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Correlating the atomic-level compositions, structures, 
and reaction properties of Pt-zeolite catalysts 

 

by 

 

Tsatsral Battsengel 

 

Heterogeneous catalysts are used for approximately 80% of the chemical catalysts 

used in the world, among which metal supported on zeolite catalysts are particularly 

versatile and widely used in chemical industries. The reaction properties of these 

catalysts depend strongly on the compositions and nanoscale architectures of the 

zeolite support, as well as the types and locations of metal species within the zeolite 

pores, which are influenced by the catalyst synthesis and treatment conditions. 

Understanding the atomic-scale structures of metal-zeolite systems is crucial to the 

development of strategies to control metal dispersion and thereby improve catalyst 

performance. However, these types of catalysts are complex and challenging to 

understand on the atomic scale, because of the presence of broad distributions of 

chemical environments. Here, solid-state nuclear magnetic resonance (ssNMR) 

methods are used to elucidate atomic-scale structures of various types of metal- 

zeolite materials. The results and analyses are complemented by analyses of other 

powerful techniques, such as electron paramagnetic resonance, extended X-ray 

Abstract 



 

 
xiii 

 
 

absorption fine structures, X-ray diffraction, and high-resolution transmission electron 

microscopy.  

Detailed understandings of atomic structures of various metal-zeolite systems are 

obtained by advanced ssNMR methods, with a focus on industrially significant 

platinum supported on zeolites, e.g., bifunctional Pt on H+USY zeolite catalyst used 

for hydroisomerization and Pt on F-KL zeolite catalyst used for the aromatization of 

straight n-hexane. For example, two-dimensional (2D) solid-state NMR techniques are 

used to identify covalent bonding environments of 27Al and 29Si sites of the zeolite and 

to reveal interactions between dilute promoter species and zeolite support sites. High 

external magnetic field (up to 35.2 T) and fast magic angle spinning (up to 55 kHz 

MAS) methods are used to obtain well-resolved NMR spectra which enabled to 

elucidate distinct chemical environments present in various zeolite catalysts. 

Ultrawideline 195Pt NMR experiments are also implemented on high loading Pt 

supported on zeolite materials to identify types and distributions of 195Pt moieties. 

Moreover, recent advancements in NMR instrumentation enabled to conduct in-situ 

variable temperature and pressure (up to 200 bar & 240 oC) 13C and 1H MAS NMR 

measurements, which provide opportunities to identify types of reactants and products 

under reaction conditions. The methods, analyses, and results discussed in this thesis 

are expected to be of broad importance in understanding correlations between 

reaction properties and atomic-scale structures of industrially significant zeolite 

catalysts. 
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CHAPTER 1 

1. Introduction and background 

1.1 Motivation and objectives 

Catalysis has a significant role in today’s world; it is involved in energy conversion 

applications and various chemical manufacturing processes including petrochemical, 

polymer, food, and pharmaceutical industries. Several major inventions that 

revolutionized these industries by enabling more sustainable pathways of chemical 

conversions are the Haber-Bosch process of ammonia synthesis1 from molecular 

nitrogen and hydrogen using an iron catalyst, the Houdry process of cracking of 

heavier petroleum2 using solid-acid aluminosilicates, and the Fischer-Tropsch 

process3 of forming hydrocarbons and oxygenated compounds from CO and H2 over 

alkalized iron catalysts. The importance of the field of catalysis has been well 

documented in the history of the Nobel Prize. As of 2021, the groundbreaking 

inventions of 23 out of 187 Nobel Laureates were directly related to catalysis.4,5 

Thanks to these discoveries, the use, and importance of catalysts have only been 

increasing. Approximately 80% of the chemical catalysts used in the world are 

heterogeneous catalysts,6 of which supported metal-zeolite catalysts are particularly 

versatile and widely used in chemical industries.7–21  

These types of metal-zeolite catalysts are complex and challenging to understand 

on the atomic scale, because the overall catalytic performance of supported metal 

catalysts depends on various factors, including the types of support and metals. 

Moreover, within a metal particle, many different sites can participate in the reaction, 

thus adding more complexity to the understanding of these catalysts. It is of great 
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interest for both industrial and fundamental research to obtain atomic-scale insights 

about supported metal catalysts, a central theme in the science of heterogeneous 

catalysis, to guide the design of catalysts with improved performances. This doctoral 

dissertation work focused on investigating how catalytic properties of metal-zeolite 

catalysts, specifically focused on Pt-zeolite catalysts, are governed by atomic-scale 

structures and chemical compositions of the catalysts. 

1.2 Heterogeneous zeolite catalysts 

A catalyst is a substance that influences the rate of a chemical reaction by 

changing its reaction pathway without itself being consumed and without changing the 

equilibrium of the reaction. Heterogeneous catalysts are widely used in industries, 

because of their reusability and easy separation from the products. More than 40% of 

the heterogeneous catalysts used today in chemical industries are zeolites.22 Zeolites 

are porous crystalline aluminosilicates, and their high internal surface-areas and 

shape-selective cages make them attractive as heterogeneous catalysts and as 

supports for metal ions and nanoparticles. Zeolite structures are composed of 

tetrahedral Si and Al bonded through bridging oxygen atoms. The Trivalent Al atom 

bonded to four oxygen atoms possesses a negative charge, which is balanced by 

extraframework cations such as H+, Na+, and K+.23–26 The porous character and 

adsorption capacity of aluminosilicate zeolites makes them extremely hydrophilic. The 

term “zeolite” is based on the Greek words for “to boil” and “stone”. The Swedish 

mineralogist A.F. Cronstedt observed the formation of a large amount of steam when 

heating the mineral, and named it zeolite.27  Since the discovery of the natural zeolites 
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and finding of the importance in the application of catalysis, ion exchange, and gas 

separation, the quest to discover new types of synthetic zeolites has been strongly 

continuing.28–45Currently, there are over 240 different zeolite frameworks have been 

identified by the International Zeolite Association.46 However, only about 17 are of 

commercial interest and produced synthetically.47–49 In this dissertation, three of the 

most commonly used zeolite structures are studied: FAU, LTL, and CHA.  

For zeolite catalysts, the shape selectivity of the structure plays a crucial role. 

Geometric shape constraints of the pores of the zeolite can influence the reactant, 

product, or transition states, hence directly affecting the overall selectivity. Firstly, the 

reactant shape selectivity arises when the difference in reactivity between competing 

reactants is caused by their different accessibility of the internal active sites of the 

zeolite. The reaction only proceeds when the molecule is small enough to enter the 

pore of the zeolite, while the bulkier molecules bypass the zeolite pores as illustrated 

in Figure 1.1. 50  

 

Figure 1.1. Schematic diagrams illustrating reactant shape selectivity of zeolites 

Secondly, the product shape selectivity arises when the reactants are small enough 

to diffuse through the channels of the zeolite, but only the product molecules that are 

small enough can diffuse out of the zeolite pore as shown in Figure 1.2.51 
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Figure 1.2. Schematic diagrams illustrating product shape selectivity of zeolites 

Lastly, the transition state shape selectivity refers to the situation where the 

constraints of the size of the zeolite cage hamper the formation of transition states 

that are too bulky to be encaged in the pores as illustrated in Figure 1.3.52 

 

Figure 1.3. Schematic diagrams illustrating transition state shape selectivity  

When small nanoparticles or single atoms of Pt are supported on zeolites, a broad 

variety of the combination of the pore structure and various possibilities of locations 

of Pt within the zeolite pore result in Pt-zeolite systems capable of catalyzing various 

types of reactions. Pt-zeolite catalysts are widely used for chemical conversions, 

including hydrocarbon cracking, reforming, and selective reduction of nitrogen 

oxides.20,53–56 The reaction properties of Pt-zeolite catalysts depend strongly on the 

compositions and nanoscale architectures of the zeolite framework, as well as the 

types and locations of Pt species within the zeolite nanopores, which are influenced 

by catalyst synthesis and treatment conditions. Understanding the atomic-scale 

structures of Pt-zeolite systems is crucial to the development of strategies to improve 

and prolong catalyst activity and to reduce the amount of Pt required. Detailed 
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understanding of Pt environments in zeolite catalysts has till now been very limited, 

due in part to the broad distributions of local Pt environments, both within nanoscale 

clusters and due to diverse interactions near different framework sites, exchangeable 

cations, or adsorbed species. To overcome these challenges, powerful solid-state 

nuclear magnetic resonance (NMR) techniques, in combination with electron 

paramagnetic resonance (EPR), X-ray powder diffraction (XRD), extended X-ray 

absorption fine structure (EXAFS), scanning and transmission electron microscopy 

(SEM and TEM), thermogravimetric analyses (TGA), to obtain detailed insights on the 

locations and interactions of Pt species, as functions of treatment conditions.  

Correlations between reaction properties and atomic-scale structures of various 

types of industrially significant zeolite catalysts, with a specific focus on Pt-supported 

zeolites, are investigated in this dissertation work. Chapter 2 discussed the effects of 

calcination temperatures on the types and locations of  Pt moieties and their effects 

on the zeolite sites of support NaY zeolite. Chapter 3 revealed the atomic-scale 

structural changes of Pt/KL aromatization catalyst upon dilute fluorination. The specific 

types of fluorine species attached to the framework zeolite sites are unambiguously 

revealed and proposed to have promoting effects on n-hexane aromatization 

properties. Chapter 4 investigated structural differences in two types of bifunctional 

Pt-H+USY catalysts used for n-hexadecane hydroisomerization. Different 

isomerization activities exhibited by two types of Pt-H+USY are found to be due to the 

differences in the amount of siliceous disordered moieties in USY zeolites. Chapter 5 

studied distributions of Al sitings in small pore CHA zeolites synthesized in different 

gel mediums. The effects of zeolite crystallization medium, e.g., presence of structure-
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directing agent and cations, are found to directly influence the distributions of Al sites 

in CHA zeolite despite keeping the bulk Si/Al ratio. In Chapter 6, different 

coordinations of Cu2+ in deNOx catalyst Cu-CHA zeolite are revealed by extensive 

analyses of EPR methods. Notably, EPR methods revealed two types of Cu 

coordination and dimers of Cu species, which are all crucial for understanding the 

catalytic activities of Cu-sites. The atomic-level structural information of various zeolite 

systems presented in this dissertation provides information that is crucial to the 

development of synthesis protocols to optimize treatment conditions, which can 

ultimately lead to the design of zeolite catalysts with higher performances.    

1.3 Characterization of Pt-zeolite catalysts 

Oftentimes, a combination of different characterization methods is used to obtain 

a structure-function correlation of various zeolite catalyst systems. These include 

sorption measurements (pore size and accessibility), solid-state NMR (short-range 

order and connectivity), electron microscopy, and powder diffraction methods (long-

range periodicity, crystallinity).11,32,34,57–60 In this dissertation, results and analyses of 

solid-state NMR methods are complemented by various other advanced methods, 

such as X-ray diffraction, synchrotron X-ray absorption, and high-resolution TEM 

methods to probe different length scales and chemical environments as illustrated in 

Figure 1.4. 
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Figure 1.4. Characterization methods used to obtain a structure-function correlation 

of Pt-zeolite catalysts 

Solid-state Nuclear Magnetic Resonance methods 

NMR spectroscopy is a powerful technique for obtaining atomic-level structural 

information of zeolite materials.10,14,61–83  The theory of NMR can be explained by 

rigorous quantum mechanics of nuclear-spin angular momentum, which is 

characterized by nuclear-spin-quantum-number I. Nuclei with non-zero spin quantum 

numbers (I ≠ 0) are called NMR active because they have nuclear magnetic moments, 

µ, and can be studied by NMR. Nuclear magnetic moments are characterized by a 

magnetic quantum number, m, which has 2I +1 possible values. When there is no 

external magnetic field, the 2I +1 number of states are degenerates. In the presence 
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of a magnetic field, the states have different energy levels.  The splitting between 

nuclear spin levels is called Zeeman splitting, which is very small energy compared to 

thermal energy. The population difference between the states is very small, and the 

fraction of the population at state m is defined by the Boltzman distribution.  

𝑁𝑚

𝑁
=

e
𝑚ℏ𝛾𝐵0
𝑘𝐵𝑇

∑ e
𝑚ℏ𝛾𝐵0
𝑘𝐵𝑇

𝑚

≈
(1 +

𝑚ℏ𝛾𝐵0

𝑘𝐵𝑇
)

∑ (1 +
𝑚ℏ𝛾𝐵0

𝑘𝐵𝑇
)𝑚

 ≈
1

2𝐼 + 1
(1 +

𝑚ℏ𝛾𝐵0

𝑘𝐵𝑇
) 

Nm is the number of nuclei in the mth state, N is the total number of nuclei in all states. 

By applying the Taylor series at high-temperature approximation, the population ratio 

simplifies to become a linear function of an applied external field, an inverse function 

of absolute temperature.84 At equilibrium, the different energy states are unequally 

populated, because populations of lower energy are slightly higher than other energy 

levels. For example, for 1H (I = ½ ) at T  = 293 K when external field  𝐵0 = 9.4 T, 

fraction of population at m = ½  state is 0.500016, which means only 16 spins are 

contributing to the bulk magnetization in one million spins. Therefore, NMR 

spectroscopy has inherently very low sensitivity, and this is the main reason many 

researchers put a lot of effort to construct an NMR instrument with the highest field 

possible. Currently, the highest magnetic field available for NMR measurement is 35.2 

T, and the instrument is located in the National High Magnetic Field Laboratory, 

Tallahassee, FL.85 Several major NMR results of this dissertation work have utilized 

the 35.2 T magnets, and the high field enabled to obtain unprecedented spectral 

resolution which lead to more straightforward and unambiguous structural analyses of 

zeolite systems. 
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Nothing interesting will happen if the spins are just sitting in the magnet since the 

net magnetization will be equilibrated at thermal equilibrium. Therefore, short 

radiofrequency pulses are applied to perturb the thermal equilibrium, and the NMR 

signal is acquired during the time the perturbed bulk magnetization relaxes back to its 

thermal equilibrium. As an example, 90o single-pulse and 29Si spectrum of KL zeolite 

are shown in Figure 1.5. The aligned bulk magnetization of 29Si nuclei to the external 

magnetic field represented by the red arrow is tilted to the transverse plane upon 

application of the rectangular 90o pulse. While the bulk magnetization precesses back 

to its thermal equilibrium, transverse magnetization is detected as a free induction 

(FID) decay in the time domain. 29Si NMR spectrum is plotted by taking Fourier 

Transform of the FID, which shows signal intensities at -96, -102, and -108 ppm 

(normalized frequency unit Hz/MHz). Each signal arises from 29Si moieties with 

different numbers of Al neighbors Pulse sequences can be designed to selectively 

measure or remove certain interactions, or correlate different spin systems, which will 

be shown in the following discussions about two-dimensional NMR.  
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Figure 1.5. 90o Single-pulse and free induction decay, corresponding visualization of 

bulk magnetization below 

Two-dimensional NMR 

One of the highlights of NMR spectroscopy is its ability to correlate homo- and 

heteronuclear spin systems by two-dimensional (2D) NMR,86 which has made a 

tremendous impact on systems that can be studied. In one dimensional NMR, the 

intensity of each peak is plotted as a function of frequency. In 2D NMR, each peak 

has two frequency coordinates and amplitudes, which is shown as a contour plot. Two-

dimensional correlation NMR experiments have the general pulse sequence shown in 

Figure  1.6a. It starts with preparing spins to evolve in t1, during which no observation 

is made. Multiple quantum excitations, which contain information about correlated spin 

systems, are allowed during t1 since there is no need to have an observable signal 

during this evolution time. Then, the crucial step of transferring magnetization into 

observable coherence is implemented by applying radio-frequency pulses called 

mixing or sometimes refocusing pulses. Finally, the signal has to be observable free 

induction decay for normal detection time t2. The two time-domains, t1 and t2, are 
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transformed into two frequency axes after Fourier transform. For example, solid-state 

2D 27Al{29Si} J-mediated correlational spectrum of dehydrated KL zeolite is shown in 

Figure 1.6b. 27Al and 29Si moieties interacting through covalent bonds, i.e., 27Al-O-

29Si, give rise to correlated signal intensities  

 

Figure 1.6. Two-dimensional NMR (a) pulse program, (b) 2D 27Al{29Si} J-HMQC 

spectrum of  KL zeolite 

There are various types of advanced pulse sequences for 2D NMR to provoke 

different interactions, such as dipolar and scalar, present in the spin systems of 

interest. The goal of any pulse sequence is to selectively keep a specific coherence 

transfer pathway and remove the unwanted ones. For example, one of the commonly 

used 2D NMR methods in this dissertation is dipolar- and J-mediated heteronuclear 

multiple quantum coherence (HMQC) experiments. The heteronuclear correlation 

experiment is first developed by Muller et. al.,87 and later Bax88 popularized the pulse 
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sequence known as HMQC, which has the pulse sequence shown in Figure  1.7. The 

HMQC pulse sequence starts with a 90o pulse on the I spin followed by τ delay. For J-

mediated experiment, τ = 1/2JIS, where JIS  is J-coupling strength between spin I and 

S. At the end of the delay, in-phase I magnetization is converted to antiphase 2IYSZ 

magnetization. A 90o pulse on the S spin converts this antiphase term into a zero- and 

double-quantum coherence. 2IYSX, which evolve during the t1 period. Centrally placed 

180o pulse on I spin selectively refocuses the I spin evolution, leaving the coherence 

of S spin labeled.  The second 90o pulse on the S spin changes the multiple quantum 

coherence to observable antiphase I spin magnetization. Finally, the second τ delay 

converts the antiphase term into an in-phase term before acquisition in time domain 

t2. 89  

 

Figure  1.7. Dipolar-mediated HMQC pulse sequence. J-mediated HMQC experiment 

has the same pulse sequence, except the two recoupling pulses noted as 𝜏𝑟𝑒𝑐 in the 

blue rectangle is not present.  

Fast-MAS 

In low viscosity liquids, molecules change orientations faster than the timescales 

of the anisotropic interactions, thus averaging out these interactions and resulting in 

a high-resolution NMR signal in the solution state. However, in solids, such rapid 
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molecular tumbling motion does not exist, and the resulting NMR signals are poorly 

resolved broad peaks, in which anisotropic interactions contribute significantly.  

Spinning the sample at a 54.7o angle concerning the applied magnetic field, also 

known as the Magic Angle Spinning (MAS), partially averages out these anisotropic 

interactions. The total Hamiltonian of an ensemble of spin I is expressed as:  

ℋ ≈ −𝜔0𝐼𝑧 +  𝜔𝜆𝒅𝟎,𝟎 
(𝟎) (𝜽)𝑇0,0

𝜆 𝐷0,0
(0)(Ω𝑃𝐴𝑆)𝜌0,0

𝜆 + 𝜔𝜆𝒅𝟎,𝟎 
(𝟐) (𝜽)𝑇2,0

𝜆 ∑ 𝐷𝑝,0
(2)

 

2

𝑝=−2

(Ω𝑃𝐴𝑆)𝜌2,𝑝
𝜆   

The first term arises due to Zeeman interaction. The second and third term 

encompasses the isotropic and anisotropic internal interactions, respectively. (See 

reference for further detailed discussions) The bolded terms are spherical harmonics, 

and they express the angular dependence of the effective Hamiltonian. These terms 

vary as Legendre polynomials in cos 𝜃. 

𝑑0,0 
(0)

(𝜃) =  𝑃0(cos 𝜃) = 1 

𝑑0,0 
(2) (𝜃) =  𝑃2(cos 𝜃) =

1

2
(3 cos2 𝜃 − 1) 

The root of the second-order Legendre polynomial is 54.7o, which zeros the 

anisotropic terms in the spin Hamiltonian. When anisotropic interaction is strong, such 

as 19F-19F dipolar interaction in the fluorine promoted Pt/KL catalyst, spinning at low 

speed (10-20 kHz) is not enough to obtain well-resolved spectra. Therefore, to 

suppress the strong dipolar spin interactions, 19F measurements in this dissertation 

are conducted at a fast MAS rate of up to 55 kHz. 
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2.1 Abstract  

The reaction properties of 

metal-zeolite catalysts strongly 

depend on the compositions 

and nanoscale architectures of 

the zeolite support, as well as 

the identities and locations of 

metal species and exchangeable cations within the zeolite pores, which are influenced 

by the catalyst synthesis and treatment conditions. Pt supported on faujasite zeolites, 

which consist of distinct cages with different nanoscale dimensions are prepared to 

understand the calcination temperature-dependent locations of Pt species within the 

2. Correlated distributions of Pt, exchangeable cations, and 

framework sites in Pt-NaY zeolite  
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different cages of the zeolite framework and the effects of different Pt species on 

distributions of exchangeable cations. A combination of nuclear magnetic resonance 

(NMR), synchrotron extended X-ray absorption fine structure (EXAFS), X-ray 

diffraction (XRD) refinement analyses, and high-resolution transmission electron 

microscopy (HRTEM) results revealed calcination temperature-dependent locations 

of precious metal Pt sites in zeolites and distributions of 23Na cations located in 

different cages of the faujasite zeolite. Pt species directly influence through-bond 29Si-

O-27Al and through-space 29Si-23Na interactions, as revealed by solid-state two-

dimensional (2D) NMR measurements. Calcination at high temperatures (873 K) 

results in Pt2+ cations at the center of the sodalite cage 6-ring of the Y-zeolite, whereas 

calcination at 673 K results in PtOx species in supercage sites. Moreover, the Pt2+ 

cations charge-balance anionic framework sites and compete with Na+ cations, which 

affect their mutual distributions. Such atomic-scale insights are expected to enable the 

design and synthesis of dispersed Pt, a central goal of metal-supported 

heterogeneous catalyst preparation.  

2.2 Introduction 

  In zeolite-supported metal catalysts, the composition and nanoscale architecture 

of the zeolite support, as well as the types and locations of metal species within zeolite 

pores determine the reaction properties. Preparation conditions, e.g., treatment 

temperature, of these catalysts, influence the speciation and distribution of the metals 

supported on zeolites.1–6 Understanding the atomic-scale structures of metal-zeolite 

systems prepared under different conditions is crucial to the development of strategies 

to control metal active site distributions, and thereby improve catalyst performance.  
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Y zeolite with FAU framework structure is industrially significant zeolite support used 

for various catalytic reactions, such as isomerization and cracking.7–9 Pt-NaY is 

especially useful for understanding how metals interact with the zeolite framework due 

to the distinct types of sub-nanometer cages of the faujasite framework with different 

local structures and dimensions. Y zeolite structure is composed of supercages 

(diameter 1.2 nm), sodalite cages (diameter 0.6 nm), and small hexagonal prisms 

(diameter 0.3 nm). Pt metals can be stabilized via strong basic lattice sites ligation or 

can be mechanically supported inside zeolite pores by encapsulation.  While the 

effects of catalyst treatment, e.g., calcination and reduction conditions, on the 

chemical reaction properties of Pt-zeolite catalysts have long been known, the atomic-

level structures that account for these influences have remained elusive.2,5,6,9–15  

Previously, locations of Pt in NaY-zeolite have been inferred by indirectly detecting Pt 

species by nuclear magnetic resonance (NMR) spectroscopy of adsorbed 129Xe or 

13CO,4,16 infrared spectroscopy,17 and H2 temperature-programmed desorption 

analyses.10 Due to dilute loadings of Pt and broad distributions of local chemical 

environments in the zeolite, Pt-zeolite systems have been challenging to characterize 

at an atomic-level, including the interactions of Pt with the framework atoms and 

locations of Pt within the zeolite.  Recent advances in solid-state nuclear magnetic 

resonance techniques overcome some of these challenges by detecting local 

environments of framework 27Al, 29Si sites, distributions of 23Na exchangeable cations, 

and directly acquiring ultrawideline 195Pt spectrum, which is sensitive to chemical and 

coordination environments of platinum sites. Here, detailed structural insights are 

obtained on the locations and interactions of Pt species within the zeolite framework 
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as functions of calcination temperatures. Long-range structural order and distributions 

of extraframework charge density (Na+ or Pt2+) are revealed by Rietveld refinement 

analyses of the WAXS diffraction pattern. The atomic-scale compositions and 

structures are determined by solid-state nuclear magnetic resonance (NMR) 

spectroscopy, extended X-ray absorption fine structure (EXAFS), and high-resolution 

transmission electron microscopy (HRTEM) techniques. Pt-NaY with high Pt loadings 

(15 wt%) are used as a guide to analyzing results for industrially relevant Pt-NaY with 

an order of magnitude lower Pt content (<1 wt%) show calcination temperature-

dependent differences in types, sizes, and locations of Pt species, and different 

interactions between Pt species and framework tetrahedral sites.  

 2.3 Materials and Methods 

Synthesis of ion-exchanged and calcined Pt-NaY. NaY zeolite with a Si/Al ratio of 

2.5 (Zeolyst International, Inc. CBV-100) was hydrated overnight in an atmosphere 

with 80% relative humidity before ion-exchanging platinum tetraamine salt, 

Pt(NH3)4Cl2∙ H2O (Spectrum Chemical MFG Corp. CAS 13933-33-0).  The desired 

amount of Pt tetraamine salt in an aqueous solution was added dropwise to a solution 

of NaY zeolite in deionized water, and the slurry solution was stirred for 15 h at 373 K 

with refluxing. The ion-exchange proceeds through reaction (1), and after filtering the 

slurry the solid was washed with ammonia solution and DI water to remove residual 

chloride ions.  

Pt(NH3)4
2+ + 2Cl− + Na+−Y → Pt(NH3)4

2+ −Na+−Y +2Na+Cl−aq    (1) 

A thin bed of ion-exchanged Pt(NH3)4
2+Na+-Y was dried under vacuum at RT for 12 h 

before calcination under a continuous flow of O2 (2 scfh/300 mg sample) with a heating 
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rate of 11 K/h up to the desired temperature (473 K, 673 K, and 873 K). After keeping 

the sample at calcined temperature for 2 h and allowing it to cool down to room 

temperature, the sample was sealed in glass ampules and stored in a dry glovebox. 

Pristine NaY was dried under vacuum from room temperature to 723 K for 5 h and 

held at that temperature for 2 h.  

Elemental analyses of Pt-NaY at different stages of the preparation were obtained 

by X-ray fluorescence spectroscopy on Rigaku ZSX Primus IV spectrometer. 

Scanning electron micrographs were obtained using an FEI XL40 Sirion FEG digital 

scanning electron microscope at 15 000× magnification and 5 kV electron beam 

voltage.  

Materials characterization. Wide-angle X-ray scattering (WAXS) powder patterns 

were acquired from 1 wt% Pt-NaY calcined at different temperatures to identify the 

distributions of extraframework charge densities. Samples were sealed in 1 mm quartz 

capillary were measured using a home-built instrument equipped with XENOCS Genix 

50W X-ray microsource with a focus size of 50 μm at transmission mode A reference 

signal from Ag-behenate was acquired for a shorter time (120 s) compared to the 

acquisition time of the Pt-NaY samples (300 s). 

Electron Microscopy images were acquired to identify the sizes of Pt particles.  The 

zeolite samples were suspended in ethanol. Two types of Scanning Transmission 

Electron Microscopy signals were acquired: Annual Dark Field (ADF) and integrated 

Differential Phase Contrast (iDPC), The contrast of the first one is more sensitive to 

higher Z elements, e.g. Pt, while the latter results in higher resolution in zeolite 

framework. The microscope was operated at an accelerating voltage of 300 kV. The 

http://www.xenocs.com/
http://www.xenocs.com/
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images were acquired using a beam current of 20 pA, a convergence angle of 16 

mrad, and a dwell time of 20 μs.  

Extended X-ray absorption fine structure spectroscopy (EXAFS) experiments were 

performed at beamline 9-BM at Advanced Photon Source (APS) at the Argonne 

National Laboratory. Data were collected in transmission mode using an XAFS cell 

that has the capability of in-situ calcination and reduction. The in-situ reductions were 

performed with 4% H2 (in He), whereas 20% O2 (in He) was used for the in-situ 

oxidation treatments. A water-cooled Si(111) monochromator was used to scan X-ray 

energy from −250 to 1000 eV relative to Pt-L3 edge (11564 eV). Each sample (∼20 

mg) was pressed as a thin wafer inside the airtight EXAFS cell. Transmission XAFS 

measurements were carried out simultaneously with the pure Pt foil measured in 

reference mode for X-ray energy calibration and data alignment. Data processing and 

analysis were performed using the IFEFFIT package.18 After appropriate background 

subtraction, data ranges were assessed based on the quality of data generally 

between k = 3-14 Å-1 and for R= 1.2-3.3 Å. EXAFS analysis was done model-

independently, and the results were not biased in favor of any assumed model about 

the short-range order of elements in these samples. Specifically, the analysis was 

employed by fitting theoretical FEFF6 calculations to the experimental EXAFS data. 

The value of amplitude reduction factor, S02, was determined to be 0.82 by a fit of the 

reference foil with a fixed coordination number of 12 to reflect the fcc structure of Pt 

and was fixed in the analysis of the Pt-NaY samples. The parameters describing 

electronic properties (e.g., correction to the photoelectron energy origin) and local 

structural environment (coordination numbers N, bond length R, and the Debye-Waller 
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factor, σ2) around absorbing atoms were varied during fitting with a simultaneous fit of 

k1, k2, and k3. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy measurements were 

used to reveal molecular compositions and atomic structures of Pt-NaY and NaY 

zeolite materials. Y zeolite with a Si/Al ratio of 2.5 is extremely hygroscopic, and 

approximately 27 wt% of the fully hydrated zeolite is from adsorbed water. Solid-state 

NMR is highly sensitive to the local surroundings of the studied nuclei, hence the 

presence of water molecules around studied nuclei affects the spin properties, i.e., 

mobility of extraframework cations, quadrupolar broadening of 27Al, and longitudinal 

relaxation times of 29Si.  Therefore, to obtain the atomic-level structural information of 

Pt-NaY materials without the effects of water molecules, solid-state NMR 

measurements were conducted on dehydrated materials, which also closely resemble 

the state of the Pt-NaY catalysts under reaction conditions compared to hydrated 

materials. Calcined and dehydrated samples were sealed in a glass ampule and 

transferred into a glovebox under dry Ar, where samples were packed in NMR rotors. 

Silicone plugs were used to seal the open end of the rotor before placing the rotor cap, 

and dry N2 was used for MAS. Conventional solid-state 1H and 29Si MAS-NMR were 

conducted on 11.7 T Bruker AVANCE-II NMR spectrometer, operating at 12.5 kHz 

MAS at 298 K using a Bruker 4 mm probe head and zirconia rotors with Kel-FTM caps. 

Low-temperature MAS (LTMAS) measurements (95 K) provide significantly enhanced 

NMR signal sensitivity that allows the detection and analysis of 29Si-O-27Al covalent-

bonding environments and 29Si -23Na+ cation interactions in zeolite framework at a 

natural abundance of 29Si (4.7%). LTMAS measurements were conducted on a Bruker 
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ASCEND 400 NMR spectrometer with a 9.4 T superconducting magnet equipped with 

low temperature 3.2 mm triple-resonance MAS probe head operating at frequencies 

listed in Table S1. 23Na MQMAS spectra were obtained at ultra-high field (35.3 T) 

Series-Connected Hybrid Magnet at the National High Magnetic Field Laboratory. A 

Triple-quantum MAS pulse sequence with two hard pulses followed by a z-filter was 

used. Single-pulse excitation of 0.42 us corresponding to π/12 flip angle was used for 

quantitative 23Na experiments with a recycle delay of 0.5 s.  

Thermogravimetric analyses (TGA) were used to identify the decomposition 

temperature regime of tetraamine complex in ion-exchanged Pt-NaY and the 

temperature at which the parent hydrated NaY zeolite losses adsorbed water. TGA 

was conducted on fully hydrated NaY and 15 wt% ion-exchanged Pt(NH3)4
2+-NaY to 

obtain the tetraamine decomposition temperature from the pronounced effects in 

higher concentration Pt.  TA Discovery Thermo-Gravimetric Analyzer was used for 

TGA measurements. Figure   2.1 shows the weight percent of the samples as a 

function of sample temperature. As temperature increases fully hydrated zeolite loses 

adsorb water until it reaches equilibrium when most of the water is desorbed. 

Approximately 27 wt% of fully hydrated NaY is due to adsorbed water, which mostly 

is removed heating at 673 K (trace i). The decomposition of the Pt(NH3)4
2+ complexes 

start around 573 K, as manifested by the sudden mass loss between 573 and 673 K 

(trace ii) corresponding to the highlighted grey region.  
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Figure   2.1. Thermogravimetric (TGA) analyses of (i) initially fully hydrated NaY and 

(ii) and initially ion-exchanged 15 wt% Pt(NH3)42+-NaY during calcination in air at 5 

ml/min g sample at a heating rate 10 K/min 

X-ray photoelectron spectroscopy (XPS) was used to identify and quantify Pt 

located on the outer few nanometers of the zeolite crystal. The electron mean free 

path, EMFP, determines the sampling depth, which depends on the kinetic energy of 

the photoelectrons and the material of the study.  The sampling depth for crystalline 

zeolite materials is within a few nanometers. NaY zeolite used in this study has 

crystals with a diameter of a micron, so XPS only probes the surface of the Pt-NaY 

materials. The high-resolution XPS spectra of 1 wt% Pt-NaY calcined at 873 K (a) at 

673 K (b) are shown in Figure   2.2.  XPS Signals from the zeolite support appear at 

74 eV from Al 2p, which overlaps with a signal from Pt 4f7/2 photoelectrons at 77 eV, 

making an unambiguous resolution of the signals challenging.  
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Figure   2.2.  Regional XPS spectra of 1 wt% Pt-NaY calcined at (a) 873 K and (b) 

673 K, A Shirley background is used to remove the contribution of the inelastically 

scattered electrons. Due to lower loadings of Pt and overlapping signals from Pt 4f7/2 

and Al 2p photoelectrons, XPS signals from 1 wt% Pt-NaY cannot identify differences 

between Pt-NaY calcined at 673 and 873 K 

2.4 Results and Discussion 

Reaction properties of Pt-zeolite catalysts depend on dispersions and locations of 

metal sites, which are directly influenced by treatment conditions.2,14 To maximize the 

use of precious metals supported on zeolite catalysts, it is crucial to carefully control 

the dispersions of metals and avoid the formation of large metal clusters. Detailed 

understandings of locations and identities of Pt metal species of Pt-zeolites treated at 

different conditions are necessary to control the dispersion of Pt on NaY zeolite. Here, 

ion-exchanged Pt(NH3)4
2+-NaY is calcined at different temperatures, which are 

chosen based on the tetraamine salt decomposition temperature regimes, to result in 

Pt species with different identities, i.e., Pt particles or Pt single atom cations, and 

located in different cages, i.e., small hexagonal prisms, sodalite cages, or larger 
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supercages Y zeolite.  The calcination temperatures were chosen before the 

tetraamine salt decomposition (473 K), following decomposition of Pt(NH3)4
2+ (673 K), 

and at a higher temperature (873 K) to identify the locations and speciation of Pt-NaY 

calcined at different temperatures.  

Calcination temperatures below the temperature of the tetraamine salt 

decomposition result in an intact square planar Pt(NH3)4
2+ structure as expected, 

hence, 473 K calcined Pt-NaY contain platinum tetraamine cations, presumably inside 

the supercages of the NaY zeolite. Calcination at 673 K yields complete 

decomposition of Pt(NH3)4
2+ precursor and formation of oxidized Pt clusters residing 

inside the supercages or on the surface of the zeolite crystallites, which were revealed 

by X-ray diffraction refinement analyses and HRTEM images. When calcined at 873 

K, Pt species disperse even more and reside in smaller cages of the Y zeolite as Pt2+ 

cations.  The presence of such single atom cation sites stabilized by the zeolite 

framework oxygen atoms was identified by their effects on zeolite framework sites 

which were revealed by analyses of 2D 27Al{29Si} NMR results, and the Pt-O 

coordination with framework oxygen atoms by EXAFS analyses, and finally, the single 

Pt atoms are shown by HRTEM images. Furthermore, the locations of such Pt2+ 

cations are deduced from the relative distributions of Na+ cation sites located in 

different cages of Y zeolite quantified from 23Na NMR.  Moreover, the color of the 873 

K calcined Pt-NaY sample is much lighter (light grey even at very high 15 wt% Pt 

loading) compared to the sample calcined at 673 K (dark grey) with Pt loadings of 15 

and 1 wt%, indicating that Pt moieties are small and well dispersed in 873 K calcined 

Pt-NaY.  Larger particles scatter light more effectively,19 thus the darker sample color 



 

 
33 

 
 

is an indication of larger Pt cluster formation.   Structural diagrams of Pt-NaY calcined 

at the chosen temperatures are shown in Figure   2.3. Different cages of the Y zeolite 

are highlighted in Figure   2.3a: supercages with 0.7 nm aperture opening and 1.2 nm 

diameter cage, sodalite cage with a diameter of 0.6 nm, and small hexagonal prism 

with a diameter of 0.3 nm.  Square planar tetraamine complexes of Pt are depicted in 

Figure 2.3a inside the supercages results and analyses of these different Pt species 

formed inside NaY zeolite under different calcination temperatures. Firstly, the results 

and analyses of Pt-NaY calcined at 873 K will be discussed to establish the 

identification of such single atom species, their effects on the local environments of 

zeolite support, and distributions of Na+ cations. Then, the following sections will 

discuss the comparisons of analyses obtained from 673 K calcined Pt-NaY.  

 

 

 Figure   2.3.  Structural diagrams of Pt-NaY following calcination at (a) 473 K, (b) 673 

K, and (c) 873 K, which show different types and locations of Pt species that result 
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2.4.1 Single-atom Pt2+ cations coordinated with framework oxygens of Y 

zeolite: 873 K calcined Pt-NaY. The identities and locations of Pt in zeolites are 

determined by the preparation process, e.g., final calcination temperature. At certain 

calcination conditions, NaY zeolite with high Al content (Si/Al = 2.5) can stabilize 

single-atom cation Pt2+ species, which are coordinated with four framework oxygen 

atoms of zeolite Y. High-resolution TEM images show single Pt atoms located inside 

the zeolite cages. Based on the DFT calculations, the most energetically favorable 

locations of Pt2+ cations are at the center of the 6-membered ring and coordinated 

with four oxygen atoms. Moreover, the coordination environment of Pt centers with 

four oxygen atoms is confirmed by EXAFS analyses. Finally, the direct detection of 

broadband 195Pt NMR reveals chemical shift anisotropy (CSA) consistent with Pt in 

well-defined environments as discussed below.  

