite (outgassed at 973 K) @ equilibrium pressures 2266 Pa).
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Figure 4. Molecular mechanics simulation of the adsorption of HCI in silicalite (11 molecules per cell), details in Experimental Section: (a) view
along [010] direction; (b) view along [100] direction; (c) view along [001] direction.

The shift of the band due to perturbed hydroxyls toward lower inside the channels of the zeolite; this assignment is based on
frequencies as the dosage increases is presumably due to théhe data available for liquid H&1 and for HCI entrapped in
progressive formation of SIOH(HCI), complexes characterized  cryogenic matrixe§8-33 At low pressures, the main peak is
by increasingn. Considerations about the structure of the centered at 2830 cm and then it moves gradually to 2820 chn
SiIOH(HCI), (n = 1) clusters will be made in the next paragraph by increasing the pressure. This shift is due to the formation of
on the basis of the ab initio results. oligomeric chains of HCl whose length is progressively longer;

(2) A complex absorption between 3050 and 2350 tm  as a matter of fact, IR data concerning (H@dmplexes isolated
appears. This absorption shows a main asymmetric maximumin cryogenic matrixes of Ar and -3 show that the frequency
at 2820-2830 cnt! (Q branch) flanked at higher and lower of the »(HCI) mode decreases as the siz® ¢f the cluster
frequencies by two weak and broad absorptions (at 22800 increases. The frequency of the Q branch maximum in silicalite
and 2756-2650 cntl). By analogy with the spectra of CO s higher than that of the same component on silica; this can be
adsorbed on silicalit@ and of HCI at high pressurésthese explained by the presence, in the zeolite channels, of oligomeric
components can be assigned to the P and R components of &hains shorter than those on silica, the length of the chains being
partially hindered rotato¥* The formation of a dense state of limited by the channel structure environment (vide infra). The
HCI in the narrow channels is the characteristic result of the frequency of the Q branch maximum is also lower than that of
van der Waals forces associated with the internal surface of thethe free gas (2886 cm); this is due to the combined effect of
pores. For the same temperature and pressure, this effect is nothe high “pressure” of HCI in the channels and the interaction
present on external surfaces, where only the hydroxyl groupswith the zeolitic walls.
are acting as adsorbing centers. An alternative explanation The IR manifestation of the complexes between HCI and
reported in the literature for HCI in C¢P is that they are silanols, similar to those observed on silica (Figure 1), are
combination modes between thheHCl mode (Q branch) and  superimposed to the P envelope; this explains why the P branch
other (not well defined) low-frequency intermolecular sotute  appears distinctly stronger and broader with respect to the R
solvent modes. In the following description, the PQR nomen- branch.
clature is used. Notice how a broader adsorption is superimposed As already mentioned, the HCI molecules physisorbed inside
to the P branch. the channels show very peculiar rotovibrational features. Both

On the top of these absorptions, the rotovibrational peaks of the Q branch (corresponding to a forbidden transition in the
gaseous HCI (centered at 2886 ¢hare clearly distinguishable.  gas but active in the liqufd) and the Q and R branches (well
The presence of PQR envelopes (without rotovibrational defined in the gas but not resolved into the individual compo-
components) is clearly distinguishing the spectrum of HCI nents when the rotation of the molecules is partially hindered,
adsorbed into the channels from that adsorbed on externalas it happens for example at very high pressures of gas or in
surfaces (Aerosil). solutior?*3533 are present. These peculiarities show that a

The absorption at 2822830 cntt is due to HCl physisorbed  fraction of the physisorbed molecules is in a state similar to
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Figure 5. Molecular mechanics simulation of the adsorption of HCI in silicalite (25 molecules per cell), details in Experimental Section: (a) view
along [010] direction; (b) view along [100] direction; (c) view along [001] direction.

