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ABSTRACT: The catalytic sites of acidic zeolite are
profoundly altered by the presence of water changing the
nature of the Brensted acid site. High-resolution solid-state
NMR spectroscopy shows water interacting with zeolite
Bronsted acid sites, converting them to hydrated hydronium
ions over a wide range of temperature and thermodynamic
activity of water. A signal at 9 ppm was observed at loadings of
2—9 water molecules per Bronsted acid site and is assigned to
hydrated hydronium ions on the basis of the evolution of the
signal with increasing water content, chemical shift calcu-
lations, and the direct comparison with HCIO, in water. The
intensity of 'H—>’Si cross-polarization signal first increased
and then decreased with increasing water chemical potential.
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This indicates that hydrogen bonds between water molecules and the tetrahedrally coordinated aluminum in the zeolite lattice
weaken with the formation of hydronium ion—water clusters and increase the mobility of protons. DFT-based ab initio
molecular dynamics studies at multiple temperatures and water concentrations agree well with this interpretation. Above 140
°C, however, fast proton exchange between bridging hydroxyl groups and water occurs even in the presence of only one water

molecule per acid site.

B INTRODUCTION

Acidic zeolites are widely used for dehydration, cracking,
dehydrogenation, isomerization, and alkylation.'™* All of these
reactions are catalyzed by protons originating from bridging
hydroxyl groups that balance anionic sites generated upon
incorporation of trivalent cations into the zeolite frame-
work.”™® These proton-donor groups exhibit moderate to high
acid strength and readily donate protons to substrate or solvent
molecu;es1 2(e.g., alkenes, aromatic molecules, alcohols, and
)

The thermodynamic state of Brensted acid sites (BAS) and
its interactions with molecules in the fluid phase have been
extensively studied by a variety of ph?fsicochemical techniques
as well as theoretical calculations.”''™"* The mechanisms of
reactions catalyzed by BAS have been established by kinetic
studies and spectroscopic observations of key intermediate
species.” "% Understanding the impact of (co)reactants and
solvents on elementary steps of catalytic cycles involving BAS
is, however, in its very early stages. In particular, characterizing
the role of water on the nature and action of BAS is of key
importance, because it is the solvent of choice for the
conversion of polar substrates and it is frequently generated as
co-product.'*~ '
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At low pressures, water negatively influences dehydration of
alcohols by stabilizing, for example, adsorbed 1-propanol
significantly more than the transition state to dehydration.'®
For alkane C—H bond activation, reaction rates increased by a
factor of 10 in the presence of low amounts of water (<1 water
molecule per BAS), but high water loadings (>2 or 3 water
molecules per BAS) decreased rates.'> Reactions in condensed
phase are also significantly impacted by the nature of the
proton-donor site. The mechanism of cyclohexanol dehydra-
tion changes as the nature of the proton-donating site switches
from bridging OH groups to hydrated hydronium ions."
Olefin protonation by a hydronium ion has a significantly
higher barrier than protonation by a bridging hydroxyl group."”
On the other hand, the formation and size of the hydronium
ion in the zeolite pores limit the adsorption of substrates,
decreasing reaction rates, although the intrinsic reactivity of the
hydronium ions remains invariant.”” Thus, characterization of
water interacting with acid sites and substrates in confined
environments is critical for a molecular description of reaction
mechanisms. It is also a step toward a quantitative under-
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Figure 1. 'H one-pulse and "H—>’Si cross-polarization (CP) MAS solid-state NMR spectra and dependencies of CP signal relative intensities of
zeolites on water loading of dehydrated zeolites. (a, b) Parallel comparison of 'H and CP ?°Si MAS spectra of dehydrated H-ZSMS-15 zeolite
hydrated with indicated amounts of water (water molecules per Brensted acid site were calculated from spin-counting); from bottom to top, the
water molecules increased from 0.25 to 13. 'H spectra were measured before and after the "H—?Si CP spectrum; the changes of water molecules
during the experiments were less than 5%. The cross-polarization contact time was 3 ms, spinning speed was S kHz, recycle delay was 5 s, and the
number of scans was 20 000. All spectra in each set are shown with real heights. Here, the CP MAS experiments for all the samples were conducted
using the same instrument parameters to semiquantitatively detect the interaction between 'H and *Si. The deconvolution of the first "H NMR
and CP »Si spectrum is shown at the bottom of a and b, different species are color coded, and the intensities of these species are normalized to 1,
with the increasing of water molecules; the dependencies of these relative intensities from the CP *Si spectrum are shown in c. (d, e, and f)
Representative NMR spectra and CP signal intensities of H-ZSMS-40 zeolite. Q, represents [(Si(OSi),] species.

standing of empirical concepts put forward to explain the
interactions of zeolites with water.”!

Studies addressing the properties of the Bronsted acid sites
and the zeolite framework in the presence of water in the
channels*~** have shown that a number of species coexist
(i.e, BAS, Lewis acid sites with strongly bound water, water
hydrogen-bonded to BAS, hydronium ion clusters, physically
adsorbed water), depending on the thermodynamic activity of
water.*** Yet, identification of the conditions under which
these different species exist has not been quantitative, because
of the lack of experimental access to information about the
state of the adsorbed water under reaction conditions.

In the present study, we combine, therefore, systematic
NMR and IR spectroscopic studies with density functional
theory (DFT)-based and ab initio molecular dynamics
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calculations to discern both the chemical environment and
the mobility of protons over a wide range of pressure and
temperature. We will show how this approach has enabled
identifying the nature of hydrated hydronium ions under
conditions typically used for catalysis.