Differences in framework 29Si-27Al interactions of NaY and Pt2+-NaY. The 

differences in the local-bonding-environments of framework zeolite NaY and calcined 

Pt-NaY revealed the effects of Pt species on the support zeolite framework sites. 29Si-

O-27Al through-bond interactions of NaY zeolite are elucidated by two-dimensional 

(2D) solid-state J-mediated 27Al{29Si} Heteronuclear Multiple Quantum Coherence 

(HMQC) NMR measurements. Figure  2.4 shows 29Si{27Al} J-HMQC spectra of 873 K 

calcined parent NaY, 15 and 1 wt% Pt-NaY.  The contour plots indicate through-bond 

interactions between framework 27Al and 29Si sites, whose signals are plotted along 

the horizontal and vertical axes, respectively.  Although such through-bond 

correlations from the dilute natural isotopic abundance of 29Si (4.7%) and weak 29Si –

O-27Al J-couplings (<20 Hz) are challenging, they are feasible at low temperature (95 
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K) conditions under which Boltzmann sensitivity is enhanced17 and thermal noise is 

decreased18. Firstly, the local environments of the parent NaY are identified by the 2D 

27Al{29Si} J-HMQC experiment (Figure  2.4a). NaY zeolite was calcined to 873 K under 

flowing oxygen, the same as the process of calcination of Pt-NaY, to only observe the 

effects of Pt on the framework sites, not the preparation conditions. Well-resolved 29Si 

signals at -91, -95, and 00 ppm are associated with Q4(3Al), Q4(2Al), and Q4(1Al), 

where Q4(mAl)  denotes tetrahedral 29Si sites with m numbers of neighboring Al atoms. 

These 29Si species are through-bond correlated with tetrahedral 27Al with a broadly 

distributed signal at ca. 54 ppm.  To identify the effects of the Pt on the zeolite sites, 

higher (15 wt%) Pt-NaY is used as a guide to reveal subtle differences observed in 

29Si-O-27Al environments of lower and industrially relevant loading of Pt (1 wt%).   

Figure  2.4. Solid-state 2D J-mediated (through-covalent-bond) 27Al{29Si} HMQC NMR 

correlation spectra of (a) dehydrated NaY zeolite, (b) 15 wt%, and (c) 1 wt% Pt-NaY 

calcined at 873 K. The spectra are acquired at 9.4 T, 95 K, and 8 kHz MAS. The 

structural schematics show through-bond interactions of 29Si and 27Al sites charge-

balanced by a. Na+ in dehydrated NaY and (b,c). Pt2+ in Pt-NaY calcined at 873 K. The 

chemical shifts of 29Si sites (vertical axes) are labeled alongside their respective NMR 

signals. Projections of 27Al sites are shown on the horizontal axes. 
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Similar to the parent NaY, Pt-NaY samples reveal 29Si sites with one, two, and 

three Al neighbors with signals at -101, -95, -91 ppm for both loadings of Pt (Fig. 2.4b) 

15 wt%, and 1 wt% (Fig. 2.4c). Compared to 29Si signals of Q4(1Al) of the parent NaY, 

the 29Si chemical shift is slightly at a higher field (by 1 ppm), suggesting the effects of 

Pt incorporation on Q4(1Al) sites. Moreover, the new 29Si signal at -86 ppm is only 

present in calcined Pt-NaY and assigned to 29Si sites proximate to Pt2+, which changes 

the electronic environment of the nearby sites as well the bond angle between T-O-T 

connections as depicted in the structural diagrams of Figure 2.4b,c. The intensity of 

such new 29Si peak at -86 ppm is much higher for 15 wt% calcined Pt-NaY, but still 

present in 1 wt% Pt-NaY calcined at 873 K. Moreover, the dilute amount of such small 

Pt species interacting strongly with the framework is also found in 673 K calcined Pt-

NaY as discussed below.   

These Pt2+ monoatomic species in calcined Pt-NaY were directly observed by 

HRTEM images. Figure  2.5 shows HRTEM ADF images of 873 K calcined 1 wt% Pt- 

NaY along [112] direction (Fig. 2.5a) and higher resolution image along [110] direction 

(Fig. 2.5b). Obtaining high-resolution TEM images of porous materials is challenging 

due to radiation damage on the material. Hence, to minimize beam damage, low 

electron doses are used.  The images were acquired by Annular dark-field high 

resolutions transmission electron microscopy (ADF HRTEM), which detects the 

electrons transmitted to higher angles, to enhance the contrast between heavier Pt 

and zeolite framework atoms. The iDPC images (Figure  S2.1), which are more 

sensitive to the zeolite framework structures, were separately acquired to confirm 

extraframework species observed in ADF images are Pt atoms. In 1 wt% Pt-NaY 
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calcined at 873 K, Pt atoms are sprinkled throughout the images (Fig. 2.5a) acquired 

along [112] direction and appear along the zeolite lattice axis, indicating that these Pt 

species are residing inside the zeolite cages. ADF image showing the zeolite lattice 

along the [110] direction was resolved and Pt species appear in whiter contrast in 

Figure 2.5b. Pt single atoms in hexagonal prisms are pointed by red arrows, and a 

few Pt clusters are indicated by white arrows. The features with brighter contrasts are 

~1Å in diameter, consistent with single atoms.  The majority of the Pt in 873 K 1 wt% 

Pt-NaY materials are Pt single atom cations, while there are still a small fraction of Pt 

clusters with 4-5 atoms present as evidenced by TEM analyses. These single-atom 

Pt cations can be either Pt+, Pt2+, Pt3+, and/or Pt4+, which are the most stable Pt 

oxidation states. Pt+ and Pt3+ are paramagnetic such that they can be directly detected 

by Electron Paramagnetic Resonance (EPR) techniques. It has been shown by 

Akdogan et al.17 that calcination of Pt-Y zeolite under an oxygen-deficient environment 

results in paramagnetic Pt moieties, e.g., Pt+ and Pt3+.  However, Pt-NaY materials in 

this study are calcined under flowing dry air, hence resulting in only diamagnetic Pt 

species as evidenced by EPR measurements. Only EPR signals observed from these 

air-calcined samples (even at high 15 wt% loadings) were from a dilute amount of Fe3+ 

impurity of the parent zeolite. As a control, Pt-NaY samples were also prepared under 

flowing N2, and the samples clearly show a broad EPR signal (Figure  S2.2) 

corresponding to paramagnetic Pt species, Pt+ and/or Pt3+. Therefore, Pt single atom 

cations present in air-calcined Pt-NaY are confirmed to be either Pt2+ or Pt4+. However, 

based on DFT calculations of EXAFS measurements, the most stable cation present 

in the Pt-NaY is Pt2+ that are charge-balanced by negative-charge bearing oxygen 
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atoms bonded to tetrahedral Si and Al sites in Y-zeolite.  Moreover, these Pt2+ cation 

species behaving as a charge balancing cations of the Y zeolite influence the 

distributions of the other cation, Na+, present in the Y zeolite, which is evidenced by 

23Na NMR measurements discussed in the following section.  

 

Figure  2.5.  Annular Dark Field High-Resolution TEM images of 1 wt% Pt-NaY 

calcined at 873 K view along (a) [112] and (b) [110] direction. < 3Å Pt species are 

located along the zeolite lattice in (a). In the higher resolution image (b), distributions 

of Pt species are located inside the FAU framework. The majority of the Pt are single 

atoms indicated by red arrows and clusters of 4-5 Pt atoms are pointed by white 

arrows 
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Correlated distributions of Na+ and Pt2+ cations in Pt-NaY zeolite. Relative populations 

of 23Na cations located at different sites in the framework zeolite are identified by 

quantitative 23Na NMR of dehydrated zeolites. Although 23Na nuclei have almost 

100% natural abundance, the quadrupolar nature of the nuclei makes the resolution 

of the signals challenging due to overlapping signals from broad quadrupolar 

lineshapes. Fortunately, quadrupolar interaction scales inversely with the external 

magnetic field, Bo,20,21 thus high-field measurements in combination with spin 

manipulation methods such as Multiple Quantum Magic Angle Spinning (MQMAS) 

enable the resolution of the signals. 23Na MQMAS NMR spectrum at 35.2 T (highest 

magnetic field available for solid-state NMR measurements)22 of dehydrated NaY 

zeolite is shown in Figure  2.6a.  With the Si/Al ratio of 2.5, FAU zeolite contains 55 

charge balancing exchangeable cation sites per unit cell, i.e., Si137Al55Na55O384. There 

are seven locally different sites that extraframework cations can be located.23 

However, only six of them are energetically favorable locations for Na+ for a given 

Si/Al ratio, and there are three main distinct environments from which 23Na signals can 

be resolved.  The charge balancing Na+ cations can reside at site SI, the center of the 

double-6-ring; SII, near the 6-ring to the supercage side; and SI’, near the 6-ring to the 

sodalite cage side as illustrated in Figure  2.1a. 23Na cations located in different cages 

of dehydrated zeolite are surrounded by different electronic environments, hence 

these 23Na cations exhibit different chemical isotropic shifts and quadrupolar 

broadening.24–27  
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Figure  2.6. Differences in 23Na distributions between dehydrated NaY and calcined 

Pt-NaY. Solid-state 23Na (a) MQMAS and (b) single-pulse spectra of dehydrated 

NaY zeolite, (c) single-pulse spectrum of 15 wt% Pt-NaY calcined at 873 K acquired 

at 35.2 T, 298 K, and 24 kHz MAS.  

In contrast, 23Na cations in hydrated NaY zeolite are solvated in adsorbed water 

molecules, and the 23Na spectrum of hydrated zeolite has one sharp peak at -3 ppm 

(Figure  S2.3) almost identical to a solution-state spectrum.  The MQMAS spectrum 

in Figure  2.6a shows anisotropic dimension in the horizontal axis and isotropic 

distribution in the vertical axis, which reveals distinct isotropic signals from 23Na at -4, 
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-7, and -11 ppm.  The signal at -4 ppm arises from 23Na cations located at SI-site in 

hexagonal prisms.  Because of their octahedrally symmetric local structure, 23Na in 

hexagonal prisms have negligible quadrupolar coupling constant, thus exhibiting a 

23Na signal with a Gaussian lineshape instead of a quadrupolar broadened signal 

pattern. The broad signal that appears at ca. -10 ppm in the anisotropic dimension is 

due to an overlapping signal from 23Na cations at SI’ and SII sites, which are well-

resolved in the isotropic dimension of the MQMAS conducted at high-field.   

To understand the effects of Pt species in 873 K calcined Pt-NaY on the 

distributions of 23Na cations, 23Na spectra of the pristine dehydrated NaY zeolite, and 

873 K calcined Pt-NaY are compared in Figure  2.6b,c. Higher loading of 15 wt% Pt-

NaY calcined at 873 K is used to show the promoted differences in signal intensities 

of NaY and Pt-NaY. The relative intensities of 23Na signals from hexagonal prism sites 

are significantly reduced in 873 K calcined 15 wt% Pt-NaY, indicating that Na+ at site 

SI are absent, which was also consistent with XRD refinement analyses discussed 

below. This change in distributions of 23Na cations in calcined Pt-NaY zeolite is due to 

the formation of Pt2+ occupying the hexagonal prism sites and charge balance the 

zeolite framework Al sites as illustrated in Figure  2.6b.  The effects of such Pt2+ cation 

species strongly interacting with the zeolite framework sites are also identified by 

27Al{29Si} 2D NMR analyses (Fig. 2.4) discussed in the previous section. Pt2+ cations 

residing at the center of the 6-membered ring repels the Na+ in the site SI (Fig 2.6b 

schematics) due to charge repulsion, resulting in a vacancy of 23Na at the center of 

the double six-ring, which was manifested by decreased signal intensities of -4 ppm 

peak. This result is consistent with the refinement analyses, which revealed that SI-
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site is empty in 873 K calcined Pt-NaY. Redistribution of 23Na cations at different sites 

in 873 K calcined Pt-NaY suggests competition between Pt2+ and Na+ cations at 

certain sites, and further enforces the suggested structure of energetically favorable 

Pt2+ at the center of 6-ring in the prism.  

To further analyze the interactions between distinct 29Si sites and 23Na cations located 

at different, 23Na-29Si through-space mediated 2D NMR measurements are 

conducted. 2D dipolar-mediated HMQC NMR spectra of parent NaY, 15 wt%, and 1 

wt Pt-NaY calcined at 873 K are shown in Figure  2.6. Moreover, the ionic nature of 

the interaction between the extraframework 23Na+ and 29Si sites are corroborated by 

the resulting null signal in J-mediated 23Na{29Si} HMQC experiments, but well-resolved 

correlated intensities in dipolar-mediated 23Na{29Si} measurements. Figure 2.4a 

shows 2D 23Na{29Si} D-HMQC NMR spectrum of dehydrated NaY. 29Si signal is 

resolved along the horizontal axis. 29Si signals at -90, -94, -99, and -102 ppm arise 

due to Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al) 29Si sites respectively. As discussed 

previously, the 23Na signal at -4 ppm is from 23Na cations located at the center of the 

double-6-ring, and 23Na sites in the supercages and sodalite cages give rise to signal 

at -15 and -20 ppm. Well-resolved correlated intensities from dehydrated parent NaY 

reveal unambiguous through-space interactions between distinct 29Si sites, including 

siliceous 29Si species and 23Na sites. Different 23Na{29Si} interactions are identified in 

calcined Pt-NaY compared to calcined parent NaY. For both 15 wt% and 1 wt% Pt-

NaY (Fig. 2.8b,c), distinct 29Si sites give rise to signal at -104, -101, -95, and -89 ppm 

correspond to Q4(3Al), Q4(2Al), Q4(1Al), and Q4(0Al) 29Si sites respectively. Notably, 

the new 29Si signal at -86 ppm, which arises 29Si sites near Pt2+, interacts only with 
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23Na sites in supercages and sodalite cages, i. e. no interaction between 23Na cations 

located in the middle of double-6-ring and new 29Si sites proximate to Pt (Fig.  2.8b). 

This is consistent with the DFT calculations and refinement analyses of X-ray 

diffractions, in which Pt2+ is energetically most favorable when coordinated with 4 

framework oxygen atoms of the 6-membered ring and occupancies of SI sites (center 

of the double-6-ring) are empty in 873 K calcined Pt-NaY, respectively. The conclusion 

is still consistent for lower 1 wt% Pt-NaY calcined at 873 K (Fig.  2.8c), such that only 

23Na cations are located in the supercages and sodalite cages (with 23Na signal 

centered ca. -18 ppm) interact with the new 29Si sites with a signal at -86 ppm.  

 

Figure  2.7. Solid-state 2D dipolar-media ted (through-space) 23Na{29Si} HMQC NMR 

correlation spectra of a. dehydrated NaY zeolite, b. 15 wt%, and c. 1 wt% Pt-NaY 

calcined at 873 K. The spectra are acquired at 9.4 T, 95 K, and 8 kHz   MAS, with 

sr42
1 dipolar recoupling pulse with a recoupling time of 5 ms. 1D Hahn-echo 23Na 

spectra acquired under the same conditions are shown along the horizontal axes of 

each corresponding spectrum for comparison with the projections of the 2D spectra.  
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Different locations of Pt species in the FAU framework in Pt-NaY are identified by 

X-ray powder diffraction. Noticeable differences in intensities of XRD powder patterns 

of NaY and Pt-NaY calcined at different temperatures are observed when Pt loading 

was high 15 wt% (Fig.  S2.4).  For lower and industrially relevant Pt loading of 1 wt%, 

detailed refinement analyses are necessary to identify locations of heavy Pt atoms in 

the FAU framework.  The WAXS powder patterns of 1 wt% Pt-NaY calcined at 873 K 

were acquired and analyzed by Rietveld refinement methods to identify occupancies 

of extraframework charges, i.e., Na+ and Pt2+ cations, in Pt-NaY.  The unit cell matches 

the Fd3̅m cell for FAU framework of NaY zeolite, indicating that the bulk crystallinity 

of the zeolite is not affected by the addition of Pt and calcination under the conditions.  

Significant differences in the intensities of some reflections between the powder 

patterns of the Pt-NaY calcined at 873 K, caused by different electron density 

occupancies of non-framework cation sites. Figure  2.8a shows WAXS powder 

patterns of 1 wt% Pt-NaY calcined at 873 K. Crystal structure refinement analyses 

found that electron density of extraframework cations in 873 K calcined Pt-NaY is ca. 

25% more than that of parent NaY. This indicates the presence of heavier Pt inside 

the zeolite framework of Pt-NaY treated at higher temperatures because the electron 

density of one Pt equals seven Na atoms.  Moreover, refinement analyses revealed 

occupancies of cation sites, either Pt2+, Na+, or H+, in calcined Pt-NaY. Interestingly, 

cation positions in the center of the double-6-ring (SI site) were empty in 873 K 

calcined Pt-NaY. Based on DFT calculations Pt2+ is most stable when it is coordinated 

with four oxygen atoms of the 6-membered rings of the framework structure. 

Therefore, it is likely that Pt2+ occupies its most energetically favorable position, which 
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is at the center of the 6-membered ring and repels Na+ cations from the center of the 

double-6-ring. Difference electron density maps were analyzed to locate the non-

framework species. Electron density of extraframework species is expressed in terms 

of Na equivalent charge densities. While parent NaY has extraframework electron 

density corresponding to 55 equivalent Na cations, Pt-NaY calcined at 873 K has 70 

equivalent Na cation charge densities indicating successful encapsulation of heavier 

Pt2+ cations (7 Na+ cation density is equivalent to 1 Pt2+) inside the cages of Y zeolite. 

Figure  2.8.  WAXS pattern of (a) 1 wt% Pt-NaY calcined at 873 K. Black line is the 

data, red is simulated powder pattern with Pt2+ located at the center of the 6-

membered ring as shown in (c) and zoomed in (d), blue is the difference between data 

and calculated powder pattern.  (b) SEM image of NaY zeolite   

The electron densities corresponding to cation sites in the center of the hexagonal  

prisms have disappeared in 873 K calcined Pt-NaY.  Consequently, cation site density 

on the sodalite cage side of the D6R has increased, indicating that electron-dense 

cations, e.g., Pt2+, have occupied the D6R site, which is consistent with what we have 

observed from 23Na NMR analyses. Also, a new position on the sodalite cage side of 

the single 6-ring has appeared due to Pt cations.  The SII and SII’ positions (on the 

supercage and sodalite cage sides of the single 6-ring) cannot be occupied 
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simultaneously by cations (they would be too close to one another with a distance of 

2.95 Å), so the presence of Pt might explain that apparent discrepancy. The results 

obtained from the refinement analyses agree with the 23Na NMR results and the effect 

of Pt2+ cations revealed by 27Al{29Si} NMR measurements obtained from 873 K 

calcined Pt-NaY. The following sections will discuss the comparisons between these 

analyses acquired from 873 K calcined Pt-NaY with 673 K calcined Pt-NaY, which 

contains mainly Pt clusters instead of Pt2+ cations. 

2.4.2 Pt particles in supercages of Y zeolite: 673 K calcined Pt-NaY. Broad 

distributions of Pt species, e.g., clusters of Pt with 4-5 atoms located inside 

supercages of the zeolite Y and a small amount of Pt2+ cation species when Pt-NaY 

is calcined at milder temperatures compared to previous cases of 873 K.  High-

resolution transmission electron microscopy (HRTEM) images of 1 wt% Pt-NaY 

calcined at 673 K is shown in Figure  2.10. The images were acquired by Annular 

Dark Field (ADF) mode, which detects the electrons transmitted to higher angles, to 

enhance the contrast between heavier Pt and zeolite framework atoms. For both 

images, zeolite lattice along the [112] direction was resolved and Pt species appear 

in whiter contrast. However, the sizes and distributions of Pt on the zeolite are 

significantly different compared to Pt-NaY materials calcined at 873 K, which was 

discussed in previous sections. 673 K calcined Pt-NaY contains larger Pt clusters (1-

3 nm) and a few smaller (<3 Å) Pt positioned along the zeolite lattice (Fig.  2.10b). 

These larger Pt particles are either residing on the surface of zeolite crystallite or 

inside the larger supercages of the Y zeolite. 873 K calcined single Pt-atom containing 

sample color is almost white compared to a darker-grey colored sample of 673 K 
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calcined Pt-NaY, which contains Pt clusters. Small Pt atoms are located inside the 

zeolite lattice, which is indicated by parallel lines. Figure  2.9 shows HRTEM images 

with higher resolution in zeolite framework atoms and distributions of Pt species. The 

sizes and distributions of Pt on the zeolite are significantly different between Pt-NaY 

materials calcined at 873 K and 673 K. The majority of the Pt in 673 K calcined Pt-

NaY form surface oxided Pt clusters, which would have a negligible influence on the 

framework T-sites compared to Pt2+ coordinated with framework oxygen atoms.  

Figure  2.9. Representative annular dark-field high-resolution TEM image of 1 wt% 

Pt-NaY calcined at 673 K viewed along the [112] direction. Most of the Pt appears to 

be present as  1-3 nm diameter particles. Heavy Pt atoms appear as brighter contrasts  

The differences in the local-bonding-environments of framework zeolite NaY and 

calcined Pt-NaY revealed the effects of Pt species on the support zeolite framework 

sites. 29Si-O-27Al through-bond interactions of NaY zeolite are elucidated by two-

dimensional (2D) solid-state J-mediated 27Al{29Si} heteronuclear multiple quantum 

27Al{29Si} HMQC NMR spectra of 673 K calcined (a) NaY, (b) 15 wt% Pt-NaY, and (c) 

1 wt% Pt-NaY. Correlated signal intensities of each spectrum show an unambiguous 

through-bond correlation between framework 27Al and 29Si sites.  The directly detected 
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27Al signal is depicted along the horizontal axis, while the indirectly detected 29Si signal 

stays along the vertical axis. 27Al signal for all three spectra is broad distributions with  

a center peak around 55 ppm, which corresponds to 4-coordinated 27Al.  The absence 

of a 27Al signal around 0 ppm, which arises from octahedral extraframework 27Al sites, 

indicates 27Al signals in calcined NaY and Pt-NaY are zeolite, 15 wt%, and 1 wt% Pt-

NaY calcined at 873 K are shown in Figure  2.5.  Pt2+ influences the local electronic 

environments of nearby 29Si and 27Al sites. When Pt is present, 29Si sites with 1, 2, 

and 3 Al neighbors are resolved at -101, -95, -91 ppm for both loadings of Pt, (Fig. 

5b) 15 wt%, and 1 wt% (Fig.  2.5c). The new 29Si signal at -86 ppm is only present in 

calcined Pt-NaY and assigned to 29Si sites proximate to Pt2+, which changes the 

electronic environments of the nearby sites as well as the bond angle between T-O-T 

connections. The intensity of such new 29Si peak at -86 ppm is much higher for 15 

wt% calcined Pt-NaY, but still present in 1 wt% Pt-NaY calcined at 873 K. Moreover, 

the dilute amount of such small Pt species interacting strongly with the framework is 

found in 673 K calcined Pt-NaY. This is consistent with the refinement analyses and 

HRTEM images. The majority of the Pt in 673 K calcined Pt-NaY form surface oxided 

Pt clusters, which have a negligible influence on the framework T-sites compared to 

Pt2+ coordinated with framework oxygen atoms.  
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Figure  2.10. Solid-state 2D J-mediated (through-covalent-bond) 27Al{29Si} HMQC 

correlation spectra of a. NaY zeolite dehydrated at 723 K, b. 15 wt%, and c. 1 wt% Pt-

NaY calcined at 673 K. The spectra are acquired at 9.4 T, 95 K, and 8 kHz MAS. 

Interactions between distinct 29Si sites and 23Na cations located at different sites 

are identified by 23Na-29Si through-space mediated experiments. 2D dipolar-mediated 

23Na{29Si} HMQC NMR spectra of parent NaY, 15 wt%, and 1 wt% Pt-NaY calcined at 

873 K are shown in Figure  2.11. Moreover, the ionic nature of the interaction between 

the extraframework 23Na+ and 29Si sites are corroborated by the resulting null signal 

in J-mediated 23Na{29Si} HMQC experiments, but well-resolved correlated intensities 

in dipolar-mediated 23Na{29Si} measurements. Figure 2.11a shows 2D 23Na{29Si} D-

HMQC NMR spectrum of dehydrated NaY. 29Si signal is resolved along the horizontal 

axis. 29Si signals at -90, -94, -99, and -102 ppm arise due to Q4(3Al), Q4(2Al), Q4(1Al), 

and Q4(0Al) 29Si sites respectively. As discussed previously, the 23Na signal at -4 ppm 

is from 23Na cations located at the center of the double-6-ring, and 23Na sites in the 

supercages and sodalite cages give rise to signal at -15 and -20 ppm. Correlated 

intensities from dehydrated parent NaY reveal unambiguous through-space 

interactions between distinct 29Si sites, including siliceous 29Si species and 23Na sites. 
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Different 23Na{29Si} interactions are identified in calcined Pt-NaY compared to calcined 

parent NaY. For both 15 wt% and 1 wt% Pt-NaY (Fig. 2.8b, c), distinct 29Si sites give 

rise to signal at -104, -101, -95, and -89 ppm correspond to Q4(3Al), Q4(2Al), Q4(1Al), 

and Q4(0Al) 29Si sites respectively. Notably, the new 29Si signal at -86 ppm, which 

arise due to 29Si sites near Pt2+, interact only with 23Na sites in supercages and sodalite 

cages, i.e. no interaction between 23Na cations located in the middle of double-6-ring 

and new 29Si sites proximate to Pt This is consistent with the DFT calculations and 

refinement analyses of X-ray diffractions, in which Pt2+ is energetically most favorable 

when coordinated with 4 framework oxygen atoms of the 6-membered ring and 

occupancies of SI sites (center of the double-6-ring) are empty in 673 K calcined Pt-

NaY, respectively. The conclusion is still consistent for lower 1 wt% Pt-NaY calcined 

at 673 K (Fig. 2.11c), such that only 23Na cations that are located in the supercages 

and sodalite cages (with 23Na signal centered ca. -18 ppm) interact with the new 29Si 

sites with a signal at -86 ppm, which arises due to 29Si moieties close to Pt2+ cations. 

The above analyses are focused on identifying the influences of different types of Pt 

on the zeolite support and extraframework Na+ cation distributions. The following 

sections will discuss the advantages and challenges of directly probing Pt species by 

techniques such as 195Pt NMR and EXAFS measurements 
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Figure   2.11. Solid-state 2D dipolar-media ted (through-space) 23Na{ Si} HMQC NMR 

correlation spectra of a. dehydrated NaY zeolite, b. 15 wt% and c. 1 wt% Pt-NaY 

calcined at 673 K. The spectra are acquired at 9.4 T, 95 K, and 8 kHz   MAS, with 

SR42
1 dipolar recoupling pulse with a recoupling time of 5 ms. 1D Hahn-echo 23Na 

spectra acquired under the same conditions are shown along the horizontal axes of 

each corresponding spectrum for comparison with the projections of the 2D spectra 

2.4.3 Direct detection of Pt in NaY  

Pt species supported on NaY zeolite can be directly probed by techniques that are 

sensitive to electronic environments of Pt species, such as EXAFS and 195Pt NMR. 

The coordination of Pt2+ with the framework oxygen in calcined Pt-NaY was identified 

by EXAFS analyses. Figure  2.12 shows EXAFS spectra of 1wt% Pt-NaY calcined at  

873 K. By fitting the experimental data, the coordination number of Pt-O was found to 

be four, which is consistent with the most stable coordination of Pt2+ located at the 

center of the 6-membered ring of the zeolite framework. In contrast, when Pt-NaY is 

calcined at 673 K, the EXAFS spectrum contains features for both Pt-Pt metal 

coordination as well as Pt-O coordination (Fig. S2.5) which makes it challenging to 

deconvolute and assign coordination numbers of broad distributions of Pt species. 
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Figure  2.12. FT-EXAFS spectra of 1 wt% Pt-NaY calcined at (a) 873 K and (b) after 

in-situ H2 reduction at 673 K (c) after in-situ reduction-oxidation-reduction cycle. Red 

dashed lines are (a) Pt-O and (b,c) Pt-Pt fitted contributions to the experimental data.  

Table 2.1. Pt-O and Pt-Pt coordination numbers (N), interatomic distances (R) 

for 1 wt% Pt-NaY calcined at (a) 873 K and (b) after in-situ H2 reduction at 673 K, 

(c) after in-situ reduction-oxidation-reductiona 
 

N R, Å 

Pt-O 3.5±0.5 2.02±0.02 

Pt-Pt 5±0.5 1.9±0.02 

Pt-Pt 6.7 ±0.4 2.7±0.03 

a EXAFS data at the Pt-L3 edge  
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Local environments of platinum active sites can be probed by direct detection of 

195Pt NMR, which is expected to provide valuable information about the electronic 

structures of Pt species. However, molecular heterogeneity of small Pt particles and 

strong hyperfine interactions between 195Pt nuclei and conducting electrons make the 

195Pt chemical shift very broad (~MHz) due to the metallic nature of Pt (known as the 

Knight shift) and broad distributions of electronic environments28–36 compared to 

conventionally measured nuclei such as 13C (~kHz). Moreover, the low loading of Pt 

in the heterogeneous catalysts (<1 wt%) further increases the challenges of acquiring 

195Pt NMR spectra. Due to these challenges, not many studies on direct-detection of 

195Pt-NMR of heterogeneous Pt-zeolite catalyst are present in the literature.31,37–42 

Moreover, acquiring solid-state NMR spectra of nuclei with broad lineshapes can be 

challenging due to the limited ability of a standard rectangular radiofrequency pulse to 

excite a broadband spectrum. Some earlier works of 195Pt NMR of 10 wt% Pt on 

alumina supports have used a technique called point-by-point, in which only a small 

part (~ kHz) of the full spectrum is excited by 195Pt spin-echo experiment, and the 

entire manifold of the spectrum was constructed by sampling at multiple offset 

frequencies. These experiments are tedious and take a long time (~over a month to 

acquire the spectrum of 10 wt% Pt - alumina). Advanced pulse-sequence methods 

developed by Kupce and Freeman,43 make it possible to uniformly excite broadband 

spectra by using adiabatic pulses instead of hard rectangular pulses. 
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Figure  2.13. 195Pt WURST-CPMG spectra of 15 wt% Pt-NaY calcined at (a) 473 K 

and (b) 873 K. The spectra are acquired at 9.4 T, 298 K. The simulated chemical shift 

anisotropy (CSA) powder patterns are shown as a dotted line and overlayed on top of 

each spectrum. The CSA tensors values of 195Pt spectrum of 473 K calcined Pt-NaY 

match the values of Pt-tetraamine salt (Fig. 2.9), indicating that Pt(NH3)4Cl2 are intact 

at 473 K calcination.  195Pt moieties in 873 K calcined Pt-NaY reveal axial symmetry, 

which agrees with the assignment of Pt species in well-defined environments. 

Structural insights of platinum species in Pt-NaY are acquired by direct detection 

of 195Pt NMR using adiabatic pulse-sequences, known as wideband-uniform-rate-

smooth-truncation (WURST) CPMG techniques. The 195Pt WURST-CPMG spectra of 

Pt-NaY calcined at 473 K and 873 K, which are shown in Figure  2.13a, b. Each 

colored subsection in the spectrum is a separate measurement at varying offset 

frequencies. 195Pt NMR of 473 K calcined Pt-NaY reveals broad 195Pt signals 

consistent with platinum tetraamine salt complex. As revealed by TGA analyses 473 
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K calcination temperature is not enough to decompose Pt-tetraamine precursor, 

hence the results are consistent with expectations. In contrast, the 195Pt NMR 

spectrum of 873 K calcined Pt-NaY reveals a much broader signal, indicating broad 

distributions of chemical environments, and most importantly a sharp singularity at -

3700 ppm. Instead of broad Gaussian lineshape, which would be expected from 

surface oxided Pt clusters, sharp singularity is an indication of signals from Pt species 

in a well-defined local environment, such as Pt2+ cations located at the center of 6-

ring in hexagonal prisms of Y zeolite. The direct detection of 195Pt enables us to 

confidently assign the types of Pt species present in calcined Pt-NaY materials.  

2.5 Conclusions 

Catalytic activities of Pt-zeolites are directly influenced by preparation conditions, 

i.e., calcination a.2,14 To maximize the use of precious metals supported on zeolite 

catalysts, it is crucial to carefully control the dispersions of metals and avoid the 

formation of large metal clusters. Detailed understandings of locations and identities 

of Pt metal species of Pt-zeolites treated at different conditions are necessary to 

control the dispersion of Pt on NaY zeolite. Calcination temperature-dependent types 

and locations of Pt moieties are identified. Detailed structural information was obtained 

from Pt-NaY calcined at 473 K, 673 K, and 873 K by using a combination of state-of-

the-art HRTEM imaging techniques, EXAFS analyses, Rietveld refinement methods 

of X-ray powder patterns, and advanced solid-state NMR techniques. Square planar 

Pt(NH3)4
2+ was still intact and presumably residing inside the supercages of the NaY 

zeolite when Pt-NaY was calcined at 473 K. Higher calcination temperature of 673 K 

results in surface oxided Pt clusters with a diameter of 1-3 nm supported on zeolite 
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NaY. In contrast, calcination at 873 K yields well dispersed Pt2+ moieties residing 

inside the hexagonal cages of the zeolite.  Pt2+ cations charge-balance anionic 

framework sites and compete with Na+ cations, which can be distinguished by their 

respective effects on the framework sites. Strong interactions between such Pt2+ and 

zeolite framework sites are manifested directly by distinct 29Si-O-27Al moieties and 

indirectly by 29Si-23Na interactions, as revealed by solid-state two-dimensional (2D) 

NMR measurements. A mild-calcination temperature (673 K) yields ~1 nm PtOx 

clusters with broad size distributions and surface heterogeneity,  which were revealed 

by HRTEM, EXAFS, and 27Al{29Si}2D NMR analyses. Such atomic-level insights 

obtained from an important Pt-zeolite system are unprecedented and expected to 

guide the preparation of well-dispersed Pt metal species on zeolite catalysts.  
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SUPPORTING INFORMATION 

Table S2.1. Properties of nuclei studied by solid-state NMR 

 Nuclear 
spin 

Natural 
abundance, 

% 

Frequency (MHz)   
Spectral reference 

9.4 T 11.7 T 18.8 T 35.2 T 

1H 1/2 99.98 400 500 800 1500  1H of TKS at 0.25 ppm 

29Si 1/2 4.7  80 99 160 299 29Si of TKS at 9.85 ppm 

27Al 5/2 100 104 130 209 390 1 M Al(NO3)3 sol.in D2O 

23Na 3/2 100 106 132 212 397 1 M NaBr solution in D2O 

195Pt 1/2 34 86 107   1M Na2PtCl6 sol. in D2O 

 

Figure  S2.1 – Comparisons of (a) iDPC and (b) ADF images of 873 K calcined 1 

wt% Pt-NaY.  
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Figure  S2.2. EPR spectra of 15 wt% Pt-NaY (a) calcined at 873 K under dry N2 and 

(b) calcined at 873 K under flowing air, (c) calcined at 673 K under flowing air.   

 

Figure  S2.3. Solid-state single-pulse 23Na MAS NMR of 15 wt% Pt-NaY calcined at 

different temperatures acquired at 18.8 T, 298 K, and 20 kHz MAS.  
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Figure  S2.4. XRD powder patterns of 15 wt% Pt-NaY calcined at (a) 873 K, (b) 673 

K, (c) 473 K, in comparison with parent (d) NaY. Calcination heating rates are 0.2 

K/min with flowing air.  

 

Figure  S2.5. EXAFS spectra of 1 wt% Pt-NaY (a) calcined at 673 K, (b) in-situ 

reduced at 673 K under flowing H2 
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Pt clusters with a mean size of 3 nm formed at a fast-heating rate (10 oC/min), while 

there was no indication of Pt cluster formation at a slower heating rate (0.2 oC/min).  

 

 

 

 

 

 

 

Figure  S2.6. XRD powder pattern of 15 wt% Pt-NaY calcined to 873 K with heating 

rate of a. 10 K/min b. 0.2 K/min  

 

Scherrer equation:  

𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

𝑑 – mean size of the crystallite domain 

K – dimensionless shape factor 

𝜆 – X-ray wavelength 

𝛽 – line broadening at FWHM in radian 

𝜃 – Bragg angle  

 𝑑 =
0.95 ∙ 1.54 Å  

3∙
𝜋

180
 𝑐𝑜𝑠

41

2

∘
 
= 2.98 𝑛𝑚 ≈ 3 𝑛𝑚  
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Figure  S2.7. Solid-state single-pulse 29Si MAS NMR of a. dehydrated NaY, b. 15 wt% 

Pt-NaY calcined at 873 K using 11.7 T, at 298 K, 12.5 kHz MAS under dry N2. Solid-

state single-pulse 27Al MAS NMR of c. dehydrated NaY, d. 15 wt% Pt-NaY calcined at 

873 K acquired at 18.8 T, 298 K, 20 kHz MAS under dry N2. Dotted lineshapes are 

addition of deconvoluted signals, which provide the relative quantities of distinct (a & 

b) 29Si and (d) 27Al sites 
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Figure  S2.8. CO FTIR spectra of 1 wt% Pt-NaY calcined at (a) 673 K and (b) 873 K 
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Figure  S2.9. Solid-state 23Na MQMAS spectrum of (a) dehydrated NaY zeolite (b) 15 

wt% Pt-NaY calcined at 873 K acquired at 35.2 T, 298 K, and 24 kHz MAS. 1D single-

pulse 23Na spectrum acquired under the same conditions is on top of the anisotropic 

axis along with deconvoluted spectra.  
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CHAPTER 3 
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3.1 Abstract 

The promoting effects of dilute 

fluorine additives on industrially 

significant Pt-KL catalysts for 

aromatization reactions are 

demonstrated, along with atomic-

level analyses of the catalyst compositions and structures that account for their 

properties. Specifically, at least three distinct types of fluorine species are present in 

fluorine-promoted reduced Pt,/F-KL catalysts, including F species that are bonded to 

framework Al sites. Detailed insights on the compositions and structures of Pt/KL-

zeolite catalysts with and without fluorine are obtained from advanced solid-state NMR 

3. Correlating atomic-level compositions and structures with the 

aromatization properties of fluorine-promoted Pt/KL zeolite 

catalysts 
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techniques, which can be correlated to their reaction properties. Specifically, 2D 

27Al{29Si} J-mediated NMR spectra enable distinct 29Si-O-27Al zeolite framework sites 

to be unambiguously resolved and identified. Furthermore, 2D 27Al{19F} J-mediated 

NMR spectra of fluorine-containing Pt-KL catalysts establish that certain fluorine 

moieties are covalently bonded to tetrahedral Al sites in the zeolite framework and 

remain in the spent catalyst. In combination with 1D direct-excitation 19F NMR 

analyses, the relative quantities and distributions of 19F species and their interactions 

with the zeolite framework are determined at different stages of catalyst preparation. 

Importantly, Al framework sites with covalently bonded fluorine atoms appear to be 

crucial to stabilizing Pt precursors within the zeolite nanopores and are important to 

aromatization of n-hexane over Pt,F-KL zeolite. The atomic-scale analyses yield new 

compositional and structural insights on the roles of dilute guest species, in particular 

the beneficial effects of dilute fluorine, on the macroscopic reaction properties of Pt/F-

KL catalysts. 

