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Henning Windeck+, Fabian Berger+, and Joachim Sauer*

Abstract: The location of Brønsted-acid sites (bridging
OH groups, b-OH) at different crystallographic posi-
tions of zeolite catalysts influences their reactivity due to
varying confinement. Selecting the most stable b-OH
conformers at each of the 12 T-sites (T=Si/Al) of H-
MFI, a representative set of 26 conformers is obtained
which includes free b-OH groups pointing into the
empty pore space and b-OH groups forming H-bonds
across five- or six-membered rings of TO4 tetrahedra.
Chemically accurate coupled-cluster-quality calculations
for periodic models show that the strength of internal H-
bonds and, hence, the OH bond length vary substantially
with the framework position. For 11 of the 19 H-bonded
b-OH groups examined, our predictions fall into the full
width at half maximum range of the experimental signals
at 3250�175 cm� 1 and 7.0�1.4 ppm which supports
previously debated assignments of these signals to H-
bonded b-OH sites.

Acidic zeolites are crystalline microporous aluminosilicates
in which protons balance the negative charge introduced by
aluminum atoms in the zeolite framework. They are
extensively used in heterogeneous catalysis,[1] e.g., for
cracking of hydrocarbons[2] or the methanol-to-olefin
process.[3] Among over 230 known framework types, the
industrially relevant Socony Mobil-5 (MFI, ZSM5) is one of
the most studied in academia.[4]

Bridging hydroxyl (b-OH) groups, Si� O(H)� Al,[5] are
the main source of Brønsted acidity in zeolite catalysts. In
the orthorhombic MFI structure,[6] aluminum substitution
can occur in 12 crystallographically unique T-sites. The
distribution of b-OH groups over different regions of the
framework (straight channel, zigzag channel, intersection)
influences catalytic properties due to varying confinement
(shape selectivity), see, e.g., ref. [7]. However, the distribu-
tion of aluminum over the available sites cannot fully be
controlled and is subject to active research.[8] 27Al nuclear
magnetic resonance (NMR) studies suggest that the alumi-
num distribution is not random but varies between samples
depending on the synthesis conditions.[9]

Infrared (IR) and NMR studies suggest multiple proton
sites in H-MFI. Besides the well-established unperturbed,
free b-OH groups,[5,10] other signals have been assigned to
H-bonded b-OH groups,[11] but often also to defect sites,[12]

residual water,[13] H-bonded silanols,[14] or Al(OH)n(H2O)
species at the external surface.[15] Free b-OH groups cause
an OH stretching vibration at around 3600 cm� 1 and a 1H
NMR chemical shift at around 4 ppm.[10b,c] Kazansky and co-
workers reported another, rather broad IR band at
3250 cm� 1 and tentatively assigned it to H-bonded b-OH
groups.[11a] Later, Haw and co-workers[11b] as well as Brunner
et al.[11c] reported 1H NMR chemical shifts at 6.9 and
7.0 ppm, respectively. From a structural analysis, Koller and
co-workers inferred that H-bond formation is possible for a
significant share of b-OH positions in H-MFI.[16] Conclusive
evidence for the existence of such H-bonded b-OH groups
has been produced for IFR type zeolites.[17] For H-MFI, the
existence of H-bonded b-OH groups has been addressed in
previous hybrid QM:MM[18] and QM:QM[19] computational
studies (QM=quantum mechanics; MM=molecular me-
chanics) which, however, remained qualitative due to
method limitations, see Table S1 in the Supporting Informa-
tion.

Here we provide compelling computational evidence for
the existence of H-bonded b-OH groups in the framework
of H-MFI. We identify eleven H-bonded b-OH groups at
different aluminum sites and predict OH vibrational wave-
numbers and 1H NMR chemical shifts that are within the
full width at half maximum (FWHM) range of the exper-
imental signals at 3250�175 cm� 1 and 7.0�1.4 ppm,
respectively.[11c] For free b-OH groups, all predicted IR and
1H NMR signals are within the FWHM range of the
experimental values at 3614�30 cm� 1 and 4.2�0.4 ppm,
respectively,[11c] demonstrating the accuracy of our calcula-
tions.
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This level of accuracy is achieved by employing a hybrid
QM:QM method[20] for the calculation of energies, forces,
and vibrational wavenumbers. The hybrid approach com-
bines density functional theory (DFT) using the Perdew
Burke Ernzerhof (PBE) functional[21] and the D2 dispersion
term[22] for the full periodic system with second-order Møller
Plesset perturbation theory (MP2)[23] for cluster models
(MP2:PBE+D2).[20a] As PBE+D3 has no advantage over
PBE+D2 for the systems studied here,[22b] we stay with the
latter. MP2 yields accurate structures for H-bonded systems,
e.g., water clusters.[24] However, to obtain chemically accu-
rate relative stabilities (�4 kJmol� 1) for H-bonded systems,
corrections using coupled cluster with single, double, and
perturbative triple substitutions (CCSD(T))[25] need to be
added to the hybrid MP2:PBE+D2 energies (MP2:(PBE+