that of a dense gas (in which the intermolecular forces are still volume, it is not adequate for describing the interaction with
strong); in this state, the molecules are preserving a certainsilanols, responsible for the erosion of the free silanol peak. To
rotational degree of freedom and behave therefore as hinderedshed some light on this topic, ab initio methods are a more
rotators. In addition, the presence of a strong Q central convenient choice.
component shows that they are in equilibrium with a more dense  As a model of the adsorption site, the largely used minimal
phase similar to the liquid. cluster model HSIOH (structure S, Figure 6a) has been
The presence of the P, Q, and R branches only for HCI adopted® Six hypothetic structures of SIOH(HGI{n = 1)
adsorbed on silicalite (and not on silica) demonstrates that in clusters (Figure 6a) have been chosen to simulate different
the zeolitic cavities the adsorbed HCI molecules maintain some dosages corresponding to different experimental equilibrium
rotational freedom and that the same effect cannot be obtainedpressures. The results can be summarized as follows. (i) For
on external surfaces. the 1:1 HCHSIOH adduct, the only stable adduct is shown in
To understand how HCI molecules are physisorbed inside Figure 6a as SA1, in which the silanol behaves as a hydrogen
the zeolite channels, a qualitative procedure based on moleculaond acceptor with respect to HCI. Other possible 1:1 structures,
mechanics simulation of a low (11 molecules per cell) and a like the cyclic one or that in which S acts as a hydrogen bond
high (25 molecules per cell) filling of the channels of a perfect donor, resulted unstable on the potential energy surface. (ii) As
silicalite, i.e., a silicalite without internal defects (hydroxyl far as the 2:1 HCtSIOH stoichiometry is considered, two
nests), has been carried out. The energy-minimized structuresconfigurations have been studied among all the possible ones:
show that, at low dosage (Figure 4), the tendency to form a cyclic structure (SR2, Figure 6a) and a structure in which S
oligomeric species is very modest and that only at the highest acts as a double hydrogen-bond acceptor (SA2, Figure 6a). As
filling (Figure 5) a low density, liquid-like state containing a far as the 3:1 stoichiometry, a cyclic complex (SR3, Figure 6a)
large amount of HGI-HCI hydrogen bonds is present. A as well as a structure in which S acts as both a hydrogen-bond
qualitative picture is then that at low coverage the interaction acceptor and donor with respect to HCI (SA3, Figure 6a) have
energy between HCI molecules is smaller or very close to the been considered. Finally, the siloxaridCl interaction has been
interaction energy between HCl and the zeolite walls. Obviously, taken into account (SXA, Figure 6a) by mimicking the siloxane
when highest filling conditions are reached, the HCl molecules bridge with the (Sik),0 molecule SX.
fill up the zeolite channels making long H-bonded strings. The  The ab initio study has also been extended to aggregates made
weakness of the HEIHCI and HCHwalls interactions is also by the self-interaction of HCI molecules by considering clusters
in agreement with the presence of rotovibrational envelopes in spanning from (HChH to (HCl),, respectively. Five HCI self-

the IR spectra. aggregate structures have been computed, as shown in Figure
3.1.2. Ab Initio Calculation.While molecular mechanics  6b.
simulations can give an insight into the H&HCI and HCH For all structures shown in parts a and b of Figure 6, the

walls interaction in hydroxyl-free portions of the internal optimized geometries and the full set of harmonic frequencies,



HCI and HCBase Adducts in Silicalite Channels J. Phys. Chem. B, Vol. 102, No. 52, 19980759

(a) %[ (b) 1287 1
: i @=@ Q\ 2.576 J
. 2

1.836 c H
HCI L2
S
SA1 ]
2404 o2 M 2532 2
H . 2.534//&\\\
K 2,624/ 2544 | “.._ 2508
| " 5 f ’ e e
s, / H B 3
1749 1
5y 2578
L3
SR2 SA2 R3