3.2 Introduction 

Platinum supported on K+-exchanged L-zeolite (Pt/KL) is used for commercial 

alkane-aromatization processes.1,2 Such Pt/KL zeolite catalysts often convert low-

value alkanes into high-value aromatic compounds with significantly higher selectivity 

compared to Pt supported on ot0her types of zeolites or oxides.2–5 High aromatization 

activities of monofunctional Pt/KL catalysts are attributed to lack of acidity of KL 

zeolite,6,7 steric constraints of unidimensional nanopores of L-zeolite,8 and highly 

dispersed nanoscale Pt particles.9–12 The reactivity and selectivity of Pt-KL catalysts 
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can furthermore be enhanced by the addition of dilute promoters, e.g., various 

cations,9,13 transition metals,14,15 or halides.1,10,11,16 Although halides have been 

commonly used to improve the dispersion of metal particles on zeolite supports, 

detailed understandings of the types and distributions of different halide moieties 

present in zeolites and whether these halide moieties have direct effects on catalytic 

reactions on Pt-zeolites are not fully established.11,17 Here, the aromatization activity, 

selectivity, and catalyst stability of Pt/KL are shown to be improved by adding a dilute 

amount of ammonium fluoride during catalyst preparation to yield <1 wt% F in reduced 

Pt/F-KL without affecting the overall dispersion of Pt.  

While there have been numerous studies on fluorine-modified zeolite and oxide 

catalysts,12,16,18–21 the majority of them have investigated fluorine-promoted acidic 

H+-zeolite catalysts. For example, Becker et al. have reported that fluorination of H+-

Y zeolite resulted in increased acidity which led to improved catalytic activity involving 

acid sites, such as cracking, isomerization, and alkylation.18  It was suggested that 

some of the surface hydroxyl groups may be replaced by F, leaving the remaining -

OH groups with higher acidity due to the electron-withdrawing effect of nearby 

electronegative fluorine atoms. In contrast, fluorine-promoted non-acidic Pt/KL 

catalysts are a special case, where enhanced acidic properties are undesirable for the 

aromatization of hydrocarbons. The presence of strong acidic sites in zeolite KL would 

otherwise result in cracking of paraffin feedstocks and correspondingly lower 

selectivity for benzene formation. Furthermore, the overall Pt dispersions measured 

by CO chemisorption were not affected by the addition of fluorine for Pt-KL and Pt/F-

KL catalysts. Hence, the improved reaction properties of P/F-KL catalysts are 
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attributed to chemical changes caused by the fluorine additives, rather than enhanced 

Pt dispersion of the catalysts.  

Identifying the types, relative populations of fluorine species and obtaining detailed 

atomic-scale structural information of fluorine-promoted catalysts has been 

challenging due to their dilute compositions and heterogeneous distributions of 

fluorine moieties. Here, one-dimensional (1D) and two-dimensional (2D) solid-state 

NMR 1H, 19F, 29Si, and 27Al nuclear magnetic resonance (NMR) spectroscopy 

analyses are used to obtain atomic-scale structures of this complicated catalyst 

material. Specifically, interactions between fluorine moieties and the zeolite 

framework, and distinct 19F-19F interactions are unambiguously revealed by correlation 

NMR analyses, which enable distinct types of fluorine species to be identified and their 

relative populations established, among which are those that are thought to contribute 

to the enhanced aromatization properties of Pt/F-KL catalysts. The local environments 

of the 19F species are found to be sensitive to the hydration state of the material, which 

is important to understand the preparation and storage of the catalyst. Complementary 

transmission electron microscopy, X-ray diffraction, H2 chemisorption analyses yield 

atomic-scale structural insights on types of fluorine species that affect the 

aromatization reaction on industrially significant Pt/F-KL catalysts. 

3.3 Materials and methods 

Catalyst preparation. Commercially purchased zeolite KL (Si/Al = 3) was 

impregnated with an aqueous Pt(NH3)4Cl2 solution at room temperature using incipient 

wetness techniques. The Pt/KL catalyst was then dried at 373 K, calcined under 

flowing air at 533 K and reduced under flowing hydrogen at 783 K. The fluorine-
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promoted Pt/F-KL catalyst was prepared under otherwise identical conditions, except 

for the addition of NH4F solution during impregnation of the platinum precursor. 

Material characterization. Elemental analyses of the Pt/KL and Pt/F-KL catalysts 

were obtained by X-ray fluorescence spectroscopy on a Bruker S8 wavelength 

dispersive XRF spectrometer, with the results tabulated in Table 3.1. After calcination, 

both catalysts contained ~1 wt% Pt and ~0.35 wt% residual Cl from the Pt precursor, 

Pt(NH3)4Cl2. The surface area and nanopore dimensions of the zeolite support have 

crucial influences on the overall catalytic properties of Pt-zeolite systems. The pore 

volumes and surface areas of Pt/KL and Pt/F-KL were acquired by using a 

Micromeritics TriStar II porosimeter and are shown in Table 3.1. Both catalysts have 

a total pore volume of 0.18 cm3/g, of which 0.12 cm3/g are from micropores. A high 

surface area of ca. 300 m2/g in KL zeolite was maintained after fluorination, indicating 

that no significant structural disintegration occurred during the fluorine treatment, 

consistent with maintained bulk crystallinity evidenced by the XRD powder diffractions 

of Pt/KL and Pt/F-KL. Bulk Pt dispersion of Pt/KL and Pt/F-KL were measured by 

Micromeritics ASAP 2020C Instruments by CO chemisorption method, and results are 

listed in Table 3.1. Both catalysts have similar Pt dispersions of ~55%, indicating that 

the different catalytic activities observed are not due to improved Pt dispersions in 

fluorinated Pt/F-KL rather from the effects of fluorine promoters. Scanning electron 

micrographs (SEM) of Pt/KL catalysts were obtained using an FEI XL40 Sirion FEG 

digital scanning electron microscope at 15000× magnification and 5 kV electron beam 

voltage. SEM images of platelet-shaped KL zeolite particles are shown in Figure  3.1. 

It is worth mentioning the significant amount of research efforts that enabled the 
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syntheses of LTL zeolites with low aspects ratios, i.e., disc-like shape with a small ratio 

of diameter to length of the cylinder.  Reduced pore length in c-axis [001] of LTL zeolite 

promotes diminished diffusion limitation of reactants and products, hence platelet-

shaped KL zeolites exhibit higher catalytic performance.22,23  

Table 3.1. Comparison of bulk elemental compositions, Pt-dispersion, surface 

area, and pore volume of Pt/KL and Pt/F-KL catalysts 

 

 

 

 

 

 

 

 

The crystallinity of Pt/KL and Pt/F-KL catalysts were probed by X-ray diffraction (XRD) 

methods. The XRD patterns in Figure  3.1 b,c were collected with a scanning rate of 

5 o/min over a range of 2θ angles from 5o to 70o using a Panalytical empyrean powder 

diffractometer. The reflection patterns of fluorinated catalyst Pt/F-KL were unchanged 

compared to Pt/KL within the detection limits of the measurement. Previous studies 

on fluorinated zeolites have shown excessive dealumination and framework 

destructions upon fluorine treatment.18,19,21 However, the long-range order of the 

zeolite KL was retained following treatment with <1 wt% fluorine. Furthermore, the 

absence of reflection patterns from Pt indicates well-dispersed Pt species which are 

  oxidized Pt/KL oxidized Pt/F-KL 

  

Elemental 
analyses, wt% 

Pt 1.02 0.9 

F None detected 0.67 

Cl 0.34 0.36 

Total pore volume, cm3/g 0.18 0.18 

Micropore volume, cm3/g 0.12 0.12 

Surface area, m2/g 296 291 

Pt dispersion 59% 53% 
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too small to be detected by XRD, consistent with observed TEM images and 

measured Pt dispersions. Transmission electron microscopy (TEM) images of 

reduced Pt/KL and Pt/F-KL were collected by FEI Titan 300 kV instrument with 30 

electrons/Å2·s. The samples were exposed to the beam for 5–10 s to decrease the 

beam damage. 

Figure  3.1. SEM and XRD of KL zeolite (a) Scanning electron micrograph of zeolite 

KL showing platelet-shaped crystallites. Powder X-ray diffraction patterns of reduced 

(b) 1 wt% Pt/KL and (c) 1 wt% Pt/F-KL show reflections consistent with zeolite KL 

unaffected by the addition of 0.7 wt% fluorine.  
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Local chemical environments and interactions between fluorine species and zeolite 

framework sites were revealed by solid-state NMR spectroscopy. One-dimensional 

(1D) and two-dimensional (2D) NMR correlation spectra were acquired on various 

NMR spectrometers depending on the types of experiments and nuclei being 

investigated. Prepared samples were carefully transferred into a dry, O2-free glovebox 

without exposure to air, and packed into rotors for magic-angle-spinning (MAS) NMR 

measurements. The rotors were subsequently transferred in a secondary glass vial 

from the glovebox and quickly inserted into the MAS probehead, and spun under dry 

N2 gas. Solid-state 1D single-pulse 19F fast-MAS, 29Si MAS experiments, and dipolar-

mediated 27Al{19F} Heteronuclear Multiple Quantum Coherence (HMQC) NMR 

measurements were conducted using a Bruker AVANCE-II NMR spectrometer with 

an 11.7 T wide-bore superconducting magnet, operating at frequencies of 500.13, 

470.59, 99.36, and 130.32 MHz for 1H, 19F, 29Si, and 27Al, respectively. The 1D 29Si 

MAS spectra were acquired at room temperature and 12.5 kHz using 4-mm zirconia 

rotors with Kel-FTM caps in a triple-resonance H-X-Y MAS probehead. The 1D 19F 

MAS experiments were conducted at room temperature and spinning at 50 kHz using 

1.3-mm zirconia rotors with Kel-FTM caps in an H-X double-resonance MAS 

probehead. 1D single-pulse 19F MAS experiments were performed using a 90o pulse 

length of 2.5 μs with a recycle delay of 10 s. The 19F background was collected with 

an empty rotor under the same experimental conditions and number scans and 

subtracted from the 19F NMR signal collected from the sample. 2D 19F{19F} single 

quantum-double quantum (SQ-DQ) correlation experiments are conducted by using 

rotor encoded homonuclear Back-to-Back (BABA-xy16) pulse sequences24 using 
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optimized 90o pulses with 4864 transients and with STATES-TPPI acquisition mode 

in the indirect dimension. Double quantum modulation data, i.e., normalized signal 

intensities as a function of double quantum evolution time, was acquired using the 

same pulse sequence. Spin dynamics simulation of the collected double-quantum 

modulation data was carried out using the SIMPSON package version 4.1.1. The best 

fit simulated data provide the 19F-19F dipolar interaction strength, from which the 

average distances between coupled fluorine spins were calculated.   

2D 27Al{19F} dipolar-mediated D-HMQC measurements were conducted on the 

same 11.7 T instrument equipped with 4 mm HX probe at 12.5 kHz MAS by using 

symmetry-based SR41
2 dipolar recoupling sequence,25,26 which was shown to be one 

of the most robust methods specifically suited for recoupling dipolar interactions 

between a spin 1/2, e.g., 19F and 29Si, and a quadrupolar nucleus, e.g., 27Al.  27Al{19F} 

D-HMQC NMR spectrum was acquired using 1024 transients with recoupling of 12 

rotor periods (corresponding to 1.5 ms). Low-temperature MAS (LTMAS) 

measurements (95 K) provide significantly enhanced NMR signal sensitivity that 

allows the detection and analysis of 29Si-O-27Al covalent-bonding environments in 

zeolite framework at a natural abundance of 29Si (4.7%). Variable-temperature MAS 

measurements were conducted on a Bruker ASCEND 400 NMR spectrometer with a 

9.4 T superconducting magnet equipped with a low temperature 3.2 mm triple-

resonance MAS probehead operating at frequencies 400.13, 376.49, 79.49, and 

104.26 MHz corresponding to 1H, 19F, and 29Si, and 27Al resonances, respectively. 

27Al{29Si} J-mediated HMQC correlation spectra were acquired with 1024 transients, 

rotor-synchronized incremental step size of 12 μs, 128 increments in the indirect 29Si 
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dimension, and a recycle delay of 0.5 s. The half echo delay before and after the 

evolution period was experimentally optimized to 11.3 ms, during which a 90° 29Si 

pulse was applied to refocus the weak  27Al-O-29Si J-couplings. STATES mode was 

applied for the indirect dimension.  1H heteronuclear decoupling with SPINAL-64 

sequence was applied during 2D 27Al{29Si} J-HMQC experiment, though for 

dehydrated sample 1H decoupling did not show any observable effects on the 

sensitivity and the spectrum. 27Al NMR spectra were collected on 19.6 and 35.2 T 

instruments at the National High Magnetic Field Laboratory. Samples were packed in 

3.2 mm rotors with 15 or 24 kHz MAS. Central transition selective single-pulse 

excitation of 0.42 us corresponding to π/12 flip angle was used for quantitative 27Al 

experiments with a recycle delay of 2 s. 2D 27Al MQ-MAS spectra were acquired using 

the z-filtered 3QMAS pulse sequence,27 with 2048 transients, 20 rotor-synchronized 

t1 increments, and 0.5 s of recycling delay on the 35.2 T instrument. The MQMAS data 

was processed with a Q-shear transformation to expand isotropic spectral width.  The 

1H and 29Si chemical shifts were referenced to tetramethylsilane (TMS) at 0.0 ppm, 

using tetrakis(trimethylsilyl)-silane (TKS) as a secondary external reference at 0.25 

ppm for 1H and 9.84 & -135.4 ppm for 29Si. The 27Al shifts were referenced to a 0.5 M 

solution of Al(NO3)3 at 0.0 ppm as an external reference. The 19F chemical shifts were 

referenced to trifluoroacetic acid (TFAA) at -76.55 ppm.  

H2 temperature-programmed-reduction (TPR) analyses of Pt/KL and Pt/F-KL were 

used to identify the differences in reducibility of Pt species. H2 TPR measurements 

were conducted by Micromeritics ASAP 2020C. Calcined Pt-zeolite in a tubular glass 

reactor was heated from 273 to 9743 K at a constant heating rate. The 5% H2/95% Ar 
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was used as the reducing gas and passed through the catalyst bed. H2 concentration 

at the outlet was detected and recorded. 

Reaction test conditions. Calcined Pt/KL and Pt/F-KL zeolite powder catalysts were 

granulated by pressing a disk at 15,000 pounds, the resulting disk was gently 

crumbled and sieved to about 20-40 mesh (US), reduced in hydrogen at 774 K before 

reaction. Reaction tests were conducted at 75 psi and 774 K, H2/hydrocarbon molar 

ratio of 2, with liquid hourly space velocity 6/h in a plug-flow reactor. The aliphatic 

hydrocarbon feed contained a proprietary mix of convertible C6 and C7 species. 

Products were analyzed by gas chromatography and the selectivity and yield for 

aromatization were calculated as described in the SI eq (1) and eq (2), respectively.  

3.4 Results and Discussions 

3.4.1 Improved aromatization properties of Pt/F-KL compared to Pt/KL  

Aromatization properties of Pt/KL catalysts were enhanced by the addition of a 

dilute amount (<1 wt%) of NH4F during the preparation of the zeolite catalyst. Fluorine-

promoted Pt/F-KL exhibits enhanced aromatic selectivity and prolonged catalyst life. 

Figure  3.2 shows catalytic test results of n-hexane and n-heptane aromatization at a 

constant reaction temperature of 774 K. Aromatization selectivity in mol% is plotted 

as a function of reaction time on stream for Pt/KL and Pt/F-KL in Figure 3.2a. For both 

catalysts, the selectivity rapidly increases within the first 10 h of run-time, and within 

the first 30 h of reaction time, the maximum stable selectivity of 96% for Pt/F-KL and 

87% for Pt/KL were obtained and maintained until the end of the reaction test. 

Increased aromatization selectivity of Pt/F-KL catalyst leads to a slower rate of carbon 

deposit formation due to cracking, hence, the fluorine-promoted catalyst stays active 
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much longer than Pt/KL. The aromatic yield was measured and plotted in Figure  3.2b 

as a function of reaction time. For Pt/KL catalyst, the yield decreases almost linearly 

from 80% to 70% as the reaction progresses from the beginning to at the end of 80 h. 

On the contrary, fluorine-promoted Pt/F-KL catalyst already started with a higher yield 

of ca. 85% and maintained its yield without significant loss until the end of the reaction 

test at 80 h. As seen from the catalytic reaction tests of n-hexane and n-heptane 

aromatization, fluorine added Pt/F-KL shows higher aromatization selectivities 

compared to Pt/KL. The following sections will discuss analyses of the atomic-scale 

origins of such improvements in the reaction properties of Pt/F-KL catalyst.  

Figure  3.2. Comparisons of (a) aromatic selectivity, (b) aromatic yield loss for fluorine-

promoted Pt/F-KL (red) and Pt/KL (blue) zeolite catalysts, as functions of time on 

stream. The reaction tests were conducted at 75 psi and 774 K, liquid hourly space 

velocity of 6/h in a plug flow reactor. The feed was a mixture of n-hexane, n-heptane, 

and H2 with an H2/hydrocarbon ratio of two. 
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3.4.2 Types and distributions of Pt metals on F-KL and KL zeolites  

The atomic-scale origins of the catalytic activities of Pt/KL and Pt/F-KL catalysts 

depend on the types and distributions of Pt species, which are the active sites of 

monofunctional Pt/KL catalysts, as well as the electronic environments and atomic 

compositions of support zeolites. Detailed understandings of types and distributions 

of Pt, local environments, and compositions of KL support are analyzed by different 

techniques as discussed below.  First, the sizes of Pt particles on F-KL and KL are 

identified by acquiring the TEM images. Representative images of which are shown 

in Figure  3.3a,b. Both catalysts contain mostly small <3 nm diameter Pt particles, 

some of which are indicated by white arrows, along with a small number fraction of 

somewhat larger ~5-10 nm diameter Pt particles, which are indicated by red arrows. 

For catalysts with <1 wt% fluorine, the sizes of Pt particles observed by TEM and the 

average Pt dispersion, as measured by CO chemisorption (Table 3.1), are not 

affected by the presence of fluorine.   

However, Pt species supported on F-KL and KL zeolites exhibit different 

temperature-dependent H2 reduction behaviors, indicating the effects of fluorine on 

the reducibility of Pt species. Different H2-TPR maxima and distributions reveal 

differences in the strength of the interactions between Pt and the support as well as 

different oxidation states of Pt.28 For example, Pt particles supported on quartz 

reduces easier at a lower temperature compared to small Pt particles on zeolites due 

to strong Pt-zeolite interactions.29 Figure 3.3c shows the normalized molar 

consumption of H2 plotted at different temperatures over the range of 273 K to 973 K 

for Pt/KL (blue) and Pt/F-KL (red) catalysts. Firstly, the H2-TPR signal acquired from 
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fluorine-promoted Pt/F-KL shows a small maximum at a lower temperature of 320 K, 

which was not observed from Pt/KL.  The easily reducible Pt species present in 

fluorinated catalyst is likely due to the presence of Pt2+ cations associated with F- 

anions.30 Fluorine cations associated with Pt2+ are expected to exhibit a distinct 

chemical environment, and observation of such 19F species was evidenced by 19F 

NMR as discussed below. Secondly, both catalysts show a majority of the H2 

consumption with TPR maxima at ca. 470-490 K, indicating that most of the Pt species 

are reduced within this temperature range, and are likely due to the reduction of 

platinum oxide species. 29 

Figure  3.3. Transmission electron micrographs of (a) Pt/F-KL and (b) Pt/KL catalysts 

show darker contrast from highly dispersed Pt particles.  Red and white arrows point 

at Pt clusters with sizes larger than 3 nm, and smaller than 1 nm, respectively. (c) H2 

temperature-programmed reduction profiles of Pt/F-KL (red) and Pt/KL (blue) 
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Slightly higher TPR maxima at 485 K in Pt/F-KL compared to 470 K in Pt/KL 

indicates that platinum oxide species supported on fluorinated zeolite is harder to 

reduce suggesting stronger Pt-zeolite interactions in the fluorinated catalyst. Other H2-

TPR signals with smaller intensities at 680 K with and broad signal at 830 K are 

observed in Pt/KL. Such higher temperature reduction occurs due to the presence of 

Pt species that exhibit strong metal-support interactions, such as Pt2+ in small cages 

of zeolite coordinated with framework oxygen atoms. Higher temperature TPR signals 

(680-860 K) are also present in the fluorinated catalyst, but with more intensities at 

860 K, suggesting stronger interactions between the Pt and the F-KL zeolite. 

Increased metal reduction temperatures were also observed in other types of 

fluorinated Pt-zeolite systems,31 and hypothesized to be due to stronger metal-support 

interactions induced by fluorine. Such enhanced metal-zeolite interactions can make 

the adsorption of reactants easier,20 hence expected to affect the catalytic reactions 

occurring on the surface of the metal sites. Therefore, it is of great interest to 

understand the effects of the fluorines on the zeolite framework, which enable stronger 

Pt-zeolite interactions in F-KL compared to KL. The discussions below will bring 

interesting atomic-scale structural insights into the types and distributions of fluorine 

species and their interactions with the zeolite framework.  

3.4.3 Framework aluminum sites in Pt/F-KL zeolite frameworks 

Zeolite Al sites have crucial roles in stabilizing charge-balancing cations and 

behaving as a source of ion-exchange sites during Pt incorporation. Moreover, Al sites 

are preferrable tetrahedral sites for fluorine promoters to get attached to compared to 

Si sites in fluorinated Pt/KL catalysts.32 Therefore, detailed structural insights of Al 
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sites in LTL zeolite are necessary to understand the effects of fluorine on catalytic 

activities.  Although X-ray diffraction (Figure  3.1 b,c) shows reflection patterns of 

crystalline material, solid-state NMR reveals almost glass-like broad distributions of 

local environments of zeolite framework tetrahedral sites.  Framework 27Al in zeolites 

can be directly probed by 27Al NMR, which can distinguish between 4-, 5-, and 6-

coordinate sites.33 Moreover, it is possible to identify crystallographically distinct 

tetrahedral 27Al T-sites by high-resolution 27Al NMR measurements.34,35 However, 

resolving 27Al NMR of zeolite materials is challenging due to the broad distributions of 

local 27Al environments and the quadrupolar nature of the 27Al nuclei with spin 5/2.  

Quadrupolar broadening of NMR spectrum of nuclei with spin greater than ½ arises 

from the coupling of the nonspherical charge distribution of the nuclei with the electric 

field gradient of the surrounding electrons.36 The quadrupolar interaction contains 

higher-order orientational terms of significant magnitude compared to first-order 

interactions. Therefore, implementing more complex manipulation of the spin 

magnetization, e.g., Multiple-Quantum Magic-angle Spinning (MQMQAS) or motions 

of the sample, e.g., DOuble Rotation (DOR) and Dynamic Angle Spinning (DAS)37  are 

necessary to achieve higher resolution. In addition, the second-order quadrupolar 

interaction is inversely proportional to the external field,36 hence high field 

measurements of quadrupolar nuclei enable improved resolution of NMR spectrum by 

reducing quadrupolar broadening. 

To identify types of 27Al species in KL zeolite, both high-field (35.2 T, the highest 

magnetic field available for solid-state NMR measurements)38 and MQMAS 

measurements are used. Figure  3.4 shows the solid-state 27Al NMR spectra of 
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reduced 1 wt% Pt/F-KL acquired at different magnetic field strengths, which exhibits 

the influence of increasing magnetic field strength, Bo, on the narrowing of the 27Al 

NMR spectrum.  This signal narrowing behavior indicates the presence of a strong 

second-order quadrupolar coupling, which is inversely proportional to Bo, of the 

tetrahedral 27Al nuclei in reduced (dry) zeolite. It should be noted that the highest 

possible MAS was used for each instrument operating at different fields to minimize 

the first-order broadening which can be averaged by magic angle spinning. 8 kHz MAS 

was sufficient for that purpose, which was demonstrated by measuring the sample at 

different spinning speeds at the same magnetic field (Figure  S3.1). Therefore, the 

effects of spinning speed on the narrowing of the 27Al spectra in Figure 3.4 is 

negligible, and the field strength is solely responsible for the narrowing behavior. The 

27Al signal acquired at 9.4 T (Figure  3.4a) shows a signal at 60 ppm, a region that 

corresponds to tetrahedral 27Al species, and a broad signal that ranges from 50 to 20 

ppm. Just with this 1D spectrum acquired at low field, interpretation of the data would 

be uncertain. However, by combining different NMR methods, e.g., high-field MQMAS 

and 2D 27Al{29Si} measurements, the two types of the framework tetrahedral 27Al sites 

are unambiguously identified. 

The 27Al spectrum narrows and the resolution improve significantly at a higher field 

of 19.6 T (Figure  3.4b). The spectrum reveals at least two isotropic distributions of 

tetrahedral 27Al environments in the zeolite. LTL zeolite framework has two types of 

tetrahedral T-sites; T1 from tetrahedral sites located at the 12-membered ring, and T2 

from other sites39 as illustrated in the structural schematics in Figure 3.4d. 27Al NMR 

spectrum of zeolite is sensitive to its local bonding environments, e.g., average O-Al-
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O bond angle and Al-O bond distance,40 which are different for crystallographically 

different two types of tetrahedral T-sites in dehydrated KL zeolite. However, fully 

hydrated KL zeolite exhibits a 27Al signal with only one broad asymmetric Czjezk 

lineshape,41 a model derived from the statistical isotropy inherent to disorder, as 

shown in Figure  S3.2. Comparisons of 27Al signals from dehydrated, partially and fully 

hydrated KL zeolites are shown in Figure  S3.2. At 35.2 T, signals from Al sites 

converge due to negligible quadrupolar induced shifts35 (Fig.  3.4c). At this high field, 

the quadrupolar broadening is almost negligible, which is revealed by the MQMAS 

spectrum in Figure 3.4d. The MQMAS spectrum was conveniently analyzed by 

applying a shearing transformation, which yields an isotropic axis along the vertical 

axis.  The MQMAS signal is along the chemical shift axis, indicating a negligible 

quadrupolar broadening at a high field, which enabled to deconvolute the signal by 

Gaussian distributions. The 1D 27Al spectrum is deconvoluted into two Gaussian 

distributions at 60 and 58 ppm with relative integrated intensities of 35±2% and 

65±2%, respectively, which is consistent with the stoichiometric ratio of the two T-sites 

(T1:T2 = 1:2).39 Addition of 1 wt% Pt and < 1wt% F did not show any observable effects 

on the 27Al spectrum (Fig.  S3.3) of the KL due to their dilute amount, thus the analyses 

27Al signals of the reduced 1wt% Pt/F-KL catalyst can be confidently applied to 

structural analyses of the dehydrated KL zeolite. Identifying the crystallographically 

distinct two types of Al T-sites located in different zeolite ring structures is crucial to 

further understand how added fluorine is interacting with these different T-sites, hence 

affecting the aromatization reaction occurring on/in the zeolite structures.  
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Figure  3.4. Solid-state single-pulse 1D 27Al MAS NMR spectra of reduced 1 wt% Pt/F-

KL acquired at (a) 9.4 T with 8 kHz MAS, (b) 19.6 T with 15 kHz MAS, and (c) 35.3 T 

with 24 kHz MAS. (d) 27Al MQMAS spectrum acquired at 35.3 T showing isotropic shift 

axis in the y-axis. Deconvoluted 27Al signals from two distinct T-sites are shown under 

the spectrum with corresponding relative intensities. (e) Close-up signal region of the 

MQMAS spectrum in (d), that shows signals from T1 and T2 sites (which was 

highlighted with transparent yellow circles) of zeolite LTL with the structure composed 

of 4, 6, 8, and 12- membered rings (MR) as shown in the schematics.  

3.4.4 Framework connectivities of zeolite Pt/F-KL catalyst 

With the understandings of the 27Al NMR signals from two types of the Al T-sites, 

the connectivities of such Al species with the Si tetrahedral sites can be identified by 

2D 27Al{29Si} NMR measurements. Figure  3.5a shows a 2D 27Al{29Si} J-mediated, i.e., 

through-bond, the correlation NMR spectrum of reduced 1 wt% Pt/F-KL catalyst.  The 
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27Al sites that are directly bonded to different framework 29Si species through bridging 

oxygen atoms give rise to signal intensities shown as a contour plot on the 2D 

spectrum. The projection of the 27Al and 29Si signals of the correlated species are 

shown on the horizontal and vertical axes, respectively. A broad 27Al signal spanning 

from at ca. 60 ppm to 20 ppm arises from 4-coordinated 27Al located at two types of 

T-sites of the zeolite framework as identified in previous sections. Correlated signal 

intensities are observed from such 27Al sites bonded to Q4(1Al), Q4(2Al), and Q3(1Al) 

29Si sites with signals at -100, -96, and -92 ppm, respectively, where Qm(nAl) refers to 

tetrahedral 29Si sites that are covalently bonded to m other Si or Al atoms through 

bridging O atoms, of which n are numbers of Al neighbors.   Relative quantities of 29Si 

species are obtained by 1D 29Si MAS NMR spectrum as shown in Figure 3.5b. Signals 

at -92, -96, -101, and -108 pm arise from 10% Q3(1Al), 29% Q4(2Al), 50% Q4(1Al), and 

11% Q4(0Al), respectively. The 2D 27Al{29Si} correlation spectrum reveals that the 

Q4(1Al) and Q4(2Al) 29Si sites are bonded to tetrahedral 27Al species located at both 

T1 and T2 with signals at 60 ppm and 58 ppm, respectively, and not surprisingly for a 

given low Si/Al ratio of three. Interestingly, signals from 29Si at Q3(1Al) show a 

correlation with only the 27Al signals at 59 ppm from 27Al at T2 sites, indicating that 

local environments of surface Q3(1Al) species are similar to that of T2 sites. Surface 

species are surrounded by fewer numbers of oxygen atoms, so do the T-sites that are 

located in larger membered rings, e.g., T2 sites at 12-MR, compared to T-sites located 

in smaller rings which are crowded by electron clouds of bridging oxygen atoms. 

Therefore, both 27Al located at T2 sites and surface Q3(1Al) experience similar local 

electronic environments, resulting in 27Al signal at the same region. Such information 
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can only be acquired by 2D correlational NMR measurements, and the analyses will 

provide information on identifying specific Al sites that are associated with F sites. 
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Figure  3.5. (a) Solid-state 2D J-mediated (through-covalent-bond) 27Al{29Si} HMQC 

NMR correlation spectrum of 1 wt% Pt/F-KL reduced at 773 K. The spectrum was 

acquired at 9.4 T, 95 K, and 8 kHz MAS. The schematic diagram depicts through-bond 

interactions of tetrahedral framework 27Al sites with distinct Q4(2Al), Q4(1Al), and 

Q3(1Al) 29Si moieties that are consistent with the 2D spectrum. 1D 27Al Hahn-echo 

spectrum is shown on the top horizontal axis for comparison. (b) Quantitative 1D 

single-pulse 29Si MAS spectrum acquired for the same sample at 11.7 T, 298 K, and 

12.5 kHz MAS showing partially resolved and deconvoluted signals from different 

framework 29Si moieties.  
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3.4.5 Identifying types of fluorine species and their interactions with zeolite 
framework 

Types and distributions of fluorine species and the effects of Pt on the 19F moieties 

are revealed by 19F single-pulse fast-MAS measurements. 19F NMR is desirable 

because of its high natural abundance of almost 100%, hence even at dilute loading 

(< 1 wt%), distinct types of 19F environments can be revealed. However, 19F nuclei 

have a high gyromagnetic ratio, which leads to exhibit strong 19F-19F dipolar 

interactions and a broad signal from 19F moieties that are experiencing homonuclear 

dipolar interactions. Therefore, to average out the strong dipolar interactions, faster 

MAS is necessary to acquire well-resolved signals. Fortunately, with the advent of 

NMR hardware development, smaller NMR rotor sizes (1.3 mm OD) enable a fast 

MAS rate (~50 kHz).42 Figure  S3.4 shows a comparison of 19F MAS spectra at 12.5 

kHz and 50 kHz, the latter shows a narrower signal from 19F moieties experiencing 

stronger dipolar interactions. A wide distribution of 19F signals obtained from 

fluorinated Pt/F-KL catalyst indicates a presence of a variety of fluorine species, e.g., 

fluoride ions located in different cages of the zeolite and fluorine atoms attached to 

the zeolite framework. The goal is to find out which of these fluorine species are 

responsible for the promoting effects observed in Pt/F-KL catalysts.  

Although fluorine is widely used to promote zeolite catalysts, almost always it is used 

to improve the acidic properties of H+-zeolites.18–20,43 However, the presence of acidic 

sites is undesirable for monofunctional Pt/KL catalysts for the aromatization of n-

alkanes due to the cracking properties of zeolite H+ species. The acidity of the reduced 

1 wt% Pt/F-KL catalyst is not more acidic than catalyst without fluorine. Moreover, the 

amount of fluorine added to the catalyst needs to be optimum, above or below which 
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the Pt/F-KL catalyst does not exhibit the promoting effect of the added fluorine. The 

promoting effects of added fluorine somewhat linearly increase up to the optimum 

amount of fluorine of 0.7 wt%, which corresponds to an Al/F molar ratio is 12. At 

extreme high loading of fluorine (i.e., 5 wt% F), Pt/F-KL performance even decreases 

compared to Pt/KL. This suggests that there are competing effects of fluorine, i.e., 

while some fluorine species have promoting effects on catalysis, some of which are 

having adverse effects on the aromatization reaction of Pt/KL catalysts. Before 

discussing which fluorines have promoting effects and which ones might have 

demoting effects, different types of fluorine species and their relative quantities will be 

identified in the following discussions.  

One hypothesis of how fluorine species improve the reaction activities of Pt/F-KL 

zeolite catalysts is that some fluorine moieties directly interact with Pt sites to influence 

the local electronic structures of dispersed Pt atoms or clusters. Therefore, to identify 

the effects of Pt species on the distributions of 19F species, analyses of 19F fast MAS 

spectra from F/KL are compared with spectra from Pt/F-KL at different stages of 

catalyst preparation. Distributions of 19F moieties in F-KL zeolite and Pt/F-KL catalyst 

at different stages of preparation are revealed by quantitative 1D 19F fast-MAS NMR 

measurements. As F-KL (Figure  3.6 left column) and Pt/F-KL (Figure  3.6 right 

column) are treated at different stages of preparation, i.e., calcined at 373 K (Figure  

3.6 a,d), 523 K (Figure  3.6 b,e), and reduced at 773 K (Figure  3.6c, f), the observed 

change in the 19F signals reflects the different chemical environments of fluorine 

moieties present at each stage of the zeolite treatment. Identifying types of fluorine 

moieties at different preparation stages of F-KL and Pt/F-KL enables us to understand 
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the evolution of 19F moieties in reduced Pt/F-KL, which eventually lead to improved 

catalytic activities for Pt/F-KL.   

Figure  3.6. Solid-state 1D single-pulse 19F fast-MAS NMR spectra of 1 wt% F-KL and 

1 wt% Pt/F-KL acquired at 11.7 T, 298 K, and 50 kHz MAS, showing 19F signals from 

different fluorine species that result from F-KL (a-c) and Pt/F-KL (d-g), respectively, 

after different post-synthetic treatments: (a,d) calcined at 373 K (b,e) calcined at 523 

K, and (c,f) reduced at 773 K, and (g) in spent Pt/F-KL  after 60 h on stream at the 

same conditions (75 psi, LHSV 6/h) used in Figure  3.1.  

Interpretation of 19F NMR in zeolite has been challenging due to the wide variety of 

possible fluorine species that can form in fluorinated zeolites. Previous studies on 
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fluorinated aluminosilicates have reported 19F chemical shifts ranging from -100 ppm 

to -200 ppm,44–49  similar to the results of this study. Previously reported DFT 

calculations have shown numerous possible configurations and their calculated 19F 

NMR chemical shifts of fluorinated zeolites, e.g., terminal fluorine, corner-shared 

fluorine, and edge-shared fluorine species.46  Despite the tremendous efforts of 

calculating the chemical shifts of these fluorine moieties, the signal assignments have 

always been inconclusive due to a strong correlation between the chemical 

composition of the environment and 19F NMR.  Hydration level, presence of cations, 

and metallic Pt species nearby affect the electronic environments of 19F spins, hence 

the chemical shift will be extremely challenging to predict.   Fortunately, some 

advanced characterization techniques, such as 2D correlational NMR measurements 

used in this study enable unambiguous identification of fluorine species that are 

through-space (within <0.5 nm, but not necessarily bonded) or through-bond 

correlated with tetrahedral 27Al sites, e.g., 27Al{19F}, and fluorine moieties that are 

proximate to other fluorines, e.g., 19F{19F}. The resolved signals acquired from the 

analyses of 2D NMR are used to deconvolute quantitative 1D 19F fast-MAS spectra. 

However, even with the help of resolved signals from correlational 2D NMR results, 

19F spectra are composed of multiple overlapping signals, hence the spectra are 

deconvoluted to the best of our abilities to obtain approximate relative quantities of 

different fluorine species.   

Starting from a lower calcination temperature of 373 K, 19F spectra of F-KL and Pt/F-

KL (Fig. 3.6a,d) show signals at ca. -120, a narrow signal at -132, a broader signal at 

-136, a well-resolved signal at -155 with a shoulder at -159, and the majority of the 
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signal at -172 ppm with a broad shoulder at -180 ppm. Even at this low-temperature 

treatment, distributions of signals from different 19F moieties are present due to 

complex chemical compositions and structural cages that induce different chemical 

environments in the zeolite. The signals from -120 to -135 ppm correspond to F- ions, 

which are small enough to be located in any of the cages of zeolite L.45. The structure 

of the zeolite L consists of a double 6-ring (d6r), cancrinite cage (CAN), and a large 

cage formed by 12-membered rings (LTL) that builds the unidimensional pore of 

zeolite L. The signal at -121 ppm arises from F- ions associated with NH4
+, because 

at a higher calcination temperature (523 K, Fig.  3.6b,e) when NH4
+ is decomposed 

the 19F signal at -121 ppm is not present. Also, the chemical shift of -121 ppm is shifted 

to a more deshielded higher frequency compared to fluorine ion associated with K+ at 

-132 ppm. The narrow signal at -132 ppm corresponds to the F- anion dissolved in 

adsorbed water.  The narrow signal is an indication of motional averaging due to freely 

moving fluorine species and is consistent with the presence of adsorbed water at the 

relatively low calcination temperature.  Signals at -155 ppm in calcined F-KL are 19F 

species interacting with the zeolite framework Al sites, which are established by 2D 

NMR below. Approximately 40% of the 19F signal arises from fluorine species that 

resonate at -172 and -180 ppm. These fluorine species exhibit the strongest 19F-19F 

dipolar interactions revealed by 2D SQ-DQ 19F{19F} NMR measurements, indicating 

that there are at least two fluorine atoms in proximity. The difference in 19F NMR 

spectra between 373 K calcined F-KL and Pt/F-KL is observed for 19F signal Although 

it appears that the signal intensity at -155 ppm is higher in Pt/F-KL compared to that 

of F-KL, the relative integrated intensities of the two signals, 9% in F-KL and 10% in 
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Pt/F-KL are almost identical. The signal at -148 ppm in F-KL is shifted to a higher field 

to -154 ppm in Pt/F-KL due to the presence of Pt(NH3)4
2+, and overlapped with the 

signal at -155 ppm.  There is no significant difference in 19F spectra of F/KL and Pt/F-

KL calcined at 373 K, mostly due to dilute loadings of both Pt(NH3)4
2+ and NH4F, as 

well as the presence of adsorbed water which act as an electronic screen between 

the cations and anions present in the KL zeolite. These broad distributions of fluorine 

species present in low-temperature calcined F-KL and Pt/F-KL provide crucial 

information on types of fluorine moieties that will eventually evolve into different 

fluorine species present in reduced catalysts. 

