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Steric confinement in zeolites influences the catalytic conversion of
alkanes. For zeolitic Brgnsted acid sites, proximate extra-framework
species introduce additional confinement to the pore constraints,
enhancing the catalytic activity of alkane cracking. Although
extra-framework alumina has been the most studied, here we report the
element-specificimpact of silica species. By grafting extra-framework
silica species close to Brgnsted acid sites in H-ZSM-5 zeolite, the binding

of bases like pyridine and amines is strengthened via van der Waals
interactions with their aryl or alkyl chains. Brgnsted acid sites close to
extra-framework silica achieve a higher reaction rate of protolytic cracking
of n-pentane via enthalpic (unlike entropic, as with extra-framework
alumina) stabilization of the transition state by 24-51kJ) mol™. The lower
activation energy points to an earlier transition state than in the presence of
extra-framework alumina, with a better stabilization of the carbonium ions
in the transition state compared to the parent zeolite.

Zeolitesare widely used in the chemical and petroleumindustry as an
acid catalyst for cracking'?, isomerization®and alkylation*. The active
sitesthat catalyse these reactions are the bridging OH groups (SiOHAI)
of the zeolites, which act as Brgnsted acid sites (BAS)' '°. Their acidity
is typically adjusted by varying the aluminium (Al) concentration ™,
introducing cations such as boron or iron"*® into the tectosilicate
framework and partly exchanging the acid sites with rare-earth metal
cations (for example, La*")""".

Molecules adsorb on BAS in zeolites, but also interact with the
pores through dispersion forces?*”. Typically scaling in intensity with
thefitbetween the sorbate and the sorbent, this non-directed bonding
hasbeenshownto be critical for the adsorptionand catalytic properties
of zeolites® . It has been demonstrated that the strength of interac-
tion can be subtly modulated by varying the framework structure
andviaintroducing cations at exchange positions or extra-framework
species®®?8,

The catalytic activity of BAS in protonic forms of zeolites is an
intrinsic property that has been linked to the pore size, the loca-
tion of the BAS in the pores and to local constraints induced by
extra-framework alumina (EFAI) clusters®?. The latter sites have been
identified to cause a markedly higher activity>'>**, Although some
reports have attributed this to an increased acid strength of BAS™">*53¢,
recent work from our laboratory**° and other groups***”* ascribed
this promotion effect to the confined space of BAS in close proximity
to EFAI, establishing that the presence of EFAIl stabilizes transition
states viaincreasing the transition entropy’. In turn, thisimplies that
the impact of the constraining species should be independent of its
chemical nature.

Modification of zeolites by grafting silica species has been used
to block BAS on the external surface or at the pore mouth of the zeo-
lite*. Synthetically, this is realized through chemical vapour deposi-
tion* or chemical liquid deposition*?, using silicon sources such as

Technical University of Munich, Department of Chemistry, Catalysis Research Center, Garching, Germany. 2Shanghai Key Laboratory of Green Chemistry
and Chemical Processes, School of Chemistry and Molecular Engineering, East China Normal University, Shanghai, People’s Republic of China. ®Institute

for Integrated Catalysis, Pacific Northwest National Laboratory, Richland, WA, USA.

e-mail: liuyue@chem.ecnu.edu.cn; johannes.lercher@ch.tum.de


http://orcid.org/0000-0001-7251-5423
http://orcid.org/0000-0001-8939-0233
http://orcid.org/0000-0002-2495-1404
http://crossmark.crossref.org/dialog/?doi=10.1038/s41929-022-00906-z&domain=pdf
mailto:liuyue@chem.ecnu.edu.cn
mailto:johannes.lercher@ch.tum.de

Silylamine
(CHy):SIN(CH,),
adsorption Calcination
— —
b c
-1
3,610 cm Sample BET SA® Vinicro Si/Al ASi/Al®
Si-OH-Al
-, 3,100-3,500 cm™ . g
R 3,720 cm™ g —— (m? g ) (cm® g )
3 S|—OIH 1
C
© 1
< VN H-MFI 359 0.15 246+01 -
g |
1 388 0.16 24.7+0.1 0.1
L
HE H-MFI EFSi-MFI-46% 370 0.15 251:02 05
1 1
3,900 3,700 3,500 3,300 3,500 2,900 EFSi-MFI-61% 374 0.15 25.3+0.1 0.7

Wavenumber (cm™)

Fig. 1| Grafting EFSiin H-MFI. a, Schematic illustration of EFSi grafting

inH-MFL b, Infrared spectra of the OH stretching vibration region of H-MFl and
EFSi-MFIsamples. All samples were activated at 723 K under vacuum for 1 h;

the spectrawere collected at 423 K under vacuum. ¢, Physicochemical properties

of H-MFl and EFSi-MFIsamples. *Brunauer-Emmett-Teller surface area.
®Micropore volume. Increase in Si/Al ratio in EFSi-MFI samples compared with
the parent H-MFI.

tetraethoxysilane and tetramethoxysilane. These modifications did
not affect the BAS in the zeolite micropores and has been attributed
tothefactthatthesilicaprecursorislargely unable to enter the pores.
If, however, the enhancement in the acid-catalysed alkane and alkene
cracking by the EFAI clusters is caused solely by creating local con-
straints, silica clusters close to BAS should also be able to induce such
an effect29,3(),32,37,43.

Therefore, we decided to probe that hypothesis by modifying
zeolite BAS using chemically anchored extra-framework silica (EFSi;
thatis, Si(OH),). The anchored EFSi is supposed to lead to amore con-
fined environment that is specified near the BAS without changing
the general porous system in H-ZSM-5. We report this strategy here,
showingthat the EFSi clustersin proximity to the BASindeed enhance
the adsorption of base molecules with alkyl chains via van der Waals
interactions. The acid-catalysed reaction rate of n-pentane cracking
is also enhanced via enthalpic stabilization of the transition states, in
contrast to EFAI clusters, which involve entropic stabilization of the
transition states.