B RESULTS AND DISCUSSION

Identification of Brgnsted Acid Sites: From Frame-
work Hydroxyl to Hydrated Hydronium lons. Initially, the
fully dehydrated H-ZSMS5-15 and H-ZSMS-40 and samples
that were exposed to 0.005 mbar of water for increasing
periods of time were analyzed by IR spectroscopy. Spectra
(Figure S1) show the band for bridging hydroxyls at 3609
cm™ to gradually decrease under N, flow (room temperature).
This suggests that less than one water per BAS was initially
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Table 1. Concentrations of Different Proton Species of the Freshly Dehydrated HZSM-5 Zeolites

H- Si/ Alicp,” Al Alg/Alg;,? BAS/LAS,°
ZSMS  Al° [pmol/g] [umol/g] [umol/g] [umol/g]
15 159 995 (5.7) 1040 (6.0)  894/101 784/156
(5.1/0.6) (4.5/0.9)
40 40.8 398 (2.3) 408 (2.4)  394/4 367/46
(2.3/0.02) (2.1/0.3)

'"H NMR spin counting,f [pmol/g]

Si-(OH-~

Si-OH Al-OH  Si-OH-Al OH,)-Al"
1.7 ppm 2.5 ppm 3.9 ppm 5.0 ppm H,0/BAS®
370 £ 10 182 =5 717 £ 20 625 + 20 0.25 + 0.0S
550 + 20 410 + 20 190 + 20 0.26 + 0.05

2Gi/Al determined from ICP-OES. "Concentration of Al determined by ICP. “Determined from 2’Al MAS NMR spectra of the fully hydrated
zeolite (Figure S3); spin-counting relative to an external standard.*” “The total concentration of aluminum was calculated from ICP; the
percentages of tetrahedrally coordinated framework Al (Al;) (the theoretical maximum quantity of BAS) and octahedrally coordinated extra-
framework Al (Alg:) were determined from 2’Al MAS NMR. “Quantification of BAS (Bronsted acid sites) and LAS (Lewis acid sites) using
pyridine adsorption. *"*Number of Al or H sites per unit cell are shown in parentheses.f The amounts of different H species were obtained from 'H
NMR spectral deconvolutions (Figure la and d). The H,O/BAS ratio is calculated as 0.5 X [Hs_yo + Hs_go — Alg]/Alg. hgi-(OH---OH,)-Al

indicates H-bonded BAS and strongly adsorbed water.

present, because this band is known to disappear after the
stoichiometry reaches one water molecule per BAS on H-
ZSMS5.”° Two bands at 2400 and 2900 cm™' appeared when
the sample was exposed to flowing N, with S ppm water and
gradually increased over time, while the band for the bridging
hydroxyl groups disappeared.”””” These two bands are
attributed to hydrogen-bonded water on BAS, reaching the
maximum intensity at H,0/BAS equal to 1.”?° At even longer
exposures (e.g, 12 h), more water molecules were adsorbed
and the 2400 and 2900 cm™ bands decreased, being gradually
replaced by a broad band at 3600—2800 cm ™.

Seeking quantitative information on the genesis of different
H species, we turned to NMR spectroscopy to characterize
samples with selected numbers of water interacting with BAS.
Figure la and d show 'H one-pulse solid-state magic angle
spinning (MAS) NMR spectra of dehydrated (see Exper-
imental Methods) samples of H-ZSMS-15 and H-ZSMS-40
with different amounts of water adsorbed (0.25 to 13 H,0/
BAS). For the freshly dehydrated samples (the bottom spectra
of Figure la and d), three main peaks appeared, i.e., narrow
ones at 1.7 ppm (with small shoulders slightly downfield) and
3.9 ppm and a broad one at S ppm. There is also a small 2.5
ppm peak from HZSMS-15 (Figure 1a). The signals at 1.7 and
2.5 ppm are assigned to silanol groups (Si-OH) and hydroxyl
groups associated with external framework Al (Al-OH),
respectively.””~* The relatively sharp peak at 3.9 ppm is
attributed to unperturbed Bronsted sites, whereas the broad
peak at S ppm represents Bronsted sites that are hydrogen
bonded to another framework oxygen or to water.*** Its
presence in the activated zeolite suggests that water from trace
moisture (about S ppm) in the N, gas used during
pretreatment and NMR measurements has been adsorbed on
the zeolite. This conclusion is supported by the broad H-
bonded feature at about 5 ppm (Figure la and d), which grew
larger over a span of 2 weeks (Figure S2).

Table 1 shows the concentration of the different proton
species in the freshly dehydrated HZSM-S zeolites. The data
are derived from 'H NMR spin-counting, bulk Al concen-
trations from inductively coupled plasma and framework Al
concentrations from quantitative analysis of the *’Al MAS
NMR spectra (Figure S3).** The concentrations of the
unperturbed BAS (3.9 ppm) in H-ZSMS-1S5 and H-ZSMS-40
were 0.7 and 0.4 mmol/g, respectively. Including the broad
resonances at S ppm that correspond to both H-bonded BAS
and adsorbed water, the average molar ratio between water and
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BAS (H,0/BAS) was calculated to be 0.25 and 0.26 for H-
ZSMS5-15 and H-ZSMS-40, respectively.

Under N, (Figure S2) the maximum concentration of water
molecules adsorbed were 2.5 and 2.7 per BAS for H-ZSMS-15
and H-ZSMS5-40, respectively, according to spin-counting
NMR results. In contrast, water loadings of up to 12 or 13
water molecules per BAS were obtained by equilibrating the
sample packed in the NMR rotor in a desiccator over a
saturated Ca(NO;), aqueous solution. Thus, a series of 'H
NMR spectra were obtained for zeolite samples of different
hydration levels, i.e., 0.25—13 water molecules per BAS (Figure
la and d for the two zeolites).

Interaction between Water and SiOHAI Sites during
Hydration. 'H—?%Si cross-polarization (CP) NMR is used to
monitor the evolution of the acid site structure during the
hydration process. Important differences are noted between
the single-pulse *’Si NMR spectra with the CP spectra for the
dehydrated and fully hydrated samples (Figure S4). For the
single-pulse experiments, the highest peaks appeared at —110
to —120 ppm, which are attributed to [(Si(OSi),] sites as the
dominating species in relatively high Si/Al ratio zeolites; these
peaks were partially lost in the CP experiments.’’ >* Two
peaks, —102 ppm and —106 to —108 ppm, at terminal Si—OH
([Si(OSi);0H]) or SiOHAI ([Si(OSi);OHAI]) regions were
detected in the CP experiments. The *Si resonance is
expected to have a greater downfield shift upon interaction
with a proton, leading to a lesser extent of shielding relative to
trivalent Al ions replacing a nearby Si atom.>” Therefore, the
peak at —102 ppm is assigned to [Si(OSi);OH] (the Si
bonded to a terminal silanol OH group), and the peak at —106
to —108 ppm to [Si(OSi);OHAI] (Siin a T site bonded to one
framework Al atom). The concentration of framework Al (Aly)
is comparable to that of SiOH groups, like in H-ZSMS-40
(Table 1, SIOHAI = 394 umol/g and SiOH = 550 umol/g).
Indeed, these peaks were similar in intensity in the dehydrated
sample (bottom spectrum in Figure le). The signal for
SiOHAI ([Si(OSi);OHAI]) decreased in the hydrated sample
(upper spectra in Figure le) because the bridging hydroxyl
group donates the proton to water when more water is
adsorbed.

