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Section S7. Reference

S1. Experimental Methods

Na-FAU zeolites synthesis. The synthesis mixtures employed in this work were template-free sodium 

aluminosilicates, and the molar compositions are listed in Table S1. Aluminum powder (99.9%, 



S4

MilliporeSigma) or sodium aluminate (Sigma-Aldrich), LUDOX HS-30 colloidal silica or sodium silicate 

(Sigma-Aldrich), sodium hydroxide solution (50% w/w, Neta Scientific) and deionized water were used 

here for synthesis.

Table S1. Synthesis compositions and conditions for low-silica FAU zeolites.

Zeolite Compositiona Si source Al source Aging 
conditions

Crystallization 
conditions

FAU1 14 SiO2 · 1 Al2O3 · 12 Na2O · (214 to 100) H2O Na2SiO3 NaAlO2 25 °C for 1 day 50 °C for 6 days

FAU2 14 SiO2 · 1 Al2O3 · 14 Na2O · (214 to 100) H2O Na2SiO3 NaAlO2 25 °C for 1 day 50 °C for 6 days

FAU3 12 SiO2 · 1 Al2O3 · 12 Na2O· (214 to 100) H2O
Ludox 
HS-30 Al powder 25 °C for 1 day 50 °C for 6 days

FAU4 18 SiO2 · 1 Al2O3 · 18 Na2O · 214 H2O Na2SiO3 NaAlO2 25 °C for 1 day 50 °C for 6 days

FAU5 14 SiO2 · 1 Al2O3 · 9.5 Na2O · 214 H2O Na2SiO3 NaAlO2 25 °C for 1 day 65 °C for 2 days

FAU6 14 SiO2 · 1 Al2O3 · 10 Na2O · 214 H2O Na2SiO3 NaAlO2 25 °C for 1 day 50 °C for 6 days

a (w1 to w2) water in the synthesis composition means water amount is removed from w1 to w2 via a freeze-drying step.

Two solutions were prepared during synthesis. Solution A (Si precursor solution) was prepared by adding 

a given amount of sodium hydroxide solution to a given amount of deionized water, followed by addition 

of a given amount of LUDOX HS-30 colloidal silica (or sodium silicate) into the prepared solution. Solution 

A formed a gel initially, and then it was heated in an oven at 343 K for 15-30 min until reaching a clear sol. 

Solution B (Al precursor solution) was prepared by adding a given amount of sodium hydroxide solution 

to a given amount of deionized water, followed by dissolving a given amount of aluminum powder (or 

sodium aluminate) into the prepared solution (Note: the reaction is exothermic and produces hydrogen, 

hence the addition of aluminum powder should be performed with caution and appropriate safety protocols 

in place). Solutions A and B were cooled to ambient temperature and then solution B was added dropwise 

into solution A in a Teflon bottle while stirring. A freeze drying step is applied to remove water to a desired 

level within a lyophilizer at ambient temperature with a pressure of 20 mTorr. The synthesis mixture was 

aged with stirring at ambient temperature for 24 h, and then the vessel was heated in a static oven at 373 K 
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for 18 h. The products were then washed by repetitive centrifugation and redispersion by deionized water 

until the pH dropped to 9-10, and then they were dried at 343 K overnight.

H-FAU zeolites preparation. Na-FAU zeolites were ion-exchanged with aqueous ammonium nitrate 

solutions for 1 h at ambient temperature. Each time 0.25 g of Na-FAU material was added to 40 cm3 of 

ammonium nitrate solution with stirring, and the ammonium concentrations were selected as 0.01 M 

respectively. The solid products were thoroughly washed with deionized water at ambient temperature and 

then dried at 343 K for 6 h. Finally, the solid products were heated under inert helium flowing gas from 

ambient temperature to 673 K with a ramping rate of 0.033 Ks-1 and maintained at 673 K for 6 h. The 

resulting samples were denoted as H-FAU zeolites.