Results

Synthesis, identification and quantification of EFSi-BAS sites
EFSi species were grafted in the pores of the parent H-ZSM-5
sample (named as H-MFI) via a two-step process, first adsorbing
N,N-dimethyltrimethylsilylamine ((CH;);SiN(CH,),) on the BAS, fol-
lowed by linking the silica species on lattice oxygen not associated
with the BAS through calcination in air at 823 K (Fig. 1a). The amine
group precursor selectively interacted with BAS to form an aminium
ion. Thiswas concluded from the decrease in the intensity of the infra-
red band of the SiOHAI group (3,610 cm™) and the appearance of the
respective N-H vibration (1,620 cm™) band in the infrared spectrum
of the sample exposed to the silylamine (Supplementary Fig. 1)***,
After calcination, the organic part wasremoved, as shown by the disap-
pearance of the C-H and N-H vibration bands in the infrared spectra
(Supplementary Fig.1). The samples before and after this modification
did notshow any differences in their X-ray diffractograms and AINMR
spectra (Supplementary Figs. 2 and 3, respectively) and had identical

values for their BET surface area (373 + 15 m? g ") and micropore volume
(0.15-0.16 cm*g™; Fig. 1c and Supplementary Fig. 4). Asmall increase
inthe Si/Alratio was observed with increased EFSi grafting, where the
modified samples are denoted as EFSi-MFI-X% (with X% being the por-
tion of EFSi-BAS determined via pyridine titration).

The location, nature and impact of the EFSi on the BAS was first
probed using infrared spectroscopy (Fig. 1b). The EFSi-MFI samples
showed ahigher intensity of the band at 3,720 cm™. Because this band
is characteristic of Si-OH groups in zeolite channels****, we conclude
that the majority of the EFSi species are located in the micropores. The
intensity of the band at 3,610 cm™ (SiOHAI groups)***’ was lower for
EFSi-MFIsamples compared with H-MFI (Fig. 1b). This decrease is attrib-
uted either to a chemical blocking or to a perturbation of the SIOHAI
groups by the EFSi (Fig. 1a), suggesting a close proximity between EFSi
and SiOHAI groups. A new broad band between 3,100 and 3,500 cm™
suggests that the latter interpretation is more likely, and this broad
bandis tentatively assigned to SIOHAI hydrogen bonding with Si-OH.
Suchashift to lower wavenumbers is typical for hydrogen bonding of
the SiOHAIgroups® 2 To exclude the possibility of chemically anchor-
ing this group at the oxygen of the BAS, that s, that the Si(OH), replaces
the proton of the bridging hydroxyl group linking an Al-O tetrahedron,
we use the adsorption of pyridine, which is known to form pyridinium
ions with BAS™™>,

Figure 2 shows the infrared spectra of H-MFI and EFSi-MFI sam-
ples with varying adsorbed concentrations of pyridine. As H-MFl was
exposedtoaliquots of pyridine, the characteristicband of the SiIOHAI
groups (3,610 cm™) decreased with the concomitant appearance of
the pyridiniumband (1,545 cm™), which increased inintensity (Fig. 2a).
Thedecrease in the SiOHAl band (thatis, the concentration of BAS that
are interacting with pyridine) and the intensity of the pyridiniumion
band (thatis, [HPy'], the pyridiniumion concentration) for H-MFl were
directly proportional (Fig. 2e). This suggests that pyridine adsorbs on
all BAS, forming a 1:1 ratio of pyridinium ions and BAS**.

By contrast, the adsorption of pyridine on the EFSi-MFI samples
exhibited two different regimes. Taking EFSi-MF-61% as an example
(Fig.2d,h), after the first aliquots of pyridine were adsorbed, the band
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Fig. 2| The titration of BAS and EFSi-BAS with pyridine adsorption. a-d,
Difference infrared spectra for the OH stretching and NH bending vibration
regions of H-MFI (a) and EFSi-MFI-18% (b), -46% (c) and -61% (d) with increasing
pyridine uptake at 423 K. HPy", pyridinium ion. e-h, SiOHAI (3,610 cm™) coverage
under different pyridiniumion concentrations on H-MFI (e) and EFSi-MFI1-18% (f),

-46% (g) and -61% (h). The pyridinium ion concentration was determined from the
peak area of the 1,545 cm™ band; SiOHAI coverage was determined from the peak
area of the 3,610 cm™band. i,j, Schematicillustration of pyridine adsorption on
EFSi-BAS (i) and BAS (j). k, Concentration of acid sites on H-MFI and the EFSi-MFI
samples determined via pyridine titration. LAS, Lewis acid sites.

of the SiOHAI groups (3,610 cm™) remained unchanged up to the for-
mation of [HPy*] =430 pmol g*. Only subsequently did the SiOHAI
band begin to decrease in intensity. The coverage of SIOHAI (that is,
the decrease in intensity) increased linearly with the pyridinium ion
concentration, following a 1:1 ratio. The EFSi-MFI-18% (Fig. 2b,f) and
EFSi-MFI-46% (Fig. 2c,g) samples followed the same trend, with the
turning thresholds at 121 and 294 pmol per g pyridinium ions. These
concentrations are equal to the concentrations of the EFSi loading
(130 pmol Si per g H-MFl on EFSi-MFI-18%; 300 pumol Si per g H-MFlon
EFSi-MFI-46%; 430 pmol Si per g H-MFI on EFSi-MFI-61%).