The contributions of the three Si species, [(Si(OSi),],
SiOHAI ([Si(OSi);0HAl]), Si—OH ([Si(OSi);0H]), are
deconvoluted in the 'H—?Si CP NMR spectrum of the
sample with the lowest water concentration (bottom in Figure
1b and e). The evolution of the intensities of these signals as a
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function of water loading was similar for the two zeolites
(Figure 1lc and f). With the concentration of water
approaching one molecule per BAS, the intensities of all
signals increased due to the proximity of additional protons at
fixed (and close) positions at framework sites. This is
illustrated by the dashed arrow in Figure 2a that depicts a

(a)

O~gj

0 L0
O~gi™™, O~gj AlI-O

AlI-O Y

Figure 2. Representation of BAS environment for (a) bare acid site,
(b) low water concentrations with hydronium ion formation, and (c)
high water concentrations with extended phase. Dotted arrows
suggest relative H—Si distances, whereas solid arrows indicate
chemical exchange between protons.

* relatively close to the Si, where a single water molecule

would simply add nearby protons to polarize the Si atom, while
not dramatically increasing the H—Si distance or enhancing the
proton mobility. These 'H—*Si CP NMR results prove that
the distance between the *Si and the 'H in the T site remains
relatively small and invariant up to 1 water molecule per BAS.

The CP signal from SiOHAI ([Si(OSi);OHAI]) then
decreased with increasing water loading, almost disappearing
at two water molecules per BAS. This suggests a decrease in
the dipolar interaction due to the elongation of the distance
between the 'H and *Si nuclei forming H;0' and an
enhanced mobility in the presence of two water molecules.
This is depicted by the dashed line in Figure 2b showing both
an increased H—Si distance (dotted arrow) and enhanced
mobility (solid arrow). The CP signal associated with
[(Si(OSi),] entities changed with water loading in a similar
way to SIOHAI ([Si(OSi);OHAL]), probably because the main
signal of the [(Si(OSi),] was obtained from the 'H on the
bridging hydroxyl through the cross-polarization.

At three water molecules, the signal from SiOHAI
([Si(OSi);0HAI]) completely disappeared. When more
water molecules were adsorbed, the signal of the SiOHAI
([Si(OSi);0HAI]) remained negligible and the signal from
silanol groups gradually dropped due to enhanced proton
mobility, as illustrated by Figure 2c, showing molecular
exchange with water not directly associated with the
hydronium ion cluster.

DFT calculations show that the distance between the
framework oxygen and hydrogen is 0.977 A in the absence of
adsorbed water molecules. This distance increases to 1.041 A
when one water molecule is adsorbed on the framework AL
The difference of about 0.064 A is small compared to the
variations observed with larger water cluster sizes, i.e., 0.977 —
1.041 — 1.426 A as the cluster increases from 0 to 2 (Figure 3
and Table 3).

Interaction between Water and Hydroxyls during
Hydration. The signal at 4 ppm in the "H NMR spectra (10th
spectrum, Figure 1a, left panel) was visible at H,O/BAS ratios
of up to approximately 2. The appearance of a different species,
the generation of a hydronium ion, leads to the complete
disappearance of the proton signal of the SiOHAI group (11th

spectrum, Figure 1, left panel). The relative intensities of the
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Figure 3. Structures illustrating the hydrating process in the H-ZSMS
zeolite channel with increasing numbers of water molecules optimized
by DFT cluster calculations. From a to d, the number of water
molecules increases from 1 to 4 with the shortest O—H distance
labeled in each instance.

/1

Table 2. Spin—Spin Relaxation Time of Different H Species
in the H-ZSMS Zeolites

species chemical shift, ppm  T,, ms” H,0/BAS?
SiOH groups 1.7 10° <10
BAS 4 34 <2
water and H-bonded BAS 5-8 <0.5¢ >0
hydronium ion 9 ~V 1.6—9.1%
1.3-5.5%

“Spin—spin relaxation time (T,) was determined by spin—echo
experiments with different pulse dlstance for H-ZSM5-15 and H-
ZSMS-40 under similar water loadings. ®The range of water molecules
per Bronsted acid site when the relevant species was observed T, for
silanol was measured with 0.25, 1.3, and 2.0 H,O/BAS. 9T, for
Bronsted acid was measured with 0.25 H,O/BAS. T, for water and
H-bonded BAS acid was measured with 0.25 and 1.3 H,0/BAS.'T,
for hydronium ion was measured with 1.6 and 2.0 H,O/BAS. *The 9
ppm signal was observed in the range of 1.6—9.1 and 1.3-S.5, for H-
ZSMS5-15 and H-ZSM5-40, respectively.

silanol-related signal (1.7 ppm) and bridging hydroxyl-related
signal (4 ppm) in 'H NMR experiments are plotted in Figure
SS as a function of the H,O/BAS ratio. The "H NMR signal
for the bridging hydroxyl group and the CP signal from the
corresponding Si disappeared at ~2 water molecules per BAS.
When loading exceeded 3 water molecules per BAS, the 'H
NMR signal of silanol decreased as did the related "H—*’Si CP
signal (shown in Figure 1c and f).