After calcination at higher temperatures of 523 K, most of the initial 19F signals are 

still present in F-KL and Pt/F-KL. This includes the signal from dissolved 19F- ion at-

132 ppm, because of the non-negligible amount of water in the zeolite after heat 

treatment at 523 K as evidenced by TGA analyses shown in Figure  S3.3.   The signal 

at -172 ppm was broadened due to slight dehydration of the zeolite, which led to 19F 

species with the signal at -172 ppm to experience stronger 19F-19F dipolar interaction 

without significant motional averaging due to the presence of adsorbed water. The 

broadening of this signal becomes much more enhanced after reduction at 773 K 

(Figure  3.6c). The signal at ca. -120 ppm, which was present in 373 K calcined F-KL 

and Pt/F-KL, is not present in higher temperature calcined F-KL, consistent with the 

assignment of fluorine ions from NH4
+F- that decompose during calcination at 523 K. 

A noticeable difference in 19F spectra of  523 K calcined F/KL and Pt/F-KL is the signal 

at -165 ppm (highlighted in yellow) which is present only in Pt/F-KL. Calcination is a 

crucial step in the distribution of Pt precursors. Especially, calcination temperature 
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close to the tetraamine decomposition temperature leads to diffusion of Pt2+ species 

into different cages of the zeolite. Zeolite framework Al has an important role in 

stabilizing these Pt2+ cations, hence any effect of fluorine moieties on the zeolite Al 

site is expected to affect the distributions of Pt. From the TPR analyses discussed 

above, fluorinated Pt/F-KL exhibit a new TPR peak at 320 K (Figure  3.3), which was 

assigned to Pt2+ cations associated with fluorines.  It appears that the signal at -156 

ppm, which was assigned to fluorines attached to tetrahedral Al sites, present in F/KL 

shifted to -165 ppm in Pt/F-KL. This new peak is an indication of the presence of Pt 

affecting the chemical environments of 19F species in Pt/F-KL.  The chemical 

environments of 19F species that are interacting with the framework 27Al could be 

altered by the presence of Pt2+, which would preferentially be attracted to negatively 

charged 4-coordinated Al sites of the zeolite. This suggests that the addition of fluorine 

influence the diffusion of Pt2+ cations during the calcination.  

The reduced Pt/F-KL is the final stage of the treatment process in the catalyst 

preparation, hence, identifying 19F species in reduced Pt/F-KL is the most important 

step that will lead to the understanding of promoting effects of fluorine additives in 

these catalysts. When the fluorinated zeolite is treated with H2 at 773 K (Figure 

3.6c,e), new signals emerge and some signals disappear compared to calcined 

samples (Figure  3.6b,e).  Firstly, the signal at -172 ppm becomes broader compared 

to low-temperature calcined samples, consistent with the assignment of 19F moieties 

with strong 19F-19F dipolar interactions, which was evidenced by significant signal 

narrowing at higher MAS spinning speeds compared to other 19F moieties. Moreover, 

the broadening of these signals at -172 ppm was extremely sensitive to water content 
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in the zeolite compared to the other signals at -154 and -156 ppm, due to motional 

averaging caused by the presence of water. This also indicates that fluorine moieties 

that give rise to signal at -172 ppm are sensitive to the amount of adsorbed water, and 

susceptible to freely moving in the presence of water compared to 19F sites with a 

signal at -154 ppm and -156 ppm, which were unambiguously found to be correlated 

to the framework 27Al sites. The narrow peak at -132 ppm (highlighted in red) from 

freely moving F- ions are not present in high-temperature treated F-KL, which contains 

almost no adsorbed water. Interestingly, two distinct signals at -156 and -159 ppm 

started emerging, which are from 19F species interacting with framework tetrahedral 

27Al sites. 2D 27Al{19F} correlational NMR analyses unambiguously reveal such 

interactions, which will be discussed below. The broad signals at -174 ppm are due to 

clusters of fluorine species, whose signal broadens significantly upon dehydration as 

observed here and in previously reported literature.46,47 The difference between 19F 

signals of H2 treated F-KL (Fig.  3.6c) and Pt/F-KL (Fig.  3.6e) arises from the 

broadened signal at -151 ppm, which appears to be the 19F signal that resonates at -

142 ppm in F-KL is high-field shifted due to the presence of reduced Pt species. The 

19F chemical shift differences between F-KL and Pt/F-KL indicate that reduced Pt 

species, which are commonly referred to as the catalytic active sites, influence the 

chemical environments of 19F promoters.  

The interactions between added fluorine and zeolite framework 27Al sites are directly 

identified in the 2D 27Al{19F} dipolar- and J-mediated HMQC NMR correlation spectrum 

shown in Figure  3.7. The contour plot selectively shows the signals from 19F moieties 

unambiguously correlated with 27Al sites through-space (not necessarily directly 
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covalently bonded, but nearby <0.5 nm) (Figure  3.7a) and through-bond (Figure  

3.7b) with 4-coordinated 27Al with a signal at 60 ppm. The experiment was conducted 

at low 95 K, to take advantage of the increased signal sensitivity from higher 

population differences in magnetic spins at high and low energy states, which enables 

to successfully acquire the correlated intensities from dilute 19F moieties and 

framework zeolite sites. 19F moieties with signals at -156 and -159 ppm are bonded to 

the zeolite framework 27Al sites and the 19F species with the signal at -166 ppm are 

through-space interacting with the tetrahedral 27Al with a signal at 60 ppm. A 

separately acquired 19F echo-MAS spectrum along the vertical axis shows signals 

from all 19F moieties, including those that are not interacting with 27Al sites. In Figure 

3.7a, the correlated signal intensities in the 2D spectrum arise from 27Al moieties 

interacting through-space with 19F species. Such 19F species are covalently bonded 

to framework 27Al sites, as revealed by J-mediated through-bond 27Al{19F} experiments 

(Figure  3.7b), and still present in the spent catalyst due to strong bonding with the 

zeolite framework sites. Because the experiment is conducted at a low temperature, 

the MAS spinning is at a much lower 8 kHz, compared to quantitative 1D fast MAS 

experiments shown in Figure  3.6, 19F signals are broader than the signals shown in 

Figure  3.6f. Among these fluorine species identified from the previous 1D 19F fast 

MAS NMR, and 27Al-19F correlational experiments, some of the fluorine moieties show 

a strong narrowing of the signals at faster MAS frequency, an indication of 

inhomogeneous broadening due to dipolar interactions.  The fluorine species that are 

bonded to the zeolite framework can influence the local environments of the Pt metals 

supported on F-KL zeolite. 
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Figure  3.7. Solid-state 2D 27Al{19F} (a) dipolar-mediated (b) J-mediated NMR 

spectrum of reduced 1 wt% Pt/F-KL. The spectrum is acquired at 9.4 T, 95 K, 8 kHz 

MAS. The solid-state 1D 19F echo MAS NMR spectrum acquired under the same 

conditions is shown along the vertical axis, for comparison with the 1D projections of 

the 2D spectra.  

Although five-coordinated Si-F species have been identified in fluorinated siliceous 

zeolites,45,48 in aluminosilicates F preferentially and exclusively coordinates to Al,32 

consistent with our simple thermodynamic calculation shown in eqs. 3-6 of SI. Also, 

no observable signal was acquired by 29Si{19F} CPMAS at short contact times. 

Moreover, 29Si chemical shift of 5-coordinated 29Si appears at -144 ppm,48 which was 

not present in fluorinated Pt/F-KL catalyst.   

Interestingly, there is an optimum amount of fluorine, ~1 wt%, in Pt/F-KL catalysts, 

below which the improvement of the catalytic activities is not at its maximum, and 

above which the aromatization selectivities even decrease compared to regular Pt/KL 

catalysts. This suggests that the fluorine additives are exhibiting competing behaviors 
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of promoting and demoting the catalytic behaviors. Therefore, among these different 

types of fluorine species identified by 19F NMR measurements, only some are 

proposed to be responsible for the enhanced aromatization activities of the Pt/F-KL 

catalysts. In the spent Pt/F-KL catalyst, 19F moieties that are bonded to the zeolite 

framework are still present with the signal at -156 and -159 ppm, while other fluorine 

species that are not strongly bonded to the zeolite framework are already removed. 

This spent catalyst had been on stream for 40 hours (at the end of the catalytic run 

shown in Figure  3.1) and still exhibits superior catalytic activities compared to Pt/KL 

catalyst.  The electron-withdrawing fluorine atoms are expected to modify the local 

electronic environments of the framework Al sites with which they are associated, 

thereby influencing the reaction properties of Pt/F-KL. 

Specifically, the broad 19F signal at -172 ppm, which further broadens upon zeolite 

dehydration, was assigned to AlF3 species.  To further analyze the nature of these 19F 

species and identify the interactions between 19F-19F moieties, 2D 19F{19F} single-

quantum double-quantum (SQ-DQ) correlational analyses were conducted on freshly 

reduced and spent 1 wt% Pt/F-KL catalysts. For example, the 2D 19F{19F} SQ-DQ 

correlational NMR spectra in Figure  3.8 show signals from correlated 19F-19F moieties 

of freshly reduced 1 wt% Pt/F-KL. Single-quantum 19F chemical shifts are plotted 

along the horizontal axis and the vertical axis shows a double-quantum dimension, 

where signals appear at the sum of the single-quantum chemical shifts of two 

correlated 19F-19F moieties.  Separately collected single-pulse 19F MAS NMR 

spectrum, which is the same spectrum shown in Figure  3.5f for fresh catalyst and 

Figure  3.5g for the spent catalyst, were overlayed on top of the single-quantum 
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dimension, for comparison with the 1D projections of the 2D spectra. 19F pairs that are 

dipolar-coupled within 0.5 nm selectively give rise to the correlated signal intensities 

on the 2D SQ-DQ spectra. Broadly distributed 19F species that give a signal at -190 

ppm are correlated with each other (Figure  3.8a), indicating that there are at least 

two 19F moieties that are dipolar-coupled within a 5 Å distance. Interestingly, a weak 

correlational signal arises from 19F resonating at -156 ppm, which is assigned to two 

19F moieties close to the framework 27Al, which were identified from 27Al{19F} 

experiments (Fig.  3.7). In the spent catalyst, the majority of the signal intensities from 

AlF3 are not present (Fig.  3.8b), indicating that these species are removed during the 

packed flow reaction. Fluorine species that are strongly interacting with the zeolite 

framework are likely responsible for the improved reaction properties of Pt/F-KL 

catalysts, as it is still present, and presumably still affecting the catalytic reactions, in 

60 h spent catalyst. Moreover, based on these extensive studies of identifying fluorine 

species and finding the presence of a significant amount of AlF3, the addition of AlF3 

instead of NH4F as the fluorine precursor was used to test the catalytic activities. 

However, AlF3 added Pt/KL zeolites did not show improved aromatization behaviors. 

This indicates that fluorine moieties that are responsible for enhanced reactivity are 

not AlF3, but rather the other fluorine species, which were found to be 19F strongly 

interacting with the zeolite framework Al-sites. 
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Figure  3.8. Solid-state 2D 19F{19F} SQ-DQ spectrum of (a) fresh-reduced and (b) 

spent 1 wt% Pt/F-KL after 60 h on stream at the same conditions (75 psi, LHSV 6/h) 

used in Figure  3.1. The spectrum is acquired at 9.4 T, 95 K, 50 kHz MAS. The 

correlated signal intensities arise from dipole-dipole coupled 19F moieties that are 

within ~1 nm. 1D single-pulse 19F MAS spectra were acquired separately and are 

shown along the top horizontal axes for comparison. 

 

In summary, in reduced Pt/F-KL catalyst, there are three main distributions of 19F 

moieties present:  

1. -110 to -135 ppm signal arises from F- ions associated with different cations, 

e.g., K+ and NH4
+, in different cages of the zeolite  

2. -156 and -159 ppm signal arises from 19F moieties covalently bonded to 

tetrahedral 27Al sites of zeolite KL 
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3. A broad signal from -172 to -200 ppm arises from fluorine clusters, i.e., at least 

two fluorine moieties in proximity (<0.5 nm) 

The electron-withdrawing fluorine atoms interacting with the zeolite Al sites are 

expected to modify the local electronic environments of the framework sites with which 

they are associated, thereby influencing the reaction properties of Pt/F-KL. The 

detailed compositional and structural information provides new insights on the roles 

of such species, in particular the beneficial effects of dilute fluorine species, on the 

macroscopic reaction properties of Pt/F-KL catalysts. 

3.4.6 Effects of hydration on distributions of fluorine species in Pt/F-KL 
catalysts 

Aluminosilicate zeolites are extremely hydrophilic. When exposed to atmospheric 

conditions, KL zeolite used in this study adsorbs up to 10 wt% (Fig.  S3.5) water. 

Therefore, careful handling of the zeolite catalyst during preparation, reaction test, and 

characterization is important. Especially, in the fluorine-promoted catalysts, the 19F 

moieties identified in previous discussions are extremely sensitive to adsorbed water.  

Figure 3.9 shows the 19F fast-MAS NMR spectra of 1 wt% Pt/F-KL after different 

hydration levels. As the zeolite partially adsorbs a small amount of water (ca. 5 wt%), 

19F signals change significantly. The signals at -156 and -159 ppm, which were 

assigned to 19F moieties attached to framework 27Al sites, are still present in partially 

hydrated Pt/F-KL (Fig.  3.9b). 
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Figure  3.9. Solid-state 1D single-pulse 19F fast-MAS NMR spectra of (a) fully 

hydrated, (b) partially hydrated, and (c) fresh reduced 1 wt% Pt/F-KL zeolites acquired 

at 11.7 T, 298 K, and 50 kHz MAS. The chemical shifts of 19F moieties depend strongly 

on the extent of adsorbed water on the zeolite materials. 

However, the broad signal at -180 ppm has shifted to the lower field to a broad 

distribution at -165 ppm. 19F{19F} single-quantum double-quantum correlational 

spectrum of this partially hydrated sample shows that the broad signal at -165 ppm is 

clusters of fluorines with at least two fluorine atoms that are within 1 nm distance from 

each other. By acquiring a double quantum build-up curve, it is possible to obtain the 

average distance between these fluorine atoms. Figure  3.10b shows the double 

quantum buildup curve of the signal at -165 ppm, which gives the strongest signal and 

enables to acquire double quantum modulation curve. The SIMPSON simulation 

package was used to simulate the19F-19F double quantum modulation, which depends 

on the strength of the dipolar interactions which scales inverse cube of the distance 

between the coupled nuclei. Based on the SIMPSON simulation, the strength of the 

dipolar interaction was found to be 1.8 kHz, which corresponds to an average 19F-19F 
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distance of 3.9 A. It should be noted that this double quantum modulation curve was 

only possible to acquire in the partially hydrated Pt/KL, but not from the fully 

dehydrated sample where the signal was too broad. Identifying the distance between 

these fluorine species in partially dehydrated Pt/F-KL catalysts further confirms the 

assignments of the fluorines in reduced catalysts.  
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Figure  3.10. (a) Solid-state 2D 19F{19F} SQ-DQ spectrum of reduced 1 wt% Pt/F-KL 

after partial hydration. The spectrum is acquired at 11.7 T, 298 K, 50 kHz MAS. The 

correlated signal intensities arise from dipole-dipole coupled 19F moieties that are 

within ~1 nm.  A 1D single-pulse 19F MAS spectrum was acquired separately and is 

shown along the top horizontal axis for comparison. (b) Double-quantum modulation 

curve for 19F species with a signal at -165 ppm. The best fit for experimental data is 

acquired by simulating a double-quantum modulation curve with dipole-dipole 

interactions strength of 1.8 kHz, which corresponds to a 19F-19F distance of 3.9 Å. 
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3.5 Conclusions 

The selectivity and catalyst longevity of industrially important aromatization 

catalyst Pt/KL is further improved by adding a small amount of fluorine (<1 wt%) into 

the Pt/KL catalyst during the catalyst preparation process. Types and distributions of 

fluorine moieties present in freshly reduced and spent catalysts are identified by using 

combinations of advanced characterization techniques. Notably, solid-state NMR 

spectroscopy techniques, including quantitative 19F fast MAS, correlational 2D 

27Al{19F}, and 19F{19F} NMR methods were used to reveal relative quantities of distinct 

fluorine species, their interactions with the zeolite framework sites, and fluorine 

moieties with two or more fluorine clusters, respectively. At least three distinct types 

of fluorine species in fluorine-promoted reduced Pt/F-KL catalysts were identified: 

Fluorines covalently bonded to zeolite framework Al sites, fluorine clusters with at least 

two nearby fluorines, and fluorines located in different cages. Among those fluorines, 

the ones that are attached to framework zeolite appear to be affecting the 

aromatization activities by increasing the metal-support interactions between active Pt 

sites and zeolite support. Electronegative fluorine atoms bonded to zeolite framework 

sites are expected to affect the electronic environments of the support zeolite, hence 

the interactions between the metal and the support, which was evidenced by 

observation of higher temperature TPR peaks in fluorine promoted Pt/KL compared 

to Pt/KL. Moreover, the effects of hydration on distributions of fluorine species are 

investigated by studying Pt/F-KL catalysts at different hydration states. It was 

evidenced that some fluorines are becoming more mobile, e.g., fluorines located in 

different cages in the presence of adsorbed water. Simple dehydration would not 
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return the state of the fluorines that were observed in reduced Pt/F-KL, indicating the 

effects of H2 reduction on certain types of fluorine formation. Such detailed atomic-

level structural insights of fluorine-promoted Pt/F-KL catalysts enabled to understand 

the promoting effects of dilute fluorines and the importance of catalyst handling as 

even a small amount of adsorbed water hugely affects types of fluorines present in 

fluorine-promoted catalysts. 
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Supporting Information 

Equations to calculate aromatic selectivity and yield plotted in Figure  3.2 of main 

text.  

Selectivity =  
moles of (benzene + toluene) in effluent

moles of [(hexane+heptane) in feed−(hexane+heptane) in effluent]
   eq (3.1) 

Yield =  
moles of (benzene + toluene) in effluent

moles of [(hexane+heptane) in feed−(hexane+heptane) in effluent]
    eq (3.2) 

Back of the envelope, thermodynamic calculations show the preferential binding of 

F to Al.  

Reaction energies of fluorine bonded to Si (eq (4)) and Al  (eq (6)) sites as shown in 

reaction eq (3) and eq(4), respectively, reveal that fluorine preferentially bonds to 
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zeolite Al sites, consistent with previously reported publications on fluorinated 

aluminosilicates.32 

                              eq(3) 

                ∆𝐻 (298 𝐾) ≈ −(∆𝐻𝑆𝑖−𝐹 + ∆𝐻𝑂−𝐻 − 𝐻𝑆𝑖−𝑂) = −207 𝑘𝐽/𝑚𝑜𝑙      eq(4) 

                                           eq(5) 

                  ∆𝐻 (298 𝐾) ≈ −(∆𝐻𝑂−𝐻 + 𝐻𝐴𝑙−𝐹 − 𝐻𝐴𝑙−𝑂) = −603 𝑘𝐽/𝑚𝑜𝑙               eq(6) 

 

 Table S3.1. Bond energy of possible simple bonding configurations in fluorinated 

aluminosilicate 

 

 

 

 

 

 

 Bond Energy [kJ/mol] at 298 K 

Si-O: 799.6 ± 13 

Al-F: 675 

Al-O: 501.9 ± 11 

O-H: 430 ± 0.3 

Si-F: 576.4 ± 17 
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Figure  S3.2. Solid-state 1D 27Al Hahn-echo NMR spectra of (a) dehydrated, (b) 

partially hydrated, (c) fully hydrated 1 wt% Pt/F-KL acquired at 9.4 T, 8 kHz MAS. Fully 

hydrated KL zeolite exhibits a 27Al signal with only one broad asymmetric Czjezk 

lineshape.  

 

Figure  S3.3 shows a comparison of 19F MAS spectra at 12.5 kHz and 55 kHz, the 

latter shows a narrower signal from 19F moieties experiencing stronger dipolar 

interactions 
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.Figure  S3.4. Thermogravimetric analyses of fully hydrated 1 wt%Pt/F-KL. 

Approximately 11 wt% of the fully hydrated zeolite is adsorbed water.  

 

 Figure  S3.5. Solid-state 2D 19F{19F} SQ-DQ spectrum of AlF3. The spectrum is 

acquired at 9.4 T, 95 K, 55 kHz MAS. The correlated signal intensities arise from 

dipole-dipole coupled 19F moieties that are within ~1 nm. A 1D 19F Echo MAS 

spectrum was acquired separately and is shown along the top horizontal axis for 

comparison. 
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Discussions on spent catalysts.  

Figure  S3.2 shows 13C spectra of spent catalysts that are used to obtain 

aromatization selectivities of benzene and toluene shown in Figure  3.3. Both Pt/KL 

and Pt/F-KL contain ca. 0.1 wt% carbonaceous residues after spending the catalyst 

for 40 hours. 13C species in spent Pt/KL contains a variety of carbon deposits including 

aromatic 13C moieties with signals around 130 ppm, as well as aliphatic 13C species 

with signals at 10 – 30 ppm. In contrast, fluorine-promoted Pt/KL catalyst contains 

mostly only aliphatic 13C species probably due to adsorbed reactants n-hexane and 

n-heptane.  Both catalysts do not show an indication of any coke formation, which 

would result in broad featureless signal around 100-150 ppm.  

Figure  S3.6. Solid-state 1D 13C{1H} CP-MAS spectra of spent (a) 1 wt% Pt/KL and 

(b) 1 wt% Pt/1 wt% F-KL zeolite catalysts after 60 h on stream at the same conditions 

(75 psi, LHSV 6/h) used in Figure  3.1. The spectra were acquired at 11.7 T, 298 K, 

and 10 kHz MAS.  
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Figure  S3.7: Solid-state 2D 19F{1H} HETCOR spectrum of reduced Pt/F-KL after full 

hydration. The spectrum was acquired at 9.4 T, 298 K, 20 kHz MAS. Dipole-coupled 

19F and 1H moieties give rise to correlated signal intensities. 1D single-pulse 19F and 

1H MAS spectra were acquired separately and are shown along the top horizontal and 

left vertical axes, respectively. 
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Figure  S3.8. Comparisons of solid-state 2D J-mediated (through-covalent-bond) 

27Al{29Si} HMQC NMR correlation spectra of (a) KL zeolite dehydrated at 723 K (b) 1 

wt% Pt/F-KL reduced at 773 K. The spectra were acquired at 9.4 T, 95 K, and 8 kHz 

MAS. Quantitative 1D single-pulse 29Si MAS spectra acquired at 11.7 T, 298 K, and 

12.5 kHz MAS for (c) dehydrated KL and (d)1 wt% Pt/KL   
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CHAPTER 4 
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1 Department of Chemical Engineering, University of California, Santa Barbara, 
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Keywords: Pt-zeolite catalyst, n-alkane hydroisomerization, bifunctional catalyst, USY 

zeolite, solid-state NMR of zeolite catalyst 

4.1 Abstract 

Two types of dual-function Pt-zeolite catalysts 

(0.5 wt% Pt-H+USY with Si/Al molar ratios of 30 

or 54) were used for n-hexadecane 

hydroisomerization to identify reaction 

pathways and correlate atomic-scale structures 

of these large pore zeolites to their catalytic 

activities.  Though the catalysts have similar Pt 

loadings and comparable dispersions, they 

exhibit significantly different hydroisomerization 

reaction pathways. More interestingly, Pt-

H+USY catalyst with a lower Si/Al ratio (Catalyst A) behaves more like higher Si/Al 

ratio zeolites, i.e., showing more cracking and less isomerization compared to the 

4. Nanoscale compositions, structures, and hydroisomerization 

properties of bifunctional Pt-H+-USY zeolite catalysts 
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other catalysts with a higher Si/Al ratio (Catalyst B). Atomic-scale origins of such 

differences in macroscopic behaviors are revealed by a combination of 

characterization techniques such as X-ray diffraction, electron microscopy, infrared 

spectroscopy, and solid-state nuclear magnetic resonance (ssNMR) spectroscopy. 

Among these techniques, ssNMR, in particular, reveals significantly higher quantities 

of disordered siliceous species present in catalyst A compared to catalyst B, which is 

expected to influence the different hydroisomerization behaviors observed in two 

catalysts. Specifically, advanced two-dimensional (2D) NMR provides high-resolution 

and correlations of zeolite framework sites. For example, 2D 29Si{1H} NMR correlation 

spectra of Pt-H+USY zeolite catalysts enable to identify of interactions between 

different 29Si and 1H species, which are crucial for bifunctional catalysts with acid 

species as one of the active sites.  Moreover, recent advancements in NMR 

instrumentation enabled to conduct in situ variable temperature and pressure (up to 

200 bar & 240 oC) 13C MAS NMR measurements, which provide opportunities to 

identify types of reactants and products under similar reaction conditions. With these 

detailed insights on the structures and reactivities of Pt-H+USY zeolites, catalytic 

behavior can be understood and opportunities for improvement can be recognized. 

4.2 Introduction 

Pt metal supported on ultrastable Y zeolites (USY) is used for a variety of 

hydrocarbon conversion applications.1–6 Especially the presence of Pt active sites in 

combination with Bronsted acid H+ sites of the zeolite make Pt-H+USY zeolites a 

favorable candidate for hydroisomerization, also known as dewaxing, catalyst. The 

branching of long straight-chain alkanes improves the octane number of gasoline and 
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enhances the low-temperature performance of diesel or lubricating oils.7 High-quality 

lubricating oils have a low melting point and high viscosity indices, i.e., less viscosity 

changes with temperature, properties that multibranched alkanes possess but not 

straight alkanes.8 Therefore, effective hydroisomerization catalysts produce high 

yields of isoalkanes from n-alkanes.9 Bifunctional Pt-H+USY catalysts containing the 

metallic Pt sites for hydrogenation/dehydrogenation and the H+ acidic sites for 

isomerization are known to be effective in the hydroisomerization of n-alkanes. Here, 

two types of Pt-H+USY catalysts with different Si/Al ratios are studied to understand 

the effects of atomic-scale structures on n-hexadecane hydroisomerization.  The 

dehydrogenation and cracking reactions occur sequentially on the bifunctional catalyst 

as demonstrated in Figure  4.1. Reactant n-hexadecane diffuses into the pore of the 

zeolite USY and hydrogenation/dehydrogenation occurs on Pt sites while 

isomerization proceeds with the help of H+ sites.10 The reaction properties of these 

bifunctional catalysts depend strongly on (i) types and distributions of Pt and H+ active 

sites, (ii) the ratio of accessible Pt to acid sites, and (iii) both meso- and nanoscale 

architectures of the zeolite support. Obtaining the atomic-scale structural information 

of Pt-H+USY systems is crucial to understanding the structure-reactivity relationship 

of industrially significant catalysts, hence developing strategies to improve catalyst 

performance.  
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Figure  4. 1. Schematics of Pt-H+USY zeolite catalyst used for n-hexadecane 

hydroisomerization 

Here, a combination of characterization techniques, including X-ray diffraction 

(XRD), transmission electron microscopy (TEM), Fourier Transformed Infrared 

Spectroscopy (FTIR), and solid-state Nuclear Magnetic Resonance (ssNMR) 

spectroscopy are used to understand the structural origins of the n-hexadecane 

isomerization behaviors of two types of Pt-H+USY catalysts. To effectively implement 

various characterization methods and analyze the results to obtain detailed structure-

function correlation, it is crucial to have a deeper understanding of how the 

hydroisomerization reaction proceeds on bifunctional catalysts.  Figure  4.2 shows 

reaction mechanisms of n-butane hydroisomerization on Pt-H+USY catalyst. First, the 

reactant finds its way to a Pt-site, on which dehydrogenation occurs to result in a short-

lived olefin intermediate. The olefin finds the nearest Bronsted acidic site of the zeolite 

to form carbocation, which is charge-balanced by the zeolite framework Al sites, where 

C-C bond rearrangement, i.e., isomerization, occurs to form in branched carbocation. 

The final carbocation diffuses away from the Al site of the zeolite to the next active Pt-

site to hydrogenate and produce a branched isomer of the starting straight alkane.  
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Figure  4.2. Hydroisomerization mechanism of straight alkanes on Pt-H+USY 

bifunctional catalyst 

This work aims to identify the effects of local chemical environments of the zeolite 

support on the reaction properties. Two types of Pt-H+USY with Si/Al molar ratio of 54 

(noted as Catalyst A) and 30 (noted as Catalyst B) are investigated for n-hexadecane 

hydroisomerization. The results and analyses of atomic-scale structures of two types 

of zeolite support revealed that bulk Si/Al ratio alone is not a determining factor of 

types and relative quantities of 29Si species, e.g., Q4(nAl) zeolite sites, and the 

presence of dense siliceous species, etc., which affect the accessibility of the H+ acidic 

sites thus the reaction properties.   

4.3 Materials and methods 

Catalyst preparation.  1 g of FAU zeolites used for catalysts were added to a vial 

along with 5 g of 0.148 M NH4OH buffer solution and 6 mL of DI water, resulting in a 

pH of 9-10.5. Pt(NH3)4(NO3)2 was used, instead of  Pt(NH3)4Cl2 as Pt precursor, to 

avoid Cl–, though differences caused by the two precursors are expected to be small. 

The platinum-containing solution was prepared by dissolving 350 mg of 

Pt(NH3)4(NO3)2 in 5 g of 0.148 M NH4OH solution and 32 ml of H2O.  1 mL of the latter 
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platinum solution was added to the vial containing the zeolite slurry.  The solution was 

left to stand for 2-3 d at room temperature and subsequently filtered. The platinum-

containing zeolite powder was dried at 90°C in an oven for 2-4 h and then placed as 

a fine powder in a thin glass dish and calcined to 300°C in the air flowing at 20-40 

ft3/min. The following stepped heating program was used: 1. heat at 1°C/min to 120°C, 

2.  hold for 2 h, 3. heat at 1°C/min to 300°C, 4. hold for 3 h, and finally turn off the heat 

and allow cooling to room temperature. The catalyst was pressed into a pellet, which 

was crushed to give solids of a 20-40-mesh size upon sieving. Measurements of Pt 

dispersion were presented based on strong (dissociative) H2 chemisorption. 

Reaction test. Catalyst powder was pressed into a pellet which was crushed to give 

20-40-mesh size solids and diluted with 100-mesh alundum and loaded to 0.25” OD 

reactor to give a 13-cm bed height. Catalysts are dried by flowing 50 cm3/min of N2 

over catalyst bed at 120°C for at least 2 h, followed by reducing at 315°C in H2 flowing 

at 50 cm3/min for at least 1 h. H2 and n-hexadecane as was used as the feed (H2/n-

C16  = 8). The reagent n-hexadecane is liquid at reaction temperatures of 280 oC for 

Pt-H+USY zeolites. Detailed reaction pathways of n-hexadecane were investigated by 

using the Delplot method,11 which plots selectivity (yield/conversion) as a function of 

conversion for each product. The primary products can be identified from the Delplot 

because they have non-zero initial rates of formation and have finite y-intercept at 

zero conversion. Non-primary products have an initial rate of zero, and thus exhibit a 

zero intercept on the Delplot. Primary products for two types of Pt-zeolite catalysts 

were identified using the Delplot method and reaction pathways were deduced.  
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Material characterization: Scanning electron micrographs (SEM) of H+USY zeolites 

were obtained using an FEI XL40 Sirion FEG digital scanning electron microscope at 

15000× magnification and 5 kV electron beam voltage. The crystallinity of Pt-H+USY 

catalysts was probed by X-ray diffraction (XRD) methods. The XRD patterns were 

collected with a scanning rate of 5 o/min over a range of 2θ angles from 5o to 70o using 

a Panalytical empyrean powder diffractometer. Transmission electron microscopy 

(TEM) images of reduced Pt-H+USY catalysts were collected by FEI Titan 300 kV 

instrument with 30 electrons/Å2·s. The samples were exposed to the beam for 5–10 s 

to decrease the beam damage. 

Table 4.1. Comparison of Si/Al ratio, Pt wt%, and Pt dispersion of catalysts A 

and B 

 Catalyst A 

Pt-H+USY 

Catalyst B 

Pt-H+USY 

Si/Al molar ratio 54 30 

Pt, wt% 0.47 0.43 

Pt dispersion 70% 52% 

 

Multinuclear solid-state nuclear magnetic resonance (NMR) spectroscopy 

experiments were conducted to obtain atomic-scale structural information from Pt-

H+USY materials. Dried, calcined, and reduced samples were sealed in a glass 

ampule and transferred into a glovebox under dry Ar, where samples were packed in 

NMR rotors. Silicone plugs were used to seal the open end of the rotor before placing 

the rotor cap, and dry N2 was used for MAS. Conventional solid-state 1H and 29Si 
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MAS-NMR were conducted on 11.7 T Bruker AVANCE-II NMR spectrometer, 

operating at 12.5 kHz MAS at 298 K using a Bruker 4 mm probe head and zirconia 

rotors with Kel-FTM caps. Low-temperature MAS (LTMAS) measurements (95 K) 

provide significantly enhanced NMR signal sensitivity that allows the detection and 

analysis of 29Si-O-27Al environments at a natural abundance of 29Si (4.7%). LTMAS 

measurements were conducted on a Bruker ASCEND 400 NMR spectrometer with a 

9.4 T superconducting magnet equipped with a low temperature 3.2 mm triple-

resonance MAS probe head. A Triple-quantum MAS pulse sequence with two hard 

pulses followed by a z-filter was used. Single-pulse excitation of 0.42 us 

corresponding to π/12 flip angle was used for quantitative 27Al experiments with a 

recycle delay of 0.5 s.  In situ high-temperature high-pressure measurements were 

conducted at 11.7 T Bruker AVANCE-II NMR spectrometer equipped with 7.5 mm HX 

probe using specially designed MAS NMR rotor (the WHiMS rotor) capable of 

operating at pressures up to 400 bar at 20 °C or 225 bar at 250 °C.12 Background 13C 

NMR of the empty rotor was collected at each temperature and subtracted from the 

13C NMR spectra of the in situ measurements of the catalysts. Two terminal carbon-

enriched n-hexadecane was purchased from Sigma Aldrich (CAS number: 158563-

27-0) and used as a reactant for in situ measurements. To make sure the reaction is 

not mass transport limited, a small amount (80 mg catalyst with 20 µL n-hexadecane) 

of catalyst was used. A specially designed pressurizing chamber was used to 

pressurize the rotor with 50 bar H2 at room temperature.  

https://www.sigmaaldrich.com/US/en/search/158563-27-0?focus=products&page=1&perPage=30&sort=relevance&term=158563-27-0&type=cas_number
https://www.sigmaaldrich.com/US/en/search/158563-27-0?focus=products&page=1&perPage=30&sort=relevance&term=158563-27-0&type=cas_number
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4.4 Results and Discussion 

 4.4.1 N-hexadecane hydroisomerization over Pt-H+USY catalysts 

Using n-hexadecane as a probe molecule, a sequential reaction network was 

deduced for the two types of Pt-H+USY catalysts (Catalyst A: Si/Al = 30 and Catalyst 

B: Si/Al = 54), in which n-hexadecane, mono- and multi-branched isomers form in 

series and with cracking products subsequently formed from the latter. Pseudo-first-

order rate coefficients for the isomerization and cracking reactions were determined 

and cracking rates by carbon number were determined. The different n-hexadecane 

hydroisomerization activities of the two Pt-H+USY catalysts were correlated with 

distinct local Si and Al environments of the USY zeolite framework and Bronsted acid 

sites, as characterized by 29Si, 27Al, and 1H NMR methods.   

 The selectivities and product species differ for each type of catalyst, hence, the 

reaction pathways of n-hexadecane into branched C16-isomers and smaller 

hydrocarbons can be deduced from quantitative analyses of reactant conversion and 

product selectivities. Figure 4.3 shows the mole fraction of reactant and isomer 

products of hexadecane as a function of contact time, i.e., the inverse of Weight Hourly 

Space Velocity (WHSV)-1. For both catalysts, decreasing mole fraction of the reactant 

n-hexadecane occurs with the increasing fractional conversion of mono- and multi-

branched isomers of hexadecanes shown by red and green data points.  For Catalyst 

A, the mole fraction of the reactant decreases almost linearly from 1.0 to ca. 0.35 at 

the end of the reaction test of 2 h contact time. The amount of monobranched isomers 

of hexadecane increases up to a mole fraction of 0.2 during the first 1 h of contact 

time and stayed almost constant until the end of the test. In contrast, multibranched 
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isomers of hexadecane were produced in less amount compared to monobranched 

isomers, but the mole fraction of multibranched i-C16 kept increasing during the entire 

period of the test and ended at a mole fraction of 0.1 in 2 h contact time. This suggests 

that in the first 1 hour of the contact time the rate of formation of monobranched isomer 

was higher than that of multibranched product, but in the last 1 hour of the contact 

time, multibranched product formation was at a higher rate than monobranched 

isomers.  Faster formation of multibranched hexadecane towards the end of the 

reaction test could be due to deactivation of Pt active sites, which can lead to more 

branching catalyzed by the acidic H+ sites than dehydrogenation/hydrogenation on Pt. 

By comparison, for Catalyst B, n-hexadecane is consumed at a much faster rate, 

i.e., molar fraction decreases to less than 0.1 within the first 2 h of contact time. Similar 

to reactions on Catalysts A, monobranched i-C16 forms at a faster rate compared to 

multibranched i-C16 at the beginning of the catalytic test, and the trend is reversed at 

the end of the contact time, i.e., multibranched hexadecane forms at a faster rate than 

monobranched isomers. However, the molar fraction of monobranched isomer 

increases to its maximum of 0.3 within 0.5 h of contact time and decreases to ca. 0.1 

at the end of the reaction. On the other hand, multibranched isomers increased to a 

molar fraction of 0.4 within the first 1.5 h of the reaction and slightly decreased to 0.35 

for the last 0.5 h of the reaction. Although both catalysts show similar behaviors of 

forming monobranched at a higher rate at the beginning of the reaction and 

multibranched isomer at the end of the reaction, Catalyst B with lower Si/Al ratio 
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H+USY zeolite exhibit more amount of overall branched isomers of hexadecane 

compared to Catalyst A.  

Figure  4.3. Catalytic tests of n-hexadecane hydroisomerization on (a) catalyst A and 

(b) catalyst B. Fractional conversion as a function of 1/WHSV expressed in h. Feed n-

hexadecane is in blue, monobranched, and multi-branched hexadecane products are 

in red and green, respectively. The feed is composed of H2 and n-C16 with a ratio of 8, 

and the reaction proceeds at 280 oC. Continuous lines correspond to a fitted model of 

the experimental data points.  

