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ARTICLE INFO ABSTRACT

Keywords: The hydroxyls, Brgnsted acid sites (BAS) and silanols, provide key contributions in the global acidity of zeolites
Zeolites and have significant impact on their properties and applications. In this work, we present the acidity of BAS and
Acidity silanols in zeolites depending on their configurations in zeolite nanoparticles. The acidity was evaluated based on
Is—lii/:;(t:icsyl groups the deprotonation energy (DPE) calculated by the density functional method and compared to experimental

spectra. The calculated DPE and available experimental data for acidity of small molecules in a gas phase allowed
us to position the hydroxyl groups in zeolites into the general scale of gas phase acidity for the first time. The
simulated deprotonation enthalpies for the bridging hydroxyls are in the range 1113-1187 kJ/mol while for
silanols they vary in larger range 1186-1376 kJ/mol. Compared to gas phase acids, these values imply that the
Brgnsted acid sites fall in the range of superacids while silanols cover wide range from strong acids to superacids.
The high gas phase acidy of the zeolite hydroxyls may be explained with the flexibility of the zeolite framework
that efficiently accommodates the negative charge of deprotonated center via structural relaxation, electron
density redistribution or formation of hydrogen bonds. Nanosized zeolite in proton form (HZSM-5) was used as a
model system, and the proximities between bridging hydroxyls and 2’Al centers was estimated by 'H{%’Al}
REAPDOR MAS NMR technique. A linear correlation between the 'H NMR chemical shifts and stretching O-H
vibrational frequencies of the BAS was found similar to the silanol groups. However, no correlation between the
deprotonation energy and the spectral characteristics of the corresponding hydroxyl (BAS and silanols) was
observed. Thus, the acidity of the hydroxyls cannot be estimated based on the spectral characteristics, which
accounts mainly for the formation and strength of hydrogen bonds.

Brgnsted acid sites

1. Introduction

Zeolites are crystalline microporous aluminosilicate materials used
as acid catalysts and sorbents in inter alia petrochemical industrial
processes [1]. Their intrinsic acidity is due to the presence of aluminum
in tetrahedral configuration within the siliceous framework giving rise
to a negative charge, compensated by protons [2]. These acid sites —
bridging hydroxyl groups, AI-OH-Si, acting as Brgnsted acid sites (BAS),
confer a high activity to zeolites [3]. Furthermore, another type of hy-
droxyl groups - silanols, Si-OH, exist in zeolites and their amount is
sometimes far from negligible. The latter considered as structural defects
are often neglected when considering the global acidity of zeolites
despite the variety of configurations they present and their impact on

* Corresponding author.
** Corresponding author.

final properties and applications [4].

Among the best characterization techniques used to probe hydroxyl
groups in solids are 'H solid-state nuclear magnetic resonance (NMR)
and infrared (IR) spectroscopy [5]. The vibration frequency of OH
groups in IR as well as their proton chemical shift in NMR vary with the
strength of hydrogen bonds in which they are involved when present.
Isolated silanols and bridging hydroxyl groups (not involved in a
hydrogen bond), present stretching vibrational frequencies around
3745 cm™! and 3615 cm™! respectively, that decreases when hydrogen
bonding occurs. The corresponding 'H NMR chemical shifts are ~1.8
and ~4 ppm, however, these values increase when hydrogen bonds
occur. Then, the quantification and identification of these sites was
never a trivial task because of signal overlapping [6,7]. Several
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combinations of experimental and theoretical methods including IR,
NMR and density functional theory (DFT) calculations were considered
to resolve those issues. Advanced NMR techniques have been used to
distinguish isolated and hydrogen bonded BAS in selected zeolites due to
the paramount importance of those sites for catalysis [7-10]. Other
NMR approaches were explored to localize aluminum or silanols with
respect to structure directing agents in as synthesized zeolites [11,12].

Since zeolites are applied in most industrial processes as solid acid
catalysts, their acidity is extensively studied using spectroscopic, sorp-
tion, thermal and catalytic approaches [6,13]. All those methods applied
to zeolites, however, in addition to the intrinsic acidity of the measured
hydroxyl groups, various additional effects e.g. confinement, adsorption
and diffusion were considered [14-17]. A direct measure of the acidity
of a hydroxyl group in a chemical compound is its deprotonation energy
(DPE), namely the enthalpy of the reaction

XO-H » XO~ + H'

which can be measured experimentally for molecules in the gas phase
[18]. Since for hydroxyl groups in solid, as zeolites, such direct mea-
surement of the DPE cannot be performed, the corresponding values
have been approached by computational methods. Following the pio-
neering calculations of Sauer [19] and van Santen [20], several groups
reported computed DPE values for zeolites with different framework
structures and aluminum content. The simulations evolved from isolated
fragments of the zeolite framework to embedded models and periodic
3-dimensional models [10,21-25]. Typically, the calculated DPEs of
BAS are around 1100-1250 kJ/mol but they vary depending on the
computational method and models used.