SR3 : e
o
T 3 L4

1.663

139.0 ;
SX
SXA

Figure 6. (a) Molecular drawings for silanol and siloxane adducts with HCI. For labeling the selected complexes, the following acronyms are
used: S=silanol, SX= siloxane, A= acceptor, R=ring. Each HCI molecule has been labeled to help the discussion (see Table 1). Intermolecular
bond distances are in angstroms. (b) Molecular drawings for HCI self-aggregates. Adducts labels assigretinesiLadducts and R ring

adducts. Each HCI molecule has been labeled to help the discussion (see Table 1). Intermolecular bond distances in angstroms.

i1.908

as well as the interaction energies have been computed. A The geometries of the HCI self-aggregates (see Figure 6b)

selection of the results obtained is reported in Table 1. show intermolecular H-Cl distances well within a 2.5 A limit,
The HSIOH molecule does not exist as such because it is with some modulation in the ring structures (R3 and R4) due

unstable with respect to the condensation to disiloxane; however,to cooperative effects.

the calculated geometry (see Figure 6a) is in agreement with For each adduct, the interaction energye, has been

previously published data computed at higher levels of calcula- computed from the total energies of each molecular constituents

tion.40 of the adduct, by the formula
The analysis of the geometries of silan®liCl and siloxane-
HCI adducts shows a number of interesting features. (i) The AE, = E(A(HCI),) — E(A) — nE(HCI)

HCI molecule acts preferably as a proton donor, being, at the ) . )
same time, a poor proton acceptor. Indeed, the intermoleculari? Which A is the molecular partner (either S, SX, or HCI) of
distances of the SR2 and SR3 adducts reveal a noticeably shortef® HCI molecule in the corresponding aggregate A(Ri&id
H—0 bond with respect to the SA1 adduct between the terminal IS the total number of HCI _molec_ules involved. The interaction
HCI molecule and the basic oxygen atom belonging to S (1.749 €nergy per HCl molecule is defined &k, = AEy/n, from
and 1.665 A for SR2 and SR3, respectively). Also worth noting hich the corresponding heat of formationGeK is computed

is the shrinking of all intermolecular distances when passing PY @dding to bothAE, and AE, the proper zero-point energy

from the SR2 to the SR3 adduct, a clear indication that COrrection to getAH%(0) andAHC(0), respectively. ,
cooperative effects are acting along the ring of H-bonded The analy&s of d%ta in Table 1 shows the following trend in
molecules. (i) The GHCl repulsion is responsible for the e magnitude oAH"(0) for all adducts:

Iengthening .Of the H'O bond in the SA2 adduct when L2 <L3<R3=SXA=14<SAl=R4<SA2<

compared with SAL. (iii) The hydrogen bond between HCI and SR2< SA3 < SR3

the siloxane bridge (structure SXA in Figure 6a) is noticeably

short, a fact almost unexpected because of the very weak basicity To compare the heats of formation on a common gauge, we
of the oxygen atom belonging to the siloxane bridge. have reported in Figure 7 the heats of formation per HCI
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TABLE 1: Interaction Energy, AE, and Heat of Formation
at 0 K, AH9%,(0) (in kJ/mol) and Selected Unscaled Harmonic
Frequencies (in cm?) for All Adducts 2

system —AE.? —AH%(0)°  w(OH)° w(HCl)sd

HCI 2953

S 3903

L2 6.7 2.6 2881¢72) 1
2946 -7) 2

R3 21.5 11.1 2816¢137) 1, 2,3 sym
2842 (-111) 2,3 asym
2845 (—108) 1-2, 3 asym

L3 15.2 6.8 2845<108) 2
2869 (84) 1
2941 12) 3

R4 38.5 215 2737+216) 1,2,3,4 sym
2779 174) 1,3 asym
2779 (174) 2,4 asym
2796 (—157) 1, 3-2,4 asym

L4 24.4 11.9 2814139) 2,3 sym
2835 (-118) 2,3 asym
2861(92) 1
2943 -10) 4

SA1 26.4 19.7 3879€24) 2669 (-284)