Furthermore, for Pt-H+USY catalyst with lower acidity (Catalyst A with Si/Al = 54), 

a parallel set of reaction pathways were identified in which n-paraffin cracking 

products are formed directly from n-hexadecane. Figure  4.4 shows the selectivity for 

n-octane as a function of fractional conversion of the reactant n-hexadecane for 

Catalyst A (green rectangle data points) and Catalyst B (red square data points).  For 

Catalyst A, n-octane selectivity reaches its maximum of 0.06 when the reactant 

fractional conversion was only 0.4 and stayed at 0.06 until the end of the test. In 

contrast, n-octan selectivity slowly increases from 0 to 0.02 for Catalyst B.  By 

comparison, a Pt/SiO2 catalyst was less active for catalyzing the formation of n-

paraffin cracking products. Direct hydrocracking of n-hexadecane to n-paraffin 
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products appears to be characteristic of Pt-containing low-acidity zeolites and could 

provide a new route for hydrogenolytic cleavage of aliphatic carbon-carbon bonds.  

Figure  4.4. n-octane product selectivity as a function of feed n-hexadecane for 

catalyst A (green) and catalyst B (red).  

Considering the provided Si/Al ratio of the two catalysts, Catalyst A with a higher 

Si/Al ratio and lower concentrations of Bronsted acidic sites, is expected to have 

higher isomerization properties compared to Catalyst B. However, the opposite of 

what is expected is observed, i.e., Catalyst B with a lower Si/Al ratio exhibits more 

hydroisomerization activities.  Moreover, previous studies of bifunctional Pt-H+USY 

catalysts have shown the effects of accessible Pt/H+ ratio on hydroisomerization10,13–

15 and have demonstrated that the catalysts with higher Pt/H+ yield more isomerization 

products. The approximate ratio between accessible surface Pt to H+ sites is 0.054 for 

Catalyst A and 0.021 for Catalyst B (calculated based on measured Pt dispersion and 

provided Si/Al ratio). The estimated Pt/H+ values predict Catalyst A with almost double 

the Pt/H+ ratio of Catalyst B to exhibit more isomerization products. The predictions of 

catalytic activities based on bulk properties, e.g., bulk Si/Al ratio and accessible Pt/H+ 
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ratio, are not reliable. The results and analyses presented in this work show the 

importance of obtaining atomic-scale structural information of these materials, which 

directly influence the catalytic activities.  

4.4.2 Size and uniformity of Pt clusters in Pt-H+USY catalysts.  

Dual-functionality of the catalysts originates from the dehydrogenation properties 

of Pt sites and isomerization functionalities of Bronsted acidic sites of the zeolites. The 

structural origins of different hydroisomerization behaviors exhibited by Catalyst A and 

B are investigated by characterizing both Pt active sites and local chemical 

environments of the H+USY zeolite supports. First, to characterize the Pt sites and 

obtain information on the sizes of the Pt present on both types of zeolites, transmission 

electron micrographs are acquired. Figure  4.5 shows TEM images of Catalysts A and 

B, which reveal Pt particles with varying sizes. For both catalysts, small Pt particles 

shown in darker contrast with a diameter of 1-3 nm are pointed by white arrows. 

Magnified inlets for each TEM image are shown at the upper right corner to 

demonstrate the presence of small Pt species. Catalytically active Pt sites for 

hydroisomerization are likely these small Pt particles residing inside the zeolite cage 

instead of large Pt particles located on the surface of the zeolite crystallites, because 

of the necessity to have proximate Pt and H+ active sites for sequential 

hydroisomerization reaction. Large Pt clusters with a diameter of 30-50 nm are 

observed in both catalysts, which are pointed by red arrows.  Assuming the particles 

are closed-packed icosahedron,16–18  a Pt particle with a 30 nm diameter would contain 

approximately 931,000 Pt atoms compared to only 34 atoms for a 1 nm particle based 

on the following equation.  
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𝑁𝑇 =
𝜋√2

6
 (

𝑑

2𝑟
)
3

, where NT 
 is the total number of atoms in a particle with diameter 

d and r is the radius of Pt atom (0.139 nm).  

Even at this low 0.5 wt% Pt loading, metal agglomeration is challenging to avoid, 

and the formation of large particles exponentially decreases the amount of accessible 

surface Pt species that can participate in the reaction. For Catalyst A with Si/Al ratio 

of 30, 0.5 wt% Pt corresponds to Al/Pt molar ratio (which can also be estimated for 

molar Bronsted H+/Pt ratio) of approximately 21, and for Catalyst B with Si/Al =54, the 

molar ratio of Al/Pt is 12. However, Al to accessible surface Pt species will be orders 

of magnitude higher than the calculated molar ratios due to the formation of large Pt 

particles, resulting in catalysts with much higher relative molar concentrations of acidic 

sites than surface Pt sites. Regardless of the different Si/Al ratios of the zeolite 

supports, both catalysts contain similar sizes of Pt particles, e.g., Pt particles with 1-3 
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nm diameter and Pt particles with a size of 30-50 nm based on the analyses of the 

TEM results. 

Figure  4.5. Representative TEM images of (a) Catalyst A and (b) Catalyst B. White 

arrows point at small ca. 1-3 nm Pt particles and red arrows point at larger Pt particles 

with a diameter of up to 20 – 30 nm. Subsets show magnified sections of TEM images 

showing small Pt particles that are pointed by white arrows. Darker contrasts are from 

heavier Pt atoms. (c) FTIR spectra of CO adsorbed on reduced catalyst A (blue) and 

catalyst B (orange) after evacuation at 293 K.  

The types, oxidation states, and locations of Pt species in the zeolites can be 

probed by complementary Fourier-Transform Infrared Spectroscopy of adsorbed CO 

on Pt clusters. CO-FTIR results obtained from catalysts A and B. FTIR spectra of CO 

adsorbed on in situ reduced Pt-H+USY catalysts are shown in Figure  4.5c. The IR 

spectra of CO adsorbed on platinum depend on the. The effects of the dynamic 

behavior of Pt, i.e., agglomeration, redispersion, or mobility of Pt, upon introduction of 
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CO19 should not be completely ignored but minimized by adsorbing the CO at metallic 

Pt nanoparticles. Moreover, the peak width can be correlated to the uniformity of the 

chemical environments of adsorbed CO. For example, carbonyls bound to 

homogenous metal catalysts have very narrow peak widths with FWHM ~10 cm-) while 

CO on Pt nanoparticles can show signals with FWHM of up to 50 cm-1. 20 Both 

catalysts reveal CO-FTIR signals with FWHM of 30 cm-1, indicating a presence of 

similar uniformity of Pt nanoparticles. Furthermore, the analyses of temperature-

programmed desorption (TPD) of adsorbed CO in zeolite are shown to be challenging 

due to the mass transfer limitations of evacuating desorbed CO at elevated 

temperatures. Nonetheless, the gradual shift of the CO vibration to lower 

wavenumbers at higher temperatures was observed and is indicative of multiple CO 

molecules bound to a contiguous Pt surface due to a phenomenon of dipole-dipole 

coupling.  Based on the characterization of the Pt sites by TEM and CO-FTIR, both 

catalysts A and B contain metallic Pt clusters with similar uniformity and similar sizes. 

To understand the origins of different catalytic activities observed for the two catalysts, 

structures of the support H+USY zeolites are discussed in the following discussions.  

4.4.3 Crystallinity of the H+USY zeolite supports  

Starting with the identification of the bulk crystallinity and zeolite crystal sizes of 

the two zeolites used to synthesize Catalysts A and B, structural similarities and 

differences between the supports are revealed. Figure  4.6 shows the XRD powder 

diffractions of USY zeolites used for Catalyst A and B. The powder patterns of H+Y 

zeolite (Si/Al =2.5), which did not go through an extensive dealumination like the 

H+USY zeolites, are shown in Figure  4.6a as a comparison. Reflections of the H+USY 
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zeolites (Fig. 4.6b,c) match the reflection obtained from the H+Y zeolite, consistent 

with the FAU framework. Compared to XRD of the H+Y zeolite, both types of zeolites 

show broader reflections, which manifest reduced long-range order due to excessive 

dealumination. Moreover, Catalyst B exhibits less relative intensities of reflections at 

wide angles compared to that of Catalyst B, suggesting more long-range disorder in 

Catalyst B.  

Crystallite size is one of the many important factors that affect the reaction 

activities of zeolites, as it affects the mass transfer limitations of the diffusing reactant, 

intermediates, and products inside or on the mouth of the zeolite pores.8,21 Scanning 

electron micrographs of H+USY zeolites used for Catalyst A and B are shown in 

Figures 4.6d and e, respectively. H+USY of catalyst has relatively larger crystallite 

sizes of approximately a micron-sized compared to the zeolite used for Catalyst B, 

which has less than 0.5 µm crystals. Relatively smaller sizes of the H+USY zeolite 

crystallites of Catalyst B could contribute to the higher hydroisomerization activities 

observed for Catalyst B. However, it is challenging to correlate such bulk properties 

to the observed catalytic activities, which occur on the surface of the metallic and 

acidic sites and are influenced by the local chemical environments of the zeolite.  

Therefore, to understand the molecular level origins of the catalytic differences 

observed in two catalysts, detailed atomic-scale structural insights of the support 

H+USY zeolites are studied. 
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Figure  4.6. XRD powder patterns (a) H+Y zeolite in comparison with  H+USY used 

for (b) catalyst A and (c) catalyst B.  SEM images of H+USY zeolites used for (d) 

catalyst A and (e) catalyst B  

4.4.4 Framework 29Si moieties in H+USY zeolites 

Although both H+USY zeolites used to make Catalyst A and B have the same FAU 

framework structure with one type of crystallographic T-site, the two zeolites exhibit 

strikingly different local chemical environments of 29Si sites. Figure 4.7 shows 

quantitative single-pulse 29Si MAS measurements of dehydrated H+USY zeolites used 

in the synthesis of (a) Catalyst A (will be noted as H+USY-A) and (b) Catalyst B (will 

be noted as H+USY-B). The majority of the 29Si signals from both zeolites emerge from 

Q4(0Al) siliceous sites with a peak at -107 ppm, as expected for low Al content zeolites. 

Approximately 92% of the total 29Si signal of H+USY-A is from Q4(0Al) sites and 8% of 

the 29Si signal is from Q4(1Al) sites. In contrast, the 29Si spectrum of H+USY-B contains 

43% Q4(0Al) species with a signal peak at -107 ppm and 29% Q4(1Al) moieties with a 

peak at -102 ppm. The signal at -102 ppm can be either from Q4(1Al) or Q3(0Al) 
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species, so to identify whether the signal is from tetrahedral 29Si sites with one Al 

neighbor or surface Q3 site, 27Al{29Si} two-dimensional (2D) experiment is necessary, 

and will be discussed below. 29Si signal from Q4(0Al) species of H+USY-A is 

significantly narrower compared to that of H+USY-B, indicating a presence of broad 

distributions of 29Si chemical environments in H+USY-B. Moreover, ca. 28% of the 29Si 

signal of H+USY-B appears at -111 ppm, which is from disordered siliceous species 

induced by the dealumination process. Such disordered species, sometimes referred 

to as dense siliceous, are also reported in other USY zeolites.22  

In contrast, the 29Si spectrum of H+USY-B does not reveal any detectable amount 

of such disordered siliceous species, though 29Si{1H} experiments that selectively 

enhance 29Si signals close to 1H species show the existence of the signal at -112 ppm 

from H+USY-A as discussed below. XRD powder diffractions of the two zeolites do not 

show any detectable broad reflections that correspond to amorphous phases, 

suggesting that these siliceous species are not physically separated from the zeolite  

crystallites. To understand how these disordered siliceous species are coordinated 

with the rest of the zeolite structures, 27Al{29Si} 2D correlational NMR experiments 

were conducted.   
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Figure  4. 7. Single-pulse 29Si MAS NMR spectra of dehydrated H+USY used for (a) 

catalyst A and (b) catalyst B. Deconvoluted signals are shown under each 

corresponding spectrum. Dashed lines are the sum of the deconvoluted signals.  

The framework 27Al sites directly correlate with Bronsted acid sites, which is one 

of the active sites for bifunctional Pt-H+USY catalyst, hence understanding how 

framework 27Al atoms are coordinated to the neighboring 29Si sites of the zeolite is 

crucial to obtaining structure-function correlation of these catalysts.  The differences 

in the local environments two types of zeolites with varying Si/Al ratios are elucidated 

by 2D solid-state 27Al{29Si} Heteronuclear Multiple Quantum Coherence (HMQC) NMR 

measurements. Figure  4.8 shows 29Si{27Al} Dipolar-mediated (through-space) HMQC 

spectra of H+USY catalysts used for Catalyst A and B.  Although the dilute amount of 

Al and low natural isotopic abundance of 29Si (4.7%) make the acquisition of such 2D 
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correlation spectrum challenging, it is feasible at low temperature (95 K) conditions 

under which Boltzmann sensitivity is enhanced and thermal noise is decreased. 

Correlated signal intensities reveal unambiguous correlations between distinct 29Si 

moieties and 27Al sites.  

H+USY-A with a high Si/Al ratio (Fig. 4.8a) exhibits 27Al signal at 60 ppm, which 

arise from tetrahedral 27Al species, correlated with 29Si signal at -107 and -102 ppm 

corresponding to Q4(0Al) and Q4(1Al) species, respectively. Separately collected 

29Si{1H} Cross-Polarization (CP) spectrum acquired under the same condition is 

shown on the y-axis as a comparison. The majority of the 29Si signal from H+USY-A 

zeolite arises from Q4(0Al) as shown in 29Si{1H} CP-MAS spectrum, the main signal 

intensity of 29Si projection of 2D 27Al{29Si} spectrum is centered at -102 ppm, which 

corresponds to Q4(1Al) species. Although -102 ppm 29Si signal can be assigned to 

Q4(1Al) and/or Q3(0Al) moieties, it is highly unlikely that 29Si signals at -102 ppm 

correlated with 27Al signal at 60 ppm are arising from Q3(0Al) species due to dilute 27Al 

in the framework. Moreover, the strength of the dipolar interaction scales inverse cube 

of the distance between the two nuclei, hence a weak through-space interaction 

between surface Q3(0Al) 29Si sites and framework 27Al sites are not expected to exhibit 

observed correlated signal intensities.  However, the presence of Q3(0Al) species in 

these zeolites should not be neglected as they contain a lot of dealumination-induced 

surface defect sites as depicted by the structural schematics shown in the bottom right 

of the spectrum. Presence of Q3(0Al) species are also shown by 29Si{1H} 

measurements as discussed below. 5- and 6-coordinated 27Al species have signals at 

ca. 30 and 0 ppm, respectively, which were not observed in 2D 27Al{29Si} 
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measurements, indicating that 29Si sites are not in proximity with these extraframework 

Al species. However, these USY zeolite contain 6-coordinated extraframework 27Al 

species, which were identified by 27Al measurements as shown in Figure  S4.1.  

 

Figure  4.8. Solid-state 2D Dipolar-mediated 27Al{29Si} HMQC NMR correlation 

spectra of hydrated H+USY zeolite used for (a) Catalyst A (b) Catalyst B.  The spectra 

are acquired at 9.4 T, 95 K, and 8 kHz MAS. The structural schematics of each zeolite 

structure are shown inside the corresponding spectrum. The chemical shifts of 29Si 

sites (vertical axes) are labeled alongside their respective NMR signals. Projections 

of 27Al sites are shown on the horizontal axes.  

In comparison, H+USY-B zeolite with a lower Si/Al ratio with a higher concentration 

of Al (Fig. 4.8b) reveals slightly different framework 27Al{29Si} connectivities compared 

to H+USY-A zeolite. Similar to H+USY-A zeolite, H+USY-B zeolite has framework 

tetrahedral 27Al sites with a signal at 60 ppm correlated with different 29Si sites with 

signals at -107 and -102 ppm, which arise from Q4(0Al) and Q4(1Al) moieties. 29Si{1H} 

CP-MAS spectrum overlaid on top of the 29Si axis reveal a high-intensity signal at -
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107 ppm from Q4(0Al) species. 29Si signal at -102 ppm in H+USY-B has higher signal 

intensity compared to that of H+USY due to the larger amount of Q4(1Al) in low Si/Al 

ratio zeolite as discussed in previous quantitative 1D single-pulse measurements (Fig. 

4.7). Interestingly, the 29Si signal at -111 ppm, which was assigned to disordered 

siliceous moieties formed due to the dealumination process was found to be correlated 

with framework tetrahedral 27Al sites. Although this signal intensity is subtle, it is clear 

that the presence of correlation between 29Si signal at -111 ppm and 27Al signal at 60 

ppm in H+USY-B, but the correlated signal intensity is not present in H+USY-A as 

shown by the purple highlighted guide across the two spectra. The fact that these 

disordered siliceous species are close to the framework 27Al site suggests that these 

disordered species are not separate phases from the zeolite framework but connected 

to the zeolite crystallites.  XRD powder diffractions of two zeolites also do not show 

detectable reflections from separate amorphous phases (Fig. 4.6). Moreover, 

through-bond 29Si{29Si} correlational spectrum also reveals a presence of covalent-

bonding between these disordered species at zeolite framework Q4(0Al) moieties as 

shown in Figure  S4.2. Such disordered siliceous moieties in ultrastable dealuminated 

Y zeolites have been reported previously and denoted as dense siliceous species. 

However, without further proof of the denseness of these species, they are simply 

denoted as “disordered siliceous species” in this work. Based on the experimental 

observations, the following schematics in Figure  4.9 are proposed to portray the 

relative structures of the zeolite framework, disordered siliceous species, and the 

mesopores, similar to what has been proposed in Van Aelst et al.22  
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USY zeolite, also known as the ultrastable Y zeolite due to its higher stability under 

high temperature (~400-500 oC), is synthesized by steam-aging the Y zeolite, which 

initially starts with high loading of Al in the zeolite (Si/Al ~ 2-3) (Fig. 4.9a). By treating 

the Al-rich Y zeolite at high temperature in presence of water vapor, also known as 

steam-aging, induces framework Al to be popped out of the zeolite crystals. As a 

result, USY zeolite contains treatment-induced defects, mesopores, and fewer 

amounts of Al compared to the parent Y zeolite. Two USY zeolites studied in this work 

are provided by two different vendors, which presumably implement different steam-

aging methods that result in not only different Si/Al ratios but also different amounts 

of disordered siliceous moieties. 29Si spectra of USY zeolites prepared by the same 

vendor (Fig.  S4.3) as USY zeolite used for Catalyst B show that higher extent of 

dealumination results more quantities of disordered siliceous species, further proving 

the origin of these species from the steam-aging process. Therefore, it is likely that 

disordered moieties are located at the surface of the dealumination induced 

mesopores as shown in the diagrams. Quantitative 1D 29Si spectrum and 27Al{29Si} 

measurements revealed that H+USY-B zeolite contains a significantly higher amount 

of disordered siliceous species, thus the structural diagram in Figure 4.9d has more 

of the purple disordered moieties compared to H+USY-A zeolite shown in Figure 4.9c. 

Although Catalyst B contains more Al and H+ sites compared to Catalyst A, analyses 

of n-hexadecane hydroisomerization behaviors revealed the formation of more isomer 

products of hexadecane when Catalyst B was used in comparison to Catalyst A, 

opposite of what should be predicted based on bulk Si/Al ratio. The reason Catalyst B 

with higher overall Al content behaving more like low Al content could be due to 
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siliceous species formed at the surface of the mesopores. Distributions of acid sites 

in the zeolite are further investigated to understand the hydroisomerization behavior 

of the catalysts. 

Figure  4.9. Schematic diagrams of crystalline zeolite and dealumination-induced 

disordered siliceous species at the surfaces of the zeolite mesopores. (a) The 

crystalline framework of Y zeolite. (b) FAU framework of HY zeolite with Si/Al ~ 2-3. 

(c) H+USY-A zeolite with Si/Al =30, (d) H+USY-B zeolite with Si/Al =54. Disordered 

siliceous moieties are shown in purple at the surface of the mesopores. (e) H+USY 

zeolite framework showing fewer framework Al atoms and surface defect sites. 

Orange dots represent Al atoms in the crystalline regions of the zeolite framework.  

 4.4.5 Distributions of acid sites in calcined Pt- H+USY catalysts 

Bronsted acid sites have a crucial role in the dual functionality of the catalysts, 

hence identifying types of acidic sites and their interactions with the zeolite framework 

is crucial to obtaining the structure-function relationship of these catalysts. Figure  

4.10 shows 29Si{1H} HETeronuclear CORrelation (HETCOR) spectra of calcined 0.5 

wt% Pt-H+USY catalysts. Correlated signal intensities arise from distinct 29Si sites 
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proximate to 1H moieties. 29Si{1H}HETCOR spectrum of calcined Catalyst A in Figure 

4.10a shows 29Si signals at -91, -101, -107, and -111 ppm, corresponding to Q2(Al), 

overlapped signals from Q4(1Al) and Q3(0Al), framework Q4(0Al), and disordered 

siliceous Q4(0Al) moieties, respectively. Although quantitative single-pulse 29Si 

measurement did not reveal any observable disordered siliceous species with a signal 

at -111 ppm from Catalyst A, 29Si{1H} measurements show signal at -111 ppm which 

is correlated with 1H species of surface defect Si-OH sites with a signal at 2 ppm. A 

weak signal from low natural abundance 29Si can be enhanced by transferring 

polarization from high gyromagnetic ratio, high natural abundance 1H nuclei. 

Therefore, 29Si signals from these disordered species that are in proximity with surface 

Si-OH sites are enhanced and detected in 29Si{1H} measurements. Q4(0Al) species 

with a signal at -107 ppm is correlated with surface Si-OH and Bronsted acid sites with 

a signal at 4.7 ppm, suggesting that these Bronsted acid sites are close to the siliceous 

zeolite framework sites, perhaps inside the large supercages. 29Si signal at -101 ppm, 

which is an overlapping signal from the Q4(1Al) sites correlated with Brosnted acid 

sites with a signal at 4.5 – 7 ppm and Q3(Al) defect sites correlated with 1H species of 

Si-OH with a 1H signal at 2 ppm. Interestingly, a presence of Q2(0Al) surface species 

with 29Si signal at -92 ppm is also revealed by the HETCOR experiments. 1H signal at 

0 ppm arises from Al-OH moieties,23 which are correlated with surface Q3(0Al) 

species. Separately collected 1H Echo MAS spectrum of the calcined Catalyst A is 

overlayed on top of the 1H projection of the 29Si{1H} experiment for comparison. 

Different 1H signals from Bronsted acid sites suggest that Catalyst A contains 

Bronsted acid sites with different local environments, e.g., H+ located in different cages 



 

 
147 

 
 

of the Y-zeolite. The majority of the 1H signals from calcined catalysts arise from Si-

OH species, consistent with dealuminated low Al USY zeolites.  

 

Figure  4.10. 29Si{1H} HETCOR spectra of calcined (a) catalyst A and (b) catalyst B 

acquired at 11.7 T with 12.5 kHz MAS with contact time 1.5 ms. 29Si is shown on the 

x-axis, 1H chemical shift is plotted on the y-axis. Separately collected 1H Echo MAS 

spectrum of each catalyst is overlayed on the y-axis for comparison.  

Similarly, 29Si{1H} spectrum of calcined Catalyst B (Fig. 4.10b) also reveals that 

the majority of the 1H signal from surface Si-OH species with a signal at 2 ppm. 29Si 

signals at -91 ppm from Q2(Al), -101 ppm from overlapped signals of Q4(1Al) and 

Q3(0Al), -107 ppm from framework Q4(0Al), and -111 ppm from disordered siliceous 

Q4(0Al) moieties are also present in calcined Catalyst B.  Compared to Catalyst A, 

Catalyst B shows broader signals at -111 ppm, consistent with larger quantities of 

dealumiation-induced disordered siliceous species detected in Catalyst B by single-

pulse 29Si NMR measurements. Unlike Catalyst A, Catalyst B does not show any 

differentiable 1H signals from different Bronsted acid sites. Instead, Catalyst B shows 
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one broad 1H signal distributions from 5- 7 ppm, suggesting that local environments 

of Bronsted H+ sites are broadly distributed probably due to almost twice more 

Bronsted acidic sites present in Catalyst B compared to Catalyst A.  

4.4.6 In situ 13C NMR analyses of n-hexadecane on Pt-H+USY  

Understanding the atomic-scale reaction mechanisms enables optimization of 

existing industrial processes, hence it is crucial to identify types of intermediates under 

reaction conditions. In situ 13C NMR is a powerful technique that can reveal distinct 

13C moieties under similar reaction conditions. There are very few studies on in situ 

investigations of solid catalysts in contact with liquid reagents, especially under high 

pressure as it was conducted in this work.  To elucidate the mechanism of n-

hexadecane hydroisomerization on bifunctional Pt-H+USY heterogeneous catalysts, 

the reaction intermediates are revealed by in situ 13C NMR, which was enabled by a 

specially designed WHiMS rotor functioning as a small batch system with high 

temperature (240 oC) and high pressure (50 bar at room temperature) that is close to 

reaction conditions used for catalytic tests in Figure 4.3. Straight hexadecane with 99 

atom% 13C enriched at the two terminal carbons is used as the reactant. 13C NMR of 

n-hexadecane adsorbed on reduced Pt-H+USY catalysts under 50 bar H2 pressure (at 

room temperature) are measured at three different temperatures (30, 150, and 240 

oC) to identify types of carbon moieties at varying temperatures. 

13C NMR of n-hexadecane adsorbed on Catalyst A is shown in the left column of 

Figure  4.11, sequentially measured from low temperature (bottom spectrum) to high 

temperature (top spectrum). Firstly, 13C signal of 1, 2 13C-enriched n-hexadecane 

adsorbed on reduced catalyst A acquired at 30 oC and shown in Figure 4.11c. 13C 
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signals from adsorbed n-hexadecane appear at 14, 23, 30, and 33 ppm, which 

correspond to terminal carbon (purple), carbon number 2 (green), 4 (grey), and 3 

(yellow), respectively as shown in hexadecane molecule with numbered carbon atoms 

in Figure 4.11g. Signal intensities from the terminal two carbons at 14 and 23 ppm 

are larger than the rest of the 13C signals because of the selective 13C-enrichment at 

the carbon number 1 and 2. Zoomed spectra are overlayed on top of each spectrum 

to magnify the less intense signals. 13C signals of adsorbed hexadecane are broader 

compared to solution-state 13C signals (Fig.  S4.4) due to the presence of broad local 

environments caused by interactions between the reactant and the zeolite catalysts. 

A signal at 30 ppm from the middle carbons has higher relative intensity compared to 

the signal at 33 ppm from the carbon number 3, consistent with the stoichiometric ratio 

of the carbon moieties.  

Even at this low temperature of 30 oC (Fig. 4.11c), there are small signal intensities 

at 50 and 60 ppm, which are highlighted across the three spectra. These signals arise 

from alkoxy species formed by carbocation adsorption on zeolite oxygen atoms. As 

discussed in the reaction mechanisms of bifunctional catalysts in Figure 4.2, 

carbocation species Thermodynamic calculations have shown the formation of 

energetically favorable alkoxy species in a presence of carbocations adsorbed on 

negatively charged zeolite framework sites.24 It should be noted that the observation 

of alkoxy intermediates is only enabled by pressurizing the NMR rotor under H2, i.e., 

without H2 in the rotor, which resembles a batch reactor, alkoxy species were not 

observed. Interestingly, two signals are corresponding to alkoxy species, indicating 

the observation of at least two types of adsorbed species, such as secondary and 
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tertiary carbons on zeolite, which would be expected to have a chemical shift 

difference of ca. 10 ppm.  To make sure that signals assigned to alkoxy species are 

not background signals, 13C spectra of the empty rotor are collected at each 

temperature and shown in Figure  S4.5. 13C signals of epoxy glue in some homemade 

NMR probes also appear at 50-60 ppm, which especially becomes narrower and well 

resolved at high temperatures. No background signals at 50-60 ppm are detected 

even at 240 oC, leaving the confident assignment of 50 and 60 ppm signals to the 

alkoxy species.  

Figure  4.11. In situ single-pulse  13C MAS NMR of 13C enriched n-hexadecane 

adsorbed on (left column) catalyst A and (right column) Catalyst B under 50 bar H2 

pressure at room temperature. The spectra are acquired at 11.7 T with 4 kHz MAS. 

The two terminal carbon atoms indicated as carbon numbers 1 and 2 in the structural 

schematics shown under the spectra, of n-hexadecane are 99.99% enriched. 13C 

NMR spectra acquired at (a,d) 240 oC, (b,e) 150 oC, and (c,f) 30 oC. Low-temperature 

spectra are acquired first for 10 minutes, and the temperature is increased to the 

desired value until it was stabilized after 10 minutes to obtain the next spectrum. (g) 
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hexadecane molecule with numbered & color-coded carbon atoms. * denotes spinning 

sidebands, ♦ denotes background, which changes at varying temperatures. 

At an elevated temperature of 150 oC (Fig. 4.12b), the signals from n-hexadecane 

are still present, but the signals from alkoxy species appear at higher intensity 

compared to the spectrum collected at 30 oC indicating the formation of alkoxy species 

at a higher temperature. As temperature increases, the formation of carbocation 

moieties are accelerated, which eventually form alkoxy species with signals at 50 and 

60 ppm. The measurement at 240 oC, the maximum capability of the NMR probe, 

results in increased signal intensities from the alkoxy peaks at 50 and 60 ppm. 

Notably, the signal intensity between the two peaks are different, i.e., the signal at 50 

ppm, which is assigned to secondary carbon alkoxy species, is more intense than the 

signal at 60 ppm, which is arising from less shielded tertiary carbon alkoxy species. 

This suggests preferential adsorption of secondary alkoxy intermediate species on 

Catalyst A, which can correlate with the observed formation of more monobranched 

isomer formation on Catalyst A as shown in Figure 4.3. Moreover, at 240 oC 

measurement, a new peak at -11 ppm started emerging, which arises from 13CH4. 

Although a small amount, the presence of a signal at -11 indicates terminal cracking 

of the n-hexadecane. The fact that the signal at -11 ppm of methane is observable 

suggests that cracking occurred at the 13C enriched terminus.  

By comparison Catalyst B exhibits different reaction pathways compared to 

Catalyst A as evidenced by 13C spectra of n-hexadecane adsorbed on Catalyst B at 

different temperatures (right column in Figure  4.11). Starting the measurement at 30 

oC (Fig. 4.11f), n-hexadecane adsorbed on Catalyst B reveals 13C signals of n- C16, 



 

 
152 

 
 

similar to Catalyst A, and interestingly signals at 50 and 60 ppm assigned to secondary 

and tertiary alkoxy species, respectively.  The 60 ppm signal appears more intensely 

than 50 ppm, indicating preferential adsorption and formation of tertiary alkoxy species 

compared to secondary alkoxy species on Catalyst B. Based on the catalytic testing 

results discussed in Figure  4.3, Catalyst B formed more multibranched hexadecane 

isomers, which can form from tertiary alkoxy intermediates. Furthermore, at higher 

temperatures of 150 oC (Fig 4.11e), in addition to the peaks that were observed at 30 

oC, a signal at -11 ppm from methane was detected. In contrast to Catalyst A, which 

forms a small amount of methane at 240 oC, Catalyst B forms methane in much more 

quantity at a lower temperature of 150 oC. The signal intensity from methane further 

increased, when the 13C spectrum is acquired at a higher temperature of 240 oC (Fig. 

4.11d) due to increased terminal cracking occurring on Catalyst B at an elevated 

temperature. Compared to Catalyst A, significantly more terminal cracking products 

(CH4) on Catalyst B is formed.   

For a zeolite with a lower Si/Al ratio and more Bronsted acidic sites, it is consistent 

that Catalyst B exhibits more cracking compared to Catalyst A. Formation of methane 

by terminal cracking is likely, not due to classic bifunctionality of Pt-H+USY catalyst 

but rather simple cracking due to Bronsted acidic sites. Interestingly, Catalyst B 

exhibits more hydroisomerization activities due to dual-functionality compared to 

Catalyst A as discussed in previous sections, but in situ NMR results reveal that more 

terminal cracking occurs on Catalyst B. While both Pt and H+ sites sequentially 

participate in hydroisomerization, only H+ is necessary for terminal cracking. 

Therefore, an interesting behavior of Catalyst B having more hydroisomerization yet 
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more terminal cracking could be due to the inhomogeneous distribution of H+ acidic 

sites throughout the zeolite crystallite. In other words, Catalyst B possesses more 

acidic sites on the surface where terminal cracking can easily occur, thus leaving well-

balance Pt/H+ inside the mesopores where hydroisomerization reactions are likely to 

occur.  Identification of differences between intermediate and adsorbed species 

enabled to understand different catalytic behaviors observed by the two types of Pt-

H+USY bifunctional catalysts.  

4.5 Conclusions 

Two types of Pt-H+USY catalysts with different Si/Al ratio (Catalyst A: 54 and 

Catalyst B: 30) are studied for n-hexadecane hydroisomerization. Although Catalyst 

B has lower bulk Si/Al ratio and higher concentration of Bronsted acid sites which lead 

to more cracking, Catalyst B exhibits more isomerization behavior compared to 

Catalyst A. In other words, Catalyst B behaves more like a higher Si/Al ratio zeolite. 

Analyses of quantitative single-pulse 29Si NMR and correlational 27Al{29Si} 2D NMR 

results revealed that Catalyst B contains significantly more amount of siliceous 

disordered species which could be the origin of Catalyst B behaving more like higher 

Si/Al ratio zeolite for hydroisomerization. Moreover, analyses of in situ 13C NMR 

measurements at high temperature and pressure elucidate the reaction mechanisms 

of long-chain straight alkanes on two catalysts. Terminal cracking of hexadecane 

resulted in methane formation under in situ reaction conditions, which was observed 

by a distinct 13C signal at -11 ppm. Moreover, adsorbed alkoxy species with signals at 

50 and 60 ppm revealed different adsorption behaviors of intermediates on two types 
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of catalysts. Detailed insights on the structures and reactivities enabled to elucidate 

atomic-level origins of differences in catalytic activities of two types of Pt-H+USY.  
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Supporting Information 

A solid-state 27Al MAS NMR spectrum exhibited a broad distribution of 27Al intensity 

spanning from 75 to -20 ppm for dehydrated H+USY zeolite.  A partially resolved signal 

centered at ~60 ppm corresponds to 4-coordinated 27Al, while intensity near 0 ppm 

arises from octahedrally-coordinated 27Al sites. Due to the broad nature of the 27Al 

signal from the dehydrated zeolite, obtaining the relative quantities of the 

extraframework and framework 27Al sites was challenging. Therefore, 27Al 

measurements of hydrated zeolites are conducted to obtain narrower and better 

resolved 27Al signals from the 4- and 6-coordinated Al sites to facilitate the 

determination of their relative populations and shown in Figure  S4.3.  
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Figure  S4.1. Solid-state single-pulse 27Al MAS NMR of H+USY-B (a) fully hydrated 

and (b) H2 treated.  (c) MQMAS of H2 treated H+USY-B. The spectra are acquired at 

18.8 T, 298 K, and 18 kHz MAS using dry N2 for MAS.  

Disordered siliceous species with signal at -111 ppm is bonded to the framework 

zeolite crystallites as evidenced by SQ-DQ 29Si{29Si} experiment.  Sum of through-

bond correlated signal intensities in Single-Quantum dimension appears at the 

Double-Quantum dimensions. For example, from the first slice of SQ dimensions 

shown on the right, -222 ppm (purple spectrum) corresponds to intra-correlations 

between 29Si species with signal at -111 ppm. Similarly, the second slide (green 

spectrum) shows DQ signal at -213 ppm, which is a sum of -102 ppm corresponding 

to Q4(1Al) moieties and -111 ppm arising from siliceous disordered species. This 

correlation unambiguously reveals the bonding environment between the 

dealumination-induced siliceous species and the zeolite crystallite, consistent with the 

suggested structural diagrams shown in Figure  4.9 of the main text.  
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Figure  S4.2. Single-Quantum Double-Quantum (SQ-DQ) 29Si{29Si} through-bond 

correlation experiment acquired by J-mediated INADEQUATE method of hydrated 

H+USY-B zeolite.  

A solid-state 29Si MAS NMR spectrum of dehydrated USY zeolites with varying 

Si/Al ratio reveal different relative quantities of distinct 29Si moieties, Qm(nAl), where 

m is the coordination number of 29Si with n number of Al neighbors. The zeolites are 

provided from the same vendor as the zeolite used for Catalyst B with (c) Si/Al = 30. 

Zeolite with higher Si/Al ratio contains more integrated intensities of -111 ppm signal, 

indicating the extent of dealumination affects the formation of siliceous disordered 

species. 
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Figure  S4.3. Single-pulse 29Si spectra of dehydrated USY zeolites with varrying Si/Al 

ratio of (a) 6, (b) 15, (c) 30, (d) 40.  Deconvoluted signals of different 29Si species are 

shown below each spectrum. Red dotted lines are the sum of the deconvoluted signals 

that best fit the experimental spectrum shown in blue. The spectra are collected at 

11.7 T at 12.5 kHz MAS.  
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Figure  S4.4. Comparisons of 13C and 1H spectra of solution state (non-enriched) n-

hexadecane and 1,2 -13C enriched n-hexadecane adsorbed on reduced Pt-H+USY 

Catalyst A. (a) Single-pulse 13C and (b) 1H spectra of solution state n-hexadecane 

acquired at 14.1 T. (c) Single-pulse 13C and (d) 1H spectra of 1,2 13C-enriched n-

hexadecane adsorbed on Pt-H+USY under 50 bar H2.  
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Figure  S4.5.  Identification of 13C background signal of in situ NMR probe at different 

temperatures. Single-pulse 13C NMR spectrum of 1,2 13C-enriched n-hexadecane 

adsorbed on  Pt-H+USY under 50 bar H2 at room temperature (a) at 240 oC and (b) at 

30 oC. Background signals acquired under the same condition from an empty rotor 

are shown below each spectrum. Background signal at ca. 110 ppm narrows and 

intensity increases at high temperature measurements. However, signals at 50 and 

60 ppm, assigned to alkoxy species, are not present in the background signal.  The 

spectra were acquired at 11.7 T with 4 kHz MAS.  
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Figure  S4.6. Comparisons of single -pulse 29Si MAS NMR of parent H+USY zeolite 

and reduced Pt-H+USY catalyst B.  
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CHAPTER 5 
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5.1 Abstract 

Chabazite is a small pore zeolite used for various industrial applications, including 

selective catalytic reduction of NOx with NH3, methanol to olefin, and selective 

hydrogenation of olefins.  Reaction properties of CHA zeolites strongly depend on 

distributions of Al sites, specifically the amount of paired Al where two Al tetrahedral 

sites are separated by at least one Si tetrahedral site in the ring structures of the 

zeolite. Zeolite crystallization methods influence the distribution of Al sites in CHA 

zeolites. Here, two types of CHA zeolites with the same bulk Si/Al ratio of 14 

synthesized in two different crystallization mediums: with N,N,N-trimethyl-1-

admantylammonium (TMAda+) and with TMAda+ and Na+, are studied by solid-state 

multinuclear magnetic resonance methods to obtain detailed atomic-scale structural 

differences between the two CHA zeolites. The analyses of quantitative one 

dimensional (1D) 29Si NMR and two dimensional (2D) 29Si{29Si} correlational 

5. Identifying paired-Al sites in CHA zeolite framework 



 

 
164 

 
 

measurements reveal that CHA zeolite synthesized with TMAda+ and Na+ is shown to 

contain higher quantities of Q4(1Al) moieties, which can lead to paired Al sites (Al-Si-

Si-Al), compared to CHA zeolite synthesized with only TMAda+.  Moreover, 2D 

27Al{29Si} and 29Si{1H} correlational measurements unambiguously revealed higher 

quantities of Q4(2Al) 29Si species, which is the source of paired Al-Si-Al sites, in CHA 

zeolite synthesized with both TMAda+ and Na+ compared to the CHA zeolite 

synthesized to result in “random” distribution of Al sites. Such direct characterization 

of paired Al sites in CHA zeolites using 2D NMR methods is unprecedented and the 

methods used in this study enable to elucidate correlations between zeolite 

crystallization methods and atomic-level structures of industrially significant materials.   