Synchrotron X-ray Diffraction. XRD patterns were collected at Beamline 17-BM at Advanced Photon 

Source, Argonne National Laboratory. Powder samples were crushed finely with a pestle and mortar and 

loaded into 0.8~1 mm diameter Kapton capillaries. The wavelength used was 0.45228 Å. 2-D diffraction 

data were collected in transmission geometry by a PerkinElmer amorphous silicon flat panel detector, and 

then 2-D diffraction data were processed with software GSAS II1 to obtain conventional XRD plots of 

intensity vs 2θ. All XRD patterns presented in Figures S1 to S3 are converted to a wavelength of 1.54059 

Å (Cu Ka). 

Argon Physisorption. Measurements were performed at 87.3 K using an automatic manometric sorption 

Analyzer (Quantachrome Instruments Autosorb iQ MP). Prior to adsorption measurements, the samples 

were outgassed at 573 K for 10 h under turbomolecular pump vacuum (< 0.003 Torr). Cumulative pore 

volume curves were calculated from the isotherms by applying an advanced NLDFT method, which 

assumes that argon adsorption at 87 K occurs in spherical siliceous zeolite pores in the micropore range and 

cylindrical silica pores in the mesopore range.2

Scanning Electron Microscopy (SEM). SEM images for tested samples were acquired using a JEOL JSM-

6500 scanning electron microscope operated at 5 kV. SEM specimens were prepared by suspension of the 
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sample powder in ethanol by ultrasonication for 30 minutes, and then the solution was dropped onto the 

surface of a silicon chip and dried at room temperature.

Solid-state Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) Spectroscopy. 29Si 

MAS NMR spectra were acquired with a Bruker DSX-500 spectrometer (11.7 T) and a 4 mm Bruker MAS 

probe.

Infrared Spectroscopy. Infrared (IR) spectra for pyridine adsorption were collected for H-FAU samples 

on a Nicolet™ iS50 Fourier transform infrared spectroscopy (FTIR) spectrometer with a Hg-Cd-Te (MCT, 

cooled to 77 K by liquid N2) detector by averaging 128 scans at 2 cm-1 resolution in the 600 ~ 4000 cm-1 

range and were taken relative to an empty cell background reference collected under dynamic vacuum (~ 

0.01 Torr) at 498 K. Self-supporting wafers (0.01 – 0.03 g cm-2, with a diameter of 13 mm) were sealed 

within an IR transmission cell with ZnSe windows (High Temperature Transmission Cell, Harrick 

Scientific Products Inc.). Wafer temperatures were measured by K-type thermocouples (Omega) attached 

to the sample holder. The IR cell was connected to a glass vacuum manifold, which was used for sample 

exposure to controlled amounts of gaseous pyridine. The temperature program followed for these 

measurements is described herein: sample dehydration was performed initially, the temperature of the cell 

was first raised from ambient temperature to 673 K at a ramping rate of 0.033 Ks-1 followed by holding 

temperature at 673 K for 6 hours; then the temperature was cooled down to 498 K and pyridine was 

introduced until saturation of the adsorbate was noted with invariance among successive spectra recorded. 

Catalytic Tests. Proton-catalyzed monomolecular propane reactions were performed in a tubular glass-

lined stainless steel reactor (6.35 mm O.D. and 4 mm I.D., SGE Analytical Science) equipped with a 

thermocouple to monitor the reaction temperature. The catalyst sample was heated in helium flow (0.083 

cm3 s-1, Matheson) from ambient temperature to the reaction temperature at atmospheric pressure. Prior to 

each data acquisition, we pretreated samples using H2/He mixtures (pH2 = 35 kPa, H2/He = 1:2, and the total 

flow rate = 0.5 cm3·s-1) for 20 minutes to remove any remnant reactive carbon species. Molar ratios of feed 

gas mixtures were fixed as H2/C3H8/Ar/He = 3/3/1.5/60 with Ar serving as an internal standard, and space 
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velocity of 3600 cm3
C3H8·gcat

-1·h-1 with a total flow rate of 1.125 cm3·s-1. H2 is present in the inlet stream to 

mitigate on-stream deposition of organic species. Reactor effluent was vented to atmospheric pressure, 

system pressure varied from 101 kPa to 120 kPa as measured by a PX209-300G5V pressure transducer. 