Having established the location and mobility of the protons,
let us next examine these proton species during the hydration
process. Each '"H NMR peak exhibited significantly different
line widths. Increasing MAS rates beyond 5—6 kHz did not
further narrow the line widths because the hydrogen spins are
diluted.”® Differences in line widths likely arise from the
distribution of chemical shifts and different spin—spin
relaxation times (T,) (v, = 1/7T,).>>**>° The distribution
of chemical shifts is attributed to a distribution of local
environments that could include varying water mobility. By
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Table 3. "TH NMR Chemical Shift for Different Proton
Species during H-ZSMS Zeolite Hydration from DFT
Calculation”

XN~/ N
W \a /)

- A

4

Site 2

\ @)
D YA

’

Site 1

[ |}
site 1 site 2

H,0/ average chemical average chemical
BAS Ro_wy AP shift, ppm*® Ro_p A shift, ppm®

0 0.977 3.7 0.982 4.5

1 1.041 6.9 1.049 7.5

2 1.426 10.2 1.139 8.5

3 1.824 7.5 1.452 8.8

4 1.975 8.1 1.773 8.8

“Geometry-optimized structures for H-ZSM1S with two different
sites. The other structures are shown in Figure S12. “Distance
between the proton from the bridging hydroxyl group and the oxygen.
“The average chemical shift of all the protons.

using different pulse widths in spin—echo experiments (Figure
4a—j), T, was measured (Table 2) for the hydrogens in
different chemical environments, and the signals could be
selectively suppressed to isolate individual peaks and provide
more detail on their chemical environment.**>

The dehydrated zeolites (Figure 4a for H-ZSMS-15 and
Figure 4f for H-ZSM5-40) showed two distinguishable signals,
SiOH and SiOHAI groups, with T, being 10 and 3 ms,
respectively. A third peak, visible in Figure 4a at 2.8 ppm

corresponding to extra-framework AI-OH groups, is not
relevant for the discussion here. With adsorption of 2 H,0/
BAS, the broad peak at 5—8 ppm dominated the spectra with
the shortest T, (<0.5 ms), which is assigned to a combination
of adsorbed water and hydrogen-bonded BAS sites. When a
small echo delay time of, for example, 1 ms, was used to
suppress the broad signal, a small narrow peak at 9 ppm was
observed at H,O/BAS ratios of 1.6—9.1 for H-ZSM5-15 (1.3—
5.5 for H-ZSMS-40). This species showed a longer T, (~1 ms)
than adsorbed water (5—8 ppm). The shaded area in Figure 4
highlights the range of H,O/BAS ratios where the 9 ppm peak
can be distinguished. At H,O/BAS ratios higher than 9, this 9
ppm feature was masked by a strong broad peak (Figure 4e
and j).

The structure of the BAS as a function of adsorbed water
was explored by ab initio molecular dynamics (AIMD)
simulations. The calculations showed that the structures of
systems with water/BAS ratios of 1, 2, 8, and 16 in H-ZSM-$
at 27 °C (Figure S6, upper panel) are similar to the static DFT
results (Figure 3). In Figure S, we show the calculated radial
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Figure S. Radial distribution function g(R) at different temperatures
with water/BAS ratios of 1:1, 2:1, 8:1, and 16:1 obtained from AIMD
simulations. Line color codes of g(R): red for Oy-H, blue for Og-H,
green for O,-H, gray for Oy-Oy, and gold for H-Si.
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Figure 4. (a—j) Comparison of 'H spin—echo MAS NMR spectra of different water loading on the zeolites acquired with varying echo times.
Spinning rate was 9.5 kHz, and the echo time varied from 0.1 to 40 ms. The recycle delay was 10 s, and 16—1024 scans were acquired depending
on the signal/noise. The shaded areas indicate the range of H,O/BAS ratios when the signal at 9 ppm appeared.
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distribution function (RDF), which gives average distances
between different species, i.e., oxygen of water to all H (Ow-
H), oxygen in BAS to all H (Op-H), oxygen in the framework
(except Og) to all H (Oz-H), oxygens in water molecules (Oy-
Oy), and Si-H.

The RDF of Op-H (blue line in Figure S) shows an
increased bond length with water/BAS ratio increasing from 0
to 2 (0.98 A with 0 H,0, 1.08 A with 1 H,0, and 1.45 A with 2
H,0). Consistent with static DFT calculations, showing
proton dissociation at >2 water molecules (see Figure 3),
MD trajectories with 8 and 16 water molecules show that the
distance of Oy—H is >3 A, indicating complete dissociation of
the proton from the BAS (Figure S). The dissociation of the
proton is further confirmed by the RDF of H—Si (gold line in
Figure S), which shows the disappearance of a peak around 2.3
A with increasing water content. We note that the structure of
the local coordination environment about the H;O" is identical
for 8 and 16 H,O systems (Figure 5), indicating the formation
of a stable H;O*(H,0);, cluster. These results agree well with
the CP signals from SiOHAI in the NMR (see Figure 1).
However, for all cases RDF of O,-H (green line in Figure 5)
shows a very small broad peak around 2 A due to weak
interaction between framework oxygens and the hydrogen
atoms.

The hydration of the proton is indicated by the RDF of O,,-
H. Small peaks in the O,-H RDF at 1.4—1.8 A in Figure S
represent hydrogen bond formation between a hydroxyl group
and water or between water and H;0".>° For the system with a
water/BAS ratio of 1, water forms a hydrogen bond with a
hydroxyl group, showing a peak at 1.4 A. With 2 water/BAS,
the acid proton is transferred to a water molecule, forming
H;O" (green circle in Figure S6b), where it interacts with OB
and the other O,, via a hydrogen bond (peaks at ~1.45 A for
blue and red lines in Figure S, respectively). This change
corresponds to the disappearance of the SiOHAI signal with 2
water/BAS ratio, as shown in Figure 1. However, proton
diffusion between two water molecules is not observed at 27
°C within our simulation time period (100 ps). With 16 water
molecules per BAS, the peak at ~1.8 A in RDF of O,-H, along
with the peak at ~4.3 A in the RDF of O,-O,, indicates water
cluster formation via hydrogen bonds. By visualizing structural
dynamics, we observed that there are two groups of water: one
forming a cluster with 7 or 8 water molecules including H;0",
the other either forming a cluster with a size of ~4 or being
free water. At 27 °C, proton hopping occurs only among the
nearest neighbor water molecules for a short time, as illustrated
in Figure 2b. The proton hopping will be discussed in a later
section.