D2)+ΔCC).[20a,26] The computational settings have been
thoroughly tested, see section 3.1 of the Supporting Informa-
tion. We provide evidence for the necessity to go beyond the
standard approach in computational catalysis, i.e., the use of
dispersion-corrected DFT with generalized gradient approx-
imation-type functionals such as PBE+D2 or PBE+D3,
see section 3.2 of the Supporting Information.

In H-MFI, four unique b-OH isomers exist for each
aluminum site. Moreover, multiple conformers can occur for
a given b-OH isomer due to H-bonding with different
Si� O� Si acceptor sites, resulting in around 100 b-OH
conformers of three different types: b-OH groups pointing
into empty pore space (free) and b-OH groups forming H-
bonds across five- or six-membered rings of TO4 tetrahedra
(T=Si, Al), HB5T and HB6T, respectively, see Figure 1.
Figure S7 in the Supporting Information shows the T-site
positions within the MFI framework. Selecting the most
stable b-OH conformers at each T-site, a representative set
of 26 b-OH conformers is obtained. Table 1 shows their
calculated IR and 1H NMR spectroscopic features, for
details see section 3.4 of the Supporting Information. A
correlation between OH bond lengths and OH stretching
wavenumbers is observed, in accordance with Badger’s
rule,[27] see section 3.3 of the Supporting Information.

Overall, the selection of sites shown in Table 1 is very
diverse, containing free and H-bonded b-OH groups in all
regions of the MFI framework which often exhibit similar
stability, indicating a compensation of stabilizing H-bond
formation and destabilizing framework distortion. This bal-
anced situation with co-existing free and H-bonded b-OH
groups is only obtained with our hybrid, coupled cluster
quality MP2:(PBE+D2)+ΔCC method. PBE+D2, in con-
trast, is strongly biased towards H-bonded b-OH groups, see
section 3.2 of the Supporting Information for details.

Figure 2 compares the calculated spectroscopic features
with the results of Brunner et al.,[11c] who measured IR and
1H NMR spectra for the same H-MFI sample whereas
multiple other studies report either IR or 1H NMR spectra
of H-MFI. Moreover, the results of Brunner et al.[11c] are
selected because the 1H NMR measurements were per-
formed at a particularly low temperature (123 K). This is
relevant because the 1H NMR signals of b-OH protons are
temperature-dependent[13] and our calculations of spectro-
scopic features do not take temperature effects into account.
Hence, we provide an accurate computational reference for
low temperature measurements. Brunner et al. have also
performed the IR measurements at low temperature
(77 K).[11c] Table S2 in the Supporting Information provides
an overview over other experimental IR and 1H NMR
values for b-OH groups in H-MFI.

In accordance with previous reports,[29] there is a linear
correlation between OH vibrational wavenumbers and 1H
NMR shifts. The calculated IR and 1H NMR features for all
free b-OH groups are within the FWHM range of the
experimental values at 3614�30 cm� 1 and 4.2�0.4 ppm,[11c]

deviating only by 0 to 14 cm� 1 and � 0.3 to 0.4 ppm from the
experimental peak maxima, respectively.[11c] Whereas all
selected free b-OH groups have similar spectroscopic
characteristics, the calculated values for H-bonded b-OH
groups cover a broad range of vibrational wavenumbers and

Figure 1. Types of b-OH groups in H-MFI with protons pointing into
empty pore space (free) or forming H-bonds (HB) across 5T or 6T
rings. Color code: silicon—yellow, aluminum—gray, oxygen—red, and
hydrogen—white.