These two adsorption regimes suggest two different types of acid
site on EFSi-MFI. Pyridine was first adsorbed on the BAS having an
adjacent EFSi (Fig. 2i); this type of acid site was named EFSi-BAS (the

SiOHAIband at 3,610 cm™ being hydrogen bonded, shifting to alower
wavenumber). The second regime was identical to the parent BAS,
which has the SiOHAI band at 3,610 cm™ (Fig. 2j). Thus, each adsorbed
pyridine formed a pyridiniumion, reducing proportionately the inten-
sity of the SiOHAI band at 3,610 cm™. The concentrations of EFSi-BAS
and BAS were quantified via the corresponding pyridine uptakein the
two regimes (Fig.2e-h,k), thatis, for the EFSi-MFI-61% sample, the first
430 pmol per g pyridiniumions were formed on EFSi-BAS and the latter
280 pmol per g pyridiniumions were formed on BAS. This suggests that
the EFSispecies are not chemically bound to BAS, but rather break up a
Si-O-Sibridge forming asilanol nest with the Si(OH), group attached.

The preferential adsorption of pyridine on EFSi-BAS may be attrib-
uted either to the higher acid strength of EFSi-BAS compared with BAS
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Fig. 3| Adsorption of different probe base molecules on EFSi-MFI-46%
at423 K.SiOHAl coverage (determined from the areal decrease of the

3,610 cm™band of the infrared spectra) under different concentrations of
protonated probe molecules, that is,ammoniumions, diethylaminiumions,
N-methylpropylaminium ions and pyridiniumions.

or to an additional interaction between EFSi and the aryl ring on the
pyridine molecule stabilizing the adsorbed state. To test these two
possibilities, ammonia, diethylamine and N-methylpropylamine were
used as probe molecules to titrate the acid sites on EFSi-MFI-46%. For
ammonia adsorption (Fig. 3) the SiOHAI coverage increased linearly
with the concentration of formed ammonium ion. Because the total
concentration of ammoniumion wasidentical to the total concentration
of pyridinium ions, the result demonstrates the stochastic adsorption
of ammonia on both BAS and EFSi-BAS, indicating also the similar acid
strength of BAS and EFSi-BAS. This is further supported by the results
of ammonia temperature-programmed desorption (TPD), which show
the overlapping desorption curves of H-MFI and all EFSi-MFI samples
(Supplementary Fig. 5). However, for base molecules with increasingly
bulky alkyl or aryl parts, the SiOHAI coverage differs from the concen-
tration of sorbed protonated molecules (Fig. 3). Stronger preferential
adsorption on EFSi-BAS correlates with the bulkiness of the adsorbed
base molecules, thatis, pyridine > N-methylpropylamine > diethylamine.
Combiningthese resultsleadsto the conclusionthat the presence of EFSi
influences the environment of the BAS inits proximity without changing
theacidstrength. We hypothesize the stronger interaction to be theresult
of additional van der Waals interactions with the organic alkyl/aryl part.

To further investigate if such an additional van der Waals interac-
tionis also pronounced with a weakly basic guest molecule, n-pentane
was adsorbed on H-MFI and the EFSi-MFI samples and characterized
using infrared spectroscopy. On H-MFI (Fig. 4a and Supplementary
Fig. 6a), theintensity of SiOHAl vibration at 3,610 cm ™ decreased with
increasing pentane pressure, while anew band at 3,484 cmincreased
in intensity. This band is attributed to the perturbed band of SiOHAI
interacting with n-pentane via hydrogen bonding. With increasing
pressure this band gradually shifted to 3,474 cm™, indicating astronger
polarization of the bridging OH group through the interaction with an
additional pentane molecule*.

The decrease in the SiOHAI band was also observed with the
EFSi-MFIsamples; however, the band at 3,484 cm™was much broader
compared with that on H-MFI (Fig. 4b and Supplementary Fig. 6b-d).
This implies that an alternative and stronger hydrogen bonding of
SiOHAl groups isinduced by the presence of EFSi.

To differentiate between the hydrogen-bonded SiOHAI groups,
pyridine was selectively adsorbed on EFSi-BAS, while leaving the
unmodified BAS in EFSi-MFI accessible. Pentane adsorbed on this
sample led to the band at 3,484 cm™ being nearly identical to that of

pentane adsorbed on the parent H-MFI (Fig. 4¢). Thus, we conclude
thatunmodified BAS are unaffected by the generation of the newsite.
The difference in the spectra with and without pyridine blocking the
EFSi-BAS enables the infrared spectrum for the hydrogen bonding
of n-pentane on EFSi-BAS to be accessed (Fig. 4d). This difference
spectrum shows that the adsorption of n-pentane on EFSi-BAS does
notlead adecreaseinthe band at3,610 cm™, causing a pair of bands of
hydrogen-bonded OH groups at 3,408 cm™and 3,538 cm™, which are
attributed to hydrogen-bonded EFSi-SiOHAI and EFSi-OH, respec-
tively. Italso shows amarkedincreasein theintensity of the Si-OHband
at3,735 cm™and the band at 3,710 cm™ that is typical for SiOH groups
interacting with an alkane.

Thus, we conclude that EFSi-BAS consist of a bridging EFSi-SiO-
HAIl group interacting with EFSi-OH via hydrogen bonding (Fig. 4e).
Before n-pentane adsorption, EFSi—OH and EFSi-SiOHAl interact
via hydrogen bonding, which redshifts and broadens both bands,
making them hardly observable. The sorbed n-pentane perturbs the
hydrogen-bonded bridging EFSi-SiOHAl group and EFSi-OH and leads
tothebandsat 3,408 and 3,538 cm™, respectively. The lower wavenum-
ber of the perturbed EFSi-SiOHAI group (3,408 cm™), with respect to
perturbed SiOHAI (3,474 cm™), points to a stronger polarization of the
EFSi-SiOHAl group by the adjacent EFSi.