The stoichiometries for water interacting with SiOH groups
are consistent with water adsorption and infiltration isotherms
at room temperatu1‘e.56_58 At water loadings below 4 H,0/
BAS, water is located exclusively at SIOHAI ([Si(OSi);OHAL])
groups.”® With increasing partial pressure, water begins to
interact with Si-OH ([Si(OSi);OH]) and with hydrated
hydronium ions.’*”>” Under near-saturation conditions, the
adsorption capacity in the micropore of the zeolite is limited by
the concentration of SIOHAI ([Si(OSi);OHAI]) and Si-OH
([Si(0Si),OH]),”**” while additional water adsorption occurs
at the external crystal surface and mesopores.”**®" For our
experiments at water loadings of approximately 10 H,O/BAS,
water molecules associate with both the SiOHAI ([Si-
(0Si);0HAL]) and Si-OH ([Si(OSi);0H]) in the micropore
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as well as on the external surface, but these sites are
indistinguishable in the NMR spectra.

Characterization of the Hydronium lon in Zeolite
Confines. The narrow peak at about 9 ppm has been observed
before on, for example, hydrated H-Y zeolite with Si/Al = 2.6
and attributed to AI(H,0)¢*" formed via hydration of extra-
framework AL>°7>° We note, however, that the concentrations
of extra-framework Al in these two H-ZSMS zeolites (Table 1)
are significantly lower than those studied previously, especially
H-ZSMS5-40, which drastically reduces the likelihood of
Al(H,0)s** observation by 'H NMR. In the case of H-
ZSMS5-15 containing 10% of external framework Al the Al-OH
species was unchanged, despite the 9 ppm peak growing in
with increasing the concentration of water (Figure S7).
Moreover, the signal of Al(H,0)s** in HY zeolite was
observed to continuously shift downfield from 7 ppm and
continuously narrow (until it reaches 9.1 ppm) with nominally
increasing to 26 water molecules per unit cell.”” In contrast,
the chemical shift and half line-width of the peak at 9 ppm in
this study did not change with increasing concentrations of
adsorbed water (Figure 4a—j) over the range 0.25 < H,0/BAS
< 13. Moreover, a solid-state NMR characterization of
Al(H,0)4(NO;);-3H,0 in combination with theoretical
models (Al(H,0)s**nH,0 with n = 0 and 12) shows that
the peak at 9 ppm cannot in this case be attributed to
Al(H,0)4*" (see additional discussion, Figures S8 and S9, and
Table S1—S3 in the Supporting Information). A free
hydronium jon in aqueous phase is expected to have a
chemical shift in the range of 7—12 ppm.*"”’

33 However, we
show in the SI (see additional discussion and Figures S10 and
S11) that, in the confines of H-ZSM-5, the chemical shift is
effectively 9 ppm. This was established by observing the peak
to increase when small amounts of concentrated HCIO,
solutions were added to the zeolite. This assignment of the
H;0" at 9 ppm in the zeolite was also corroborated by
theoretical simulations.

We used theoretical calculations of the '"H NMR chemical
shift of the proton species by adding a specified number of
water molecules into H-ZSMS zeolite cluster models. The
representation consisted of two different T sites with 0—4
water molecules per BAS (Table 3). The results show that with
one water molecule adsorbed, the bridging O—H bond length
is slightly elongated to give a chemical shift of approximately 7
ppm. However, the proton is completely transferred to a
cluster of three water molecules (Figure 3 and Table 3). With
two or more water molecules, the average chemical shifts of all
protons in the cluster are approximately 9 ppm (9.4 ppm for
two, 8.2 ppm for three, and 8.5 ppm for four water molecules),
assuming fast exchange between the acid proton and protons
from water in these clusters (Figure 2b). The inclusion of more
than 4 H,O/BAS (Table S4) shows that with exchange among
the water molecules the chemical shifts are lowered to 7.0, 6.6,
6.3, 6.6, and 6.2 ppm for S, 6, 7, 8, and 9 water molecules,
respectively.

Average chemical shifts like those listed in Table 3 are
expected when there is a quick exchange among all H species.
For instance, Hunger et al. reported that the fast proton
exchange among the water molecules in the hydronium ion
cluster gives rise to a signal observable at 5—8 ppm in zeolite
H-Y.”” In contrast, we can differentiate several H species in
ZSMS with water loadings below 2 H,0/BAS, probably
because water molecules are heterogeneously distributed
among all acid sites. Enhanced exchange with an extended
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water phase (as illustrated by the solid arrows in Figure 2c)

would decrease the observed chemical shift (Table S4).
Impact of Temperature. The spectra in Figure 6 (right

side) show that in situ experiments follow the observations

143.2°C 26.1°C
3.7
Water A RRi Ajj e
Water/BAS
A / 4.2ppm JE pem
30(5) X 1/60
9 ppm
5.3 ppm 44ppm
15(3) X 1/30

8(2)

/ H,0*( Hzo),, Si-OH
(9 ppm) i : (1.7 ppm)
X 1/5
y
i
i
|
;
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Figure 6. Comparison of 'H one-pulse NMR spectra of H-ZSM5-15
loaded with different amounts of water at different temperatures. The
spinning rates were from 3400 to 3760 Hz and +10 Hz in each
experiment. The rotor was heated to 143 °C and measured first, then
cooled to room temperature. All thermal effects were reversible. The
numbers of water, calculated from spin counting, are listed on the left
of each spectrum. In parentheses are the uncertainties, which are due
mainly to imperfect background subtraction and spinning sidebands.

described above for ex situ studies (Figures 1 and 4). Narrow
peaks corresponding to silanol groups and Brensted acid sites
were observed for samples with low water content. The
intensity of the acid site signal (4 ppm) decreased monotoni-
cally with the increasing water loading, while the peak area of
water and hydrogen-bonded hydroxyl groups (6.5 ppm)
increased. The 9 ppm signal was also observed with similar
water loading (2.3—8 H,O/acid site) to the ex situ
experiments (Figure 1). With more than 15 water molecules
per BAS, all signals merged together and could not be
differentiated at room temperature.