Figure 2. Scaled MP2:PBE+D2 wavenumbers of OH stretching vibra-
tions and cluster-based MP2 1H NMR chemical shifts of the 26 selected
b-OH conformers categorized into free (blue) and H-bonded (orange)
b-OH groups within 5T (filled dots) and 6T (empty dots) rings. The
scaling factor for wavenumbers is 0.9424, see Table S9 in the
Supporting Information. Gray areas indicate the full widths at half
maximum range of the experimental values adopted from ref. [11c].
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chemical shifts, indicating that H-bonds of different strength
can be formed. For 11 of 19 H-bonded b-OH groups, our
predictions fall into the FWHM range of the experimental
signals at 3250�175 cm� 1 and 7.0�1.4 ppm.[11c] This is
strong evidence for the presence of various H-bonded b-OH
groups in H-MFI, in agreement with the conclusions of
Koller and co-workers.[16] We do not exclude that extra-
framework or partially framework-bound aluminum oxo-
hydroxo[12] or other OH defect species like H-bonded
silanols[14] or Al(OH)n(H2O) sites at the external surface[15]

may also contribute to the observed IR and 1H NMR signals
depending on the specific H-MFI sample. For a few H-
bonded b-OH sites of the HB5T type with aluminum at the
T3, T4, and T6 positions, the predictions lie far outside the
FWHM range of the experimental values. The absence of
the corresponding signals in experimental spectra suggests
that these b-OH sites are very rare or absent in the H-MFI
samples investigated, considering that the intensity (dipole
moment change) of OH stretching modes would increase
with increasing wavenumber shift.[30]

In H-MFI, we find H-bonded b-OH groups in 5T and 6T
rings and both can explain experimental spectroscopic

signals, see Figure 2. On average, H-bonds in 5T rings are
stronger than in 6T rings, as indicated by a larger red-shift of
the predicted OH vibrational wavenumbers and a down-
field-shift of the predicted 1H NMR signals. The reason is
that the framework oxygen atoms involved in H-bonds are
usually closer to the b-OH proton in 5T rings than in 6T
rings, see Tables S13–S48 in the Supporting Information.
Previously, evidence for H-bonded b-OH groups has been
produced for the zeolite SSZ-42 (IFR framework), attribut-
ing 1H NMR peaks at 5.2 and 6.4 ppm to weakly and
strongly H-bonded b-OH groups, respectively.[17a] Consistent
with our observation for H-MFI, the H-bonds in SSZ-42 are
stronger in 5T than in 6T rings.[17a]

Our method is further validated by results for the zeolite
chabazite (H-CHA) in which all framework aluminum sites
are crystallographically equivalent.[31] As the aluminum
atoms are connected to four crystallographically unique
oxygen atoms, the CHA framework allows for the formation
of four different b-OH isomers. Based on MP2:(PBE+

D2)+ΔCC relative enthalpies (298 K), we predict the
Al� O4(H)� Si (O4, IZA nomenclature[4c]) b-OH isomer to
be most stable, with the Al� O1(H)� Si (O1), Al� O2(H)� Si

Table 1: MP2 quality results for the most stable b-OH conformers at each aluminum site: MP2:PBE+D2 optimized OH bond lengths (ROH) in pm,
MP2:PBE+D2 scaled wavenumbers of OH stretching vibrations (νOH) in cm� 1, cluster-based MP2 1H NMR chemical shifts (δH) in ppm, and their
deviations from experimental results (ref. [11c]), ΔνOH and ΔδH, respectively. Coupled cluster quality enthalpies relative to the respective most
stable b-OH conformer at each aluminum site (ΔH) at 298 K in kJmol� 1 calculated with MP2:(PBE+D2)+ΔCC (MP2:PBE+D2 zero point
energies and thermal corrections).

Position Site[a] Type ΔH ROH νOH
[b] ΔνOH δH

[c] ΔδH

Exp. – – Free – – 3614 – 4.2 –
– – HB – – 3250 – 7.0 –

T1 Al1� O2(H)� Si2 I Free 0 96.5 3628 14 4.2 0.0
Al1� O3(H)� Si10 I HB6T 1 98.1 3329 79 7.1 0.1

T2 Al2� O7(H)� Si6[d] Z HB5T – 98.9 3169 � 81 8.7 1.7
T3 Al3� O9(H)� Si4 Z HB5T 0 99.5 3016 � 234 10.3 3.3

Al3� O5(H)� Si2 I Free 4 96.6 3615 1 4.6 0.4
T4 Al4� O4(H)� Si1 W HB5T – 99.3 3062 � 188 9.6 2.6
T5 Al5� O12(H)� Si4 I HB6T – 97.7 3414 164 6.3 � 0.7
T6 Al6� O10(H)� Si3� (A)[e] S HB5T 0 99.2 3099 � 151 9.5 2.5