Density functional theory (DFT) calculations help to further
interrogate the two adsorption sites (see Supplementary Note 1).
The simulated results indicate that the O-H bond length of the BAS
increased upon interaction with the EFSi-OH and leads to the experi-
mentally observed decreasein theintensity of the band 3,610 cm™. The
simulated adsorption results of n-pentane, ammonia, diethylamine,
N-methylpropylamine and pyridine also indicated that the preferential
adsorptionisonly favouredifthe protonis transferred to the sorbate.
Bulkier molecules are stabilized to a greater extent on EFSi-BAS via
additional interactions between the alkyl/aryl groups in line with the
experimental findings.

Thus we conclude that the grafted EFSi is located selectively in
the vicinity of BAS and interact via hydrogenbonding. The adsorption
strengthis promoted by the proximate EFSi for strong base molecules
with alkyl chains or aryl rings such as alkylamines and pyridine. The
stronger sorption is caused by van der Waals interactions between
the EFSispecies and the alkyl/aryl groups of the protonated adsorbed
molecules on the BAS.

Catalytic activity of EFSi-BAS in n-pentane cracking

After demonstrating the stabilization of alkylaminium cations through
the confinement of proximate EFSi to the BAS, we hypothesize that
such an effect is transferable to the stability of the alkyl carbocations
andshould, hence, bereflected in the rates of BAS-catalysed reactions
such as cracking”, dehydrogenation®® and alkylation®. Here, the pro-
tolytic cracking and dehydrogenation of n-pentane was chosen as a
modelreactionto test this hypothesis. The mechanism for this reaction
hasbeen well established and serves as abenchmark”**°. In our previ-
ous work, n-pentane showed similar adsorption enthalpy (AH? , ) and
entropy (AS?, ) values on H-ZSM-5 zeolites with or without EFAl spe-
cies®’; in addition, identical values for the adsorption enthalpy of
n-pentane were found (approximately —65 kJ mol™; Supplementary
Fig.15 and Supplementary Table 6) on all the samples with EFSi in the
presentwork. Theidentical adsorption properties of n-pentane suggest
asimilar adsorption state for n-pentane on normal BAS, EFSi-BAS and
EFAI-BAS (BAS having an adjacent EFAI), indicating the soleimportance
of the transition states for the specific reaction rates.

The BAS-catalysed protolytic n-pentane conversion proceeds
via three different cracking pathways, that is, forming methane plus
butene (P1, C, + C,"), ethane plus propene (P2, C, + C;°) and propane
plusethene (P3, C; + C,7), as well as one pathway for dehydrogenation
(Fig. 5a), through different transition states. As shown in Fig. 5a, both
P1and P3 pathways go through a C2 carbonium-ion-like transition
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Table 1| Adsorption enthalpy values for
N-methylpropylamine (CNCCC) and diethylamine (CCNCC)
on normal BAS and EFSi-BAS at 423K

Entry Active site AH; & (kJmol™)
CNCCcC CCNCC
1 BAS -226 =217
2 EFSi-BAS -257 -237
3 Difference (entry 2-entry 1) -31 -20

state (respectively, C---C*-C-C-C and C-C*--C-C-C, or CC*CCC for
short), while the P2 pathway passes through a C3 carbonium-ion-like
transitionstate (C-C---C*'-C-C, or CCC'CCfor short). These transition
states are now analogized by N-methylpropylamine and diethylamine
binding with the acid site. The adsorption of N-methylpropylamine
(CNCCC) and diethylamine (CCNCC) on the acid site forms the
N-methylpropylaminium ion (CN*CCC) and diethylaminium ion
(CCN'CC), respectively, which imitate the C2 carbonium-ion-like transi-
tion state (CC'CCC) for P1/P3 and the C3 carbonium-ion-like transition
state (CCC"CC) for P2 (Supplementary Fig.16) having similar structures
and anidentical position of the positive charges.

As discussed, CNCCC and CCNCC showed preferential adsorp-
tion on EFSi-BAS compared with BAS (Fig. 3), indicating the forma-
tion of more stabilized protonated species of CN*CCC and CCN*CC,
respectively, on EFSi-BAS compared with normal BAS. The adsorption
enthalpy values of CNCCC and CCNCC were, respectively, —226 and
-217 k) mol™ on normal BAS and -257 and -237 k) mol™, respectively,
on EFSi-BAS (Table 1; see also Supplementary Note 3). The enthalpic
stabilization of CN*CCC and CCN*CC by the presence of EFSiled us to
hypothesize a similar impact on the CC'CCC and CCC*CC transition

states, leading to alower enthalpic barrier of n-pentane cracking and
dehydrogenation and higher turnover frequency (TOF) values on
EFSi-BAS compared with normal BAS.

Thereaction of n-pentane showed first-order kinetics in all path-
ways on H-MFland the EFSi-MFIsamples and was stable during the time
studied (Supplementary Figs.10-12). The TOF values of n-pentane on
the BAS of H-MFI (Supplementary Table 3) for overall cracking and
dehydrogenation at 753 Kand 20 mbar of n-pentane were, respectively,
0.47x107%s"and 0.32 x 1073 s7, thatis, similar to those reported in our
previous study®’. The EFSi-MFI samples showed higher TOF valuesin
overall crackingaswell asinallindividual cracking pathways, increasing
linearly withthe concentration of EFSi-BAS, whereas the dehydrogena-
tionrateswereidentical for all samples studied (Fig. 5b, Supplementary
Fig.13 and Supplementary Tables 3and 4). The observed reaction rate
on EFSi-MFl involves the contribution from both BAS and EFSi-BAS;
the specific contributions were evaluated via extrapolation (Fig. 5b).
Compared with BAS, the EFSi-BAS had a higher TOF (0.47 x 10 s ver-
sus1.1x107% s at 753 K, respectively), whereas for dehydrogenation it
was barely affected by EFSiat 753 Kand decreased slightly when above
773 K (Supplementary Fig.13 and Supplementary Tables 3 and 4).