In this study, the acidity of various silanol groups and BAS in
nanosized HZSM-5 zeolite was evaluated based on the deprotonation
energy calculated using DFT with hybrid functional PBEO in order to
understand their contribution to the global acidity of zeolites. While BAS
act as strong acids, the silanols may behave as milder acid sites, which
are beneficial for some catalytic or sorption processes requiring mod-
erate acidity [26]. Using available experimental values for deprotona-
tion energy of small molecules in the gas phase and the calculated DPE
values, we estimated the real deprotonation enthalpy of the hydroxyl
groups in nanosized HZSM-5 zeolite. The nanosized zeolite was syn-
thesized and characterized using a combination of spectroscopic ap-
proaches (see Supplementary Information). Based on the experimental
and theoretical results, a proper positioning of BAS and silanols in ze-
olites into the general scale of gas phase acidity is proposed.

2. Methods
2.1. Computational details

Quantum chemical calculations were based on Density functional
theory approach with the hybrid gradient-corrected PBEO exchange-
correlation functional [27] using ORCA, ab initio, DFT and semi-
empirical electronic structure package (vers. 4.1.2) [28,29]. The atomic
basis sets for geometry optimization were def2-SVP basis set with uti-
lization of def2/J auxiliary basis [30,31]. No restrictions on the atomic
positions, interatomic distances or angles were applied during geometry
optimization. For the calculations reported here, we used all-silica
ZNP-99, ZNP-111 and ZNP-165 models described in our previous work
[32]. The initial structures of the Al-containing zeolite nanoparticles
models used here, AIZNP-99, AIZNP-111a, AIZNP-111b, A1ZNP-111ab,
were constructed from the corresponding all-silica models as one or two
Si centers were replaced by Al to create bridging hydroxyl groups acting
as Brgnsted acid sites (Fig. 1). The aluminum center in AIZNP-99 and Ala
in AlZNP-111a and in AIZNP-111ab models are bound via oxygen
bridges to Si centers of the nanoparticle, while Alb at AIZNP-111b and
AlZNP-111ab models is located at the surface of the nanoparticle and is
bound to one terminal hydroxyl and to three Si centers via oxygens.
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Fig. 1. Optimized structures of zeolite nanoparticles with MFI type framework
containing 1 or 2 Al centers: (A) AIZNP-99, (B) AIZNP-111a, (C) AIZNP-111b,
(D) AlZNP-111ab with different locations of the Brgnsted centers (Al centers
in green, linear hydrogen bonds in blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

The frequency calculations for all models were preformed numeri-
cally and the calculated values for stretching vibrational frequencies of
O-H groups were scaled in standard fashion with a scaling factor 0.948
to correct them for the anharmonicity and the shifts due to the
computational method, as reported earlier [32].

The 'H NMR chemical shifts were calculated with Gauge-
Independent Atomic Orbitals (GIAOs) method [33], using auxiliary
basis def2/JK, Grid4 FinalGrid5, and tighter SCF convergence criteria.
The chemical shift values were obtained by subtraction from the
calculated isotropic chemical shielding value for tetramethylsilane
(TMS).

2.2. Synthesis and characterizations

The nanosized ZSM-5 zeolite was synthesized using a clear precursor
suspension with the following chemical composition: 1 SiOs: 0.25
TPAOH: 25H,0: 0.0125 Al;03: 0.05 NayO. For the preparation of the
suspensions, the total amounts of double distilled water and organic
structure directing agent (tetra n-propylammonium hydroxide
(TPAOH), 20 wt % in water solution, Alfa Aesar) were mixed for about
15 min using magnetic stirring. Then, the silicon source (tetraethyl
orthosilicate (TEOS) 98%, Aldrich) was added dropwise to the suspen-
sion and subjected to magnetic stirring for 1 h. Finally the aluminum
source (aluminum nitrate (AI(NO3)3.9H50, 97%, Prolabo) was added to



G.N. Vayssilov et al.