Al6� O10(H)� Si3� (B)[e] S HB5T 9 98.4 3300 50 7.5 0.5
T7 Al7� O17(H)� Si8� (A)[e] I Free 0 96.5 3626 12 4.2 0.0

Al7� O17(H)� Si8� (B)[e] I HB6T 0 98.2 3302 52 7.4 0.4
Al7� O11(H)� Si4[d,e] Z Free 4 96.6 3615 1 4.5 0.3

T8 Al8� O6(H)� Si2 S HB5T 0 98.2 3309 59 7.6 0.6
Al8� O19(H)� Si9 I HB6T 3 96.9 3575 325 4.8 � 2.2
Al8� O17(H)� Si7 I HB6T 4 98.2 3349 99 7.1 0.1
Al8� O20(H)� Si12 W HB5T 12 98.4 3276 26 7.5 0.5

T9 Al9� O22(H)� Si10 W HB5T 0 98.9 3159 � 91 8.8 1.8
Al9� O19(H)� Si8 S HB5T 2 96.8 3585 335 4.7 � 2.3

T10 Al10� O24(H)� Si11 Z HB6T 0 98.3 3265 15 7.8 0.8
Al10� O23(H)� Si10 I Free 1 96.6 3614 0 4.5 0.3

T11 Al11� O14(H)� Si5 S HB5T 0 98.8 3213 � 37 8.5 1.5
Al11� O24(H)� Si10 Z HB6T 0 98.5 3281 31 7.6 0.6
Al11� O16(H)� Si7 I Free 8 96.6 3618 4 3.9 � 0.3
Al11� O25(H)� O12 I HB6T 8 98.2 3359 109 7.0 0.0

T12 Al12� O25(H)� Si11 I HB6T 0 98.5 3230 � 20 8.0 1.0
Al12� O8(H)� Si3 I Free 1 96.5 3627 13 4.2 0.0

[a] The b-OH conformers can be located in a straight channel (S), zigzag channel (Z), intersection region (I), or wall site (W). [b] scaling factor:
0.9424, see Table S9 in the Supporting Information; [c] reference: tetramethylsilane, internal standard:[28] methanol, see section 1.3 of the
Supporting Information for details; [d] see also ref. [18a] and Table S1 in the Supporting Information, [e] see also ref. [19] and Table S1 in the
Supporting Information.
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(O2), and Al� O3(H)� Si (O3) b-OH isomers being less
stable by 3, 14, and 9 kJmol� 1, respectively. Further, we
obtain MP2:PBE+D2 OH vibrational wavenumbers of
3599, 3595, 3598, and 3617 cm� 1 as well as MP2 1H-NMR
chemical shifts of 4.5, 4.3, 4.5 and 4.4 ppm for the O1, O2,
O3, and O4 b-OH isomers, respectively, see also Table S10
in the Supporting Information. Experimental IR spectra of
H-CHA feature a low-wavenumber band at 3579 cm� 1 and a
high-wavenumber band at 3603 cm� 1.[32] Based on our
calculations, we assign the O4 b-OH isomer to the high-
wavenumber band and the O1, O2, and O3 b-OH isomers to
the low-wavenumber band, in accordance with ref. [33]. Due
to its relative stability, we expect the O4 b-OH isomer to be
predominant. This is in line with the observation that the
integrated peak area of the high-wavenumber band is larger
than that of the low-wavenumber band.[34] Finally, all
calculated 1H-NMR shifts agree within �0.1 ppm with an
observed peak at 4.4 ppm.[35]

In summary, we use a chemically accurate, coupled
cluster quality method to find probable b-OH conformers
for all aluminum sites of H-MFI and we calculate MP2 level
IR and 1H NMR spectroscopic features for this selection.
We obtain free and H-bonded b-OH groups. The H-bond
strength varies substantially with the framework position,
resulting in a wide spread of predicted IR and 1H NMR
signals. Our predictions fall into the FWHM range of the
experimental IR and 1H NMR signals at 3614�30 cm� 1 and
4.2�0.4 ppm for free b-OH groups as well as at 3250�
175 cm� 1 and 7.0�1.4 ppm for H-bonded b-OH groups.[11c]

This provides compelling evidence that the signals[11c]

observed at 3250 cm� 1 and 7.0 ppm can originate from H-
bonded b-OH groups in the H-MFI framework.
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