SR2 45.2 325 3797106) 2504 (-449) 1
2782 (-171) 2

SA2 38.6 26.0 383964) 2741 212) sym
2774 —179) asym

SR3 66.0 47.7 3719184) 2336 ¢617) 3
2672 (-281) 2
2738 (215) 1

SA3 52.1 35.0 3727+176) 2709 (-244) 2,3 asym
2749 (-204) 2,3 sym
2933 (20) 1

SXA 18.0 11.6 2720¢233)

a Adopted labels accordingly to Figure '6Uncorrected for BSSE.
¢ Corresponding frequency shifts with respect to the unperturbed
frequencies are enclosed in parenthe$éstribution of eachw(HCI)
frequency to the corresponding HCI molecule following the labelling
scheme of Figure 6.
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Figure 7. Bar chart of the heat of formation per HCI molecule,
—AH%(0), for all adducts. See Figure 6 for the labeling scheme.
Energetic data in kilojoules per mole.

molecule at 0 K—~AH9%(0). A monotonic increase of its value
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Wavenumber (cm™)
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Figure 8. Experimental IR spectra of HCI adsorbed on silica at 214
+ 5 K (p = 100 Pa) (curve a). Fitting obtained using, as base
components, bands with Lorentzian shape centered at the calculated
frequency (corrected by a scaling factor of 0.9608) (curve b); the fwhm
of the components are obtained by the Pimentel equation that correlates
FWHM and A7 shifts of frequency (FWHM= 0.72Av + 2.5 cnl).”

SA1

aggregation bewteen HCI and silanol sites, a fact resulting from
the poor proton acceptor capability of HCI itself.

Hence, the possible steps of the HCI adsorption are the
formation of the complexes with hydroxyl groups of the surface
and, when all the silanols are consumed, the interaction of HCI
with the siloxane bridges. Only after this stage does self-
aggregation of HCI start to take place.

Table 1 also includes a selection of the computed harmonic
vibrational frequencies as well as the corresponding shifts caused
by the H-bonding interaction. The reported frequencies are for
the OH and HCI stretching modes. The analysis of the data
reported in Table 1 reveals that the largegHCI) shifts are
for the cyclic structures, namely R3, R4, SR2, and SR3, in which
shifts almost twice as large as those computed for the corre-
sponding noncyclic structures are computed. This fact, correlates
with the higher interaction energies for such structures and is
indeed a measure of the H-bonding cooperativity taking place
in the cyclic adducts.

In Figure 8, the experimental spectrum of HCI adsorbed on
silica, as far as concerns the OH stretching region, is interpreted
on the basis of the ab initio calculations. A fit of the
experimental spectrum has been made by using, as base
components, bands with Lorentzian shape centered at the
frequencies calculated theoretically (corrected by a scaling factor
of 0.9608). The adopted FWHM of the components were
obtained from the Pimentel equation that correlates FWHM and
the frequency shiftav (FWHM = 0.72A7 + 2.5 cnt?).” The
intensities of the components were obtained through a fitting
procedure. The experimental band at 3723 §mpresent only

is seen for the HCI self-aggregates. Values much higher thanat the lowest pressures, is therefore assigned to the formation

the maximum value of 6.5 kJ/mol computed for R4 are seen
for the aggregates involving HCI with either silanol or siloxane

of a HCI-SiOH 1:1 adduct; the component at 3630 ¢nis
assigned to 2:1 complexes, while the absorption at about 3600

molecules. Among these latter, the SA1 shows the largest valuecm™ is due to complexes with 3:1 (or more) stoichiometry.

of —AH%(0) (19 kJ/mol), followed by the two ring structures

When a simulation of the spectra of silica at high HCI

SR2 and SR3 (around 16 kJ/mol). These data show that theloadings was performed, not so good results were obtained. In
self-aggregation of HCl is less favored than processes involving particular, the components in the 3628670 cnt! range are
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missing. This could be explained by two facts: (1) siloxane  TABLE 2: Experimental Frequencies of v(HCI) Mode in
HCI complexes are stable, and their population increases HCl—B Complexes in Silicalite at 214+ 5 K2

preferentially as the pressure increases; moreover the fit does benzene CBCN (CHg),0 (CHCHp),O  THF
not consider that the presence of HCI molecules adsorbed onzpci(cmy 111 304 526420 556+ 20 606+ 20
the siloxanes, surrounding the SiIGHCI adducts, is certainly

influencing the stretching frequency of the silanol and (2) other CHART 3

adduct structures are possible at high pressure, due to the
formation of multilayer HCI adsorption on silieddCl and
siloxane-HCI adducts.