Reactor temperature varied from 818 to 893 K with an interval of 15 K. Propane conversions were <1% 

and considered differential for assessment of catalytic rates. The composition of the reactor effluent was 

analyzed by an online Agilent 7890A gas chromatograph (GC) using a flame ionization detector (FID) and 

a thermal conductivity detector (TCD). Eluent separation was achieved in parallel using a 

dimethylpolysiloxane J&W HP-1 column (50 m long, 320 μm diameter, 0.52 μm film thickness) connected 

to the FID and a GS-GasPro (60 m long, 320 μm diameter) preceding the TCD. Ar was quantified using 

the TCD, and all hydrocarbon species were quantified using the FID.
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S2. Physical Properties of FAU Zeolites

Figure S1 shows the FAU/(FAU+EMT) ratio determined from X-ray diffraction peak area ratio of FAU(111) 

/ (FAU(111) + EMT(100)) via synchrotron XRD patterns. High FAU fractions observed imply EMT 

intergrowth was minimial during crystallization.

Figure S1. FAU/(FAU+EMT) ratio of low-silica Na-FAU zeolites determined from X-ray diffraction peak 
area ratio of FAU(111) / (FAU(111) + EMT(100)) via synchrotron XRD patterns. FAU(111) peak is 
centered at ~ 6.2°, and EMT(100) peak is centered at ~ 5.8°.



S9

Figure S2 shows synchrotron XRD patterns of crystalline Na-FAU zeolites without other impurities (e.g., 

zeolite SOD or zeolite GIS).3

Figure S2. XRD patterns (plotted for the CuKα wavelength of 1.54059 Å) for low-silica Na-FAU zeolites 
converted from synchrotron XRD patterns (obtained using 0.45228 Å).
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Figure S3 shows synchrotron XRD patterns of crystalline H-FAU zeolites upon moderate ion exchange.

Figure S3. XRD patterns (plotted for the CuKα wavelength of 1.54059 Å) for low-silica H-FAU zeolites 
converted from synchrotron XRD patterns (obtained using 0.45228 Å).
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Figure S4 shows Ar adsorption isotherms of Na-HAU and H-FAU zeolites. H-FAU zeolites maintain uptake 

values ~150 cm3g-1 at p/p0 = 0.01 in reference to ~200 cm3g-1 for pristine Na-FAU zeolites, which indicates 

that low-silica FAU framework remain stable upon moderate ion exchange.

Figure S4. Ar-adsorption isotherms for low-silica Na-FAU and H-FAU zeolites at 87 K, in which P/P0 
from 10-6 to 0.1 is plotted logarithmically and P/P0 from 0.1 to 1.0 is plotted linearly.
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Figure S5 shows SEM images of Na-HAU zeolites, and their particle sizes are measured and provided in 

Table 1.

Figure S5. SEM images of Na-FAU zeolites. (a) Na-FAU1, (b) Na-FAU2, (c) Na-FAU3, (d) Na-FAU4, 
(e) Na-FAU5, (f) Na-FAU6. Scale bar: 200 nm.
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S3. 29Si NMR Spectra of H-FAU Zeolites

Figure S6 exhibits distribution of Q4 silicon species on H-FAU zeolites, which are used to calculate 

framework Si/Al ratio as listed in Table S2. H-FAU5 and H-FAU6 exhibited a different Si species 

distribution from other H-FAU materials due to their enhanced Si/Al ratios as listed in Table 1 (column 2).

Figure S6. 29Si solid-state MAS NMR spectra of low-silica H-FAU zeolites. Distribution of Q4 silicon 
species (purple) coordinated with n O-Al bonds (where n = 0, 1, 2, 3, and 4) and possible Q2 species (light 
blue)4 are labeled. Thin lines represent raw signal lines, while thick lines represent cumulative lines for 
simulated peaks.
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Table S2 describes the distribution of Q4(nAl) Si species on six low silica H-FAU zeolites based on the 29Si 

solid-state MAS NMR spectra shown in Figure S6. The framework Si/Al ratios of zeolites (column 7 in 

Table S2, and column 4 in Table 1) were calculated in accordance with “Loewenstein’s rule”5 as listed 

below, which postulates that no Al-O-Al linkages exist in the zeolite framework.6

4 4

Si(OAl) Si(OAl)
 0  0

Si 0.25
Al x x

x x
I xI

 

  

Table S2. Distribution of Q4(nAl) Si species on low-silica Na-FAU and H-FAU zeolites. 