Spectra recorded at 143 °C (left panel of Figure 6) displayed
peaks of silanol groups (1.7 ppm) at the same chemical shift
and with the same widths at half-height as those observed at
room temperature, suggesting a limited effect of temperature
on the mobility of this stable (nonacidic) OH group. The
peaks related to the BAS (4—8 ppm) were significantly
broadened compared to their room-temperature counterparts.
Even with less than one water molecule per BAS, the Bronsted
acid site was almost invisible and the 9 ppm peak never
appeared across the broad range of water loadings investigated.
We hypothesize that the signals for hydronium ion, water, and
the Bronsted acid site merged due to fast proton exchange
among these species at the elevated temperature. Indeed,
molecular dynamics studies indicate that water clusters that are
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relatively stable at room temperature and low loading become
highly disordered and mobile at elevated temperatures.”> This
mobility induces exchange between species over a range of
chemical environments. In line with this high mobility, the
center of the broad peak shifted downfield, when the water
loading increased from 0.5 to S at 143 °C, indicating more
weight to species related to, for example, the 9 ppm peak.

At 0.5 and 1.0 H,O/BAS ratios (Figure S13a and b), the
sidebands from Brensted acid signals were relatively stronger
than the sidebands from the terminal silanol groups at room
temperature. This is attributed to the dipolar interaction
between the hydrogen i in the bridging hydroxyl group and the
neighboring aluminum.”®> The sidebands from the BAS were
significantly suppressed at temperatures higher than 83 °C,
where the signal at 4 ppm was also absent due to broadening
that decreased both the intensities of the peak and its
sidebands. The line width of the single broad peak at about 6.2
ppm became narrower with increasing temperature, and no
change was observed in the silanol peak and its sidebands.
Thus, we conclude that the quick proton exchange among
water molecules and acid sites in the framework increases with
temperature even with water loadings below 1 H,O/BAS. With
2.3 H,0/BAS, the broad peak observed between 4 and 8 ppm
(Figure S13c), which narrowed without a change in chemical
shift, indicates that quick proton exchange occurs at temper-
atures above 53 °C.

When 15 water molecules were added, the signal at about
4.9 ppm at room temperature divided into two peaks at 143 °C
(Figure S13d). These resonance changes/peak divisions
indicate the presence of different types of water (adsorbed in
the zeolite channel and outside of the pore) which do not
quickly exchange between each other at this temperature and
water loading. The upfield signal (lower ppm) behaved like the
resonance from pure water (the dashed lines in the inset of
Figure S13d), shifting upfield without any change in the line
width. The chemical shift of the low-field signal (5.3 ppm)
remained constant, while slightly narrowing with increasing
temperature, consistent with the behavior of the broad peak
(5—8 ppm; Figure S13c) at lower water loadings. Therefore,
free water (outside the micropores) and water strongly
associated with the hydronium ion are distinguished at this
water loading.

With nominally 30 water molecules per acid site, all zeolite
proton species were involved in quick exchange. As we have
determined that a hydrated water cluster has approximately
eight water molecules, the other water molecules are best
characterized as free water outside of the zeolite channel.** It
should be noted in passing that all observed changes with
temperature were fully reversible.

To address these different species, we performed AIMD
simulations to determine how temperature affects the structure
of differently sized water clusters in H-ZSM-S pores. The
calculated RDFs for 1, 2, 8, and 16 water molecules per BAS at
27,127, and 227 °C are shown in Figure S. The results show
that with 2 water molecules at the BAS at 27 °C, the proton is
transferred to a water molecule. For the 8 and 16 H,O systems
there are strong reductions in the intensities at ~1.8 A for O,-
H and at ~4.3 A for O,,-O,, indicating substantial restructuring
of the water network. As discussed above, the 16 H,O system
shows two kinds of water, one forming a cluster with H;O" in
the size of 7 or 8 H,O and the other becoming free water in
the high-temperature regime. This result agrees with the two
peaks observed with 1S water/BAS at 143 °C in 'H NMR
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spectra (see Figure 6). In Figure S14, we show a histogram of
distance difference AR = R; — R, as a function of time where
R, represents the H,—Og distances and R, the shortest distance
between H, and O,, with H, being the nearest neighbor of O,
where negative values indicate H, near the BAS and positive
values indicate H, closer to water. In addition, AR =~ 0
indicates Zundel-like structure (HO,"), while AR < 0
indicates the formation of eigen-like structure
(H,0*(H,0),).°"% With 1 H,O, the proton is at the BAS
at all simulated temperatures. With 2 water/BAS, the Zundel-
like structure is formed and stable. Interestingly two
distinguishable peaks are formed as temperature increases,
indicating that the system fluctuates between two states: the
proton at the BAS and the hydronium ion. This is consistent
with the peak at ~7 ppm in the "H one-pulse NMR spectrum
observed with 2.3 water/BAS at 143 °C (see Figure 6). With
16 H,O the proton has moved away from the BAS, forming a
hydronium ion that is completely hydrated at all temperatures.

To quantify the water confinement effect, we compare
oxygen distributions in the system of 8 H,O in HZSM-5 and
protonated 8 H,O in the gas phase. For this, we define the
probability of R—Rcoyn, P(R—Rconm), which measures the
distance between the center of mass (COM) and oxygen
atoms (see Figure 7). In addition, we plot the partial

8H,0/HZSM-5 8H,0
0.04 T —T

T T T T

3. L¢e

[ k44

0 2 4 6 0 2 4 6 8
R-Rcom (A)

Figure 7. Probability of distance between O and COM with 8 H,O in
HZSM-S (left column) and the gas phase (right column) at 27 and
227 °C. Red line is for all oxygen atoms, and blue is for oxygen of
H;0" only.

probability of H;O* (blue line in Figure 7) as well as the
average distance of the BAS site from the COM (dotted line in
the left column of Figure 7). In general, the confined cluster in
the zeolite is more compressed than in the gas phase. In the
confined cluster 90/75% of the density is within 4 A from
COM at 27/227 °C. In contrast, in the gas phase cluster at 27
°C the cluster forms two shells around the central H,O%,
having 3 and 4 waters in the first and second shell, respectively.
At 227 °C, however, the distribution broadens out such that
over 50% of the density is greater than 4 A away from the
COM. Conversely, the H;O" in the zeolite resides in the core
of the cluster at 27 °C and becomes much more mobile at 227
°C as opposed to more localized in the gas phase. Overall, the
confinement compresses the water cluster and enhances the
proton mobility in the system. We thus conclude that the
confined water cluster is chemically distinct from its gas-phase
analogue.