the suspension followed by aging on an orbital shaker for 18 h at room
temperature. Then, the hydrothermal treatment was carried out in
Teflon-lined stainless-steel autoclaves at 180 °C for 72 h under autoge-
nous pressure. The solids were purified with double-distilled water and
high-speed centrifugation, until the pH of the supernatant was below 8.
The samples were dried at 90 °C and calcined at 550 °C/5h in air.

i and ?’Al magic-angle spinning (MAS) NMR experiments are
performed at 99.3 and 130.3 MHz, respectively on a 500 MHz (11.4 T)
Bruker Avance III-HD spectrometer using a 4 mm probe head, the
sample is rotated at 14 kHz spinning rate. (Figs. SIA and B in Supple-
mentary data). The chemical shifts for silicon and aluminum are refer-
enced to tetramethyl silane (TMS) and AICl3 respectively. Radio
frequency (rf) field strength of 36 and 50 kHz and recycle delays of 20
and 1 s, respectively were used.

H simple pulse, 'H{?’Al} TRAPDOR and 'H{?’Al} REAPDOR (MAS)
NMR experiments were performed using the 4 mm probe head. 'H
chemical shifts are referenced to TMS. A radio frequency (rf) field
strength of 50 kHz is used for 'H (n/2 pulse of 5 ps). For REAPDOR
measurements, the adiabatic pulse length used for the 2’Al channel is
equal to 1/9 of the rotor period (8.88 ps), and the spinning rate is set to
12.5 kHz. The recycle delay is set to 10 s. For 'H NMR measurements all
the samples were pre-treated under vacuum at 350 °C overnight prior to
filling into the rotor in an Argon saturated glove box. Spectral decon-
volution and numerical simulations were performed using Dmfit [34]
and SIMPSON [35].

The crystallinity of the sample was investigated by powder X-ray
diffraction (Fig. S1C in Supplementary data) by a PANalytical XPert Pro
diffractometer using Cu Ka radiation (A = 1.5418 10\, 45KkV, 40 mA). The
FTIR spectra are acquired using a Nicolet Magna 550-FT-IR spectrom-
eter (4 cm™! optical resolution). The IR spectrum corresponds to in situ
activated sample at 350 °C under vacuum.

3. Results and discussions
3.1. Spectral features of the bridging hydroxyls

The nanosized ZSM-5 (Si/Al = 40) present an average size of 100 nm
and show high crystallinity with mainly tetrahedral aluminum in the
framework (Fig. S1 in Supplementary data). The corresponding 'H NMR
and IR spectra are depicted in Fig. 2A and C, respectively. The spectra

contain the characteristic bands for silanols (~3740-3700 cmfl,
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1.5-2.4 ppm) and BAS (3630 cm ™}, 3.7 ppm). This is confirmed by NMR
using a Transfer of Populations in Double Resonance (TRAPDOR) indi-
cating a loss in the intensity of the signal at 3.7 ppm after irradiation of
Al during the echo evolution time while the peaks corresponding to
silanols keep the same intensity except for the band at 2.4 ppm sug-
gesting the presence of Al in their vicinity (Fig. 2B). The dipolar mod-
ulation, giving rise to the intensity loss (difference between Sy and S) is
introduced during the evolution time thanks to a dephasing pulse
applied on 27Alin the pulse sequence. The same methodology was used
for the REAPDOR experiment, known to be more robust and less sensi-
tive to diverse Al environments that may be present within the frame-
work. The distance between proton and aluminum was determined
based on this experiment (3.7 ppm) and the corresponding AS/S, curve
simulated using SIMPSON code [35] is shown in Fig. 2D; the remaining
three peaks kept the same intensity during the evolution time. The
strong slope before 1000 ps corresponds to the highest dipolar modu-
lation, mainly due to a coupling of ~2 kHz corresponding to a distance
TH—% Al of ~2.5 A. The weak slope observed between 2000 and 5000 pis
indicates the presence of other Al neighbors located at longer distances
estimated at ~5 A in line with the previous study reported by Koller and
coworkers [10]. This explains the slight difference between experi-
mental and simulated curves for high evolution times. The spins
considered for the simulation were a pair of 'H and ?’Al with a dipolar
coupling of 2 kHz that corresponds to the first neighbors. However,
other hydrogen bonded BAS and SiOH appear in different zeolites as
stated above and the correlation between their spectral features and
acidity is of paramount importance.