Percentage of Q4(nAl) species (%)
zeolite

4Al 3Al 2Al 1Al 0Al
(Si/Al)F

H-FAU1 46.9 27.4 13.7 6.5 5.5 1.32

H-FAU2 50.8 32.7 8.7 5.2 2.7 1.24

H-FAU3 48.8 27.6 10.1 7.3 6.3 1.31

H-FAU4 50.6 26.8 8.1 8.4 6.2 1.30

H-FAU5 11.2 30.6 33.2 18.0 6.9 1.81

H-FAU6 16.7 25.6 33.8 16.1 7.8 1.76
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S4. Infrared Spectra of H-FAU Zeolites

Figure S7 shows the framework infrared spectra of dehydrated high-silica H-FAU zeolite (Si/Al = 2.6) at 

498 K before (thick line) and after (thin line) pyridine adsorption. Protons are located within both 

supercages (~3640 cm-1) and sodalite cages (~3550 cm-1) in high-silica FAU zeolite.

Figure S7. Infrared spectra of pyridine adsorption on a high-silica H-FAU zeolite (Si/Al = 2.6) at 498 K. 
(a) Framework hydroxyl bands recorded before pyridine adsorption, and (b) subtraction spectra assessed 
based on the difference in spectra before and after pyrdine adsorption.
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Figure S8 shows the framework infrared spectra of dehydrated low-silica H-FAU zeolites at 498 K before 

(thick lines) and after (thin lines) pyridine adsorption. Corresponding subtraction spectra based on the 

difference between spectra recorded before and after pyridine adsorption until saturation are provided in 

Figure 1.

Figure S8. Infrared spectra of dehydrated low-silica H-FAU zeolites at 498 K. (a) H-FAU1, (b) H-FAU2, 
(c) H-FAU3, (d) H-FAU4, (e) H-FAU5, and (f) H-FAU6. Dehydration was initially performed at 623 K for 
6 hours with a ramping rate of 0.033 K·s-1, then the temperature was cooled down to 498 K. Thick spectra 
refer to framework lines before pyridine adsorption, and thin spectra refer to framework lines after pyridine 
adsorption.
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Figure S9 shows the framework infrared spectra of dehydrated commercial zeolite 13X (Si/Al = 1.2) at 

498 K before (thick line) and after (thin line) pyridine adsorption.

Figure S9. Infrared spectra of pyridine adsorption on the protonic form of commercial zeolite 13X (Si/Al 
= 1.2) zeolite at 498 K. (a) Framework hydroxyl bands recorded before (thick line) and after (thin line) 
pyridine adsorption, and (b) the subtraction line assessed based on the difference in spectra before and after 
pyridine adsorption.
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As shown in Figure S10, the infrared spectrum of the low silica H-FAU6 sample collected at 498 K before 

pretreatment is unchanged after pretreatment in vacuum (~ 0.01 Torr) at 673 K for 5 hours. The lack of 

band deformation or wavenumber shift suggests that Na+ and H+ cations are immobile and that protons on 

site II (~ 3650 cm-1) and site III (~ 3630 cm-1) remain affixed even under aggressive reaction environments.

Figure S10. Infrared spectra of the dehydrated H-FAU6 zeolite collected at 498 K prior to (red line) and 
after (blue line) the heating treatment in vacuum (~ 0.01 Torr) at 673 K for 5 hours.
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S5. Fitting of specific rate constants

Proton reactivities of H3630 and H3650 on FAU zeolites in high-temperature reactions were compared by 

using monomolecular dehydrogenation (Equation S1) and cracking (Equation S2) of propane as probe 

reactions.