To understand dynamic properties of the H;O%, we
calculated its population decay correlation function C(t) in
the 16-water system using
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(h(0) h(t))
(h)

where h = 1 if O, of interest forms H;0" and h = 0
otherwise.”® C(t) at different temperatures is shown in Figure
S1S, and as expected proton transfer takes place in shorter time
with increased temperature. We note that C(t) ~ exp(—Dt)
where D is the proton hopping rate and estimated from the
linear fit to —In C(t); see the inset of Figure S1S. Obtained D
values enabled us to estimate the proton-hopping activation
energy (E,) by fitting to the Arrhenius equation (Figure 8).

C(t) =

0 1 1 1 1
2 e =
o -
-4 |- S ]
-6 ! 1 ! ] )
2.0 2.8 3.6
1T (1073/K)

Figure 8. Arrhenius plot of proton hopping rate whose slope gives
proton-hopping activation energy.

The E, ~ 18 kJ/mol is somewhat larger than values reported
for bulk water (E, = 8.4—13 kJ/mol).”” This indicates that
proton mobility is hindered in the presence of confined water.

B CONCLUSIONS

We directly monitored the interaction between hydrogen
species and silicon at the T site by '"H—>’Si CP MAS NMR.
Quantitative spectral analysis showed the boundary conditions
for the genesis, evolution, and stability of hydronium ions in
HZSMS pores.

Bridging hydroxyl groups are stable at water loadings of one
H,0/BAS or below. At these conditions, the O—H bond is
elongated due to hydrogen bonding with the water molecule,
but the proton remains bound to the Al T-site in the
framework. The hydronium ion is formed upon proton transfer
when two water molecules interact with the bridging hydroxyl
group. We have unambiguously correlated this event with the
appearance of a signal at 9 ppm in the '"H NMR spectra. The
hydronium ion has a longer spin—spin relaxation time than the
strongly adsorbed water present at lower water loadings.

The 9 ppm signal is visible at room temperature from 1.6 to
9.1 waters per BAS for H-ZSMS-15 and 1.3 to 5.5 waters per
BAS for H-ZSMS5-40 and subsequently disappears at higher
water loading as proton exchange becomes fast compared to
the NMR time scale. In turn, this quick proton exchange
among different hydrogen species leads to one peak resembling
a bulk water signal.

At low water loadings of up to 7 or 8 H,0/BAS, H,0O forms
strong hydrogen bonds with H;O", forming protonated water
clusters. With higher loadings, interaction of the protonated
clusters with additional water molecules is attenuated,
approaching that for interaction with neutral water clusters
and with Si-OH defects in the zeolite. Thus, at low water
loadings, these Si-OH groups do not interact with water and so
are visible in the '"H NMR spectra. However, at loadings
greater than ~8 H,0O/BAS, the excess water interacts with
these Si-OH groups, causing them to disappear due to fast
exchange of water protons with the Si-OH proton. Based on
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this trend (appearance—disappearance of unique hydrogens
with H,O loading), the fate of the extra-framework Al-OH is
expected to be similar to that of the Bronsted acid site, but due
to its very low abundance in the two samples studied, a
detailed assessment is difficult here.

Calculations of oxygen distribution with respect to center of
mass with 8 H,O in HZSM-S and gas phase from AIMD
simulations show that the confined water is chemically
different compared with that in gas phase, having more
compressed structure but higher mobility. Based on theoretical
estimates of proton hoping rates from AIMD simulations, a
proton hopping activation energy is estimated to be 18 kJ/mol
in a fully hydrated H-ZSMS, which is larger than that in bulk
water. At elevated temperatures, the signals of all species
related to the BAS (bridging hydroxyl group, hydrogen-bonded
acid site, strongly adsorbed water, and hydronium ion) merged
into one signal, even with less than one water per acid site.

Catalysis science has successfully exploited the shape
selectivity of zeolites for catalytic reactions, precluding access
or removal of reactants or products or hindering transition
states by steric constraints. Beyond this effect, the stabilization
of transition states allowed by such confines has been recently
recognized as a key factor to enhance rates.'”*’ Here, even
small changes in void size and shape may induce dramatic
effects on the rate of demanding reactions. Whereas the size
and acid strength of hydrated hydronium ions depends on the
equilibration with water,'® the size of the hydrated hydronium
ions limits the possibility to take up organic reactants and their
density controls the thermodynamic activity of organic
reactants.”* The findings of this work suggest that confined
hydronium ions will have appreciably different catalytic activity
than hydronium ions in bulk liquid phase. Thus, by advancing
the understanding of the structure of hydronium ions in
zeolites, this study markedly contributes to the understanding
of the impact of water on reaction mechanisms in confined
space.

B EXPERIMENTAL METHODS

H-ZSM-5 Zeolite. The zeolites (Si/Al = 15 and 40) were obtained
by calcination of the NH,-form zeolites (CBV3024E and CBV8014
from Zeolyst International) at 450 °C under air flow and then stored
for more than 2 days under ambient temperature and humidity prior
to further treatment or measurements.

Infrared Spectroscopy. Infrared spectra were recorded on a
ThermoScientific Nicolet FTIR spectrometer using an MCTA
detector with a resolution of 2 cm™'. Thirty-two scans were
accumulated for each spectrum. Most experiments were measured
at room temperature under a flow of house N,. The acidity was
probed by dosing pyridine onto the sample in a controlled way. The
previously activated sample was allowed to equilibrate with pyridine
vapors at 0.1 mbar for 1 h at 150 °C before removal of physisorbed
pyridine at 107* mbar. By integration of the Bronsted and Lewis peaks
(1565—1515 cm™" and 1470—1430 cm ™!, respectively) and use of the
molar extinction coefficients determined by Emeis” along with the
disk weight, the concentrations of acid sites were quantified.