In principle, a simulation of the spectra in thg¢HCI)
stretching region of frequencies could also be made. To this
aim, all the frequencies of the collective modes of HEllanol - .
complexes, all the collective modes of HCI clusters, and even the discussion of the spectra of the HQCH;).0 complexes
the mode of the siloxaneHCI adduct should be considered. ormed in the silicalite channels (vide infra), a preliminary
However, the number of base components needed to Simumteanaly.s:ls of the spectra of the silicalitether system (i.e., Wlthqut
the experimental spectrum would be exceedingly large (more HC!) is useful (Figure 9). The spectra obtained on Aerosil are
than 20 bands), and this would lead to an arbitrary fit. Without V€'Y Similar (only the intensity is lower), hence they are not

describing the matter in detail, it must be remarked that, despiteShown for the sake of brevi_ty. am
all the difficulties mentioned before, all the computed frequen- As the pressure of (C3O increases, the band at 3746

cies shifts lie in the region where the absorption is experimen- 1S completely eroded; simultaneously, a broader band shows

tally observed. In particular, the HCl adducts’ calculated UP @t 3246 cm'. A relation of strict proportionality exists
frequency shifts lie in the range 5080 cnt?, while the between the decrease of the integrated intensity of the peak of

frequency shifts of the silanol and siloxane adducts are over €€ Silanols (3746 crf) and the increase of the integrated
180 cn1?, again confirming the previous interpretation. intensity of the band centered at 3294 dpmoreover, a clear

All the considerations made about silica can be extended to isosbestic point appears at 3580 mThese two facts
o - demonstrate that a 1:1 complex is gradually formed (Chart 3).
silicalite. In the latter case, however, the surface is prevalently The band of the(OH) mode of the silanol groups is shifted
internal so that complexes with size greater than three, are lessdownward by about 500 cn (FWHM = 300 cnt), a figure
probable. This consideration explains why the absorption in the - '

. . typical of a hydrogen bond of medium strength.
1
3.700_3600 cm - range _has Its maximum at f_requency_values The bands of the methyl stretching modes (unaffected by the
higher than those of silica (because the steric constrains favorh

. . ; ydrogen-bonding interaction) are observed in the 3G0M0

the prevalent formation of complexes with = 2). This cmtinterval (rsym = 2828, 2811 cm?, vasym= 2989, 2945
conc_lusu_)n is confirmed by a f|tl(not repqrted for th? sake of 2866 cntl); these bands are made complicated by the Fermi
brevity) in the 3806-3500 cnT™ range; in fact, whlle_t_he interaction with the twod(CHs) modes. The corresponding
components are the same as those observed on silica, th%ending modes are at 1473 and 1455 &nAlso. these bands
intensity distribution is different because the 3:1 complexes are are not influenced by the adsorption state F,inally the bands
present in lower proportion. Furthermore, in the case of HCI due to the CH rock mode are observed .at 909 ’(hydrogen

addpcts ¢(HC) region of .freqyency), the IR band is obser\{ed bonded) and 922 (physisorbed) tinNotice how, in the spectra
at higher frequency than in silica. That trend could be explained corresponding to highest equilibrium pressures (dashed lines

on grounds of the linear HCI adducts computed frequency shifts. in Figure 9), many very weak bands are observable (at 2694,

Indeed, such complexes_, which haV(_a_Iowe_r steric constraint52634, 2627, 2593, 2562, 2536, 2406, 2250, 2162, 2080, 2006,
a“d.'owef frequency shifts, are stabilized In the.channels of 1839, and 1586 cri) due to combination and overtones of the
zeolite, with respect to the other bulky configurations. ether, molecule