The TOF values at different temperatures for both BAS and
EFSi-BAS (Supplementary Tables 3 and 4) together with the identical
adsorption enthalpy and entropy of n-pentane (Supplementary Table
6) were used to determine the intrinsic activation enthalpy (AH?;’t) and
entropy (AS?:t) values (Table 2; see more calculation details in Sup-
plementary Note 2). Compared with the BAS, the AH?E;’t for the overall
cracking was 36 k] mol™ lower on EFSi-BAS, and for the dehydrogena-
tion pathway it was 50 kJ mol™ lower. The lower AH;‘:""t with EFSi-BAS is
concludedtorepresentanenthalpicstabilization of the transition state
by the presence of EFSi. The lower ASf:twith EFSi-BAS suggests that the
formed carbonium ion in the transition state is bound tighter to the
zeolite than for the parent H-MFI.
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the total BAS on the samples. Reaction temperature, 753 K; n-pentane pressure,
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Table 2| Intrinsic activation enthalpy and entropy of
n-pentane cracking and dehydrogenation on BAS and
EFSi-BAS

Entry Activesite AH?:t (kJmol™)
P1 P2 P3 oc® D*

1 BAS 210+5 171+2 209+5 191+2 209+5

2 EFSi-BAS 159+3 147+2 167+12 1554 159+10
3 Difference® -51+6 -24+3 -42+13 -36+4 -50+11

ASF° (Jmol'K™)

4 BAS 1949 -28+7 15+9 5+7 26+8

5 EFSi-BAS -43+5 -51+3 =311 -35%5 -37+8

6  Difference® -62+10  -23+7 4614 -40%9 -6311

?QOverall cracking. ®Dehydrogenation. °Difference value between EFSi-BAS and BAS.

Interestingly, the presence of EFSiin proximity to the BAS leads
toasubstantially larger decrease in AH?EI;’t for the P1and P3 pathways
(51k) mol™and 42 k) mol™, respectively; Table 2, entry 3), whereas
the decrease in the P2 pathway is smaller (24 k) mol™). Thisisin line
with the observed larger decrease in the adsorption enthalpy of
CN*CCC on EFSi-BAS (-31kJ mol™; Table 1, entry 3) than that of
CCN*CC (20 kJ mol™; Table 1, entry 3), suggesting the larger
enthalpic stabilization of the C2 carbonium-ion-like transition
state (CC'CCC) in the P1 and P3 cracking pathways than that of

the C3 carbonium-ion-like transition state (CCC'CC) in the P2
cracking pathway.

These results are consistent with the hypothesis that the proximate
EFSienthalpically stabilizes a positively charged species, for example,
aprotonated alkylamine, protonated pyridine or protolytic cracking
transition state, on the BAS via a more confined environment. The
varying enthalpic stabilization of the specific transition states leads
todifferent promotion of the TOF values along the correlated reaction
pathways of n-pentane cracking. However, the opposite energetic
change of the n-pentane cracking and dehydrogenation reaction on
EFSi-BAS compared with EFAI-BAS in our previous work suggests a very
different influence of these two extra-lattice species on the reaction
path and will require further studies.

Comparison between EFAI-BAS and EFSi-BAS

While EFAlin proximity to BASincreases the reaction rate for n-pentane
cracking approximately 50-fold (Fig. 6a), theimpact by EFSiis lower?*°.
Thereason behind the specific promotion effect needs to be discussed
to understand how different extra-framework species influence the
catalytic activity of the proximate acid site. Both extra-lattice species
impact the activation enthalpy and entropy differently (the identical
state of sorbed reactants on all sites shows that only the transition states
change; Supplementary Table 6). Figure 6b,c compares the activation
enthalpy and entropy values on BAS, EFAI-BAS and EFSi-BAS, which
represent the enthalpies and entropies of the corresponding transition
states. Compared with BAS, EFAI-BAS shows an increase in both the
activation enthalpy and entropy, whereas both are lower on EFSi-BAS. As
we conclude that the strongly entropy-driven lowering of the standard
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the data measured in this work.

transition free energy by EFAl indicates a later transition state, the
decrease of the transition enthalpy (and entropy) for the EFSi-catalysed
path suggests an earlier, but tighter, bound transition state.

The differentinfluences of EFAl and EFSi are manifested clearly in
Fig. 6d by the two compensation lines for the EFSi-MFI and EFAI-MFI
samples. The EFSi-MFIsamples remain aligned with the correlation of
unmodified H-MFI. The compensation line for the EFAI-MFI samples,
however, is shifted upwards with respect to the transition entropy,
suggesting a change in the reaction pathway via the stabilization of
avery late transition state. We hypothesize that this late transition
state with the EFAI-MFI samples is caused by better stabilization of
theleaving alkane and the formed primary carbeniumion, or aweaker
interaction of the transition state with the bridging oxygen atoms of
the BAS®. Further studies to analyse these differences arein progress.

Conclusions

A neighbouring pair of a bridging OH group (SiOHAI) and an Si(OH),
group or silanol nest have been synthesized using astepwise anchoring
approach. Experiments and DFT simulations show that the binding of
pyridine and alkylamines is stronger on these EFSi-BAS sites than on
the parent BAS, whereas that of ammonia is identical. The stronger
binding of pyridine and alkylaminesis attributed toamore constrained
environment that is created by the grafted EFSi groups, introducing
additional van der Waals interactions with the alkyl or aryl chain of
the probe molecule. The combined dispersion and local polarization
induced by hydrogen bondinglead, by contrast, to equal strength for
n-pentane adsorption on the parent and the modified site.