5.2 Introduction  

Chabazite zeolite is used commercially in their H+ form to catalyze methanol to 

olefin reaction,1 Cu and Fe-exchanged form to be used for NO and NO2 selective 

catalytic reduction,2,3 and with supported Pt-CHA zeolite is used for selective reduction 

of olefins.4 The distributions of Al sites have crucial to stabilize the exchanged cations 

and supported metals. For example, paired Al sites in the ring structures are capable 

of stabilizing divalent cations such as Cu2+ and Pt2+, which have crucial effects on the 

catalytic activities. The Al sitings in the zeolite framework depend on the zeolite 

crystallization conditions (types of structure-directing agents, alkaline cations, sources 

of Si and Al, pH, pressure, and temperature)5–10 and post-treatment conditions.11 For 

example, two types of catalysts discussed in Chapter 4 of this dissertation, both have 

the same framework structure of Y zeolite, but exhibit significantly different catalytic 

activities which were originated from the different local structures observed by the 
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multinuclear solid-state NMR measurements. Therefore, elucidating atomic-scale 

structures of zeolites, especially identifying paired Al sitings in CHA zeolite, has been 

a hot topic in the zeolite catalyst field.  

Previous efforts have shown that by modifying the crystallization medium, Al sitings 

can be modified, but not in predictable ways. For example, FER zeolite was 

synthesized with mixtures of structure-directing agents that differ in size, and direct 

the locations of framework Al sites in either 8-membered ring or 10-membered 

ring.12,13 MFI zeolite synthesized with tetrapropylammonium, (TPA+) contains more Al 

atoms in 10 membered-ring intersections, while using both TPA+ and Na+ results in 

MFI zeolite with Al sites located in straight and sinusoidal 10 membered-ring 

channels.14 Another study has shown that using both TPA+ and Na+ in the synthesis 

gel to crystallize low Al content MFI zeolite (Si/Al = 22) yields lower fractions of paired 

Al sites compared to MFI zeolite synthesized with only TPA+.15 Synthesis of CHA 

zeolite using N,N,N-Trimethyl-1-Adamantammonium (TMADa+) was first discovered 

by Zones,5 and the use of both TMADa+ and Na+ to crystallize CHA zeolite with 

predominantly paired Al sites are extensively studied.16,17 It has been proposed that 

the presence of both Na+ and TMADA+ cationic charges in each CHA cage attracts 

two paired anionic Al tetrahedral sites while using only TMADA+ is predicted to result 

in randomly distributed Al subject to Lowenstein’s rule. This hypothesis should be 

considered with caution because zeolite crystallization predominantly occurs by a 

series of kinetically controlled steps. Figure  5.1 shows the structure of the CHA zeolite 

and configurations of unpaired and paired Al sites in 6-membered rings. CHA zeolite 

contains one crystallographically unique T-site and double 6-membered ring building 
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units that interconnect to form 8-membered ring windows, which limit transport into 

larger cages with 18 T atoms per cage. 8-MR window has a diameter of 0.38 nm and 

the large cage has a 0.82 nm diameter. Al atoms in the framework are denoted by 

orange dots. Unpaired Al in the 6-membered ring is shown in Figure  5.1b, where five 

of the T-sites are Si moieties while only one of them is Al. In contrast, paired Al in the 

6-membered ring can either have a structure in Figure  5.1c, two Al separated by one 

Q4(2Al) Si T-site, or two Al separated by two Q4(1Al) Si-T-sites. Directly observing the 

sitings of such Al atoms in zeolite has been challenging, because most of the 

diffraction techniques only provide average structural information but not on the 

distribution of Al heteroatoms, which are usually non-periodic. Moreover, other 

diffraction methods, such as XANES and EXAFS, are not capable of distinguishing Al 

and Si atoms due to their similar electron densities. Recent breakthrough 

measurements using X-ray standing-wave single-crystal have shown the possibilities 

of resolution of Al and Si atoms in Al-rich zeolites.18 However, a single-crystal method 

is not suitable for catalyst materials, which are usually small crystallites. Therefore, 

identification of paired Al sitings in zeolite catalysts is usually conducted by indirect 

methods such as using other probe molecules as the identifier of paired Al sites19,20, 

UV-vis spectroscopy of Co2+ exchanged zeolites for detection of paired Al atoms,15 

and simple titration of divalent cations for quantification of paired Al sites.16,21  
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Figure  5.1 Structural diagrams of paired and unpaired Al in 6-membered rings. 

Structural diagrams of (a) CHA framework, (b) unpaired Al site, (c) paired Al sites 

separated by one Q4(2Al) Si site, and (d) paired Al sites separated by two Q4(1Al) Si 

sites 

Solid-state NMR methods are superior to identifying local distributions of heteroatoms 

directly. For Al-rich zeolites, 27Al double-quantum (2Q) MAS NMR experiments were 

successfully used to reveal proximity between extra-framework Al species and 

framework Al atoms. This type of homonuclear correlation pulse sequence can be 

used to monitor paired Al sites, but due to its challenges arise from quadrupolar 27Al 

nuclei, this method has not been used to reveal paired 27Al sites in zeolite up to date.22 

Here, multinuclear 2D  27Al{29Si}, 29Si{1H}, and 29Si{29Si} correlational measurements 

are used to directly identify the paired Al sites and their interactions with the framewok 

29Si and Bronsted acid sites. Three types of CHA zeolites synthesized in different 

crystallization mediums, denoted as CHA1, CHA2, and CHA3 are investigated to 
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reveal the distributions of Al sites and their interactions with the zeolite framework 

sites, which are found to be directly affected by the zeolite synthesis methods.  

5.3 Materials and methods 

Three types of CHA zeolites are synthesized at the Instituto de Tecnologia Quimica 

(ITQ), denoted as CHA1, CHA2, and CHA3. CHA1 and CHA2 are synthesized in a 

way to result in “random” distributions of Al, i.e., in a presence of N,N,N-trimethyl-1-

admantylammonium (TMAda+) as a Structure Directing Agent (SDA). CHA3 was 

synthesized with the SDA and Na+ to result in paired Al sites. Hence, CHA3 contains 

Na, while CHA1 and CHA2 do not have Na. The Si/Al ratio of CHA1 and CHA3 are 

both 14 to compare the effects of synthesis with and without Na for a CHA zeolite with 

the same Al content. CHA2 has a Si/Al ratio of 26, which is used as a reference for 

CHA1 zeolite synthesized by the same method but with lower Al content.  

Multinuclear solid-state nuclear magnetic resonance (NMR) spectroscopy 

measurements were conducted to understand the framework Al distributions of CHA 

zeolites. Both hydrated and dehydrated samples are studied to obtain acquire 

framework T-site connectivities, e.g., 27Al{29Si} and 29Si{29Si}, and interactions 

between 1H from Bronsted acid sites, Si-OH species, and framework 29Si moieties. 

Zeolites were hydrated in an 80 % relative humidity environment for 24 hours before 

measurement.  Dehydration was proceeded under vacuum with a heating rate of  1 

oC/min, up to 450 oC, and held at the temperature for 2 h before slowly cooling down 

to room temperature. Dried samples were sealed in a glass ampule and transferred 

into a glovebox under dry Ar, where samples were packed in NMR rotors. Silicone 

plugs were used to seal the open end of the rotor before placing the rotor cap, and 
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dry N2 was used for MAS. Conventional solid-state 1H, 29Si, and 29Si{1H} CP-MAS 

NMR were conducted on 11.7 T Bruker AVANCE-II NMR spectrometer, operating at 

12.5 kHz MAS at 298 K using a Bruker 4 mm probe head and zirconia rotors with Kel-

FTM caps. Low-temperature MAS (LTMAS) measurements (95 K) provide significantly 

enhanced NMR signal sensitivity that allows the detection and analysis of 29Si-O-27Al 

environments at a natural abundance of 29Si (4.7%). LTMAS measurements, e.g, 2D 

29Si{29Si} and 27Al{29Si}, were conducted on a Bruker ASCEND 400 NMR spectrometer 

with a 9.4 T superconducting magnet equipped with a low temperature 3.2 mm triple-

resonance MAS probe head. A Triple-quantum MAS pulse sequence with two hard 

pulses followed by a z-filter was used for 27Al MQMAS measurements conducted on 

an 18.8 T instrument equipped with a 3.2 mm HX probe. Single-pulse excitation of 

0.42 us corresponding to π/12 flip angle was used for quantitative 27Al experiments 

with a recycle delay of 0.5 s.   

Dynamic Nuclear Polarization (DNP) NMR methods were used to enhance the 

signal sensitivities. 8 mMol TEKPol in TCE was used as the polarizing agent for fully 

hydrated zeolite particles, with 263 GHz microwave irradiation. The 2D J-mediated 

29Si{29Si} NMR measurements were conducted using the refocused INADEQUATE 

technique, which probes 29Si-29Si spin pairs that are J-coupled (through-covalent 

bond). The experiments used a 2.5 μs 1H 90° pulse, followed by a 5 ms adiabatic 

cross-polarization pulse to transfer magnetization to 29Si. 7.2 μs 29Si 180° pulse was 

used to generate antiphase nuclei. A rotor-synchronized echo (τ-180°-τ) of total 

duration 2τ = coherences under scalar (J Si-Si) coupling evolution while refocusing 

chemical shift interactions. The antiphase magnetization was converted by a 4 μs 29Si 
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90° pulse into a mixture of double- and zero-quantum coherences, the latter of which 

were removed by phase-cycling and the former of which were detected indirectly by 

incrementation of the evolution period t1. A subsequent 29Si 90° pulse converted the 

remaining double-quantum components into antiphase coherences. After another 

delay τ, these were converted by a final 180° pulse into in-phase single-quantum 

coherences that evolved again under 29Si{29Si} interactions, forming an echo that 

initiated the detection period t2. The value of τ = 6 ms was established to provide 

maximum signal intensity. Fourier transformation of the time-domain signals resulted 

in 2D refocused INADEQUATE 29Si{29Si} NMRspectra that represent frequency maps 

with single-quantum (SQ) and double-quantum (DQ) dimensions. Signals in the 

SQdimension (horizontal axis) correspond to isotropic 29Si chemical shifts, ωi (similar 

to 1D 29Si MAS spectra), while signals in the DQdimension (vertical axis) represent 

the sum of the chemical shifts of two correlated J-coupled 29Si nuclear spins, ωi + ωj. 

Pairs of signal intensities at (ωi, ωi + ωj) and (ωj, ωi + ωj) establish unambiguously that 

29Si species with SQisotropic chemical shifts ωi and ωj are bonded covalently (in this 

case through bridging oxygen atoms).  

5.4 Results and analyses 

Solid-state NMR is the most suitable technique to directly identify the presence of 

paired Al sites, especially 2D NMR provides unambiguous correlation between distinct 

27Al and 29Si sites which can be used to elucidate the presence of Q4(2Al) moieties, 

which is an indication of paired Al sites, i.e., Al-Si-Al. 2D 29Si{29Si} measurement can 

be used to reveal covalently bonded Q4(1Al) and Q4(1Al) species, which lead to paired 

Al sites separated by two Si sties. Moreover, 2D 29Si{1H} measurements are used to 
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identify interactions between distinct Bronsted and surface Si-OH protons and 29Si 

moieties. The analyses of multinuclear NMR methods discussed below elucidate 

unprecedented atomic-scale structural details on CHA zeolites synthesized to result 

in “random” distributions of Al and paired Al sites, which are important structural 

features for industrially significant CHA zeolite catalysts.  

5.4.1 Relative quantities of distinct 29Si moieties in CHA zeolites 

To identify the effects of treatment conditions and bulk Si/Al ratio on types and 

distributions of distinct 29Si moieties, quantitative 1D 29Si MAS measurements were 

conducted on the three types of zeolites. Figure  5.2 shows 1D 29Si single-pulse MAS 

NMR spectra of hydrated CHA zeolites. As shown in Figure  5.2a, 29Si signals at -

102, -105, and -111 ppm in CHA1 correspond to Q4(0Al), Q4(1Al), and Q4(2Al) or 

Q3(0Al) 29Si moieties, respectively, where Qn(mAl) denote 29Si sites with n numbers 

of T-site numbers, of which m number of them are Al.  The majority, 75%, of the 29Si 

signal arises from Q4(0Al) moieties, consistent with zeolite with a high Si/Al ratio. 12% 

of the total signal comes from Q4(1Al) species. 13% of the total intensities appear at 

-102 ppm, which are overlapping signals from Q4(2Al) or Q3(0Al) species. For this 

high Si/Al ratio and “random” distribution of Al, CHA1 zeolite is expected to have a 

small or non-negligible amount of paired Q4(2Al) moieties, hence the majority of the 

signal at -102 ppm is expected to be from surface Q3(0Al) and confirmed by 2D 

29Si{1H} and 27Al{29Si} measurements as discussed below. For CHA2 zeolite with a 

higher Si/Al ratio compared to CHA1, the relative quantities of siliceous species are 

higher compared to CHA1. 77% of the 29Si signals arise from Q4(0Al) moieties with a 

peak at -111 ppm as shown in Figure  5.2b. Because of its low Al content in CHA2, 
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the relative signal intensities from Q4(1Al) at -105 ppm are only 8% compared to 

CHA1, which has ca. 12% of the 29Si signal from Si tetrahedral site with one Al 

neighbor. Relative intensities of the signal at -102 ppm in CHA2 is 15%, which is 

comparable to CHA1 indicating that changing the total Al content does not 

significantly affect the quantities of the surface Q3(0Al) species.  

When CHA zeolite is synthesized with both structure-directing agent and Na+ 

cation, more paired Al species are expected. CHA3 zeolite has the same Si/Al ratio 

as CHA1 but crystallized with SDA and Na+ compared to CHA1, which was 

synthesized with only SDA. Relative quantities of distinct 29Si moieties in CHA3 are 

significantly different compared to CHA1. Namely, 20% of the total signal intensities 

in CHA3 arise from Q4(1Al), while 12% of the 29Si signal intensities arise from Q4(1Al) 

moieties in CHA1. One possible paired Al configuration is having two Al sites 

separated by two Q4(1Al) species as illustrated in Figure  5.1d. CHA3 with almost 

double the relative quantities of Q4(1Al) moieties compared to CHA1 could lead to 

more paired Al sites. However, the 1D 29Si spectrum simply provides relative 

quantities of total Q4(1Al) species, which is not proof of Q4(1Al) bonded to another 

Q4(1Al) to result in paired Al sites. 2D 29Si{29Si} correlational experiments elucidate 

such information on local bonding environments and will be discussed below.  Similar 

to 29Si signals obtained from CHA1 and CHA2, the majority, 68%, of the 29Si signals 

of CHA3 arises from siliceous Q4(0Al) sites, again consistent with high Si/Al zeolite. 

12% of the total signal appears at -102 ppm, which can be from Q4(2Al) and/or 

surface Q3(0Al) moieties. To summarize the analyses of quantitative 1D 29Si MAS 

NMR spectra acquired from three types of zeolites, relative quantities of different 29Si 
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species are strongly influenced by the zeolite crystallization method, e.g., bulk Si/Al 

ratio and presence of Na+ cation in addition to SDA. Notably, relative quantities of 

Q4(1Al) species with 29Si signal at -105 ppm decrease as the bulk Si/Al ratio increases 

when other crystallization parameters are held constant, which is evidenced by 

comparing CHA1 and CHA2. While the bulk Si/Al ratio is held constant but 

crystallization medium differs by the presence of Na+ cation, relative quantities of 

distinct 29Si moieties differ between two zeolites as evidenced by the comparison of 

CHA1 and CHA3. This suggests the effects of Na+ on the distributions of zeolite 

framework T-sites.  To identify the local bonding environments of these different T-

sites, correlational 2D NMR methods are implemented and discussed below.  

 

Figure  5.2. Quantitative 1D 29Si single-pulse MAS NMR spectra of hydrated (a) 

CHA1, (b) CHA2, and (c) CHA3. The spectra are acquired at 11.7 T and 12.5 kHz 

MAS. Deconvoluted signals with relative quantities are shown under each 

corresponding spectrum. The sum of the deconvoluted signals shown under each 

spectrum is shown in red dashed lines. 
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5.4.2 29Si{29Si} bonding environments in CHA zeolites 

Local bonding environments between distinct 29Si moieties can reveal the 

presence of Q4(1Al) 29Si sites bonded to another Q4(1Al) sites, a direct proof of paired 

Al sites as illustrated in Figure  5.1d. Because of the low natural abundance of 29Si 

nuclei (4.7%) and weak J-coupling between 29Si-29Si, the signal was enhanced by 

DNP-NMR measurements. J-mediated 29Si{29Si} DNP-NMR spectrum of CHA1 zeolite 

with “random” distributions of Al is shown in Figure  5.3a. The Single-quantum 

dimension is shown on the horizontal axis, and the double-quantum axis is on the 

vertical axis. Separately collected 29Si{1H} CP-MAS spectrum is overlayed on top of 

the horizontal axis for comparison. Diagonal peaks on the 2D spectrum indicate intra-

correlation of 29Si moieties while cross diagonal peaks arise from inter-correlation 

between distinct 29Si moieties. Q4(0Al) sites with the signal at -112 ppm show a 

diagonal peak, which appears at -224 ppm on the double-quantum dimensions, 

revealing the covalently bonded Q4(0Al) species. The signal at -105 ppm corresponds 

to Q4(1Al) 29Si species, which are through-bond correlated with Q4(0Al) siliceous 

species with the signal at -112 ppm. The correlated signal intensities appear at -217 

ppm in the double-quantum dimension, the sum of two correlated intensities at -105 

and -112 ppm, which are highlighted by a red line symmetrically divided by the 

diagonal axis. There are also other distributions of correlated intensities arising from 

29Si species with a signal at -109 ppm and siliceous Q4(0Al) moieties with a signal at 

-111 ppm. The correlated intensities highlighted by the yellow line appear at -220 ppm, 

the sum of -111 and -109 ppm. Broad signals of Q4(1Al) 29Si species at -106 to -109 
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ppm indicate that CHA1 contains broad distributions of chemical environments caused 

by “random” distributions of Al sites.  

Paired Al moieties separated by two Si atoms can be directly observed by J-

mediated 29Si{29Si} SQ-DQ experiments. When such paired Al species are present, 

correlated signal intensities from Q4(1Al) sites with a signal at -106 ppm should be 

expected to appear at -212 ppm in the double-quantum dimension. However, for 

CHA1 zeolite with “random” distributions of Al sites, no correlation intra-correlation 

was observed, suggesting that Q4(1Al) moieties are isolated from one another. 

Moreover, 29Si sites with signals at -101 ppm, which are assigned to Q4(2Al) and 

Q3(1Al), do not show correlated signal intensities, suggesting that these species are 

not close enough to be covalently bonded to each other.  

In comparison to CHA1, CHA3 zeolite synthesized to results in paired Al sites 

exhibits slightly different local bonding environments of 29Si species. Figure  5.3b 

shows 2D J-mediated 29Si{29Si} SQ-DQ spectrum of fully hydrated CHA3. Correlated 

signal intensities arise from covalently bonded siliceous Q4(0Al)–O–Q4(0Al) moieties 

and from covalently bonded Q4(0Al)–O– Q4(1Al) moieties at -224 and -217 ppm in the 

double-quantum dimension, respectively. Compared to CHA1, CHA3 zeolite does not 

show a correlated signal at -220 ppm in the double-quantum dimension, as indicated 

by the grey dashed lines, suggesting narrower distributions of 29Si local environments 

in CHA3 zeolite compared to CHA1. This could be due to the non-random distribution 

of Al sites, i.e.,  a few Al in the framework are paired. However, no observable 

correlated signal was detected from Q4(1Al) species bonded to another Q4(0Al) with 

a signal -106 ppm. Higher relative quantities of Q4(1Al) in CHA3 zeolite compared to 
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CHA1 zeolite as discussed in Figure  5.2 was suggestive that CHA3 zeolite might 

contain more of Al-Si-Si-Al paired sites. A presence of a signal is proof of the presence 

of certain species that give rise to that signal, but an absence of a signal should not 

be interpreted as an absence of the species that is expected to give the signal. Small 

quantities of covalently bonded Q4(1Al)-O-Q4(1Al) moieties, weak J-coupling between 

29Si-29Si species (<10 Hz), and low natural abundance of 4.7% 29Si leading to 

probabilities of 0.22% of all coupled Q4(1Al)-O-Q4(1Al) tetrahedral sites with both 29Si-

29Si moieties can lead to extremely weak signal that is not observed. Therefore, 

undetected correlated signal intensities at -212 ppm in the double-quantum dimension 

should not lead to a conclusion of the absence of Q4(1Al)-O-Q4(1Al) moieties that can 

result in paired Al sites in CHA 3 zeolite. It is also possible that paired Al sites are 

located in the 8-membered rings separated by three Si T-sites, i.e., Al-Si-Si-Si-Al, 

hence the relative quantities of Q4(1Al) species in CHA3 are almost double the amount 

of Q4(1Al) in CHA1 zeolite despite the same bulk Si/Al ratio. 
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Figure 5.3. Solid-state DNP-enhanced 2D SQ-DQ 29Si{29Si} J-mediated 

INADEQUATE spectra of fully hydrated (a) CHA1 and (b) CHA3 acquired at 9.4 T with 

8 kHz MAS. The 29Si{1H} CP MAS spectrum of each zeolite is shown on top of the 

horizontal axis for comparison.  

5.4.3 Framework 27Al{29Si} bonding environments of CHA zeolites 

Local environments of framework 27Al and 29Si sites of hydrated CHA1 and CHA3 

zeolites are revealed by 27Al{29Si} D-HMQC experiments.  27Al signal of dehydrated 

CHA1 zeolite was broadened beyond detection on 400 MHz instrument, due to severe 

distortion in the symmetry centered around Al and large 2nd order quadrupole coupling 

constant of framework 27Al.  Although both zeolites have the same bulk Si/Al ratio, 

29Si-27Al interactions of the zeolite framework sites are shown to be distinguishable 

due to different zeolite synthesis methods used for CHA1 and CHA3.    

For CHA1 zeolite without Al-pairing,  2D 27Al{29Si} D-HMQC spectrum is shown in 

Figure  5.4a. 27Al signals are shown on the horizontal axis and well-resolved 29Si 
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signals are projected on the vertical axis. Separately collected 1D 27Al Hahn-echo 

spectrum overlayed on top of the 27Al projection of the 2D spectrum reveals both 

framework tetrahedral 27Al moieties resonating at 60 ppm, and extraframework 

octahedral 27Al with a signal at 0 ppm.  Correlated signal intensities arise from 

framework 27Al sites with the signal at 60 ppm and different  29Si sites with the signal 

at -112, -105, and -99 ppm, corresponding to Q4(0Al), Q4(1Al), and Q4(2Al) moieties, 

respectively. No through-space interactions between 29Si and Al moieties with a signal 

at 0 ppm are observed, consistent with the assignment of extraframework 27Al sites 

for the 0 ppm signal.  The signal at -99 ppm can be either from Q4(2Al) or surface 

Q3(0Al) 29Si moieties. However, small correlated signal intensities between tetrahedral 

27Al at 60 ppm and 29Si at -99 ppm indicate that there are Q4(2Al) species present in 

CHA1 zeolite. Even though CHA1 was synthesized in a way to result in “random” 

distributions of 27Al, i.e., for a given high Si/Al ratio of 14 majorities of the Al is expected 

to be isolated, Q4(2Al) paired Al sites are present, but with significantly smaller amount 

compared to CHA3 as discussed below.  

In comparison, 2D 27Al{29Si} D-HMQC spectrum of CHA3 zeolite is obtained and 

shown in Figure  5.4b. Similar to CHA1 zeolite, CHA3 zeolite also exhibits through-

space interactions between framework 27Al with a signal at 60 ppm and 29Si species 

with a signal at -112, -105, and -99 ppm, corresponding to Q4(0Al), Q4(1Al), and 

Q4(2Al) moieties, respectively. Interestingly, the correlated signal intensities that arise 

from tetrahedral 27Al and Q4(2Al) species are much broader and stronger in CHA3 

compared to that of CHA1, suggesting that more quantities of paired Q4(2Al) sites are 

present in CHA3 than CHA1. Moreover, weakly correlated intensities were observed 
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from tetrahedral 27Al and 29Si species with a peak at -94 ppm, which are highlighted 

in purple in Figure  5.4b. 29Si signal at -94 ppm can be assigned to either Q3(1Al) or 

Q4(3Al), but a presence of Q4(3Al) species in a zeolite with Si/Al = 14 is unlikely. 

Therefore, the signal at -94 ppm is assigned to a small amount of Q3(1Al) 29Si moieties, 

which is only revealed by 2D 27Al{29Si} D-HMQC measurements, implying that there 

may be more silanol defects in CHA3 than in CHA1. It is noted that the crystallite size 

of CHA1 is about 50 nm while the size of CHA3 is about 200 nm according to the 

images provided by ITQ. Therefore, the higher suggested amount of Q3(0Al) in CHA3 

is not due to increased external silanols.  

Although both CHA1 and CHA3 zeolites have the same bulk Si/Al ratios, CHA3 

zeolite contains more framework Al sites compared to CHA1 zeolite which was 

revealed by the single-pulse 27Al spectrum. Figure  S5.1 shows relative quantities of 

framework tetrahedral 27Al sites with a signal at 60 ppm and extraframework 27Al with 

a signal at 0 ppm. While 17% of the total 27Al signal arises from extraframework 

octahedral 27Al sites in CHA1, only 10% of the signal corresponds to octahedral Al in 

CHA3. This explains the higher relative quantities of  Q4(1Al) moieties based on 1D 

quantitative single-pulse 29Si measurements and stronger correlated signal intensities 



 

 
180 

 
 

of 27AlIV and Q4(2Al) 29Si sites in CHA3 compared to CHA1 despite the identical bulk 

Si/Al in the two zeolites.  

Figure  5.4. Solid-state 2D 27Al{29Si} D-HMQC spectra of fully hydrated (a) CHA1 and 

(b) CHA 3. The spectra are acquired at 9.4 T, 95 K, and 8 kHz MAS. The structural 

schematics of each zeolite structure are shown inside the corresponding spectrum. 

The chemical shifts of 29Si sites (vertical axes) are labeled alongside their respective 

NMR signals. Projections of 27Al sites are shown on the horizontal axes.  

5.4.4 Identifying types of acid sites and surface proton species in CHA zeolites 

Types and distributions of 1H species and their interactions with the zeolite 

framework sites reveal crucial information on the atomic-scale structural origins of 

zeolite catalysts.  To understand how the 1H species are distributed throughout the 

framework of CHA1 and CHA3 zeolites,  29Si{1H} cross-polarization (CP) experiments 

are conducted on hydrated and dehydrated CHA zeolites. In the 29Si{1H} CP 

experiment, polarization transfers from 1H to nearby 29Si moieties. 1H species with 

high natural abundance and high gyromagnetic ratio are used to enhance the signals 
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from proximate 29Si moieties. As shown by the pulse program in Figure  5.5a, 1H nuclei 

are first excited then polarization transfers from 1H to 29Si, whose signal is collected 

while 1H is decoupled during the 29Si signal acquisition. In general, signals from 29Si 

sites with more proximate 1H spins will be enhanced more. By changing the contact 

time during the polarization transfer, one can probe interactions between 29Si and 1H 

sites with different local distances. For example, 29Si{1H} CP experiments with shorter 

contact time reveal 29Si signal enhancements from 1H species closer to 29Si sites (1H 

species within the red dashed lines in Figure  5.5b) compared to CP experiments with 

longer contact times (1H species within the grey dashed lines in Figure  5.5b).  

 

Figure  5.5. 29Si{1H} Cross-polarization pulse sequence with 1H decoupling. (b) 

Structural diagram of 29Si nucleus surrounded by 1H nuclei. While 29Si{1H}CP 

experiments with short contact time (red circle) probes interactions between 29Si and 

1H in proximity,  longer contact time (black circle) can probe longer-range interactions. 

29Si species that are proximate to 1H moieties in CHA1 zeolites are revealed by 

29Si{1H} CP measurements. Figure  5.6 shows 29Si{1H} CP spectra with different 
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contact times obtained from hydrated (left column) and dehydrated (right column) 

CHA1 zeolite. The same number of scans are used for Figure  5.6a,b,c, and Figure  

5.6d,e,f, thus the signal intensities are comparable for spectra obtained from each 

sample. At shorter contact times, overall signal enhancement was smaller compared 

to longer contact times and zoomed spectra are shown on top of the scaled spectrum.  

Starting with a longer contact time of 5 ms, hydrated zeolite shows 29Si{1H} CP signals 

at -111 and -106 ppm, corresponding to Q4(0Al) and Q4(1Al) moieties, respectively, 

as shown in Figure  5.6a. The 29Si signal at -101 ppm is an overlapping signal from 

Q4(2Al), which was revealed by 2D 27Al{29Si} measurements shown in Figure  5.4, and 

Q3(0Al) species. The relative intensities of each 29Si{1H} CP signals obtained from 

hydrated CHA1 zeolite at long contact time are similar to relative intensities of 29Si 

signals obtained from quantitative 1D single-pulse measurements as discussed 

above. The presence of adsorbed water distributed throughout the zeolite framework 

zeolite enhances the signal of almost all 29Si species equally, hence the signal 

intensities of 29Si{1H} CP spectrum is similar to that of the single-pulse 29Si spectrum. 

As the contact time decreases to 1 ms and further to 0.2 ms, relative signal 

enhancements from the siliceous Q4(0Al) species at -111 ppm decrease as shown in 

Figure  5.6 b,c compared to signals at -101 and -106 ppm.  Q4(1 or 2Al) and Q3(0Al) 

species are proximate to H+ and Si-OH moieties, hence the 29Si{1H} CP 

enhancements are relatively higher compared to Q4(0Al) species, which are weakly 

coupled to some structural adsorbed water. Polarization transfer from 1H to 29Si occurs 

via dipolar coupling between the two nuclei. Therefore, 1H moieties from mobile H2O 
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are not expected to exhibit dipolar couplings with 29Si species to induce cross-

polarization.  

In contrast, 29Si{1H} CP enhancements in dehydrated zeolite provide more 

structural information compared to the CP spectrum obtained from the hydrated 

zeolites, because the 1H species that give rise to signal enhancement are Bronsted 

acid sites and surface Si-OH species instead of structural adsorbed water. Figure  

5.6d,e,f show 29Si{1H} CP spectra of dehydrated CHA1. At a longer contact time of 5 

ms, 29Si signals at -111, -106, and -101 ppm are observed as presented in Figure  

5.6d. Although ca. 75% of the total 29Si moieties in CHA1 zeolite are siliceous Q4(0Al) 

species with a signal at -111 ppm, 29Si{1H} CP enhancement of the signal at -111 ppm 

is almost similar to that of signals at -106 and -101 ppm, due to the lack of 1H moieties 

nearby to the siliceous moieties.  
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Figure  5.6. Solid-state 29Si{1H} CP MAS spectra of (a,b,c) hydrated CHA1 with 

contact time (a) 5 ms, (b) 1 ms, (c) 0.2 ms, (d,e,f) dehydrated CHA1 with contact time 

(a) 5 ms, (b) 1 ms, (c) 0.2 ms. Zoomed spectra in (b,c,e,f) are shown on top of each 

spectrum. The spectra are acquired at 11.7 T and 12.5 kHz MAS. 

Similarly, 29Si{1H} CP spectra were collected from hydrated and dehydrated CHA3 

zeolite and presented in Figure  5.7.  The hydrated CHA3 zeolite exhibits almost 

identical 29Si{1H} CP spectra (Fig.  5.7a,b,c) as hydrated CHA1 zeolite (Fig.  5.6a,b,c) 

at each contact time due to the presence of water which equally enhances 29Si 

moieties throughout the zeolite framework. However, 29Si{1H} CP spectra of 

dehydrated CHA3 exhibit significantly different signals compared to CP spectra of 

dehydrated CHA1, indicating that CHA1 and CHA3 zeolites contain different 

distributions of Bronsted acid sites and surface silanol species. Dehydrated CHA3 

zeolite exhibits small 29Si{1H} CP signals at -111 and -106 ppm (Fig. 5.7d), 

corresponding to Q4(0Al) and Q4(0Al) moieties. At shorter contact times (Fig.  5.7e,f), 

the overall signal intensities are smaller due to polarization transfer from only the 
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closest 1H species, but the general trend of the highest signal intensities from the 

signal at -101 ppm stays the same.  

The majority of the signal intensities arise from Q4(2Al) and Q3(0Al) moieties at -

101 ppm. Higher signal enhancement from these species indicates that more proton 

species are proximate to 29Si species with a signal at -101 ppm, such as Q4(2Al) 

species are close to two H+ sites for charge balancing purposes. Therefore, for CHA3 

zeolite, the majority of the 29Si signals at -101 ppm is assigned to be due to Q4(2Al) 

sites, which lead to paired Al sites. This is also consistent with analyses obtained from 

27Al{29Si} correlational experiments (Fig.  5.4b) and 29Si{1H} HETCOR experiments 

discussed below. 

 

Figure  5.7. Solid-state 29Si{1H} CP MAS spectra of (a,b,c) hydrated CHA3 with 

contact time (a) 5 ms, (b) 1 ms, (c) 0.2 ms, (d,e,f) dehydrated CHA3 with contact 

time (a) 5 ms, (b) 1 ms, (c) 0.2 ms. Zoomed spectra in (b,c,e,f) are shown on top of 

each spectrum. The spectra are acquired at 11.7 T and 12.5 kHz MAS. 
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Different 29Si{1H} CP signal enhancements observed in dehydrated CHA1 and 

CHA3 zeolites led to conclude that local structural differences between the two 

zeolites can be further elucidated by 29Si{1H} HETeronuclear CORrelation 

measurements.  2D 29Si{1H} HETCOR spectra of CHA1 and CHA3 are presented in 

Figure  5.8. Long contact time (5 ms) was used to maximize the signal sensitivity and 

resolution. Significantly different 29Si{1H} correlations observed in CHA1 and CHA3 

zeolites indicate different distributions of Si-OH and Bronsted acid sites throughout 

the zeolite framework.   

Dehydrated CHA1 zeolite exhibits well resolved correlated signal intensities arising 

from 29Si species dipole-coupled to distinct types of 1H moieties as presented in 

Figure  5.8a. Separately collected 1H echo MAS spectrum of dehydrated CHA1 is also 

shown in red on the vertical axes. 1H spectrum exhibit signals associated with different 

proton species present: Si-OH species in different cages of the zeolite at -0.9 to -0.4 

ppm (highlighted in grey), surface Si-OH moieties at (highlighted in yellow), Al-OH 

species at 3 ppm (highlighted in purple), and Bronsted acid sites at ~4-4.5 ppm 

(highlighted in blue). The 1H spectra of hydrated samples are dominated by water but 

after dehydration, both silanols and Bronsted acid sites can be observed. Surprisingly, 

the relative intensities of the 1H signal from silanol groups are found to greatly 

outnumber the Bronsted sites in both CHA1 and CHA3.  It is possible that strongly 

dipolar-coupled Bronsted acid sites in dehydrated zeolites result in very broad 1H 

signals that are lost in the baseline of the spectrum, and thus understate the 1H signal 

intensity from Si-(OH)-Al compared to silanols. 1H fast MAS (up to 50 kHz) 
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experiments can enable to understand whether there is the presence of strong 1H-1H 

dipolar interactions, which can be averaged by fast spinning.  

Defect sites located in different cages give rise to 1H signal at -0.9 and -0.4 ppm, 

which are correlated with Q4(0Al), Q4(1Al), and Q3(0Al) moieties with signals at -111,  

-106, and -101 ppm, respectively. Surface silanols with signals at ~1.5-2 ppm show 

strong correlated signal intensities with 29Si species with a signal at -101 ppm, further 

confirming that the majority of these 29Si species in CHA1 zeolite is Q3(0Al). Weak 

signal intensities from 29Si at -101 ppm and Bronsted 1H moieties at 4.5 ppm confirm 

the presence of a small amount of Q4(2Al) 29Si moieties in CHA1 zeolite. Moreover, a 

weak 29Si signal at -92 ppm and 1H signal at 1.5 ppm give rise to correlated intensities, 

indicating the small amount of Q3(1Al) species are present in CHA1 zeolite.  