D
3 8 3 6 2C H C H H      (S1)k 

C
3 8 2 4 4C H C H CH      (S2)k 

The specific contributions of H3630 and H3650 to measured rate constants were determined from Equations 

S3 and S4, in which H3630 and H3650 refer to specific proton densities (μmol/g).

D,gcat D,3630 3630 D,3650 3650H H      (S3)k k k   

C,gcat C,3630 3630 C,3650 3650H H      (S4)k k k   

After normalization by overall proton density, Equations S3 and S4 can be rewritten as Equations S5 and 

S6, in which x3630 (Table 2, column 2) and x3650 (x3650 = 1 − x3630) represent site fractions of H3630 and H3650 

respectively.

D,overall D,3630 3630 D,3650 3650      (S5)k k x k x   

C,overall C,3630 3630 C,3650 3650      (S6)k k x k x   

According to the Arrhenius equation, we know that 

exp      (S7)aEk A
RT
    

 

If 863 K is selected as a reference temperature, then Equation S7 can be written as

863K
1 1exp

863 
     (S8)

K
aEk k

R T
        

Specific rate constants for H3630 and H3650, including kD,3630, kD,3650, kC,3630, and kC,3650, can be expressed as

D,3630
D,3630 D,3630@863K      (S9)1 1exp

863 K
E

k k
R T
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D,3650
D,3650 D,3650@863K

1 1exp
8

     (S10)
63 K

E
k k

R T
        

C,3630
C,3630 C,3630@863K

1 1exp
8

     (S11)
63 K

E
k k

R T
        

C,3650
C,3650 C,3650@863K

1 1exp
8

     (S12)
63 K

E
k k

R T
        

After combination of Equations S5~S6 and S9~S12, kD,overall and kC,overall can be rewritten as

D,3630 D,3650
D,overall 3630 D,3630@863K 3650 D,3650@863K

1 1 1 1exp exp
863 K 863 

    (S1
K

3)
E E

k x k x k
R T R T

                          

C,3630 C,3650
C,overall 3630 C,3630@863K 3650 C,3650@863K

1 1 1 1exp exp
863 K 863 

    (S1
K

4)
E E

k x k x k
R T R T

                          

Here specific rate constants are deemed constant at a particular temperature among the six low-silica H-

FAU materials, eight parameters (including ED,3630, ED,3650, EC,3630, EC,3650, kD,3630@863K, kD,3650@863K, 

kC,3630@863K, and kC,3650@863K) can be estimated in AthenaVisual Studio based on reaction rate data reported 

in Figures 2(a)(b) after normalization by overall proton density as listed in Table 2. Specific rate constants 

with 95% marginal HPD intervals are shown in Figures 2(c)(d) and Figure S18, and comparison between 

experimental koverall and predicted koverall for dehydrogenation and cracking reactions per overall H+ are 

provided in Figures S14 and S15. 
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Codes used in AthenaVisual Studio are provided below.
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Samples are pretreated using H2/He mixtures to remove any remnant reactive carbon species and H2 is 

present in the inlet stream to mitigate on-stream deposition of organic species. We pretreated samples using 

H2 (pH2 = 35 kPa, H2/He = 1:2) for 20 minutes prior to acquiring data and co-fed H2 (pH2 = 5.3 kPa, 

H2/C3H8/Ar/He = 3/3/1.5/60) in the inlet stream. Under these conditions we observed first-order dependence 

of initial propylene and ethylene formation rates (Figures S11 (a)(b) and S12 (a)(b)) on propane pressure 

and these rates were invariant with weight hourly space velocity (WHSV) (Figures S11 (c)(d) and S12 

(c)(d)). At all conditions CH4/C2H4 ratios fluctuated around unity (Figure S13) excluding potential 

secondary reactions of ethylene.