Quantum chemical calculations, reported here, were based on Den-
sity functional theory approach with the hybrid gradient-corrected PBEQ
exchange-correlation functional. We used all-silica ZNP-99, ZNP-111
and ZNP-165 models as described in our previous work [32]. The
structures of the Al-containing zeolite nanoparticles (AIZNP-99,
AIZNP-111a, AIZNP-111b, AlZNP-111ab) were constructed from the
corresponding all-silica models as one or two Si centers were replaced by
Al to create bridging hydroxyl groups acting as Brgnsted acid sites. The
aluminum center in AlZNP-99 and Ala in AIZNP-11la and in
AlZNP-111ab models are bound via oxygen bridges to Si centers of the
nanoparticle, while Alb at AIZNP-111b and AlZNP-111ab models is
located at the surface of the nanoparticle and is bound to one terminal
hydroxyl, forming Al-OH moiety, and to three Si centers via oxygens
(Fig. 1).

Fig. 2. A. Single pulse 'H NMR spectrum of nano-
sized HZSM-5 zeolite: the spectrum is deconvoluted
and the peaks are assigned to SiOH (blue) and BAS
(green). B. TRAPDOR effect on the H NMR spectrum:
the solid line corresponds to two rotor periods echo
without irradiation of Al and the red dashed line
corresponds to the same echo with Al irradiation. C.
FTIR spectrum of activated nanosized HZSM-5
zeolite. D. REAPDOR curve (dots) and the corre-
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Vibrational frequencies and '"H NMR chemical shifts of all bridging
hydroxyls (Si-OH-Al) and various silanols (Si-OH) were calculated. For
the BAS, three types of hydroxyls were identified considering their
spectral features and involvement in hydrogen bonds (see Fig. 3A and
B). The first type corresponds to isolated BAS with O-H vibrational
frequency between 3620 and 3646 cm ™! and 'H NMR shift between 3.36
and 3.70 ppm. Those hydroxyls do not participate in regular hydrogen
bonds and neighboring framework oxygens are more than 250 pm far
away from the acidic proton. They correspond to the classical BAS with
experimentally measured IR frequency around 3630 cm™ ' and 5(*H)
around 3.7 ppm, as reported above (Fig. 2A, C). The distance between
the Al center and the proton from the corresponding bridging hydroxyl
group is in the range 233-253 pm that is in an agreement with the
REAPDOR-NMR results shown in Fig. 2D. The second type of BAS cor-
responds to hydroxyls with vibrational frequency of 3400-3600 cm !
and 5(*H) varying between 3.80 and 5.70 ppm. These bridging hy-
droxyls do not participate in a regular hydrogen bond, for which the
arrangement O-H---O is close to linear. However, their protons are
affected by the oxygens located aside at H---O distances between 200
and 240 pm, which may be considered as irregular (side) hydrogen
bonds with O-H---O angles up to 120°. The third type of BAS corre-
sponds to hydroxyls with regular linear hydrogen bonds to oxygen
centers in the opposite side of the zeolite ring, which in our models has
an O-H frequency between 2950 and 3230 cm ! and §('H) varying from
7.30 to 10.04 ppm.

Interestingly, the plots of the O-H stretching frequency (Fig. 3A) and
'H NMR chemical shift (Fig. 3B) of the modeled bridging hydroxyls
versus the distance between the BAS proton and the closest oxygen
center corresponding to two types of hydroxyls are well aligned in a
parabola. This suggests that the regular hydrogen bonds and the irreg-
ular hydrogen bonds to side oxygens affect the spectral signatures of the
corresponding hydroxyl in the same way.

The trends for the calculated 'H NMR chemical shift of BAS versus
the hydrogen bonding distance has the same shape as that for silanols,
reported earlier [32] (see Fig. 3C). The only difference is that for the
same hydrogen bonding distance, the 'H NMR chemical shifts of the
bridging hydroxyls are about 1.5 ppm higher than the silanols protons,
while for protons participating in very strong hydrogen bonds (H-bond
below 170 pm) this difference almost vanishes. This implies that the
linear correlation between hydrogen bond length and 5(*H) suggested
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by Yesinowski et al. for hydroxyl groups in solids [36], has to be
reconsidered. Instead, one may derive separate linear equations for the
BAS acid sites with strong (linear) hydrogen bonds and those partici-
pating in side (medium) hydrogen bonds at §(*H) = 28.855-0.118
(H-bond, in pm) and S5('H) = 11.824-0.0326 (H-bond), respectively. The
coefficients in the two equations are similar to those recently reported
for silanol groups participating as proton donors in strong and medium
hydrogen bonds, i.e. 5(*H) = 25.39-0.108 (H-bond, in pm) and S('H) =
12.464-0.0419 (H-bond), respectively (see Supplementary information
of Ref. 32). Analogous trend is observed for the calculated vibrational
frequencies of the hydroxyl as a function of the hydrogen bonding dis-
tance (not shown here) - the v(O-H) for the BAS participating in
hydrogen bond is about 100 cm™ lower than the frequency of the
silanol, participating in hydrogen bond with the same H-bonding
distance.