In contrast, CHA3 zeolite exhibits a strikingly different 29Si{1H} HETCOR spectrum 

compared to CHA1 despite the same bulk Si/Al ratio. Correlated signal intensities in 

Figure  5.8b reveal 29Si moieties proximate to distinct 1H species in dehydrated CHA3 

zeolite. Similar to CHA1, CHA3 zeolite contains more amount of Si-OH moieties than 

Bronsted acid 1H species. Silanol moieties located in different cages of CHA zeolite 

are correlated with 29Si moieties with Q4(0Al), Q4(1Al), and Q3(0Al) moieties with 

signals at -111,  -106, and -101 ppm, respectively as indicated by the grey highlight in 

the spectrum. Similar to CHA1 zeolite, CHA3 zeolite also contains Q3(1Al) moieties 

with a 29Si signal at -92 ppm, which is correlated with 1H silanols with a signal at 1.7 

ppm. However, compared to CHA1 zeolite, the relative amounts of Q3(1Al) moieties 

in CHA3 zeolite appears to be slightly higher, which could be caused by the different 

zeolite crystallization medium used in CHA3 zeolite.  
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29Si{1H} HETCOR spectrum reveals that CHA3 zeolite, which is synthesized to 

result in “paired” Al sites, definitively contains higher quantities of Q4(2Al) 29Si sites 

compare to CHA1.  Strongly correlated signal intensities arise from 29Si species at -

101 ppm and Bronsted acid 1H moieties at 4.2 ppm. Such correlated signal intensities 

were weak in CHA1 zeolite as indicated by red dashed lines. The fact that CHA3 

zeolite contains higher quantities of Q4(2Al) 29Si than CHA1 is also consistent with the 

analyses obtained from 27Al{29Si} correlational experiments discussed above 

Furthermore, CHA3 zeolite exhibits a 1H signal at 6.5 ppm (highlighted in red), which 

correspond to H-bonded 1H species. Hydrogen bonded 1H moieties can be present 

when Si-OH species are proximate to Bronsted 1H+ moieties, which were not observed 

in CHA1 zeolite. The comparisons of 29Si{1H} HETCOR spectra of CHA1 and CHA3 

zeolites reveal significant differences in distributions of 1H moieties, e.g., Bronsted 

acid sites and Si-OH in different cages, and zeolite 29Si sites, which are caused by 

different zeolite crystallization mediums used for each zeolite. 
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Figure  5.8. Solid-state 2D 29Si{1H} HETCOR spectra of dehydrated (a) CHA1 and (b) 

CHA3 acquired at 11.7 T with 12.5 kHz MAS with contact time 5 ms. 29Si is shown on 

the horizontal axis, 1H chemical shift is plotted on the vertical axis. Separately 

collected 1H Echo MAS spectrum of each zeolite is overlayed on the vertical axis for 

comparison 

5.4.5 Interactions between Na+ cations and framework 29Si sites in CHA3 
zeolite 

Among the three different CHA zeolites studied here, only CHA3 zeolite was 

synthesized with Na+ and a structure-directing agent. The Na+ cations are not 

removed after calcination to identify the interactions between Na+ and zeolite 

framework sites. Figure  5.9 shows 23Na{29Si} D-HMQC spectrum of hydrated CHA3 

zeolite. Through-space interactions between Na cations with a signal at -8 ppm shown 

on the horizontal axis and 29Si sites are revealed by correlated signal intensities on 

the 2D spectrum. Separately collected 1D 23Na Hahn-Echo and 29Si single-pulse 

spectra are shown on top of the horizontal and vertical axes, respectively. Although 

the zeolite is hydrated, meaning that Na+ cations should be solvated and freely 
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moving, broad distributions of 23Na environments were observed. The 23Na spectrum 

shows broadened tail at a higher field, similar to Czjeck lineshape, due to distributions 

of quadrupolar broadened 23Na nuclei, indicating that Na+ cations are strongly 

interacting with the zeolite framework sites. Broad distributions of local environments 

around 23Na nuclei arise from Na+ cations located at different sites and interacting with 

different framework sites. The 29Si Q4(0Al) moieties with a signal at -112 ppm are 

through-space interacting with Na+ cations as revealed by the correlated signal 

intensities highlighted in yellow. A strong signal arises from interactions between Na+ 

and Q4(1Al) 29Si sites with a signal at -105 ppm and Q4(2Al) 29Si sites with a signal at 

-99 ppm. Due to attractive electrostatic interactions between positive Na cations and 

negative framework tetrahedral Al sites, it is expected that Na+ cations are in proximity 

to the tetrahedral Al sites as shown in the structural diagrams in Figure  5.9. Moreover, 

the correlated signals from 29Si moieties with a signal at -99 ppm and 23Na species 

further confirm the presence of Q4(2Al) 29Si sites that lead to paired Al sites, some of 

which are charge-balanced by Na+ cations.  
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Figure  5.9. Solid-state 2D dipolar-mediated (through-space) 23Na{29Si} HMQC NMR 

correlation spectra of fully hydrated CHA3. The spectrum is acquired at 9.4 T, 95 K, 

and 8 kHz   MAS, with SR42
1 dipolar recoupling pulse with a recoupling time of 5 ms. 

1D Hahn-echo 23Na spectra acquired under the same conditions are shown along the 

horizontal axes of each corresponding spectrum for comparison with the projections 

of the 2D spectra. 

5.5 Conclusions  

The zeolite crystallization method influences the distributions of heteroatoms and 

the reaction properties of the zeolite catalysts. Therefore, it is crucial to have detailed 

understandings of the correlations between zeolite structures and synthesis methods 

to design catalysts with higher performances. CHA zeolites synthesized in two 

different crystallization mediums but identical bulk Si/Al ratio of 14 are investigated to 

elucidate the effects of synthesis methods on distributions of Al sites, e.g., whether 

the zeolite contains predominantly paired Al sites or randomly distributed Al sites. 
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Identifying paired Al sites in zeolites has been a hot topic in zeolite studies, and often 

indirect techniques, e.g., multication titration, UV-Vis of exchanged cations, etc., are 

used to quantify the paired Al sites. Here, multinuclear solid-state NMR methods are 

used to directly detect paired Al sites. For example, CHA zeolite synthesized with both 

TMAda+ and Na+ (denoted as CHA3) is found to contain larger quantities of  Q4(1Al) 

moieties, which can lead to paired Al sites (Al-Si-Si-Al), compared to CHA zeolite 

synthesized with only TMAda+ (denoted as CHA1) based on the analyses of 

quantitative 1D 29Si NMR and 2D 29Si{29Si} correlational measurements.  Moreover, 

2D 27Al{29Si} and 29Si{1H} correlational measurements reveal that CHA3 zeolite 

contains more amounts of Q4(2Al) 29Si species, which is the source of paired Al-Si-Al 

sites, compared to CHA1. The methods used in this study to unambiguously identify 

more amounts of paired Al sites in CHA zeolite synthesized with both TMADa+ and 

Na+ are unprecedented, and results and analyses are expected to contribute to the 

development of a new class of zeolite catalysts with a controlled distribution of the 

heteroatoms in the framework.  
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Supporting Information 

Comparisons of single-pulse 29Si and 27Al spectra of CHA1 (Si/Al=14), CHA2 

(Si/Al=26), and CHA3 (Si/Al=14). Differences in relative intensities of different 29Si 

species with signals at -102, -105, and -112 ppm, corresponding to Q4(2Al)/Q3(0Al), 

Q4(1Al), and Q4(0Al) moieties, respectively, are caused by the different synthesis 

mediums (structure-directing agent, cations, and amount of Si and Al sources) used 

to crystallize the three different types of CHA zeolites. Similarly, different relative 

quantities of framework tetrahedral 27Al with a signal at 60 ppm and extraframework 

27Al with a signal at 0 ppm are the results of the different synthesis mediums used in 

CHA1, CHA2, and CHA3.  

 

Figure  

S5.1. Solid-state 1D 29Si Single-pulse MAS spectra of fully hydrated (a) CHA1, (b) 
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CHA2, (c) CHA3. Solid-state 1D 27Al Echo MAS spectra of fully hydrated (d) CHA1, 

(e) CHA2, (f) CHA3. The spectra were acquired at 11.7 T with 12.5 kHz MAS.  

 

 

Figure  S5.2. 27Al MQMAS spectra of fully hydrated (a) CHA1 and (b) CHA2. The 

spectra are acquired at 18.8 T, 18 kHz MAS at room temperature.  
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CHAPTER 6 

 

6.1 Introduction  

Chabazite zeolite exchanged with Cu2+ cations shows exceptional activity for 

selective catalytic reduction (SCR) of harmful NOx using ammonia as a reducing 

agent.1 There has been significant research effort in understanding the catalytic 

behavior of the Cu-CHA zeolite, but correlations between atomic-level structures and 

reaction properties of the catalysts have not been elucidated. To obtain the structure-

activity relationship, it is crucial to identify types of coordination environments of Cu2+ 

centers, which are the active sites of the SCR reaction shown below.2 

4𝑁𝐻3 + 4𝑁𝑂 + 𝑂2 → 6𝐻2𝑂 + 4𝑁2 

Two proximal framework Al atoms, which are the source of the negative charge of 

the zeolite framework, can be charge-balanced by either a single Cu2+ cation or a 

single Al-site in the zeolite can be associated with Cu(OH)+ cation. Moreover, the 

coordination environments of Cu-centers change due to the hydration of the Cu2+ 

cations when the zeolite is hydrated. It is crucial to obtain atomic-level insights on 

types of Cu2+ environments and relative quantities of different Cu2+ species present in 

industrially significant Cu-CHA zeolite to further improve the performance of the 

catalyst. Such detailed information can be obtained by implementing advanced line-

shape analyses on the electron paramagnetic resonance (EPR) spectra of Cu-CHA 

zeolites. EPR analysis results in two parameters: g-values and hyperfine coupling 

6. Identifying the local environments of Cu2+sites in chabazite 

zeolite by EPR 
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constants.  These parameters for interactions between the copper nucleus and the 

unpaired electron can provide valuable information on the coordination of Cu2+ in the 

zeolite framework. The objective of the project is to identify different coordination 

environments of Cu2+ and understand the effects of hydration on the structure of 

paramagnetic Cu2+ centers by analyzing the EPR spectra of hydrated and dehydrated 

Cu-CHA materials.  

6.2 Materials and methods  

Cu-CHA zeolites with varying amounts of Cu loadings are provided by industrial 

collaborators. Aluminosilicate zeolites are extremely hydrophilic and adsorb a 

substantial amount of water (up to 30 wt%) when exposed to air. The coordination 

environments of Cu2+ in zeolites are strongly influenced by the presence of adsorbed 

water, hence it is crucial to control the hydration of zeolites when conducting EPR 

measurements. Zeolites are dehydrated for 5 hours from room temperature to 450 oC 

under vacuum in specially designed glassware with EPR quartz tubes attached.  After 

the treatment, samples are transferred into the EPR tubes without exposure to air and 

are sealed by glassblowing. Hydrated samples are regularly packed in EPR tubes in 

ambient conditions. Bruker EMXplus EPR Spectrometer is used to acquire continuous 

wave (CW) X-band EPR spectra of Cu-CHA catalysts with 3 and 0.8 wt% Cu-loadings 

in both hydrated and dehydrated states. CW EPR experiments are conducted at both 

room temperature and 100 K with liquid nitrogen cooling. The spectra are simulated 

by using EasySpin’s fitting function esfit to acquire EPR parameters of Cu2+ species. 

Hyperfine couplings of two 63/65Cu isotopes are not resolved, thus only 63Cu (natural 

abundance ~ 70%) is considered in the simulation. 
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6.3 Background of EPR studies on Cu-zeolite materials 

The spin Hamiltonian (eq 1) of a paramagnetic center depends on the g-values 

and hyperfine coupling constants. For axial symmetry, 𝑔|| = 𝑔zz and 𝑔⊥ = 𝑔xx = 𝑔yy, giving 

a spin Hamiltonian of:  

 𝐻 = 𝑔||𝜇𝐵𝑆𝑧𝐵𝑧 + 𝑔 ⊥ 𝜇𝐵(𝑆𝑥𝐵𝑥 + 𝑆𝑦𝐵𝑦) + 𝐴||𝑆𝑧𝐼𝑧 + 𝐴 ⊥ (𝑆𝑥𝐼𝑥 + 𝑆𝑦𝐼𝑦)   𝑒𝑞(1) 

where 𝜇𝐵 is the Bohr magneton and the components of the magnetic field are 𝐵𝑧, 𝐵𝑥 

and 𝐵𝑦. The electronic spin operators are 𝑆𝑧, 𝑆𝑥 and 𝑆𝑦, and nuclear spins operators 

are 𝐼𝑧, 𝐼𝑥 and 𝐼y. These parameters depend on the surrounding ligand field and 

therefore contain important structural information. The software program EasySpin 

used to simulate the EPR spectrum takes into consideration of the above parameters 

which can be either defined, if known, or can be obtained via the best fit to the 

experimental spectrum.  

EPR is very sensitive and can detect EPR active Cu species in zeolites in a few 

hundred milligram samples of Cu-zeolites with low Cu concentrations (<0.5 wt%) 

relevant to catalysis applications, and the EPR techniques have been used to obtain 

structural information of Cu-zeolites since the 1970s.5 Cu2+ has an unpaired electron 

in d9 orbital and has spin doublet ground state which gives rise to the EPR signal. The 

Cu nucleus has major two naturally occurring isotopes: 63Cu and 65Cu, with a natural 

abundance of ca. 70% and 30%, respectively.  Both 63/65Cu isotopes have nuclear 

spin I = 3/2 which causes the EPR spectrum to split into four hyperfine lines. Although 

two isotopes have different effects on the paramagnetic center, the effects are not 

resolved for EPR line-shapes resulting from Cu-zeolite materials.  
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Cu2+ cations in zeolites strongly interact with the framework oxygen atoms. Based 

on density functional theory (DFT) calculations it was found that the most stable 

position of Cu2+ in zeolites is on the six-membered ring when two of which are Al sites. 

For CHA zeolite, all six-membered rings are exposed to the channel systems and are 

accessible to Cu2+.  

Finally, it should be noted that there are some EPR silent Cu species, such as Cu+ 

which have no unpaired electrons, anti-ferromagnetically coupled Cu2+ dimers and 

Cu2+ in high symmetric coordination environments such as copper center in trigonal 

planar structures. Therefore, the presence of such EPR silent species cannot be 

excluded based on analyses of an EPR spectrum.  

6.4 Results and discussions 

 

6.4.1 Establishing the effects of Cu concentrations in CHA zeolite on EPR 
signal 

Different Cu species have sufficiently different spin Hamiltonian parameters and 

can be resolved from analyses of the EPR spectrum. To obtain g-values and hyperfine 

splitting constants, which are affected by coordination environments of Cu centers, a 

well-resolved EPR spectrum needs to be obtained for accurate line-shape analyses.  

First, Cu-CHA zeolites with Cu-loadings of 3 and 0.8 wt% are studied to determine the 

effects of Cu concentration on the EPR signal. Comparing the 3 and 0.8 wt% Cu-

loadings result results also show which sample has a better-resolved EPR spectrum 

such that the proper Cu-loading can be chosen for additional analyses. Figure  6.1 

shows EPR spectra of 3 and 0.8 wt% Cu loaded on CHA zeolites at hydrated and 

dehydrated states acquired on the X-band instrument at room temperature. For 0.8 
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wt% Cu-CHA, the EPR signal dramatically changes upon hydration (Fig. 6.1a). The 

EPR spectrum of hydrated 0.8 wt% Cu-CHA zeolite shows a broad line shape with 

poorly resolved anisotropic interactions as well as signatures of isotropic interactions 

at g ≈ 2.17, which is the same as g-values of typical Cu2+ species found in aqueous 

solution6. This indicates that some Cu2+ species are solvated in the adsorbed water. 

On the other hand, the EPR signal of dehydrated 0.8 wt% Cu-CHA exhibits well-

resolved anisotropic interactions, from which the structural information can be (and 

will be in the following sections) extracted.  

For 3 wt% Cu-CHA, the EPR spectra of both hydrated and dehydrated states 

exhibit broad features (Fig.  6.1b), which make the spectra challenging for detailed 

EPR line-shape analyses. At high concentrations of Cu in CHA zeolite, the EPR signal 

is broadened due to interactions between paramagnetic centers. These exchange 

interactions between paramagnetic Cu centers complicate the analyses and decrease 

the resolution of the EPR spectra. Therefore, in the following sections EPR analyses, 

only 0.8 wt% Cu-CHA are discussed as it results in a well-resolved EPR signal and 

enables the extraction of spin Hamiltonian parameters.  
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Figure  6.1. Comparison of X-band CW-EPR spectra of (a) 0.8 wt% and (b) 3 wt% Cu-

CHA acquired at room temperature. For both Cu loadings, blue spectra are from 

hydrated Cu-CHA and orange spectra are from dehydrated Cu-CHA. Corresponding 

g-values to the magnetic field are shown on top of the x-axis. 

6.4.2 Revealing coordination environments of Cu2+ in 0.8 wt% Cu-CHA zeolites 

The information obtained from the EPR signal of hydrated Cu-CHA zeolite is 

limited as its anisotropic interactions are poorly resolved and the majority of the signal 

is overwhelmed by signals from aqueous-like isotropic Cu2+ species. In contrast, the 

EPR spectrum of dehydrated 0.8 wt% Cu-CHA exhibit well-resolved signals that can 

reveal the coordination of Cu inside the zeolite cage. Studying dehydrated zeolite is 

also more relevant to industrial applications because Cu-CHA catalyst is dehydrated 
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when operating at the high temperatures found in diesel exhaust environments. 

Therefore, EPR line-shape analyses are performed on a signal acquired from 

dehydrated 0.8 wt% Cu-CHA, shown in Figure  6.2. The best-simulated fit to the 

experimental EPR spectrum was found by using EasySpin software. 

   

Figure  6.2. X-band CW-EPR spectra of dehydrated 0.8 wt% Cu-CHA acquired at 100 

K. The black dashed line is the simulated spectrum which is a sum of the two 

deconvoluted spectra shown in purple and yellow. Each represents a type of Cu2+ 

coordination environment depicted in the colored boxes. Most negatively charged O 

atoms are depicted in red. Cu2+ transition at half-field (g = 4.14) is observed due to 

copper-dimers. A small amount of free radical (g = 2.0023) is present in dehydrated 

Cu-CHA.  
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The simulated spectrum shown as the dashed line gives the best fit to the 

experimental EPR spectrum when it is composed of two types of Cu2+ coordination 

with spin Hamiltonian parameters shown in Table 6.1.  Two types of Cu2+ structures 

shown in yellow (coordination 1) and purple (coordination 2) boxes in Figure  6.2 

correspond to yellow and purple simulated EPR spectrum with different 𝑔|| and A|| 

values. Both species are assigned to Cu2+ in distorted tetragonal planar coordination 

in six-membered rings with two Al sites. The EPR parameters are assigned to the two 

structures based on empirical findings of Peisach and Blumberg,7 which revealed the 

correlation between the hyperfine coupling constants and electron spin density around 

the Cu nucleus. The species with the least negative charge on the coordination 

environment have higher 𝑔|| and lower A|| values. Coordination 2 for Cu-CHA has fewer 

numbers of negatively charged O atoms strongly bound to the Cu-nucleus (three 

oxygens shown in red in Figure 6.2) than coordination 1 (which has four strongly 

bound oxygen atoms). Therefore, coordination 2 has higher 𝑔|| =2.36 and lower A|| 

=468.8 MHz compared to that of coordination 1 with values of  g|| =2.32 and A|| =489.8 

MHz. This g and A parameter values are consistent with reported values on 

dehydrated Cu-CHA zeolites.8 

Table 6.1: Speciation of Cu and Spin Hamiltonian parameters of two types of 

Cu2+ coordination environments of dehydrated 0.8 wt% Cu-CHA. The 

corresponding simulated spectrum is shown in Figure 6.1. 

Cu-coordination 
type 

𝑔⊥ 𝑔∥ 𝐴⊥ (MHz) 𝐴∥ (MHz) Weight 
factor 

1 2.0732 2.3154 15.5 489.8 0.41 

2 2.0638 2.3564 32.8 468.8 0.87 
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Interestingly, the EPR signal also shows a sharp signal at g ≈ 2.00, which 

corresponds to free electrons. Such species were not present in hydrated Cu-CHA 

and are tentatively assigned to oxygen radicals in dehydrated aluminosilicate zeolites. 

Moreover, a small amount of signal at g ≈ 4.14 is present in dehydrated Cu-CHA 

zeolites. This signal appears at a half-field (~1655 Gauss) of the anisotropic Cu2+ 

transition (~3310 Gauss) and is a signature for dimeric Cu species.  

6.4.3 Discussions on Cu dimers that exhibit half-field transition EPR signal  

When two paramagnetic centers form a weak bond it is called the exchange 

interaction. It is rare to obtain such an exchange 

regime when two paramagnetic atoms are directly 

bound. Typically, two paramagnetic metal ions are 

bridged by diamagnetic atoms which can 

effectively transmit exchange interaction. Such 

couplings are referred to as super-exchange.9 For Cu-dimers in zeolites, the x-y 

magnetic orbitals of Cu2+ ions overlap with the p-orbital of bridging oxygen atoms (as 

shown in the top Figure ) and form structures like Cu2+-O-Cu2+ in the bigger cages of 

the zeolite framework depicted in Figure  6.2. When the Cu-O-Cu angle is not equal 

to 90o, the interaction is ferromagnetic and shows a signature EPR signal at the half-

field of the Cu2+ transition. Cu2+−O−Cu2+species in zeolites are known to be sensitive 

to adsorbed water and form monomeric [Cu2+-OH]- species upon hydrolysis. 

Therefore, the signal at g = 4.14 is not present in hydrated Cu-CHA zeolites as shown 

in Figure  6.3d, which will be discussed more in detail in the following sections.  
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6.4.4 Identifying reversibility of Cu2+ structures upon dehydration and 
rehydration 

From the previous sections of the EPR line-shape analyses, it is found that the 

hydrated and dehydrated zeolites show significantly different EPR signals due to 

different coordination environments of Cu2+ with framework oxygens and adsorbed 

water. When preparing zeolite catalysts, it is important to know whether the process 

of dehydration and re-hydration changes the local environments of catalytically active 

metal ion sites because it governs the overall reaction properties of zeolite catalysts. 

To obtain insights on the reversibility of Cu environments in Cu-CHA zeolites, the EPR 

spectra of hydrated, dehydrated, and rehydrated samples of the previously dried Cu-

CHA are compared in Figure 6.3. The spectra on the left (Fig. 6.3 a, b, c, and d) are 

acquired at room temperature, while the spectra on the right (Fig. 6.3 e, f, g, and h) 

are acquired at 100 K. The room temperature EPR spectrum of hydrated Cu-CHA 

(Fig.6.3a) shows features for both anisotropic (marked in red lines) and isotropic 

interactions (marked in purple lines). Hydrated Cu2+ species in zeolite exhibit a similar 

isotropic EPR signal as typical Cu2+ found in aqueous solutions with g ≈ 2.17.6 

Although poorly resolved, there are some anisotropic features present in the EPR 

signal of hydrated Cu-CHA, indicating that there are some Cu2+ moieties strongly 

bound to the zeolite framework in hydrated states. Interestingly, when the same 

sample is measured at 100 K, the EPR signal reveals purely anisotropic interactions 

(Fig.  6.3e), indicating that the mobility of hydrated Cu2+ species is frozen and can no 

longer exhibit isotropic interactions.  When the zeolite is dehydrated, Cu2+ moieties 

are bound strongly to the framework oxygen atoms. Therefore, the EPR spectrum 

shows a well-resolved anisotropic line-shape split by the interaction of the unpaired 
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electron with the 63/65Cu nuclei. Not surprisingly, the spectra of the dehydrated Cu-

CHA acquired at room temperature and 100 K are similar (Fig.  6.3b, f) since there 

are negligible motions due to adsorbed water frozen in the dehydrated Cu-CHA. 

Figure  6.3. X-band CW EPR spectra of (a,e) hydrated, (b,f.) dehydrated, (c,g) 

dehydrated then rehydrated 0.8 wt% Cu-CHA measured at 298 K (left) and 100 K 

(right). Zoomed sections of the half field show EPR signal at ca. 1650 Gauss (d,e). 

Hydrated Cu-CHA zeolites measured at room temperature, a and c, reveal g-values 

that correspond to the magnetic fields shown on top of the x-axis. 

The EPR spectrum of rehydrated Cu-CHA acquired at room temperature also 

exhibits features for isotropic and anisotropic interactions (Fig. 6.3c) like the simply 

hydrated Cu-CHA samples (Fig. 6.3a). Small differences arise due to the number of 

isotropic contributions present, which could be caused by slightly different amounts of 

adsorbed water. The low-temperature measurement is consistent with such a 
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hypothesis. The comparison between the EPR spectra of rehydrated and simply 

hydrated Cu-CHA samples are almost identical (Fig. 6.3e, g) when measured at 100 

K, where the mobility caused by the adsorbed water is hindered. The presence of Cu-

dimers is revealed by closely investigating the spectra zoomed-in (500 to 2500 Gauss) 

at the half-field region (Fig. 6.3d, h). When EPR measurements are conducted at 

room temperature, only the spectrum of dehydrated Cu-CHA shows a signal for Cu-

O-Cu type dimeric compounds (Fig. 6.3d – orange spectrum). Hydrated zeolites do 

not exhibit features that correspond to such copper-oxo dimers. Interestingly, the low-

temperature EPR spectrum of hydrated Cu-CHA show dilute amounts of Cu-dimers. 

This suggests that the copper-oxo complexes do not fully decompose into a 

monomeric Cu2+[OH]- upon hydrolysis when adsorbed water is present in the zeolite. 

Therefore, at lower temperature measurements where EPR sensitivity is higher than 

room temperature experiments, the small amounts of residual Cu-dimers give rise to 

a detectable signal.  

 6.5 Conclusions 

Industrially significant catalyst Cu-exchanged CHA zeolites are studied by CW-

EPR line-shape analyses to determine the coordination environments of 

paramagnetic copper sites, which are the catalytically active sites for deNOx 

reactions. Information about the coordination environments of Cu-sites is extracted 

from the spin Hamiltonian parameters obtained from the simulated best-fit to the 

experimental spectrum. The g-values and the hyperfine coupling constants for the 

interaction between the unpaired electron and the copper nucleus enabled 

identification of the speciation of Cu sites in dehydrated Cu-CHA zeolite. Two types of 
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Cu2+ coordinated with oxygen atoms of the zeolite six-membered rings and Cu dimers 

bonded through bridging oxygen atoms are found in dehydrated Cu-CHA zeolite. 

Moreover, reversible behavior of Cu-sites upon hydration and dehydration is found by 

analyzing EPR spectra of Cu-CHA at hydration-dehydration-rehydration cycles. The 

findings in this report are significant, as the coordination environments and types of 

Cu sites can be correlated to explain exceptional catalytic activity Cu-CHA for 

selective reduction of NOx gases.  
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CHAPTER 7 

 

 

This dissertation elaborately presented correlations between atomic-scale 

structures and reaction properties of various types of industrially significant zeolite 

catalysts, with a specific focus on Pt-supported zeolites. The performance of such 

zeolite catalysts depends strongly on the composition and nanoscale architecture of 

the zeolite support, and types and locations of metal species within the zeolite pores. 

Atomic-scale structural insights were obtained by one- and two-dimensional 

multidimensional solid-state nuclear magnetic resonance spectra (NMR) with 

sensitivity and resolution enhanced by a high magnetic field (up to 35.2 T), low-

temperature measurements, fast Magic Angle Spinning (MAS) methods, dynamic 

nuclear polarization (DNP) techniques. Results were also complemented by electron 

paramagnetic resonance (EPR), X-ray powder diffraction (XRD), extended X-ray 

absorption fine structure (EXAFS), scanning and transmission electron microscopy, 

and chemisorption methods to acquire long and short-range structural information that 

is correlated with reaction properties of zeolite catalysts.  

 Atomic structures of Pt-zeolites prepared under different conditions, zeolite 

catalysts treated with dilute promoter species, zeolites that are processed through 

different post-synthesis dealumination methods, and zeolites crystallized in different 

gel mediums are investigated in this dissertation. In Chapter 2, calcination 

temperature dependence on types and locations of Pt moieties in different cages of 

NaY zeolite is revealed. Obtaining detailed understandings of the effects of treatment 

7. Conclusions 
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conditions on distributions of Pt in the zeolite framework is crucial to control the 

dispersion of precious metal Pt and design a catalyst with higher performance. In 

Chapter 3, types of dilute fluorine promoter species, which are responsible for 

increased aromatization selectivity of Pt/KL catalysts, are identified in fresh and spent 

catalysts. The specific types of fluorine species attached to the framework zeolite sites 

are unambiguously revealed and proposed to have promoting effects on n-hexane 

aromatization properties. Chapter 4 investigated structural differences in two types of 

bifunctional Pt-H+USY catalysts used for n-hexadecane hydroisomerization. Different 

isomerization activities exhibited by two types of Pt-H+USY are found to be due to the 

differences in the amount of siliceous disordered moieties in USY zeolites. In Chapter 

5, distributions of Al sitings, specifically paired Al sites in CHA zeolites synthesized in 

different gel mediums are elucidated. The effects of zeolite crystallization medium, 

e.g., presence of structure-directing agent and cations, are found to directly influence 

the distributions of Al sites in CHA zeolite despite keeping the bulk Si/Al ratio. Chapter 

6 focused on identifying types of Cu2+ coordinations in Cu-CHA zeolite, which is used 

for deNOx catalysts, by extensive analyses of EPR spectra. Notably, EPR methods 

revealed two types of Cu coordination and dimers of Cu species, which are all crucial 

for understanding the catalytic activities of Cu-sites.   

In conclusion, the advanced experimental methods used in this dissertation, and 

results and analyses presented here are expected to be a valuable addition to both 

fundamental and applicable knowledge of metal-zeolite catalysts, whose 

performances are directly related to their atomic-level structures. The new insights 
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obtained from the work presented here can be served as guidance to design zeolite 

catalysts with better performances.    
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A1. Background of wideline NMR and practical considerations of WURST-CPMG 
195Pt NMR experiments 

Acquiring solid-state nuclear magnetic resonance spectra of nuclei with broad 

lineshapes can be challenging due to the limited ability of a standard rectangular 

radiofrequency pulse to excite a broadband spectrum (> 200 kHz). Anisotropic 

broadening of the powder pattern can span up to several MHz, which is caused by the 

coupling between nuclear electric quadrupole moment and the local electric field 

gradient – quadrupolar interaction, the coupling between conduction band electrons 

and the nuclei of metals - hyperfine interaction, and sometimes strong chemical 

shielding anisotropy (CSA). Although difficult to acquire, once obtained, these broad 

powder patterns provide valuable information about the local electronic environment 

of the nuclei, thus it is important to investigate advanced pulse techniques that 

uniformly excite broadband spectra.  

Theory of the Knight shifts  

In metals, nuclear spins are coupled to unpaired conductions electrons through 

hyperfine interaction, which gives rise to an additional shift on the chemical shift, 

known as the Knight shift. The Knight shift is originated from the non-negligible 

Zeeman energy splitting of conduction band electrons. If we consider a nucleus 

coupled to one electron, which is spin ½, the NMR spectrum will be a doublet with 

asymmetric splitting as shown in Figure  1.8. However, in reality, the asymmetrically 

split NMR peaks will collapse into a single peak, because of the very short T1 

relaxation time of the electrons.  The position of the Knight shift depends on the 

Appendices 
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population difference of electronic states, thus it is linearly proportional to external 

magnetic field strength B0. 

Figure  1.8. Schematic representation of the origin of the Knight shift. 

The Knight shift of Pt particles supported on zeolites  

In a small supported Pt particle, the Knight shift arises from the Pt nuclei of the 

interior of the particle far from the surface, where the local environment is bulk-like.  

On the other hand, surface Pt species of a clean particle with no adsorbed molecules 

lack neighbors compared to the interior Pt atoms, thus surface Pt exhibits different 

Knight shifts (2/5 of the Knight shifts of the interior particles). Surface species that are 

chemically bonded to adsorbed molecules do not give rise to Knight shifts, since the 

conducting electrons will be tied up to the adsorbed molecules. Instead, these surface 

species exhibit chemical shifts that are fingerprints of the adsorbed molecules. 195Pt 

NMR measurements of these small particles are very sensitive to their local 

environments. Therefore, direct detection of the 195Pt nuclei provides rich information 

about the electronic environments of the Pt particles, which influence the catalysis 

phenomenon occurring at the surface of the particles.  
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A1.1 Excitation profile of a rectangular pulse 

The excitation profile of a 10 𝜇𝑠 90o simple rectangular pulse cannot excite a 

broadband (> 200 KHz) spectrum homogeneously. However, it is capable of exciting 

a small region of 50 -100 kHz, which is equivalent to 100 – 200 ppm for 1H at 11.7 T 

instrument. Although this spectral width is enough for commonly studied nuclei, such 

as 13C and 1H, it is not satisfactory to obtain the full lineshape of nuclei that have 

spectrum spans to thousands of ppms. Figure A1.1.1a shows the excitation profile of 

a 90o rectangular pulse. As the offset frequency deviates from 0, the ability to excite 

the signal also decreases. For example, at an offset frequency of 0, the free induction 

decay starts at maximum strength (Fig. A1.1.1b top), while at an offset frequency of 

200 kHz, the intensity of free induction decay is almost negligible (Fig. A1.1.1b 

bottom). Therefore, by using a 90o rectangular pulse, only a small portion of the broad 

spectrum can be excited as indicated by the red highlighted region in Figure A1.1.1c, 

and would not provide complete information on the lineshape of the spectrum. 

Therefore, an advanced pulse manipulation technique is necessary for broadband 

excitation. 
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Figure A1.1.1. (a) Excitation profile of 90o rectangular pulse, (b) Free induction decays 

of 90o rectangular pulse at three different offset frequencies, 0, 160, and 200 kHz 

indicated by red (top), green (middle), and blue (bottom) respectively. (c) 90o 

rectangular pulse can excite only the red-highlighted region of the broad 195Pt 

spectrum obtained from metallic Pt using WURST-CPMG methods.  

A1.2 Theory of adiabatic broadband excitation pulses 

By applying frequency or amplitude-swept pulses, the nuclear spin magnetization 

can be manipulated to excite the broadband spectrum. The magnetization vector can 

be modulated by remaining approximately in alignment with the effective field when 

the rate of change in the direction of the effective field is slower than the precession 

frequency.  Such manipulation of spin magnetization is known as adiabatic passage, 

or adiabatic magnetization “following” the effective field. To satisfy the adiabatic 

passage condition, the ratio  
𝜔𝑒𝑓𝑓

|𝑑𝜃 𝑑𝑡⁄ |
, known as the adiabacity factor (Q), has to be 

greater than unity.  
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Magnetization M follows the effective field when 
𝜔𝑒𝑓𝑓

|𝑑𝜃 𝑑𝑡⁄ |
> 1  

𝑄 =
𝜔𝑒𝑓𝑓

|𝑑𝜃 𝑑𝑡⁄ |
;            𝑡𝑎𝑛 𝜃 =

Ω

𝜔1
;                𝜔𝑒𝑓𝑓 = (𝜔1

2 + Δ𝜔2)1 2⁄    ;     

 
𝑑𝜃

𝑑𝑡
=

𝑑 arctan (
Ω
𝜔1

)

𝑑𝑡
 =

1

1 + (
Ω
𝜔1

)
2 (−Ω ∙

1

𝜔1
2

𝑑𝜔1

𝑑𝑡
+

𝑑Ω

𝑑𝑡
∙

1

𝜔1
)   ;  

By substituting the  
𝑑𝜃

𝑑𝑡
  to the first equation 1, the adiabaticity factor can be 

expressed as:  

𝑄 = 
(𝜔1

2 + Ω2)3 2   ⁄

|𝜔1
𝑑Ω
𝑑𝑡

− Ω
𝑑𝜔1

𝑑𝑡
|
 

If we look at the denominator of the above equation, two cases can be considered:                                                   

1. Constant offset frequency: Ω                        2. Constant nutation frequency: 𝜔1 

For each of these two cases to meet the adiabatic inversion (Q ≫1) requirement, the 

following conditions should be satisfied after substituting  (𝜔1
2 + Ω2)1 2⁄ = 𝜔𝑒𝑓𝑓 

a. Amplitude- Swept adiabatic passage:       b. Frequency-Swept adiabatic passage: 

|Ω
𝑑𝜔1

𝑑𝑡
| ≪ (𝜔𝑒𝑓𝑓)

3
          Ω – const               |𝜔1

𝑑Ω

𝑑𝑡
| ≪ (𝜔𝑒𝑓𝑓)

3
          𝜔1 – const 

For Wideband Uniform Rate Smooth Truncation (WURST) pulse, both the nutation 

frequency and the phase change during the radiofrequency pulse. WURST pulse with 

such amplitude envelope and phase profile enables to obtain homogeneously excited 

broadband spectra as can be seen from the excitation profile of a 100  𝜇𝑠 WURST 

pulse in Figure  A1.2.1c.   

By solving the Bloch equation expressed as Ordinary Differential Equation (ODE), 

the excitation profiles of a 90o pulse, Chirp pulse with phase modulation, and WURST 

pulse with both phase and amplitude modulation are plotted in Figure A1.2.1.  The 
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Bloch equation is a classical equation that describes the magnetization vector. The 

Bloch equations describe analytical solutions to the evolution of the bulk magnetic 

moment in a magnetic field. 

𝑑𝑀𝑋

𝑑𝑡
=  −Ω𝑀𝑦(𝑡) + 𝜔1 𝑠𝑖𝑛𝜙𝑀𝑍(𝑡) − 𝑅2𝑀𝑋(𝑡) 

𝑑𝑀𝑦

𝑑𝑡
=  Ω𝑀𝑥(𝑡) − 𝜔1 𝑐𝑜𝑠𝜙𝑀𝑍(𝑡) − 𝑅2𝑀𝑦 

𝑑𝑀𝑧

𝑑𝑡
=  𝜔1 [−𝑠𝑖𝑛𝜙𝑀𝑥𝑡 +  𝑐𝑜𝑠𝜙𝑀𝑦𝑡] − 𝑅1[𝑀𝑧𝑡 − 𝑀0]𝑡 

Here, 

 Ω – offset frequency 

𝜔1 – frequency of the radiofrequency pulse 

𝜙   – phase of the radiofrequency pulse 

𝑡    – time during the pulse 

𝑀𝑥, 𝑀𝑦, 𝑀𝑧 – magnetization in x, y, z direction 

𝑅1, 𝑅2 – longitudinal and transverse relaxation constants  

The second terms in Mx and My equations cancel, since we are interested in 𝑀𝑥 and 

𝑀𝑦 after the pulse (i.e. 𝜔1 = 0) Thus, we left with 2 coupled first order ODEs, that can 

be solved with given Initial Conditions. Longitudinal and transverse relaxation 

constants (𝑅1, 𝑅2) are assumed to be negligible during the pulse based on the order 

of magnitude differences in timescale of the relaxation and the pulse duration.  

While 90o pulse can excite only small portion of the broad spectrum (Fig. A1.2.1a), 

both Chirp and WURST pulses are capable of exciting broader range (Fig. A1.2.1b 

and c). However, by modulating both pulse amplitude and phase, WURST can 

smoothly excite the broader range compared to Chirp pulse.  
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Figure A1.2.1. Comparisons of excitation profiles of  (a) 10 µs 90o y pulse, (b) 100 µs 

Chirp pulse with phase modulation, and (c) 100 µs WURST pulse with 1 MHz sweep 

width. Each profile is created by Matlab simulation by solving the ODE equation with 

conditions listed for each pulse 

Phase and amplitude of the WURST pulse vary with time during pulse as follows:  

𝜙(𝑡) = 2𝜋 [(𝛺 +
𝛥

2
) 𝑡 −

1

2
(

𝛥

𝑡𝑝𝑢𝑙𝑠𝑒
) (𝑡)2] 

Sweep Range: 𝛥 [Hz] 

𝜔1(𝑡) =  𝜔𝑚𝑎𝑥 (1 − |cos (
𝜋𝑡

𝑡𝑝𝑢𝑙𝑠𝑒
)|

𝑁

) 

N – power index 
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Optimization process of the WURST pulses involve finding the optimum values in the 

equations, e.g., pulse length tpulse, maximum pulse power 𝜔𝑚𝑎𝑥, power index N, and 

sweep range 𝛥.  