Figure S11. Rates per H+ for (a) propylene and (b) ethylene formation on H-FAU3 zeolite at 833 K after 
pretreatment in H2/He mixtures (pH2 = 35 kPa, H2/He = 1:2, the total flow rate = 30 sccm) at 803 K for 20 
minutes prior to data acquisition. Reaction conditions: H2/C3H8/Ar/He = 3/(2, 2.5, 3, 5, 9)/1.5/80 (in sccm), 
with a total pressure of 125 kPa and a time-on-stream of 60 seconds. Propane conversions are <1%. (c) 
Propylene and (d) ethylene rates at varying weight hourly space velocity (WHSV) at a time-on-stream of 
60 seconds. Reaction conditions: H2/C3H8/Ar/He is fixed to 3/3/1.5/60 with the WHSV ranging from 3600 
to 8400 cm3

C3H8·gcat
-1·h-1.
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Figure S12. Rates per H+ for (a) propylene and (b) ethylene formation on H-FAU6 zeolite at 818 K after 
pretreatment in H2/He mixtures (pH2 = 35 kPa, H2/He = 1:2, the total flow rate = 30 sccm) at 803 K for 20 
minutes prior to data acquisition. Reaction conditions: H2/C3H8/Ar/He = 3/(2, 2.5, 3, 5, 9)/1.5/100 (in sccm), 
with a total pressure of 135 kPa and a time-on-stream of 60 seconds. Propane conversions are <1%. (c) 
Propylene and (d) ethylene rates at varying weight hourly space velocity (WHSV) at a time-on-stream of 
60 seconds. Reaction conditions: H2/C3H8/Ar/He is fixed to 3/3/1.5/60 with the WHSV ranging from 3600 
to 8400 cm3

C3H8·gcat
-1·h-1.
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Figure S13. CH4/C2H4 ratio during monomolecular protolytic reactions of propane over low-silica H-FAU 
zeolites at different temperatures (818, 833, 848, 863, 878, and 893 K). (a) H-FAU1, (b) H-FAU2, (c) H-
FAU3, (d) H-FAU4, (e) H-FAU5, and (f) H-FAU6. Reaction conditions: H2/C3H8/Ar/He = 3/3/1.5/60, with 
a total pressure of 120 kPa and a total flow rate of 67.5 sccm, and space velocity = 3600 cm3

C3H8·gcat
-1·h-1, 

time-on-stream = 60 seconds. Propane conversions are <1%. 
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As introduced in the main text, we postulate that protons associated with H3630 and H3650 catalyze protolytic 

dehydrogenation and cracking reactions of alkanes differently. Figures S14 and S15 provide details for 

experimental rate constants and predicted rate constants for propane dehydrogenation and propane cracking 

(on a per proton basis to Hoverall). It is assumed that kC and kD among six low-silica H-FAU samples remain 

constant at a specific temperature. Predicted kC and kD on H3630 and H3650 using this postulate are provided 

in Figures S14(b) and S15(b). Apparent enthalpic (Ea) and entropic (ΔSa) barriers for propane 

dehydrogenation and cracking over H3630 (on site II) and H3650 (on site III) assessed from data reported in 

Figures S14(a) and S15(a) are provided in Table S3. The postulate that H3630 and H3650 catalyze H+ reactions 

identically can be further excluded due to the large differences among experimental koverall and predicted 

koverall for dehydrogenation and cracking reactions (Figures S16 and S17).

Figure S14. Experimental rate constants and predicted rate constants (on a per proton basis to Hoverall, and 
koverall = x3630·k3630 + x3650·k3650) for propane dehydrogenation over low-silica H-FAU zeolites. (a) 
Experimental values and (b) predicted values per overall H+ based on the postulate that H3630 and H3650 
catalyze H+ reactions differently.
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Figure S15. Experimental rate constants and predicted rate constants (on a per proton basis to Hoverall, and 
koverall = x3630·k3630 + x3650·k3650) for propane cracking over low-silica H-FAU zeolites. (a) Experimental 
values and (b) predicted values per overall H+ based on the postulate that H3630 and H3650 catalyze H+ 
reactions differently.
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The postulate that H3630 and H3650 catalyze H+ reactions identically can be further excluded due to the large 

differences among experimental koverall (Figures S16(a) and S17(a)) and predicted koverall (Figures S16(b) 

and S17(b)) for dehydrogenation and cracking reactions. As shown in Figures S16(b) and S17(b), the 

manifold difference in kD,overall and kC,overall among the six H-FAU materials (Figures S16(a) and S17(a)) 

cannot be described based on this postulate.