Even if a surprisingly good correlation between experimental 3 2. 2. Silicalite-HCI—(CHz),O. The spectra of increasing
and theoretical results is verified, a few considerations about goses of (CH),0 on the silicalite-HCI system puci = 1467

the calculation method must still be made. (1) The calculated pa) atT = 214 + 5 K are shown in Figure 10.
frequencies are harmonic; anharmonic contributions are therefore  The following observations were made.
missing. (2) DFT methods tend to overestimate the frequency (i) The peak of free silanols at 3750 cfnand the band
shift in hydrogen-bonded systems; moreover, the shift is further centered at about 3600 ci(due to SIOH(HCH) are gradually
overestimated in the case of multlple interacti6h§'his fact eroded upon (CBZO dosage_ Simu|taneous|y, the broad band
may be due to the presence of the self-interaction error, which (centered at 3242 cm) due to the (CH),O—silanols adducts
is more significant in systems (like those here considered) in gppears. These modifications are due to the reactions shown in
which protons are involvetf. (3) The overestimation of the  Chart 4. From this it is inferred that the HGSilanols complexes
frequency shifts is also due to the effect of temperature, becausegre |ess stable than those formed between ether and silanols, in
the calculated shifts were Computqd)EK while the experiment agreement with the Corresponding shifis of thEV(OH) modes
was made at 214 5 K. (4) Finally, it is known that the minimal  of sjlanols.
cluster model chosen to mimic the isolated hydroxyls of the  (ji) The peak at 2830 cn#, characteristic of HCI adsorbed
surface (structure S, Figure 6) is less acidic than the real surfacepn silicalite (bold curve in Figure 10), gradually desappears with
SiOH group?® As a result of this, the O atom is more basic and  simultaneous formation of a broad band centered at about 2360
this in turn favors the preferential formation of adducts where ¢cm-1 (FWHM ~ 530 cnt?). On the analogy with the known
the HCl is acting as a proton donor. data concerning HEI(CHs),O complexes in gdd44and in the

3. 2. HCI-Base ComplexesFor the sake of brevity only  solid phasé? the absorption at 2360 crhis ascribed to the
the spectra of the adducts formed with dimethyl ether will be »(HCI) mode in the 1:1 HCH(CHs),O adducts AV(HCI) =
illustrated in detail. As for the spectra obtained with 4O, 540 cntl), formed according to the equilibrium reaction shown
the reader is referred to ref 17. The relevant data concerningin Chart 5.

—>SiOH + (CH3)0 ~—> —>SiOH ————— O(CH3)2

the other complexes (with benzene, diethyl ether, and THF) are
summarized in Table 2.
3. 2. 1. Silicalite-(CHz),O and Silica-(CHs),0. To facilitate
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Figure 9. IR spectra of increasing doses of (gD adsorbed on silicalite at 21# 5 K (0 < equilibrium pressures 13300 Pa).

Absorbance

3500 3000 2500 2000 1500

Wavenumber (cm'1)

Figure 10. IR spectra showing the interaction of HCI adsorbed on silicalite (1467 Pa) with increasing dosespO(@H214+ 5 K (see text
for details).

CHART 4
CHsj CHgs
AN / \
—si—OH + O S —Si—OH ---m-mn o
\ / \
CHj CH,3
CH, N CHa
/
gi—OH ---ee HChn + O ~—> —Si—OH - o) + nHCl
/ / \
CHs CHs;