In Fig. 3D one can see that the linear correlation between vibrational
frequency and the chemical shift of the proton of specific hydroxyl,
observed earlier for silanols [32], v(O-H) = 3868.3 — (84.989) 5('H)
NMR, was also found for the bridging hydroxyl, with somewhat different
coefficients: 1(O-H) = 4016 — (106.84) §(*H) NMR (with RMSD = 0.99).
As shown, the data points for bridging hydroxyls fall essentially in the
same region as that for the silanols: 5(*H) higher than 3.0 ppm and
v(O-H) lower than 3650 cm ™. Thus, based on the vibrational frequency
or 5(*H) NMR in those regions one cannot unambiguously identify if the
specific hydroxyl is a silanol or a BAS. Experimentally both types of
hydroxyls with sharp peaks at 3745 and 3615 cm ™! can be distinguished
in the IR spectra if they do not participate in hydrogen bonds. However,
when the hydroxyls participate in hydrogen bonds, the bands for both
types of hydroxyls are wider and cannot be discriminated easily. In
Fig. 3D one can also see the points corresponding to the spectral char-
acteristics of the terminal Al-OH group in the AIZNP-111b model with
different locations of the charge compensating protons at the bridging
oxygen centers. Since Al-OH group does not participate in hydrogen
bonds, both the IR frequencies and 'H chemical shifts vary in narrow
ranges, from 3774 to 3799 em ™! and from 0.00 to 0.43 ppm, clearly
different from silanols and bridging hydroxyls.

3.2. Acidity of bridging hydroxyls and silanols
As described above, the acidity of BAS and silanols is evaluated by

Fig. 3. Plots of the correlations between calculated

4000 - .
i M 4 BAS - linear H-bond .
A ‘ L'Zear : b“d"d w0 { C BAS ~cidattibond spectral features of the modeled hydroxyls and their
» Side H-bon o .. . . .
3800 9 £ 270 - © Si-OH - strong H-bonds participation in hydrogen bonds: (A) O-H stretching
p— o 250 4 © S OH=mecdium Rbonds frequency vs. hydrogen bonding distance for BAS; (B)
i g » S-OH - weak H-bonds 'H NMR chemical shift vs. hydrogen bonding distance
5 2 .
£ 3400 ° 230 for BAS; (C) hydrogen-bonded distance in BAS or
I o o . .
g i < 210 A silanols vs. 'H NMR chemical shift; (D) O-H stretch-
3200 g . . .
X ¥ 190 | ing frequency and 'H NMR chemical shift of BAS or
3000 4 . 2 - ‘la silanol. Symbols corresponding to different types of
: 0 ot hydroxyl groups are shown as insets.
2800 - - : : : S 150 : : - : ‘ : ‘ :
150 170 190 210 230 250 270 o 1 2 3 s 6 7 8 9
Hydrogen bond length, pm S(*H) ppm
14 4000 -
10 4 B‘ 4 Linear H-bond D © Si-OH
E Side H-bond 3800 4 Al-OH-Si
9 A a - Al-OH
8 - “a
€ A4 & 3600 4
g7 S
T 64 3
B 2 3400 |
g
41 3200 1
3
2 : : : : ‘ 3000 . - - : : . —
150 170 190 210 230 250 270 o 1 2 3 s 6 7 8 9

Hydrogen bond length, pm

6(*H) ppm



G.N. Vayssilov et al.

calculating the DPE of these groups in the modeled zeolite nanoparticles.
The obtained deprotonation energy of the bridging hydroxyl sites in the
AlZNP models are varying between 1164 and 1242 kJ/mol depending
on both the positions of Al and the acidic proton considered in the
model. Recently, Koller et al. reported deprotonation energies of a series
of bridging OH groups in SSZ-42 zeolite between the 1157-1187 kJ/mol
using PBE-D3/def2-TZVP method [10]. They suggested that the DPE
correlates with 'H NMR chemical shift of their protons with some de-
viation; the higher 'H chemical shift corresponds to higher deprotona-
tion energy. However, our results show that scattering dominates over
any correlation of the calculated deprotonation energy with the simu-
lated 'H NMR chemical shifts of hydroxyl groups (see green triangles in
Fig. 4A). This is valid for both silanols and bridging hydroxyls. No cor-
relation was observed also between the deprotonation energy and O-H
stretching frequency of the hydroxyl group (Fig. 4B), as also reported
elswere [25].