The EFSi-BAS show a higher rate of cracking of n-pentane by
enthalpically stabilizing the transition state. The enthalpy of the
carbonium-ion-like transition state (CC'CCC) associated with the
cracking pathways that produce methane and propane as the alkane
reaction products, that is, the P1and P3 cracking pathways, decreased
by 42-51kJ mol™; by contrast, the transition state (CCC'CC) associated
with the pathway that leads to ethane, that is, the P2 cracking pathway,

decreased by only 24 k) mol™. The dehydrogenation transition enthalpy
also decreased by 50 k) mol™, but the rate was identical since the enthalpy
decrease was compensated by a transition entropy decrease. Using the
analogy of the stabilization of alkylaminium ions, we hypothesize that
thedifferencesinthe crackingrates of the different pathways are caused
by steric constraints for the more asymmetric carboniumions.

The modification of the environment by Si(OH), groups leads to
sitesinwhich the EFSienhances the cracking and dehydrogenation of
n-pentaneviathestabilization of an earlier transition state compared
with EFAland is manifested in alower transition enthalpy and entropy.
Theidentical compensation correlation between entropy and enthalpy
forunmodified H-MFland EFSi-MFI suggests a similar transition state,
but a better stabilization is induced for EFSi-BAS. By contrast, for
EFAI-BAS, the higher base strength of the oxygen in EFAlinduces a later
transition state with a substantially higher transition entropy.

This differentiation shows that the activity for the cracking
depends strongly on the nature of the stabilization for the carboca-
tion in the transition state, which appears to be far more controlled
by the chemical nature of the extra-lattice oxide species than what has
sofarbeendiscussed. We are currently evaluating synthesis strategies
for defined extra-lattice oxide species that can further enhance the
cracking rates, beyond those that have been found for alumina and
silicaspecies.

Methods

Sample preparation

The parent H-MFI, used as the starting material for EFSi modification,
was prepared via the cleaning of a commercial ZSM-5 zeolite (that is,
MFI) initsammonium form (CBV 2314, named NH,-MFI; Zeolyst Inter-
national) with SiO,/Al,O; = 23 using ammonium hexafluorosilicate
(AHFS) to remove EFAI, following the previously reported procedure”.
NH,-MFI was added to a solution of AHFS at 353 K (approximately1g
catalyst per 40 mlsolution) and thenstirred for 5 h. The solution con-
tained a 3.2-fold excess of AHFS with respect to the Al content of the



zeolite, which was 2.84 g (16 mmol) AHFS for 3.84 g NH,-MFI (3.8 wt%
Al, corresponding to 5 mmol). Afterwards, the sample was separated
and washed with hot deionized water (over 353 K) six times and cal-
cinedinastream of syntheticair (100 ml min™, heatingrate 10 K min,
823 K) for 5 h. The obtained sample was in its hydrogen form and was
designated as H-MFI.

EFSiwasintroduced into H-MFIby adsorbing (CH,);SiN(CH,), fol-
lowed by calcination. The H-MFI (approx.1gsample per 5 ml solution)
was added to ahexane solution of (CH,),SiN(CH,), at room temperature
and stirred overnight. The corresponding amount of (CH;);SiN(CH,),
in the solution was either 130, 300 or 430 pmol Si per g H-MFI, which
was 0.080 g (0.65 mmol), 0.185 g (1.5 mmol) and 0.265 g (2.15 mmol)
(CH,),SiN(CH,), for 5 gH-MFI, respectively. Afterwards, the solid sample
was washed three times with hexane and calcined in air (100 ml min™)
for10 hat 823 Kwithaheating rate of 1K min™. The obtained material
was designated as EFSi-MFI-X% (with X% corresponding to the portion
of EFSi-BAS on the samples).

Powder X-ray diffraction

Thecrystalline structure of the catalyst was determined using powder
X-ray diffraction. The X-ray diffraction patterns were collected using
a PANalytical Empyrean System diffractometer with Cu Ka radiation
(A=0.1542 nm), operating at 45 kV/40 mA, using a nickel K filter and
asolid-state detector (X'Celerator).

Nitrogen physisorption

Specific surface area and micropore volume values were determined
fromN, adsorption-desorptionisotherms measured at liquid N, tem-
perature (77 K) using a Thermo Scientific Surfer gas adsorption poro-
simeter. The samples were outgassed under vacuumat 623 K overnight
before the adsorption. The micropore volume was calculated using the
t-plot method. The BET surface area was calculated using data in the
relative pressure range of 0.05 < p/p° < 0.12witha Cconstant of around
360 for all the samples.

Elemental analysis

The elemental composition of the samples was determined via atomic
absorption spectroscopy using a Unicam M Series Flame-AAS instru-
mentequippedwithanFS 95auto-sampleranda GF 95graphite furnace.
Samples were dissolved in a mixture of hydrofluoric acid (48%) and
nitrohydrochloric acid at its boiling point before the measurements.

YAl magic-angle spinning NMR spectroscopy

All¥Almagic-angle spinning NMR spectrawere recorded using a Bruker
Avance 500 Ultrashield NMR spectrometer with a magnetic field of
11.75 T corresponding to the Larmor frequency of 130.3 MHz, and the
rotor was spunat12 kHz. A total of 2,400 spectrawere accumulatedin
asingle pulse sequence witha pulse width of1.16 ps and the relaxation
delay of 2 s. Before the measurements, all the samples were hydrated
in H,0 (42 mbar) for at least 48 h and then packed into ZrO, rotors.