Figure S16. Experimental rate constants and predicted rate constants (on a per proton basis to Hoverall, and 
koverall = x3630·k3630 + x3650·k3650) for propane dehydrogenation over low-silica H-FAU zeolites. (a) 
Experimental values and (b) predicted values per overall H+ based on the postulate that H3630 and H3650 
catalyze H+ reactions identically. kD,overall on a per proton basis overlaps for the six H-FAU zeolites as shown 
in (b).
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Figure S17. Experimental rate constants and predicted rate constants (on a per proton basis to Hoverall, and 
koverall = x3630·k3630 + x3650·k3650) for propane cracking over low-silica H-FAU zeolites. (a) Experimental 
values and (b) predicted values per overall H+ based on the postulate that H3630 and H3650 catalyze H+ 
reactions identically. kC,overall on a per proton basis overlaps for the six H-FAU zeolites as shown in (b).
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Figure S18 shows specific rate constants for H3630 and H3650, including kD,3630, kD,3650, kC,3630, and kC,3650, 

which were deemed to remain constant at a specific temperature among the six low-silica H-FAU materials. 

These specific rate constants were assessed in AthenaVisual Studio to provide optimal estimates with 95% 

marginal HPD intervals, and their specific values are provided in Figure 2(c)(d).

Figure S18. Rate constants of (a) kD,3630 and kD,3650, (b) kC,3630 and kC,3650 over low-silica H-FAU zeolites. 
Reaction conditions: H2/C3H8/Ar/He = 3/3/1.5/60, with a total pressure of 120 kPa and a total flow rate of 
67.5 sccm, and space velocity = 3600 cm3

C3H8·gcat
-1·h-1, time-on-stream = 60 seconds. Propane conversions 

are <1%. The 95% marginal HPD intervals of rate constants are provided in (a) and (b).
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S6. Comparison of apparent enthalpic (Eapp) and entropic (ΔSapp) barriers

Apparent enthalpic (Eapp) and entropic (ΔSapp) barriers for monomolecular protolytic reactions of propane 

(Table S3) were calculated from temperature dependence of cracking and dehydrogenation rate constants 

in Figures S14(a) and S15(a) via the following two equations:7

  aln ln Ek A
RT

 

B
a

b

ln ln k TAS R
n h

          
   

in which nb, kB, and h represent the number of C-H bonds (8 for propane), Boltzmann’s constant (1.380649 

×10−23 J·K−1), and Planck’s constant (6.62607015 ×10−34 J·Hz−1).

Table S3. Apparent enthalpic (Eapp) and entropic (ΔSapp) barriers for propane dehydrogenation and cracking 
over H3630 (on site II) and H3650 (on site III). Corresponding rate constant values are reported in Figures 
S14(a) and S15(a).

Sample
Eapp for 

dehydrogenation
(kJ·mol-1)

ΔSapp for 
dehydrogenation

(J·mol-1·K-1)

Eapp for 
cracking

(kJ·mol-1)

ΔSapp for 
cracking

(J·mol-1·K-1)
H-FAU1 71.7 ± 3.0 -185.7 ± 7.7 114.3 ± 3.3 -144.2 ± 4.4
H-FAU2 56.1 ± 1.5 -207.2 ± 5.8 110.4 ± 4.3 -150.9 ± 6.3
H-FAU3 74.5 ± 2.6 -189.0 ± 7.0 106.4 ± 4.3 -156.9 ± 6.9
H-FAU4 70.8 ± 2.8 -189.6 ± 7.5 156.8 ± 5.9 -91.8 ± 3.5
H-FAU5 71.5 ± 2.4 -183.7 ± 5.8 117.4 ± 2.7 -140.1 ± 3.3
H-FAU6 61.6 ± 1.7 -194.0 ± 4.9 182.6 ± 4.5 -59.6 ± 1.5
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