The lowest deprotonation energy of 1164 kJ/mol, corresponding to
the most acidic BAS, is obtained for the AIZNP-111a structure, in which
the deprotonated hydroxyl initially participates in a strong hydrogen
bond to a zeolite oxygen center within a five-membered ring. However,
the other bridging hydroxyls participating in strong hydrogen bonds
feature diverse values of the deprotonation energies between 1172 and
1242 kJ/mol (triangles with 5(*H) between 7 and 10 ppm in Fig. 4A and
O-H frequencies between 3250 and 2940 cm ! in Fig. 4B). The bridging
hydroxyls, which are not involved in hydrogen bonds have deprotona-
tion energy values in the same range, 1171-1225 kJ/mol (triangles with
5(*H) around 4 ppm in Fig. 4A and around 3600 cm™! in Fig. 4B). The
BAS with the strongest hydrogen bonds have deprotonation energies of
1191 and 1242 kJ/mol (triangle at 5(*H) of 8.89 and 10.04 ppm). These
results show clearly that the participation of a bridging hydroxyl in
hydrogen bonds cannot be directly related to the acidity of that
group as estimated by the deprotonation energy value.
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Fig. 4. Calculated deprotonation energy of a silanol and bridging hydroxyl
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that hydroxyl group. Symbols, corresponding to different types of hydroxyl
groups are shown in the legend inside the panel.
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One may also compare the average values of the DPE of the bridging
hydroxyls around each of the modeled Al positions, which may be
related to the acidity potential of that Al site, i.e. if the bridging hy-
droxyls at this center may produce more or less acidic BAS. In our AIZNP
models we have four Al sites (A1ZNP-99, AIZNP-111a, AIZNP-111b, and
Alb at AIZNP-111ab), which have average DPE values of 1225, 1176,
1210, and 1189 kJ/mol, respectively. The values for Alb at AIZNP-111ab
were calculated with one position of the BAS at Ala in the model and
different positions of the bridging hydroxyl around Alb center. Thus,
both the lowest and the highest average DPE values correspond to the
inside Al centers with four Si centers as next nearest neighbors.

The deprotonation energy values calculated for different types of
silanols are spread in a larger interval 1241-1439 kJ/mol (about 200
kJ/mol), than for the values of the bridging hydroxyls 1164-1242 kJ/
mol (about 80 kJ/mol). Some of the silanols exhibit low deprotonation
energies values that overlap with the less acidic bridging hydroxyls
(BAS) as shown in Fig. 4. Note that during the optimization of the ge-
ometry of the deprotonated nanoparticle there was reorientation of the
silanols around the negatively charged oxygen, and in some cases a
proton shift from a neighboring silanol to that oxygen center occurs.
Thus, the deprotonated silanol in the final structure may differ from the
initially deprotonated one. Interestingly, the participation of silanols in
hydrogen bonds as proton donors, proton acceptors or both, is not
related to the DPE calculated (see the circles with different colors in
Fig. 4). Similarly, to the BAS, no correlation was observed between the
deprotonation energy and the spectral characteristics of silanols (‘H
NMR chemical shift and O-H stretching frequency of hydroxyl groups)
either.

4. Discussion

The lack of correlations between deprotonation energies and spectral
features of silanols can be explained by the dominant influence of the
final state, namely more or less efficient stabilization of the negatively
charged oxygen center remains after deprotonation. The stabilization
may be achieved by local structural rearrangement around the nega-
tively charged oxygen or by the formation of hydrogen bonds to it from
neighboring hydroxyls, if available. When the deprotonated silanols
form new hydrogen bonds with neighboring silanols, the negative
charge of the oxygen is partially compensated by the positive charge of
the proton, which leads to stabilization of deprotonated structure.
Similar stabilization effect has been shown to increase the acidity of
Brgnsted acid sites in mixed sodium and protonic forms of zeolites due to
stabilization of the deprotonated state by compensating the negative
charge of the oxygen by neighboring sodium ion [37]. In order to
highlight the contribution of the final state on the deprotonation energy
of silanols via formation of hydrogen bonds, we counted the number of
hydrogen bonds that compensate the negatively charged oxygen center
of the deprotonated silanol (Fig. 5A). The highest DPE is calculated for
deprotonated silanols that are not compensated by hydrogen bonds from
neighboring silanols (around 1430 kJ/mol). By increasing the number of
compensating hydrogen bonds to one, two and three, the calculated
deprotonation energy decreases to 1326-1383 kJ/mol, 1260-1350
kJ/mol, and 1241-1280 kJ/mol, respectively. Since the strength of the
compensating hydrogen bonds is different, the values for the deproto-
nated silanols, compensated by the same number of hydrogen bonds
vary substantially.