Titration of acid sites with pyridine

Infrared spectroscopy was used to determine the acid-site concentra-
tions of zeolites using pyridine as the probe molecule. All spectrawere
collected at 423 K using a Nicolet 5700 Fourier-transform infrared
(FT-IR) spectrometer at a resolution of 4 cm™. Zeolites were pressed
into wafers and pre-treated under vacuum (at a partial pressure, p,
of <10 mbar) at 723 K for 1 h. Then they were exposed to a pulse of
pyridine (-3 x 102 mbar) for 10 min. After outgassing for 20 min to
remove physisorbed pyridine, the spectrum was collected. A series
of spectra under different coverages of BAS were received by repeat-
ing this procedure until all the BAS had been titrated by pyridine. The
concentration of total BAS was quantified based on the area of the
band at 1,545 cm™ normalized to the wafer weight®'. Using a known
integrated molar extinction coefficient of 0.73 cm pmol™ for the
band

at1,545 cm™, the integrated molar extinction coefficient for SiOHAI at
3,610 cm™ can be calculated from the slope of the peak area decrease
for 3,610 cm™as a function of the peak area increase of the 1,545 cm™
band on H-MFI, which was found to be 2.65 cm pmol ™.

Titration of acid sites withammonia

Infrared spectroscopy was used to determine the acid-site concen-
trations of zeolites with ammonia as the probe molecule. All spectra
were collected at 423 K using the Nicolet 5700 FT-IR spectrometer ata
resolution of 4 cm™. Zeolites were pressed into wafers and pre-treated
under vacuum (p <10~ mbar) at 723 K for 1 h. Then they were exposed
toapulse ofammonia for 10 min. After outgassing for 20 minto remove
physisorbed ammonia, the spectrumwas collected. A series of spectra
under different coverages of BAS were obtained by repeating this pro-
cedure until all the BAS had been titrated by ammonia.

The TPD of ammonia was performed using a six-fold parallel
reactor system. The solid catalysts were activated under vacuum at
723 Kwith a heating rate of 10 K min™ for1 h. Ammoniawas adsorbed
with a partial pressure of 1 mbar at 353 K. Subsequently, the sam-
ples were outgassed under vacuum for 2 h to remove physisorbed
molecules. For the TPD measurements, the samples were heated
under vacuum from 353 to 1,033 K with a temperature increment
of 10 K min™ to desorb ammonia. The desorbed ammonia (channel
mass-to-charge ratio, m/z =17) was monitored via mass spectrometry
(Balzers QME 200). For acid-site quantification, areference (H-ZSM-5
with Si/Al = 45; Clariant) with aknown acidity (400 umol g™) was used
to calibrate the signal.

Adsorption of N-methylpropylamine and diethylamine
Infrared spectroscopy of adsorbed N-methylpropylamine and diethyl-
amine was used toidentify their respective adsorption sites and formed
specieson H-MFland the EFSi-MFIsamples. All spectrawere collected at
423 Kusing a Vertex 70 spectrometer from Bruker Optics ataresolution
of 4 cm™. Zeolite wafers were loaded into aninfrared cell connected toa
vacuum system. It was first pre-treated under vacuum (p <10~ mbar) at
723 Kfor1handthencooledto423 K. Thenit was exposed to a pulse of
N-methylpropylamine or diethylamine (-3 x 1072 mbar) for 10 min. After
outgassing for 20 min to remove any physisorbed amine, the spectrum
was collected. Aseries of spectra under different uptakes were obtained
by repeating this procedure until all the BAS had been covered.

The adsorption of N-methylpropylamine and diethylamine on
H-MFland EFSi-MFIsamples was also measured gravimetrically using
amicrobalance in a Seteram TG-DSC 111 calorimeter connected to
a high-vacuum system. After pre-treatment of the sample (20 mg)
at 723 K for 1 h under vacuum (p <10™* mbar), it was cooled to 423 K.
Afterwards, N-methylpropylamine or diethylamine wasintroducedinto
the systemasa pulse. By controlling the dosing pressure and exposure
time, approximately 0.08 mmol amine per mmol BAS was adsorbedin
each pulse. The amine uptake was determined by the increase in the
sample weight, and the released heat was obtained via integration of
the heat flux.

Calculation of concentration of protonated probe molecules
and coverage of BAS using infrared spectra

The concentrations of protonated probe molecules were determined
using the area of the characteristic band on the infrared spectrum
(normalized to the band area of full coverage as 100%; that is, the
band at 1,605 cm™ for the ammonium ion, the band at 1,602 cm™
for the diethylaminium ion and the band at 1,608 cm™ for the
N-methylpropylaminium ion; Supplementary Fig. 18). Similarly, the
coverage of BAS (6;,) is determined from the areal decrease of the band
at 3,610 cm ™ (normalized to theinitial band areaat 3,610 cmas100%
foreachrespective sample). Therefore, with the known concentration
of overall BAS ([overall BAS]) and unmodified BAS ([BAS]) determined
from pyridine titration, the concentration of covered overall BAS and



BAS are calculated. Their difference is the concentration of covered
EFSi-BAS (equation (1)):

Otrsi-Bas X [EFSi — BAS] = Ogyeraii Bas x [Overall BAS] — Ogas x [BAS] (1)

where 0545 represents the coverage of EFSi-BAS under a certain
uptake of probe molecules and [EFSi-BAS] is the concentration of
EFSi-BAS.

Adsorption of n-pentane
The adsorption isotherms of n-pentane on H-MFI and the EFSi-MFI
samples were measured using a Seteram TG-DSC 111 calorimeter con-
nected to a high-vacuum system. The corresponding sample (-20 mg)
was placedinaquartzsample holder and activated at 723 K for 1 hunder
vacuum (p <10™* mbar) with a heating rate of 10 K min™. After the sam-
pleshad cooledto 333 K, n-pentane was introduced into the systemvia
controlled dosing. The adsorbed n-pentane was determined in small
pressure steps from 1x 10~ mbar to 40 mbar. The n-pentane uptake
was determined via the increase of sample weight, and the released
heat was obtained by integration of the heat flux signal.