Solid-State NMR Spectroscopy. 'H and »’Si MAS solid-state
NMR experiments were performed on a Varian-Agilent Inova wide-
bore 300 MHz NMR spectrometer and confirmed with a Bruker 600
MHz NMR spectrometer at higher field, and ’Al NMR were acquired
from an 850 MHz spectrometer. Ex situ experiments were performed
using commercial rotors of different diameters (2.5 and S mm).
Detailed information about each measurement is presented in the
figure captions. 'H, *’Al, and *°Si spectra were referenced to
tetramethylsilane (TMS at 0 ppm), 1.0 M AI(NO;); in water (0
ppm), and 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS at 1.534
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ppm), respectively. The measurement uncertainty was +0.1 ppm.
After the rotor was loaded into the probe, spin counting techniques
were used to estimate the H concentrations. The hydrogen
concentrations were determined via integrating the spectral intensities
ranging from 120 to —110 ppm and comparing to an external spin
counting standard, adamantane. As all spectra were acquired at the
same parameters and number of scans, they were normalized to the
mass of each sample. The background NMR signals were measured
using the same parameters on an empty rotor and subtracted from the
spectra. In situ "H MAS NMR were carried out using a custom-made
7.5 mm high-temperature and high-pressure MAS rotor.”"”*

"H->Si cross-polarization NMR was used to monitor the
evolution of the acid site structure during the hydration process.
The signal in the '"H—*’Si CP MAS NMR spectrum is attributed to
the transfer of magnetization from 'H to 2*Si mediated by the dipolar
interaction, meaning that the CP signals originate only from **Si in
close proximity to 'H nuclei. Thus, CP becomes more efficient as the
distance between the *°Si and the 'H nuclei decreases or the adjacent
'H nuclei increase in quantity or localization at a particular position.
In the absence of 'H nuclei near 2°Si atoms or in the case of increased
mobility of 'H increases, CP signals disappear.®>”>”*

For the in situ "H NMR measurements of zeolite, the chemical shift
values, spinning sidebands, and line widths observed in dehydrated
zeolites have been used to infer the acid strength of bridging hydroxyl
groups as well as the distance between hydroxyl protons and the
framework aluminum.”*”*" Baba and co-workers showed that the
chemical shift value was independent of the temperature, although the
intensity of the spinning sidebands monotonically decreased, and the
peak width increased from room temperature to about 100 °C before
decreasing.”**"

Methods for Loading Water into the Zeolite Samples. Prior
to '"H MAS NMR experiments, the sample was put in a quartz tube,
which was later connected to flowing nitrogen (10 mL/min) and
heated to 400 °C for 10 h. The samples were then allowed to cool to
room temperature and packed into NMR rotors in a dry nitrogen
glovebox as soon as possible. Water was introduced to zeolite samples
in vapor phase for the ex situ experiments (Figures 1 and 4, Tables 1
and 2) and liquid phase for the in situ tests (Figure 6). To adsorb
water vapor, dehydrated zeolites were first sealed in the glovebox into
NMR rotors and then transferred into the NMR probe by a sealed
glass vial to avoid exposure to air during transit. After the relocation of
the packed rotor, it was exposed to the nitrogen gas used to spin the
NMR rotor. Even though a grooved Kel-F plunger/plug was used to
seal the rotor, the sample still adsorbed the moisture from nitrogen
slowly. The sample was considered equilibrated when the change of
spectra was less than 1% over several days, after which the rotor was
taken out while capped, but exposed to ambient humidity before
returning to the probe for measurements. Alternatively, liquid water
was injected into the unsealed rotor’' using a microliter syringe, after
which the rotor was sealed (Figure 6). The pressure in the sealed
rotor varied from near ambient at room temperature to 1.4—35.3 bar
(total pressure, water and balance N,) at the elevated temperature of
143.2 °C, depending on the amount of water added to the rotor and
the fraction adsorbed by the zeolite. Loadings were calculated
gravimetrically, based on the concentration of framework Al site, and
were verified with spin counting experiments leading to an error
estimation of 10%. Since the homemade rotor is heavier and thicker
than commercial rotors, an ethylene glycol temperature calibration
was necessary for accurate temperature set points.

Structure Optimization and Chemical Shift Calculation. The
Amsterdam Density Functional (ADF-2014) package®* was applied to
calculate the electronic structures. The generalized gradient
approximation (GGA)-based Becke-Lee—Yang—Parr function with
dispersion correction (BLYP-D)* was used for the geometry
optimization. All calculations were performed at the Slater-type
TZ2P basis set (triple-¢, 2-polarization function, all-electron).®* The
geometry-optimized structures at the same level of theory were
applied to calculate the chemical shielding for each atom with the
same basis set. Tetramethylsilane was used as the "H chemical shift
reference by converting the calculated shielding to the observed
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shielding using the following equation: &, = 6(TMS) — 6. = 31.4 —

Ocile- H-ZSMS clusters containing 58 T atoms were extracted from a
previous periodic structure optimization,85 cut to the size used in this
study, and terminated with H atoms (Si—H bond lengths fixed at
1.455 A) to replace terminal O atoms while maintaining peripheral
charge neutrality, as established elsewhere.*® Except for these charge-
balancing protons, atoms exceeding two bonds from the Al site were
frozen to maintain the integrity of the zeolite structure. Water
molecules were added for cluster optimization in a stepwise fashion.

Structural Properties at High Temperatures. Periodic DFT-
based ab initio molecular dynamics simulations were performed within
the GGA with the exchange—correlation functional of Perdew, Burke,
and Ernzerhoff (PBE)®” and Grimme’s second-generation dispersion
corrections (DFT-D2)* as implemented in the CP2K package.”
Detailed methods for the calculations can be found in ref 90. Starting
with the optimized zeolite unit cell having Si/Al = 95,90 AIMD
simulations were performed with 1, 2, and 16 water(s) at various
temperatures (27 °C < T < 227 °C) within the canonical NVT
ensemble using a 0.5 fs time step and a Nose-Hoover chain
thermostat to determine the local structural properties. For each
simulation, well-equilibrated trajectories of ~80 ps were collected to
obtain reliable statistical properties.
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