The analysis of the factors affecting the deprotonation energies of the
bridging hydroxyl should take into account that the final deprotonated
state of the hydroxyl around a certain Al center is the same (see the
triangles with different colors in Fig. 5B). Thus, for these hydroxyls, the
initial state of the structure should have dominant contribution to the
deprotonation energy, which can be decomposed into vertical DPE (the
energy of the structure just after removal of the proton) and relaxation
energy of the deprotonated structure. As shown in Fig. 5B, the points for
the total DPE are spread even for hydroxyls, located around the same Al
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Fig. 5. Calculated DPE of a silanol versus the number of hydrogen bonds that
compensate the negatively charged oxygen center of the deprotonated silanol
(A) and calculated DPE (B) and vertical DPE (C) of bridging hydroxyl groups
versus '"H NMR chemical shift of that hydroxyl group in different AIZNP-99
(yellow triangles), AIZNP-111a (blue triangles), AIZNP-111ab (grey triangles)
and AlZNP-111b (orange triangles) models. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)

center. In order to focus on the initial state influence on the DPE, we
calculated vertical deprotonation energy values and found a rough
trend, i.e. the lower 'H NMR chemical shift of the proton corresponds to
lower vertical DPE value (Fig. 5C). This trend is similar to that reported
by Koller et al. for the total DPE values of SSZ-42 zeolite [10]. Note,
however, that even for the vertical DPE the observed trend is still far
from a good linear correlation (RMSD = 0.63). The reason for this is that
both the 'H chemical shift and the O-H vibrational frequency account
only for the participation of the hydroxyl proton in hydrogen bond but
are not related to other features of the initial state. For example, the
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formation of a hydrogen bond within a five-membered zeolite ring sta-
bilizes the structure, e.g. makes the proton more difficult to be removed,
however, to form a hydrogen bond, the [AlO4] tetrahedron and its
surrounding are distorted, which contributes to destabilization of the
structure. The experimentally measured spectral features, v(O-H) and
5(1H), account only for the first effect since it is connected with the
strength of the hydrogen bond, but not for the second one. Thus, one
may not expect strict correlations between the spectral features of hy-
droxyl groups with their deprotonation energies, and with their acidity
respectively.

Fig. 6 schematically shows the ranges of calculated DPE values for
the specific chemical shifts in the 'H NMR spectrum measured for the
nanosized HZSM-5 zeolite, as discussed above. From the experimental
spectra one can derive the relative amount of the species with the cor-
responding chemical shift and their calculated deprotonation energy
range.

As discussed in the introduction section, the DPE values for both BAS
and silanol hydroxyl groups in zeolites cannot be measured directly and
instead are evaluated by computational modeling. However, different
computational approaches (method, model, system size) result in
different values for analogous types of BAS. Similar problem appears in
the calculation of vibrational frequencies, for which the calculated
values for the studied system are corrected using experimental and
calculated values for well-known simpler models as reference. Thus,
employing the same computational approach for zeolite nanoparticles
and a reference system, may allow after correction to estimate the real
(experimental) values. The calculated values for deprotonation energies
(DPE) and deprotonation enthalpy (DPAH) of series of gas phase species
containing hydroxyl group and their experimental DPAH values are
reported in Table S1; a part of the species includes AI-OH or Si-OH
groups. For example, the calculated deprotonation energy and enthalpy
for trimethylsilanol, (CH3)3SiOH are 1589 kJ/mol and 1553 kJ/mol,
respectively. The experimental deprotonation enthalpy values are
somewhat lower, i.e. 1518 + 19 kJ/mol and 1502 + 17 kJ/mol as re-
ported by Angelini et al. [38] and Damrauer et al. [39], respectively. For
all gas phase species, the calculated DPAH values overestimate the
experimental ones (without taking into account the reported experi-
mental accuracy margins) by 6-56 kJ/mol with an average over-
estimation of 34 kJ/mol. In the Table, the ratio between the
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Fig. 6. Calculated DPE ranges corresponding to the main chemical shifts in the
'H NMR spectrum experimentally observed (Fig. 2A) and the percentage of the
corresponding species.
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experimental DPAH and calculated DPE values for each species (an
average of 0.956) is provided. If we take into account only the species
containing silicon or aluminum, the average scaling coefficient is
essentially the same. Thus, we used the value 0.956 to scale the calcu-
lated DPE in order to estimate the real deprotonation enthalpy values of
the hydroxyl groups in zeolites. As shown in Table S1 in Supplementary
data, the simulated DPAH values from the calculated DPE values of the
reference molecules multiplied by the scaling factor fall into the accu-
racy range for all but one gas phase species. This observation allowed us
to use the same way to simulate the real DPAH values for the hydroxyl
groups in zeolites. For BAS, the estimated real deprotonation enthalpy
based on the minimal and maximal calculated DPE of 1164 and 1242
kJ/mol is between 1113 and 1187 kJ/mol. For silanols the range of the
estimated real deprotonation enthalpy is much larger, from 1186 to
1376 kJ/mol.