The adsorptionisotherms were analysed in terms of the Langmuir
adsorption model, asin equation (2):

n= Nmax XK;ds xXp

s (¥)]
1+Kads><p

where nistheamount of adsorbate onthe sample, n,,,,, is the maximum
uptake of the adsorbate, K denotes the equilibrium constant of adsorp-
tion and p is the normalized pressure (referenced to p® =1bar). The
adsorption entropy (AS°, ) was calculated using equation (3):

ads

AH:,
AS°, = 7‘_‘5+Rln/<°

ads ads

3)

where AH:  is the standard adsorption enthalpy, T is the absolute
temperature and R is the universal gas constant.

Infrared spectroscopy was conducted using a Bruker Optics Vertex
70 spectrometer at a resolution of 4 cm™. Samples were prepared as
self-supporting wafers and outgassed under vacuum (p <107 mbar)
at723 K for1 hwithaheating rate of 10 K min™. After cooling to 333 K,
n-pentane was introduced into the system via controlled dosing. The
adsorbed n-pentane was determined in small pressure steps from
1x107% mbar to 10 mbar. A series of spectra were collected under dif-
ferent pressures of n-pentane until all the BAS had been perturbed.

Reaction of n-pentane cracking and dehydrogenation

The protolytic cracking and dehydrogenation of n-pentane on H-MFland
the EFSi-MFIsamples was conducted atambient pressure using a tubular
flowreactor withaquartztube withaninternal diameter of 7 mm. Catalyst
pellets (300-500 um) were activated insitu at 803 Kwith aheatingramp
of 2K minfor2 hinaflow of syntheticair (30 ml min™) and then flushed
for 30 min with N, (100 ml min™). The reactant stream was introduced
into the reactor via an evaporator and then by N, as a carrier gas. The
reaction conditions of a low catalyst loading (approximately 400 mg
catalyst),alow pentane partial pressure (20 mbar) and a high temperature
range (753-793 K) were used to follow the monomolecular cracking and
dehydrogenation pathways. Reactant and products were separated and
analysed via on-line chromatographic measurements (Supelco Q-Plot,
capillary column: 30 m x 0.53 mm x 2.0 um) using a flame ionization
detector. The calculation details are in Supplementary Note 2.

Computational details

The restricted Kohn-Sham DFT cluster calculations were performed
using the Orca package version 4.2° We performed calculations using
two exchange-correlation functionals with the generalized gradient

approximation (GGA), that is, BP86 and PBE, and two hybrid GGA
functionals, that is, B3LYP and PBEO®**°. All-electron Ahlrichs def2
basis sets with double-zeta polarization functions (def2-SVP) were
used for geometry optimization, and all-electron Ahlrichs def2 basis
sets with triple-zeta polarization functions (def2-TZVP) with a denser
integration grid were used for estimating the electronic charges on
the adsorbed species®”®. The charges were estimated via Hirshfeld
population analysis asimplementedin Orca. The GGA functionals were
employed withresolution-of-identity (RI) approximations, whereas the
hybrid functionals were used with RIJCOSX approximation to speed up
the calculations®”°. For this purpose, the general Weigend J auxiliary
basis set def2/) was used”. The RIJCOSX approximation incorporates
the Rlapproximation for evaluation of the Coulomb matrices and the
chain-of-spheres algorithm for the formation of the exchange-type
matrices’”. All core electrons (1s?2s*2p® for Aland Si, 1s?for C,0 and N,
and none for H) were frozen during the calculations. The calculation
utilized the atom-pairwise dispersion correction with the Becke-John-
son damping scheme D3BJ’>”%, The net charge on the cluster (with
adsorbed species) was set to zero and the spin multiplicity was set to
one (singlet; spin neutral) for all calculations. The sample input files
for geometry optimization and electronic property calculations are
reported in the Supplementary Information.

The calculations were performed on a22 T-site MFI cluster repre-
senting the straight channel of the MFI framework. First, a 104 atom
cluster terminating at the T sites was cut along the straight channels of
MFI comprising two co-joined ten-membered rings. The initial struc-
tural parameters of the MFI unit cell were obtained from the Interna-
tional Zeolite Association database’. The terminating T-site atoms
were thenreplaced with H,and the O-Hbond distance was set to 0.97 A.
Theresulting cluster was comprised of 22 Si, 56 O and 26 terminating H
atoms and was charge neutral. This initial cluster was optimized for use
infurther calculations. For allgeometry optimizations, the terminal H
atoms were kept frozen while all other atoms were allowed to relax. The
Cartesian coordinates of theinitial cluster used in the DF T calculations
arereported in the Supplementary Information.

The adsorption of ammonia, diethylamine, N-methylpropylamine
and n-pentane were investigated on two different adsorption sites:
(1) BAS; and (2) EFSi-BAS. For simulations on BAS, one Si atom in the
ten-membered ring of MFI was replaced with an Al, and one H atom
was placed next to an adjacent O at a distance of 0.97 A. The EFSi site
was simulated by replacing an Si-O-Si group withan Si-OSi(OH),0-Si
group. The simulations on EFSi-BAS were performed by placing the BAS
and EFSinext to each other. For the simulation with adsorbed species,
the adsorbates (ammonia, diethylamine, N-methylpropylamine and
n-pentane) were placed near the BAS proton or the hydroxyl group of
EFSi, and the geometry was allowed to relax.

Data availability
All data are available from the corresponding authors upon reason-
ablerequest.
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