Like in the gas phase, the proton transfer does not étcur effects due to coupling of the(HCI) mode with the §(O—
and the adduct has neutral character and is characterized by &Cl) + »(COC)] combination mode¥. The intensity of this
medium hydrogen bond. The large band is made complicatedabsorption is much higher than that of the same complex formed
in the 2200-1500 cnt! range by several Fermi resonance in an analogous experiment on silica (data non shown for
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CHART 5 250- solution
/CH3 CHs R
Cl—H + KC ~—> Cl—H- (\)c 2001 09
Ha Ha s ; silicalite

brevity); this confirms that the 1:1 complexes are prevalently 5
formed in the zeolite channels. It must be stressed that the 2 100 4 o
v(HCI) stretching mode of (Ck,O—HCI adducts is at 2570 ATt matrix
cm~Lin the gas phagé**and at 2530 cm! in the solid phasé? 50

(i) The stretching modes of methyl groups are observed in
the 3100-2800 cn! range {asym = 2992, 2936, 2892, 2875 0

cm Y vgym = 2826, 2820 cm?), while the bending modes are o 150 200
in the 1500-1400 cnt!range (1473, 1457, 1426 cA). Finally,

the rocking modes are at 905 (hydrogen bonded) and at 921
(physisorbed) cmt. Most of these frequencies are slightly higher  Figure 11. BHW plot of the shifts A7) of the v(HCI) frequencies in
than those obtained in the absence of HCI; this also indicates1:1 CIH-B hydrogen-bonded complexes with different B in different

that the modes of the methyl groups are slightly perturbed by environments versus the shift&x) of SIOH groups in 1:1 hydrogen-
the interaction with the HC%6 bonded complexes with the same baggsepresents the experimental

- data of HCI in an Ar criogenic matrix (B= N,283%52CQ,,%® CO2®
3.2.3. HCEB (B= (CHsCH,),0, THF, Benzene) Complexes C2H4,28 H,0,28 CH;CN,59); O represents the experimental data HCI

in Silicalite. The study of the interaction of HCI with basic  inserted in silicalite:a represents the experimental data of HCl in a
molecules has been extended also to other bases like benzeneplution of apolar solvents (B CCl,, chloroform, GClH,, benzene,
diethyl ether, and THF. The main features of the spectra are nitrobenzene, toluene, anisolp;xylene, mesitylene, ethyl acetate,
similar to those obtained for the interaction with (€40 and acetone, and diox&).

are summarized in Table 2, where the shifigHCI) induced
by the interaction with the base B are reported. The FWHM o
the bands are about (34 as usually observed in hydrogen-
bonded systems.

3. 3. BHW Plot. A well accepted method to study by means
of IR spectroscopy the acid strength of a Brgnsted acid HX is >~ ; . . ; “ . .
based on the evaluation of the frequency shifts that/e- as “solvent effect gnd in cryogenic matrixes as “matrix effgct .
H) mode undergoes by interaction with molecules of different N the macroscopic scale, it is connected to the particular

basicity®6 When these shifts are plotted against the shifts that di€lectric constants of the media where the complexes are
a second acid molecule ZH (considered as reference) isformed as discussed in a pioneer paper by Kirkw&od

undergoing by interaction with the same basAs(HX) vs guantitative analysis in terms of the Kirkwood equation would
AT(HZ)), the Bellamy, Hallam, Willams (BHW) plot is require the definition of the dielectric constant of a nonhomo-

obtained’ 13 It has been found that for each studied acid 9en€ous medium; for this reason, it is not considered.
molecule a single straight line is observed whose gradient is a It is so concluded that th(_a_eff(_act of the solid environment
measure of the acidity of the molecule. It has been shown that repre;ented by the neutral silicalite framework on the.spectro-
the BHW plot can be usefully employed also to estimate the SCOPIC_properties of the HEB adducts entrapped in the

acid strength of Bransted groups located on surfaces (provided?ha””els is relevant (it _is intermediate b_etween that observed
that the proton affinity of the base B is not too higR}SIt has in apolar solvents and in an argon matrix), and consequently

been experimentally verified that a good reference acid group plays a role in determining the strength of the Bransted groups

for heterogeneous systems is the SIOH group of silica and of located in internal positions. This conclusion, verified for the
silicalite 10.16 neutral framework of silicalite (where the interactions between