The estimated DPAH values allow us to align the BAS and silanol
hydroxyl groups in zeolite nanoparticles in the general scale of gas phase
acidity. For this, we used both experimental DPAH and calculated DPE
values for several sulfur, phosphorous and carbon containing molecules
(Fig. 7). This result suggests that the Brgnsted acid sites in the zeolite fall
in the range of superacids with gas phase acidity higher than fluo-
rosulfuric and perchloric acids, and is similar to hexafluorophosphoric
acid. The silanols in zeolite cover a wide range from strong acids to
superacids overlapping with the acidity of nitric, phosphoric and sul-
furic acids. The higher gas phase acidy of the zeolite hydroxyls, both
bridging and silanol, compared to the gas phase species, may be
explained with the flexibility (mechanical or electronic) of the zeolite
framework that allow efficient redistribution of the negative charge of
deprotonated center via structural relaxation, electron density redistri-
bution or stabilization by hydrogen bonds from neighboring hydroxyls.

5. Conclusions

The results, reported here, have shown that 'H NMR chemical shifts
and stretching O-H vibrational frequencies of bridging hydroxyls in
ZSM-5 zeolite follow the same linear correlation observed earlier for the
silanol groups. Moreover, the calculated values of those spectral pa-
rameters of the bridging hydroxyls and silanols fall essentially in the
same plot for 1(O-H) below 3640 cm™! and 5(*H) above 3.4 ppm. As
expected, the decrease of the O-H frequency and increase of the 'H
chemical shift depends on the formation of hydrogen bond and corre-
lates with the corresponding hydrogen bonding distance. Interestingly,
this correlation involves not only the regular close to linear hydrogen
bonds, but also irregular side hydrogen bonds with O-H---O angles up to
120°. Thus, the traditional assumption that hydrogen bonds should be
close to linear, is not valid, at least for the studied systems.

The acidity of the bridging hydroxyls, estimated by their
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deprotonation energy, is in the range 1164-1242 kJ/mol, while the DPE
values for silanols vary in larger range, 1241-1439 kJ/mol. The calcu-
lated acidity values suggest that some of the silanol groups have sulffi-
cient acidity, which is essential for the application of zeolites as acidic
catalysts milder than BAS. These acid sites are highly required for a
series of catalytic processes in which strong acid sites, as BAS, are
undesirable.

No correlation was found between the deprotonation energy and the
spectral characteristics of the corresponding hydroxyl neither for
bridging hydroxyls nor for silanols. The reasons for this discrepancy,
were different for the two types of hydroxyl groups. For silanols, the DPE
value is substantially influenced by the stabilization of the deprotonated
state, which can be accomplished by the formation of hydrogen bonds
from near hydroxyl groups. This can explain why the spectral features,
which are characteristic for the initial intact hydroxyl group, do not
correlate with the DPE values. On the other hand, the deprotonation
energy of BAS depends on the stability of the initial intact state since the
final deprotonated state at a specific Al position is the same for all po-
sitions of the bridging hydroxyl groups around it. The lack of correlation
with the spectral features of the hydroxyl in this case is due to the fact
that these features reflect basically the strength of the hydrogen bonds
only without considering the structural distortions occurring due to the
formation of such bonds.

Using as references experimental and calculated values for well-
known gas phase species we derived a scaling coefficient (for the spe-
cific method) allowing from the calculated DPE for hydroxyl groups in
zeolites to estimate their experimental deprotonation enthalpies. The
gas phase deprotonation enthalpy, obtained with this approach, for BAS
is 1113-1187 kJ/mol, while for silanols it is 1186-1376 kJ/mol. Those
values suggest that Brgnsted acid sites in zeolites can be categorized as
superacids in the gas phase while the silanol groups are placed between
strong acids and superacids.
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