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S1. X-Ray Diffraction  

 

Figure S1. X-ray diffractograms for a) Si-MFI-F(x), b) Ti-MFI-F(x), c) Nb-MFI-F(x), and Ta-

MFI-F(x). Diffractograms are vertically offset for clarity.  

 Figure S1 shows X-ray diffractograms for all M-MFI-F(x) discussed within this study. All 

diffractograms possess diffraction patterns that are indicative of the MFI framework.  
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Figure S2. a) X-ray diffractograms for Si-MFI-F(x) and b) diffraction peak centers for (101) and 

(200) reflections as a function of HF to TPAOH ratio. Diffractograms are vertically offset for 

clarity. Dashed lines in panel b) represent linear fits. 

 Figure S2 shows that X-ray diffraction peaks for the (101) and (200) reflections within Si-

MFI-F(x) increase monotonically with the HF:TPAOH ratio, by a value of 0.2 degrees between 

Si-MFI-F(0) and Si-MFI-F(1.5). The diffraction peaks that correspond to the (101) and (200) 

reflections1 of MFI at ~8 and ~9 degrees decrease monotonically as the HF:TPAOH ratio decreases 

and span a range of 0.2 degrees between HF to TPAOH ratios of 1.5 and zero. The shift in 

diffraction peak positions to lower angles with an increase in SiOH density suggests that the 

hydrogen bonding interactions among -OH functions in framework vacancies slightly expand the 

unit cell of MFI relative to the defect-free structure.2-3 
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S2. Diffuse Reflectance UV-vis Spectra 

 

Figure S3. Tauc plots for a) Ti-MFI-F(x), b) Nb-MFI-F(x), and c) Ta-MFI-F(x). All plots were 

normalized to the most intense feature around 5.2 eV and are vertically offset for clarity. 

 

 Figure S3 shows that, with the exception of Ta-MFI-F(1.5), all M-MFI-F(x) contain a 

single UV-vis absorbance feature around 5.2 eV. The small absorbance feature at 4.2 eV for Ta-

MFI-F(1.5) corresponds to a small quantity of bulk Ta2O5. The leading edge (4.8 – 5.0 eV) for 

each Tauc plot was fit using a line to extrapolate the x intercept, which is equal to the band gap of 

the material.   
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S3. N2 Adsorption Isotherms over Ti-MFI-F(x) 

 

Figure S4. Representative N2 adsorption isotherms (77 K) over Ti-MFI-F(x) samples.  
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S4. Infrared Spectra of M-MFI-F(1.5) Materials 

 

Figure S5. Infrared spectra of Si-, Ti-, Nb-, and Ta-MFI-F(1.5) at ambient conditions. All spectra 

are normalized to the framework vibration at ~1080 cm-1 and are vertically offset for clarity. 
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S5. Raman Spectra of M-MFI-F(0) and M-MFI-F(1.5) Materials 

 

Figure S6. Raman spectra (λex = 532 nm) of a) M-MFI-F(0) and b) M-MFI-F(1.5) materials. All 

features are normalized to the most intense feature and are vertically offset for clarity. 

 Figure S6 shows Raman spectra of all M-MFI-F(0) and M-MFI-F(1.5) possess vibrational 

features between 300 – 500 cm-1 that is characteristic of the MFI framework.4 Bulk TiO2, Nb2O5, 

and Ta2O5 possess strong scattering features located at 140,5 680,6 and 2507 cm-1, respectively. 

Notably, none of the Raman spectra for Ti-, Nb-, or Ta-bearing MFI materials contain any 

scattering features that are reminiscent of the corresponding bulk metal oxide domains. 

Consequently, these data, in conjunction with our ATR-IR measurements (Figure 2) and DRUV-

vis spectra strongly suggest that these materials contain predominantly monomeric metal atoms 

that are substituted into the framework of MFI.   
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S6. Relationship Between Crystallization Rates and Heteroatom Identity 

 Empirically, the crystallization time increases with the radius of the metal cation 

incorporated into the MFI framework (e.g., Si4+(40 pm), Ti4+ (56 pm), Nb5+ (78 pm), and Ta5+ (78 

pm))8 for M-zeolite syntheses.9 This phenomenon may reflect an expansion of the unit-cell caused 

by incorporation of the heteroatoms,2, 10 which in turn, increases the energetic barrier for 

crystallization. 
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S7. Infrared Spectra of M-MFI-F(x) 

 
Figure S7. Infrared spectra of dehydrated a) Si-MFI-F(x), b) Nb-MFI-F(x), and Ta-MFI-F(x) at 

573 K in flowing He (50 cm3 min-1). All spectra are normalized to the ν(Si-O-Si) overtone at 1865 

cm-1 and are vertically offset for clarity. 
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 Figure S7 shows a series of infrared (IR) spectra of Si, Nb-, and Ta-MFI-F(x) (x = 0, 0.33, 

1, 1.25, or 1.5) at 573 K to desorb adsorbed volatile compounds. All spectra possess vibrational 

features at 1990 and 1865 cm-1 that correspond to ν(Si-O-Si) overtones from the MFI framework. 

The broad features between 3300 – 3750 cm-1 are attributed to ν(O-H) of the SiOH within these 

materials. The sharp feature at 3740 cm-1 corresponds to ν(O-H) of isolated SiOH, which do not 

interact with other SiOH species. The broad bimodal feature with peak centers at 3680 and 3540 

cm-1 represents (SiOH)x groups that contain multiple, proximate hydrogen-bonded -OH functions.  
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S8. Metal Content within M-MFI-F(x) as a Function of HF to TPAOH Ratio 

 

Figure S8. Metal content of a) Ti, b) Nb, and c) Ta within M-MFI-F(x) samples as a function of 

HF to TPAOH ratio. Ti-, Nb-, and Ta-MFI-F(x) samples were synthesized to contain 0.3 wt.% Ti, 

0.6 wt. % Nb, or 1.2 wt.% Ta, respectively. Dashed lines represent linear fits. 

 

 The Ti, Nb, and Ta metal context within M-MFI-F(x) zeolites decreases linearly with the 

HF to TPAOH ratio within the synthesis gel, because HF condenses with M(OH)z complexes to 

form stable M(OH)xFy species that are not incorporated into the MFI framework (Section 3.2).  
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S9. Raman Spectra of Supernatant from Ti- and Si-MFI-F(1.5) Syntheses 

 

Figure S9. Raman spectra (λex = 532 nm) of the dried supernatant from Si-MFI-F(1.5) (black) and 

Ti-MFI-F(1.5) (blue) syntheses.  

 Figure S9 shows Raman spectra of the dried supernatant from Ti- and Si-MFI-F(1.5) 

syntheses with an extended x-axis in comparison to Figure 7.  
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S10. H2O Adsorption Isotherms within Nb-MFI-F(x)  

 

Figure S10. H2O adsorption isotherms (293 K) within a) Nb-MFI-F(x) and b) Ta-MFI-F(x). 

Adsorption isotherms are not vertically offset. 

 Figure S10 shows H2O adsorption isotherms for Nb- and Ta-MFI-F(0, 1, 1.5) resembles a 

type I isotherm. When the ratio of HF:TPAOH is increased from 0 to 1, there is 3-fold decrease in 

the amount of H2O adsorbed. Further, the uptake of H2O within M-MFI-F(0) is nearly 8-times 

greater than within M-MFI-F(1.5).  
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