It is useful to recall that the HCl molecule has been the acid guest molecule and the zeolite host walls are prevalently
extensively studied in the past, in the gaseous pHagejn of the van der Waals type), is a fortiori valid for the muph
cryogenic matrixe&2-69 and in solutiorf: % and that numerous ~ Stronger structural Al(OH)Si Bransted groups of the zeolites.
data sets about the(HCI) frequencies in various HEB H(_Jwever, to quantitatively extend these considerations to real
complexes can be found in the literature. If all the experimental ;eo!lteg, the spectroscopy of HEB model complexes formed
data are reported in a BHW plot, Figure 11 is obtained. In this I Situ into charged frameworks such as those 6f2$M-5,
figure, the An(HCI) values of the intrazeolitic HGIB com- H-Y, etc. should be investigated by performing a new series
plexes (Table 2) are also reported for comparison. of experiments.

From Figure 11, it is clearly emerging that the data of the
HCI complexes in the three different environments (in silicalite,
matrix, and apolar solvents) originate three different straight  The IR study of the HCtsilica and HCt-silicalite interaction
lines. Unfortunately, to our knowledge, not so many data about at ~210 K indicates that a weak H-bond interaction occurs
HCI—B complexes in an Ar matrix are available, and line fitting between silanols and HCI molecules and that adducts of
the cryogenic data is certainly not accurate; despite this, thereincreasing nuclearity (containing two or more HCI molecules)
is no doubt that the slope of the HEB complexes encapsulated are formed upon increasing the HCI dosage. In silicalite, the
in silicalite is greater than that of HEB complexes isolated  HCI molecules interact with the siloxane bridges and form also
in a cryogenic matrix and in vacuo. The general trend of the small (HCI), clusters. The molecules behave as partially
slopes of the three straight lines (thatngHCI in solvent)> hindered. A complete assignment is given through the help of
m(HCI in silicalite) > m(HCI in Ar matrix)) can be explained  molecular mechanics and ab initio calculations. The interaction
in terms of the electric field effects associated with the presence of adsorbed HCI with basic molecules B [(@bD, (CHCH,),0,

3.
AV/\S/iO 410 )

¢ of dipoles on the atoms of the “solvent” (cryogenic matrix,

zeolite, and solution); in fact, the electric field induces an

increase of the ionic character of the hydrogen bond (by
changing the effectiveness of the screening effects), with a
subsequent increase &P. This effect is well-known in solution

4. Conclusions
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THF, and benzene)] leads to the formation of intrazeolitic 1:1 Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W,;

adducts HCHB. The comparison of thé\»(HCI) values of
various HCHB complexes in different environments (in apolar

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision C.3; Gaussian,

solvents and in an Ar cryogenic matrix) with the corresponding Inc.: Pittsburgh, PA, 1995.

values of HCHB intrazeolitic complexes demonstrates that the
acidity of HCI grows substantially on passing from the cryogenic

matrix, to silicalite, and to solution. It is concluded that the

(24) Becke, A. D.J. Chem. Phys1993 98, 5648. Lee, C.; Yang, W.;
Parr, R. C.Phys. Re. B 1988 37, 75.

(25) Wilson, E. B.; Decius, J. B.; Cross, P. Molecular Vibration
McGraw-Hill: New York, 1955. Hehre, W. J.; Radom, L.; Schleyer, P. V.

zeolitic framework of the zeolite acts as a solvent that influences R.; Pople, J. A.Ab initio Molecular Orbital TheoryWiley: New York,

the acidity of structural Si(OH)AI Brgnsted sites located in the 1°

86.
(26) Ozin, G. A.; Gkar, S.; Stucky, G. DJ. Phys. Chem199Q 94,

channels and cavities. The contribution of the tridimensional 756> ‘ozin, G. A @kar, S.; McMurray, LJ. Phys. Cher.99Q 94, 8289;

structure of the zeolitic framework in determining the acid

strength of the Si(OH)AI groups cannot consequently be ignored.
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