A1.3 Optimization of 195Pt WURST-CPMG experiments 

To acquire broadband spectrum WURST pulse is used with Carr-Purcell Meiboom-

Gill (CPMG) to collect as many echo trains as possible. To optimize parameters that 

result in the highest signal-to-noise ratio spectrum with the lowest number of scans, 

the following values, and experimental conditions should be carefully considered 

 𝜟 -  sweep Range 

 𝒕𝒑𝒖𝒍𝒔𝒆 - pulse length 

 N – power index 

 𝝎𝒎𝒂𝒙 – maximum pulse power 

 Echo duration: too short a value will result in truncation of the echo signal, but too 

long echo duration will result in an unnecessary increase in noise and a decrease 

in the number of echo trains  

 Numbers of echo: cutting the number of echoes before full decay will decrease 

the S/N, but collecting too many echos will result in the unnecessary collection of 

noise  

 Relaxation delay vs temperature: Low-temperature measurements increase S/N 

due to larger Boltzmann distributions and decreased thermal noise. Also, for 

extremely fast relaxing species, which is the case for metallic 195Pt moieties, the 

cryogenic temperature is beneficial due to higher T1 relaxation time at lower 

temperatures which enables to implement broadband excitation methods. 
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However, one should be careful when choosing the experiment temperature for 

optimum S/N. Firstly, T1 is longer at lower temperatures, meaning that the 

relaxation delay of each scan needs to be longer which can result in a longer 

experimental time. Secondly, tuning dips of probes usually narrow at lower 

temperatures, meaning that one might not be able to acquire the broad spectrum 

at one offset frequency resulting in collection of multiple mosaics for full lineshapes 

 Choice of probe: Not all probes are created equally, i.e., some probes are more 

sensitive than others due to different arrangements of the electronics, and have 

broader tuning dips that enable to acquire broad spectrum. One should approach 

carefully by conducting a series of experiments on available different probes before 

simply following the theoretical equation to maximize S/N as shown below, e.g., 

using a probe that is compatible with a magnet at a higher B0 and capabilities to 

be used at lower temperatures. 

𝑆

𝑁
= K

𝑁𝐵0
3/2

𝑇
 √𝑁𝑆 

where K – constant, B0 – the strength of the external magnetic field, T- the 

temperature in K, NS – number of scans.  

In more elaborate terms, signal to noise ratio is described as: 

𝑆

𝑁
=

𝑁𝛾𝑒𝛾𝑑
3 2⁄

𝐵0
3 2⁄

𝐾

√Δf(𝑇𝑐𝑅𝑐 + 𝑇𝑎[𝑅𝑐 + 𝑅𝑠] + 𝑇𝑠𝑅𝑠)
 

Noise comes from thermal noise and the noise in the rf coil and preamplifier.  

N – number of observed nuclei in the sample- defined by the rotor size, natural 

abundance of the nuclei, and concentration of the element in the sample – for solid 

state NMR 

𝛾𝑒 , 𝛾𝑑- gyromagnetic ratios of excited and detected nuclei, respectively 
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𝐵0 – static magnetic field strength 

𝐾− factor dependent on the coil 

Δf – receiver bandwidth (Hz) 

𝑅𝑐 – coil resistance, 𝑇𝑐 - coil temperature 

𝑇𝑠 – sample temperature, 𝑇𝑎 – noise temperature of the preamplifier 

𝑅𝑆 - resistance induced by the sample 

Resolution of NMR signal linearly increases with 𝐵0, sensitivity increases with 𝐵0
3 2⁄

 

Signal averaging longer will increase the S/N ratio as explained in the below 

equation.To simply explain the equation, noise is random, thus it will increase with 

√𝑁𝑠. Signal is not random, and it increases linearly with 𝑁𝑠. Overall, S/N ratio 

increases with √𝑁𝑠. Therefore, increasing the number of scans 16 times, for 

example, will increase the S/N ratio by a factor of 4.  

S/N ratio per unit acquisition time:  

𝑆/𝑁 ∝
𝑁

𝑇3 2⁄
 𝑄 𝛾5 2⁄  𝐵0

3 2⁄
𝑇2

1 2⁄
(
𝑡𝑚𝑎𝑥

𝑇𝑐
)
1 2⁄

 𝑁𝑠
1 2⁄

 

𝑁 -number of nuclear spins, 𝑇 – temperature, 𝑄 – coil quality factor, 𝛾 – 

gyromagnetic ratio of the detected nuclei, 𝐵0 – magnetic field, 𝑇2 – relaxation time 

of the nuclei,  𝑇𝑐 - total time between acquisition: pulse length time + recycle delay 

time 

 Decoupling 1H or CP (BRAIN-CP): To enhance the signal, decoupling of 1H 

and/or using cross-polarization (known as BRAIN-CP for broadband CP) should 

be considered depending on the sample, e.g., a presence of nearby 1H species to 

195Pt 

 Use of Dynamic Nuclear Polarization with BRAIN-CP: DNP is a powerful 

method to enhance the signal, and it has been shown that DNP can be used to 

enhance broadband 195Pt signal as discussed in the Introduction section of this 

dissertation. However, not all samples are suitable for DNP measurements, which 
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exogenously introduces radical species in a solvent. For example, introducing 

solvent into reduced Pt-zeolite samples will change the local environments of 

reduced Pt species, which are often times the active sites of interest. Moreover, 

commonly used biradicals are too bulky to penetrate the pores of the zeolites, 

inhibiting the signal enhancements from species residing inside the zeolite cages.  

TOPSPIN has a built-in feature that enables one to create adiabatic WURST pulses 

with varying parameters, e.g., pulse length, amplitude power factor, etc. As an 

example, two WURST pulses with different power factors are shown in Figure A1.3.1. 

Once generated, these pulses can be saved and used for WURST-CPMG 

experiments by recalling the name of the created pulse.  

 

Figure A1.3.1. WURST pulses generated by TOPSPIN (a) amplitude factor N = 100, 

pulse length = 50 µs, (b) amplitude factor N = 200, pulse length = 50 µs. 

As mentioned above, the choice of probe is crucial before setting up a long 

experiment. As an example, Figure A1.3.2a shows a tuning dip of a 7 mm HX probe 

compatible with 300 MHz instrument (7 T) available at the MRL facility of UCSB. The 

tuning dip is so narrow, such that it is not capable of exciting the entire lineshape of 



 

 
224 

 
 

the 195Pt spectrum of Pt tetraamine salt. 195Pt WURST-CPMG spectrum at two 

different offset frequencies is shown in red and blue in Figure A1.3.2b. 

 

Figure A1.3.2. (a) Tuning dip of the 7 mm HX probe for 7 T magnet.  The narrow 

tuning dip only allows to excite ~3000 ppm of the broad spectrum. Each spectrum in 

red and blue is acquired for ~1 h. 

In comparison, the 7 mm HX probe compatible with the 500 MHz instrument (11.7 

T) of the MRL facility at UCSB has a much broader tuning dip as depicted in Figure 

A1.3.3, which can excite the entire spectrum of 195Pt tetraamine salt at one offset 

frequency. Although lower field (7 T vs 11.7 T) can be beneficial for broad CSA, i.e., 

CSA is narrower at lower field, the much better performing probe available for 11.7 T 

was used for the following 195Pt NMR measurements. 
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Figure A1.3.3. Tuning dip of the 7 mm HX probe for 11.7 T magnet.   

After choosing the best performing probe available, the first parameter that needs to 

be optimized is the power of the WURST pulse. Figure A1.3.4 shows the 195Pt spectra 

using different pulse powers. Each spectrum took 17 minutes with only one sweep. 

While optimizing the power, one should keep an eye on the percent of the reflected 

power. Too much power results in reflected power that can damage the coil of the 

probe. The best power for 195Pt tetraamine salt was found to be 100 W.  
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Figure A1.3.4. Optimization of WURST-CPMG pulse power.195Pt NMR spectra of 

Pt(NH3)4Cl2 each acquired in 17 minutes with one sweep at 11.7 T, room temperature, 

with 7 mm HX probe. Recycle delay, D1 = 6 s, WURST pulse length = 50 µs, WURST 

pulse sweep width = 1 MHz, Echo duration = 200 µs To show the intensity differences 

between the lineshapes, each spectrum is manually separated, hence the chemical 

shift values do not correspond to that of Pt(NH3)4
2+. 

 

Next, the duration of the echo needs to be optimized. Too short echo duration results 

in truncation of the signal, but too long echo duration results in an unnecessary 

increase in noise, which can decrease the number of echo trains that can be acquired. 

Figure A1.3.5. shows examples of 195Pt spectra at two different echo duration. After 

optimization, 200 µs echo duration was found to be optimum.  
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Figure A1.3.5. Optimization of echo duration of WURST-CPMG pulse.195Pt NMR 

spectra of Pt(NH3)4Cl2 each acquired in 17 minutes with one sweep at 11.7 T, room 

temperature, with 7 mm HX probe. Recycle delay, D1 = 6 s, WURST pulse length = 

50 µs, WURST pulse sweep width = 1 MHz, WURST pulse power = 100 W. To show 

the intensity differences between the two lineshapes, each spectrum is manually 

separated, hence the chemical shift values do not correspond to that of Pt(NH3)4
2+. 

 

The number of echoes that can be collected needs to be optimized for each sample 

as well. Figure A1.3.6 shows the echo trains of the 195Pt WURST-CPMG experiment. 

In the zoomed subset, each echo with 200 µs is shown, which is just the right length 

to include the entire echo without extending too much to include unnecessary long 

noise regions. 200 echo trains are collected, which was based on the signal strength 

at the end of the last echo. Less than 200, for example 100 echo trains will truncate 
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the available echo trains that can be collected, but more than 200 echo trains will just 

acquire more noise.  

 

Figure A1.3.6. WURST-CPMG echo trains. 200 echos with each echo length of 200 

µs are collected. Three echos are shown in a zoomed subset.  
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Figure A1.3.7. Optimization of amplitude factor, N, of WURST-CPMG pulse.195Pt 

NMR spectra of Pt(NH3)4Cl2 each acquired in 17 minutes with one sweep at 11.7 T, 

room temperature, with 7 mm HX probe. Recycle delay, D1 = 6 s, Echo duration = 

200 µs, WURST pulse length = 50 µs, WURST pulse sweep width = 1 MHz, WURST 

pulse power = 100 W. To show the intensity differences between the three lineshapes, 

each spectrum is manually separated, hence the chemical shift values do not 

correspond to that of Pt(NH3)4
2+. 

 

Finally, after optimization of all the parameters, a longer experiment with higher 

numbers of scans should be collected for a higher S/N spectrum that can provide 

definite lineshapes, which can be used for structural analyses. Figure A1.3.8 shows 

the 195Pt WURST-CPMG spectrum of Pt(NH3)4Cl2 acquired in 35 minutes at room 

temperature. These parameters are a good starting point for measuring 195Pt species 

in Pt-zeolites that have similar local environments at Pt tetraamine salt, e.g., Pt2+ 
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cations coordinated with four-oxygen atoms of the zeolite lattice. For metallic Pt 

species, these experimental conditions were unfeasible, likely due to extremely fast 

relaxing metallic 195Pt moieties. Therefore, to measure 195Pt NMR of metallic Pt 

moieties, it is recommended to use cryogenic temperature (preferably liquid He 

temperatures) to acquire broadband 195Pt spectrum. For such measurements, all 

these parameters need to be optimized for higher sensitivity and lower experimental 

time possible.  

 

Figure A1.3.8. Optimized 195Pt NMR spectrum of Pt(NH3)4Cl2 acquired in 35 minutes 

with one sweep at 11.7 T, room temperature, with 7 mm HX probe. Recycle delay, D1 

= 6 s, Echo duration = 200 µs, WURST pulse length = 50 µs, WURST pulse sweep 

width = 1 MHz, WURST pulse power = 100 W, WURST pulse amplitude factor N = 

200.  
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A1.3.1. Matlab programs used to simulate excitation profiles 

Matlab Software was used to solve the system of ODEs from the Bloch equation 

with an initial condition of [𝑀𝑥, 𝑀𝑦, 𝑀𝑧] = [0, 0, 1] and obtained 𝑀𝑥 at the end of the 

pulse at different offset frequencies.  

Here is the step-by-step process of the construction of the Matlab code: 

1. Define constants:  

 time: pulse length in seconds 

 R2, R1 : relaxation constants (can be assumed to be zero during 

the pulse) 

 W1 = pi/(2*time): amplitude of the 90 degree rf pulse 

 Phi = pi/2: phase of the pulse, which is 90 for a rectangular pulse 

 Offset_range: range of offset 

2. Prepare empty vectors for Mx, My, Mz, Mtransverse with size of the offset frequency 

range to store each value of the calculated magnetization for each offset 

frequency 

 

3. Create for loop index ii which counts from 1 to the defined offset_range 

4.  Define a system of ODEs as a matrix f with a dimension of [3x1], which is a 

function of time during the pulse, and magnetization vectors.  

𝒇 =  [

−𝑂𝑚𝑒𝑔𝑎 ∗ 𝑀(2) + 𝑤1 ∗ sin(𝑃ℎ𝑖) ∗ 𝑀(3) − 𝑅2 ∗ 𝑀(1)

𝑂𝑚𝑒𝑔𝑎 ∗ 𝑀(1) − 𝑤1 ∗ cos(𝑃ℎ𝑖) ∗ 𝑀(3) − 𝑅2 ∗ 𝑀(2)

𝑤1 ∗ (− sin(𝑃ℎ𝑖) ∗ 𝑀(1) + cos(𝑃ℎ𝑖) ∗ 𝑀(2)) − 𝑅1 ∗ (𝑀(3) − 𝑀0)

] 

Here M(1), M(2), M(3) correspond to Mx, My, Mz, respectively. M0 = 1, for 

initial z magnetization.  

5. Solve the system of ODEs using a Matlab built-in ODE solver ode45 function for 

each offset frequency, which is denoted as Omega.   
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*Omega is defined as ii – 1 because the loop counter cannot start from 0, but I want 

my offset frequency to start from 0.  

6. Find the magnetization value at the end of the pulse 

 Solution of the ode45 is a [nx3] (n is automatically defined by Matlab) matrix 

denoted as Ma with each column as a series of numerical solutions of each 

variable, in my case Mx, My, and Mz. For the excitation profile, I only care 

about the magnetization value at the end of the pulse, thus the last values of 

these columns are of my interest. I got the last values of each column and 

stored them into the vector created in step 2.  

                                                           Mx    My     Mz 

[
 
 
 
 
 
⋮ ⋮ ⋮
⋮ ⋮ ⋮
⋮ ⋮ ⋮
⋮ ⋮ ⋮

]
 
 
 
 
 

 

Ma(:,1) is the first column  - solution for Mx 

Ma(:, 2) is the second column – solution for My 

Ma(:, 3) is the third column – solution for Mz   

 Since the size of the above matrix is automatically created, I had to find the 

size of the matrix.  

 

7. Knowing the size of the matrix Ma, I can now extract the magnetization values at 

the end of each column and store these values in the vector created in step 2.  

 

8. Steps 4-7 will be repeated until the for loop ends. Now, initially, 0-filled Mx_av, 

My_av, and Mz_av vectors will be filled with solutions of the ODEs for each offset 

frequency.  

Magnetization 

during the pulse  

Magnetization at the end of the pulse 
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9. Finally, excitation profiles are plotted by:  

 

My_av and Mz_av plots can be also plotted to satisfy the curiosity.  

The full for loop is shown below:  

 

Simulation of CHIRP pulse: 

When solving the equation in Matlab using ode45, I can still use the same tricks 

to obtain the magnetization at the end of the pulse I explained on page 3. However, 

this time I will need two types of zero-filled vectors, and two hierarchical for loops 

instead of the one I used for the 90o pulse excitation profile.  

 One to store the solution for each slice of the pulse: Mx_av = zeros(1, n_slice) 

 One to store magnetization at the end of the pulse for each offset frequency:  

         Mx_end = zeros(1, offset_range) 

There are 2 for loops in this simulation,  

 The first for loop (inner loop) with a loop counter ii, which varies from 1 to 

n_slice. In this loop, the Bloch equation is solved for each slice with a small-

time length of t_chirp/n_slice. It is important to carefully define the initial 

conditions for each slice in this loop. The final value of the magnetization in 

slice number N is the initial value of the magnetization in slice number N+1.  
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At the end of the inner for loop, the initial values of Mx, My, and Mz, which are 

denoted as Mx0, My0, and Mz0, respectively, are set to the final values of the 

solution of the ODEs calculated for this slice before proceeding to the next slice.   

 

 The second for loop (outer loop) with a loop counter j, which varies from 1 to 

offset_range.  

After the inner loop ends, initial values have to be reset back to [Mx, My, Mx] = [0,0,1] 

before the calculation starts at each new offset frequency, and the magnetization 

value of the very end of the long CHIRP pulse is stored in Mx_end vector for 

corresponding offset frequency.  

 

Initial magnetization values have to be reset back to [0,0,1] for the 

beginning of each offset frequency 

Phase changes during pulse as a 

function of time during pulse, 

which is dtime*ii 

dtime: length of each slice                                                                                  

ii: slice number 

Initial value of the next calculation (Mx0) 

in the inner for loop is the final value of 

this calculation Ma(mx, 1 ) 
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**Note: This code is to simulate excitation profile from 0 offset frequency to the defined 

offset_range frequency. Considering the –offset_range to 0  offset frequency will be 

the mirror image of the simulated plot, I showed the full excitation profile of 100 𝜇𝑠 

long chirp pulse with 1 MHz sweep width in Figure  A1.2.1b.  

The main disadvantage of the CHIRP pulse is a sudden switching on and off of the 

rf field, which can violate the adiabatic conversion. Therefore, in the beginning, and at 

the end of the CHIRP pulse, the amplitude of the rf frequency can be changed with 

time in the following manner, for smooth adiabatic departure and ending. 

𝜔1(𝑡) =  𝜔𝑚𝑎𝑥 (1 − |cos (
𝜋𝑡

𝑡𝑝𝑢𝑙𝑠𝑒
)|

𝑁

) 

Wideband-Uniform-Rate-Smooth-Truncation (WURST) pulse with below amplitude 

envelope and phase profile enables to overcome the issue of not satisfying the 

adiabatic condition in the beginning and end of the CHIRP pulse.   

The excitation profile of a WURST pulse is very similar to that of the CHIRP pulse. 

The only difference is the nutation frequency has a time-dependent profile in the 

WURST pulse, as opposed to being constant in the CHIRP pulse. Since the nutation 

frequency is changing as a function of time during the pulse, the time-dependent w1 

equation is placed along with the time-dependent phase equation. Therefore, I can 

still use 2 for loops, the same as the CHIRP pulse.  

The following code is used for plotting the excitation profile of a WURST pulse, and it 

took more than 5 hours to simulate the positive half of the excitation profile. (from 0 to 

offset_range)   
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The results have shown that the WURST pulse is capable of exciting a broad 

range with a homogeneous excitation profile at the center region, which will enable 

to effectively obtain a broadband spectrum.  

Summary 

In summary, I was able to show the excitation profiles of a rectangular pulse, CHIRP 

pulse, and WURST pulse by solving the classic Bloch equation in Matlab.  

𝑑𝑀𝑋

𝑑𝑡
=  −Ω𝑀𝑦(𝑡) + 𝜔1 𝑠𝑖𝑛𝜙𝑀𝑍(𝑡) − 𝑅2𝑀𝑋(𝑡) 

𝑑𝑀𝑦

𝑑𝑡
=  Ω𝑀𝑥(𝑡) − 𝜔1 𝑐𝑜𝑠𝜙𝑀𝑍(𝑡) − 𝑅2𝑀𝑦 

𝑑𝑀𝑧

𝑑𝑡
=  𝜔1 [−𝑠𝑖𝑛𝜙𝑀𝑥𝑡 +  𝑐𝑜𝑠𝜙𝑀𝑦𝑡] − 𝑅1[𝑀𝑧𝑡 − 𝑀0]𝑡 

Both the phase and w1 change 

during pulse as a function of time 

during pulse, which is dtime*ii 

dtime: length of each slice                                                                                  

ii: slice number 



 

 
237 

 
 

The following summary table highlights the major differences for calculating the 

Bloch equation for each pulse.  

 90 pulse CHIRP pulse WURST pulse 

𝜙 

phase 

const 𝜙(𝑡𝑝𝑢𝑙𝑠𝑒)

= 2𝜋 [(𝛺 +
𝛥

2
) 𝑡𝑝𝑢𝑙𝑠𝑒

−
1

2
(

𝛥

𝑡𝑝𝑢𝑙𝑠𝑒

) (𝑡𝑝𝑢𝑙𝑠𝑒)
2
] 

Sweep Range: 𝛥 [Hz] 

𝜙(𝑡𝑝𝑢𝑙𝑠𝑒) = 2𝜋 [(𝛺 +
𝛥

2
) 𝑡𝑝𝑢𝑙𝑠𝑒

−
1

2
(

𝛥

𝑡𝑝𝑢𝑙𝑠𝑒

) (𝑡𝑝𝑢𝑙𝑠𝑒)
2
] 

Sweep Range: 𝛥 [Hz] 

 

𝜔1 

Nutation 

frequency 

 

const 

 

const 
𝜔1(𝑡) =  𝜔𝑚𝑎𝑥 (1 − |cos (

𝜋𝑡

𝑡𝑝𝑢𝑙𝑠𝑒

)|

𝑁

) 

N – power index 

# of for 

loops  

1 2 2 

 

A1.4 195Pt DNP BRAIN-CP experiments 

The sensitivity of the NMR spectrum can be enhanced by Dynamic Nuclear 

Polarization (DNP) technique, which relies on irradiating the sample with microwaves 

at the electron Larmor frequency and transferring the highly polarized electron 

magnetization to the nuclei. Unpaired electrons, oftentimes biradicals, are 

exogenously introduced to the solid material by the incipient wetness impregnation 

method. DNP method is feasible for enhancing broadband signals. As an example, 

195Pt DNP spectrum of Pt(NH3)4
2Cl2 is shown in Figure A1.4.1.  16 mMol TEKPol in 

TCE is used as the biradical. Total signal enhancement was 8, which means that using 

the DNP method 16 times less amount of time can be used to acquire the same S/N 

ratio spectrum.  
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Figure A1.4.1 195Pt DNP BRAIN-CP spectrum of Pt(NH3)4
2Cl2 (a) BRAIN-CP pulse 

sequence, (b) DNP enhanced (MW on) BRAIN-CP, and  (c) (MW off) BRAIN-CP 

spectra of the spectrum of Pt(NH3)4
2Cl2 acquired at 9.4 T, 100 K, under static 

conditions, with 16 mMol TEKPol in TCE. Signal enhancement of 8 was achieved by 

using DNP methods. 
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 A2. Design of an NMR probe head for direct detection of 195Pt NMR 

Using the pulse technique mentioned in section A1.2, the feasibility of direct detection 

of 195Pt was proved on the reference PtO2 sample. The commercial Bruker NMR probe 

with a 3.2 mm diameter rotor and temperature of 94 K was used to obtain the 195Pt 

NMR of PtO2 within 5 minutes of signal averaging. (Fig. A.2.1). However, due to a 

dilute amount (<1 wt%) of Pt in Pt-zeolite industrial catalysts, signal averaging for 15 

hours using the same experimental condition as the PtO2 showed no signal. Based 

on the back-of-the-envelope calculation that shows the feasibility (within 3 hours, 

Table A2.1) of obtaining an NMR signal with the same signal-to-noise ratio as the 

spectrum 7a from the Pt-zeolite catalyst, I was motivated to build an NMR probe-head, 

which can function at low temperature (liquid He temperature of T ~ 4 K) and have 

large sample holder (diameter 1cm, length 1.5 cm). It was estimated based on the 

equation that correlates signal-to-noise ratio to the number of scans (NS), which 

linearly relates to the experimental time, applied magnetic field (Bo), temperature (T), 

and a number of nuclei (N) in the sample.  
𝑆

𝑁
∝

𝑁𝐵0
3/2

𝑇
 √𝑁𝑆 

Table A2.1: Estimated exp. time of 195Pt NMR at two different experimental 
conditions 

 Commercial 3.2 mm 
MAS Bruker Probe 

94 K, 40 µL 

Home-made 
Probe 

20 K, 0.6 mL 

PtO2 5 min < 1 sec 

1 wt% Pt-zeolite 2 years 3 hours 
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Figure  A2.1: 195Pt NMR of a. PtO2; exp. time: 5 min b. 1 wt% Pt-zeolite; exp. time: 15 

hours. The spectra are acquired at 9.4 T, 90 K, static conditions using WURST-CPMG 

pulse    

The efficiency of an NMR experiment is determined by how well the probe can 

transfer the energy into and out of the sample. The efficient transmission line NMR 

probehead design36 has local tuning and matching circuit at the sample end and 

remote tuning and matching capacitors at the other end, which can be easily 

accessible to tune and match when the sample end is submerged in liquid helium bath 

(Fig 16). For successful tuning and matching the circuit impedance has to match with 

50 , the impedance of the preamplifier of the NMR instrument.  

The impedance of a circuit has resistive (R) and reactive parts (I).  
𝑍 = 𝑅 + 𝑖𝐼 

Both capacitors and inductors have reactive impedances (𝑍𝐿 =  𝑖𝜔𝐿; 𝑍𝐶 = −𝑖
1

𝜔𝐶
)  with 

a small amount of internal resistive part.  An NMR coil is a homemade copper solenoid 

with a certain number of turns, length, and diameter for the desired inductance for 

tuning. The inductance L in H is expressed as 𝐿 =
0.4𝑛2𝑟2

9𝑟+10𝑥
.     Here, n- number of turns, 

a

.    

b

.    



 

 
243 

 
 

r – inner diameter in cm, x – length of the coil in cm. The transmission line behaves 

as an impedance transformer; whether the one end of the transmission line acts as 

inductive or capacitive depends on the length of the transmission line. If the length is 

chosen as half of the wavelength, only the resistive part of the transmission line can 

be considered. The resistive part of the transmission line at one end is: 𝑍0 =
60

√𝜖
ln (

𝑎

𝑏
).  

Here, a and b are the inner diameter of the outer tube and the outer diameter of the 

inner tube, respectively.  The ratio a/b of the constructed probe is 3.5, and 𝜖 is the 

dielectric constant, which is 1 for air. Inner and outer conductors are separated by air 

dielectric (with Teflon spacers) to minimize dielectric loss. Knowing all the impedance 

relations of inductors, capacitors, and transmission line, the appropriate value of 

capacitors (Ctuning, Cmatching) and inductance (L) can be calculated to tune to the desired 

frequency and match to 50 ; i.e. the total impedance of the probe has zero imaginary 

part and  50  real part. 

The probe will be situated in a vacuum-insulated cryogenic dewar, which can fit 

inside a wide bore NMR magnet. The dewar (Oxford Instruments) has a temperature 

sensor and a flow controller for liquid He. The aluminum flange with an O-ring seal 

holds the probe on top of the cryogenic dewar. 
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Figure  A2.2: Design of a 195Pt NMR probe head. a. Electric circuit design of a single 

resonance transmission line NMR probe head, known as the “McKay design”, which 

has both local and remote tuning and matching capacitors. b. Dimensions of 

transmission line, Teflon spacer, and the flange. c. current construction state of the 

NMR probe.  
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A3. Dynamic behavior of Pt catalysts in the native oxide layer of Al nanocrystals: 
exposing uniform atomically dispersed species via strong metal-support 
interactions: solid-state 27Al NMR studies   

A3.1 Introduction  

Controlling the nuclearity, uniformity, and local environment of supported metal 

species is critical for tuning the reactivity and selectivity of heterogeneous catalysts 

and mechanistic studies. Recent efforts have focused on developing synthetic 

approaches for preparing atomically dispersed precious metal species on oxide 

supports with uniform coordination environments.1,2 The uniformity of active sites, in 

particular, is key to defining structure−function relationships that can be inferred by 

correlating catalytic reactivity to the physical or electronic structure of active sites.3 

Furthermore, uniformity in prepared samples is critical for elucidating how exposure 

to varying environmental conditions controls the adaptive coordination environment of 

the metal.4  In this regard, it is interesting to consider whether the adaptive 

coordination environment of atomically dispersed species is primarily a result of the 

active metal moving on the support, or if the support participates in this dynamic 

behavior as well.  

A specific example of oxide support mobility playing a role in controlling the 

adaptive coordination environment of support metal active sites is the so-called 

“strong metal-support interaction” (SMSI).5,6 SMSI refers to a complete or partial 

encapsulation of metal nanoparticles (NPs) by oxide support overlayers induced by 

catalyst exposure to H2 at high temperatures.7,8,9 This phenomenon has most 

commonly been reported for Pt group metals deposited on certain reducible oxide 

supports (TiO2 and Nb2O5), where the driving force for SMSI overlayer formation is 
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the low free energy of off-stoichiometric oxide layers (e.g., Ti2O3) on the metal at low 

oxygen chemical potentials (reducing conditions).9,10 

Interestingly, it has been shown that the metal nuclearity, or particle size, can play 

a critical role in dictating whether SMSI overlayers will form, allowing for control over 

the types of metal coordination environments exposed.11 For example, it has been 

observed that SMSI overlayer growth is more favorable on larger metal nanoparticles 

and apparently does not occur on sub-nanometer diameter metal clusters.12 It has 

further been shown that atomically dispersed metal species (e.g. Rh and Pt on TiO2) 

do not become encapsulated by SMSI layers under conditions where larger metal 

nanoparticles do.13,14 The resistance of very small Pt-group metal species to SMSI 

overlayer formation likely stems from the lack of a free energy gain through this 

structural transformation. Recently, there has been a resurgence of interest in SMSI 

phenomena, where new environments (not high-temperature H2) have been observed 

to induce overlayer formation, and overlayer formation has been observed with 

unexpected metals and supports (e.g. Au as metal or BN as support).14-22 Even with 

the recent insights into SMSI, the thermodynamic requirements for inducing traditional 

SMSI formation via high-temperature H2 treatment dictate that reducible oxides, such 

as TiO2 and Nb2O5, are uniquely able to participate in such a dynamic reconstruction 

of supported metals. 

Here we provide evidence that the SMSI encapsulation state goes beyond 

reducible oxide supports by demonstrating the dynamic behavior of Pt catalysts 

supported with the native oxide layer (AlOx) that forms on the surface of aluminum 

nanocrystals (Al NCs). Al NCs are optimal supports for plasmonic photocatalysts, as 
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the Al localized surface plasmon resonance can be coupled directly to catalytic active 

sites deposited on the highly porous 2-4 nm thick native oxide layer. Our solid-state 

nuclear magnetic resonance (NMR) studies revealed different distributions of surface 

27Al species in AlNCs compared to the typical 𝛾-alumina indicating that surface oxide 

layers of AlNCs exhibit unusual support environments, which could lead to unique 

metal-support interactions that were not previously observed in Pt supported on typical 

𝛾-alumina. Using principles of strong electrostatic adsorption, we prepared Pt 

catalysts with atomically dispersed Pt species and small Pt clusters supported on the 

native oxide surface of Al NCs. In situ CO probe molecule FTIR, catalytic ethylene 

hydrogenation, and X-ray absorption spectroscopy measurements suggest that 

reductive treatment in H2 at 300 °C results in AlOx overlayer formation on Pt particles, 

leaving only uniform atomically dispersed Pt species exposed for adsorption and 

catalysis. The AlOx SMSI-state retreats off Pt particles following re-oxidation and can 

be re-formed upon re-reduction of the catalyst. The unique combination of the 

plasmonic properties of Al NCs and the ability to dynamically control the nature and 

characteristics of supported metal active sites on their surfaces offers multiple levers 

of control over the catalytic functionality of these materials. 

A3.2 Magic-angle Spinning Solid-state Nuclear Magnetic Resonance  

The solid-state 27Al magic-angle spinning (MAS) NMR experiments were 

conducted on a high-field 18.8 T Bruker AVANCE-III Ultrashield Plus Spectrometer at 

room temperature, operating at frequencies of 208.56 MHz for 27Al. Catalysts were 

treated in a high-temperature Harrick scientific reactor, sealed, and opened in a dry 

and oxygen-free Ar-filled glovebox, where each powdered sample was packed in a 
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3.2 mm zirconia NMR MAS rotor with a Kel-FTM cap. The sample-containing rotors 

were transferred out of the glovebox in a secondary vial filled with dry Ar, and the rotor 

was quickly inserted into a Bruker 3.2 mm H-X double-resonance probehead for MAS 

measurements. The 27Al MAS NMR spectra were acquired at ambient temperature 

spinning at 18 kHz using dry N2 and at two different center frequencies to capture 27Al 

signals from surface oxide layers (0–70 ppm) and Knight-shifted 27Al metallic cores 

(1500–1700 ppm). Single-pulse excitation of 0.42 µs corresponding to π/12 flip angle 

was used for quantitative 27Al experiments with a recycle delay of 5 s for surface 27Al 

species and 0.5 s for metallic 27Al. Dmfit software was used to simulate and 

deconvolute the 27Al spectra.23 The 1H chemical shifts were externally referenced to 

tetrakis(trimethylsilyl)silane (TKS), and the 27Al chemical shifts were referenced to an 

aqueous solution of 0.5 M aluminum nitrate. 

A3.3 Results and analyses of 27Al NMR of aluminum nanocrystals  

 𝛾-Alumina is a dielectric material that has been widely used as catalyst support 

for anchoring active metal species because of its stability at high temperatures under 

reactive environments. Theoretical and experimental studies have extensively 

investigated the presence and nature of metal-binding sites, and metal-support 

interactions on 𝛾-alumina surfaces.26-30 In contrast, the recently developed AlNCs with 

plasmonic and photocatalytic properties have a 2-4 nm thick native oxide layer with a 

disordered structure on their surface that surrounds the metallic Al core (Figure  

A3.1a). The combination of the plasmonic Al core and native oxide shell enables 

multifunctional plasmonic and catalytic functionalities. The Al native oxide shell was 

previously exploited to support metal catalysts species in photocatalytic 
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applications.31-34 However, unlike 𝛾-alumina, there is little known about the nature of 

metal-support interactions in the Al native oxide supported species, which exhibits 

distinct interaction with acidic and basic probe molecules compared to 𝛾-alumina.38 In 

the following section we discuss the interactions and resulting metal structure formed 

from depositing 1-5 wt% Pt on the native oxide layer of AlNCs. 

 

Figure A3.1. Compositions and structures of pristine Al nanocrystals and Pt-loaded 

Al nanocrystals. (a) High-resolution transmission electron micrographs (TEM) of an 

aluminum nanocrystal (AlNC) showing the native oxide surrounding the Al metal core. 

AlNCs are shown in the inset. (b-c) Direct-excitation 27Al MAS NMR spectra of pristine 

AlNCs (blue) and 5 wt% Pt on AlNCs (red) after calcination at 450 oC, showing (b) the 

Knight–shifted 27Al signals from the metallic Al core are centered at 1640 ppm and 

comprised of 2 types that are attributed to Al atoms in the inner core and outer layer 

environments and (c) 27Al signals from 4-, 5-, and 6-coordinated 27Al sites of the native 

oxide layer with peaks centered at ~70, 40, and 10 ppm, respectively. Signals from 

the thin oxide layers were amplified 40x after integrated intensities of the core and 

surface layers were normalized. The spectra were acquired at 18.8 T, 18 kHz MAS, 

and at 298 K. * denotes spinning sidebands. 

A.3.4 Local structures of the surface-oxide and core-metallic 27Al species. The 

local environments of aluminum moieties in the AlNCs were revealed by solid-state 
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27Al magic-angle spinning (MAS) NMR measurements. The metallic aluminum core 

and surface aluminum oxide species exhibit significantly different electronic 

environments, which were manifested by the relative positions, widths, and integrated 

intensities of 27Al NMR signals in Figure  A3.1b, c. For example, the Knight-shifted 

27Al signal appears at 1640 ppm, which results from hyperfine interactions between 

the 27Al nuclei in the metallic core and the conduction band electrons of the AlNCs.35 

This signal from the metallic Al core is comprised of two Gaussian components from 

27Al atoms of the metallic inner core and outer corona, which are present in 

approximately equal fractions, as depicted by the dark and light grey regions, 

respectively, in the schematic AlNC in Figure  A4.1b. The broader component (70 

ppm, full-width-half-maximum, FWHM) from the metallic outer layer indicates a 

broader distribution of local environments, compared to the metallic inner core (30 

ppm FWHM), consistent with a range of 27Al distances within the surface oxide layers 

to their respective inner metallic cores. Identical overall 27Al NMR signals from the 

metallic regions of the pristine AlNCs and 5 wt% Pt-supported AlNCs after calcination 

(at 450 oC) indicate that the addition of Pt does not affect the 27Al moieties of the metal 

core. In contrast, the addition of Pt significantly affects the distributions of Al species 

in the surface oxide layers. This is manifested by the different integrated intensities of 

partially resolved 27Al MAS NMR signals in Figure 3.1c from four-, five-, and six-

coordinated Al atoms, respectively, in the surface oxide layers of calcined AlNCs 

versus 5 wt% Pt/AlNCs. The average 27Al isotropic chemical shift (δiso), the chemical 

shift distribution (ΔCS), and the average quadrupolar coupling constant (CQ) values of 

different 27Al sites in the oxide layers were obtained using a Czjeck model of the 
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statistical distributions of parameters that describe the local bonding environments of 

quadrupolar 27Al nuclei.36 These parameters obtained from calcined AlNCs and 5 wt% 

Pt/AlNC are tabulated in Table A3.1. The average 27Al isotropic chemical shifts, δiso, 

depend on the nearby chemical environments (e.g., Al-O bond lengths and O-Al-O 

bond angles), ΔCS manifests the distribution of such environments, and CQ is a 

measure of local site symmetry. ΔCS and CQ values progressively decrease from 4- 

to 5- to 6-coordinated 27Al, as expected for more symmetric 27Al sites with higher 

coordination. Both the pristine and supported-Pt AlNCs contain 4-, 5-, and 6-

coordinated 27Al sites in the surface oxide layer with isotropic 27Al chemical shifts of 

ca. 75, 41, and 14 ppm, respectively. The relative populations of each type of 27Al site 

are obtained by deconvoluting the spectra and comparing the integrated signal 

intensities (Figure  A3.1c).  

Following Pt incorporation, the integrated intensity of the 6-coordinated 27Al 

signal decreased from 31% to 26%, with a concomitant increase of 5-coordinated 27Al 

sites from 28% to 33%, while the relative amounts of 4-coordinated 27Al sites remained 

nearly unchanged (41% AlIV). This suggests the transformation of 6 coordinated into 

5-coordinated 27Al species after Pt loading, as the total number of the surface Al sites 

should remain constant. While obtaining structural information and energetics of Pt-

surface oxide interactions for this transformation is non-trivial due to difficulties in 

modeling the disordered native oxide, we postulate that Pt anchoring via surface 

oxygen is accompanied by a 27AlVI-O bond breaking, thus transforming it into a 27AlV 

moiety. Interestingly, the 5% of the total 27Al moieties of the surface oxide converts 
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from 6- to 5-coordinated 27Al upon addition of Pt corresponds to 1 mole of Pt breaking 

1 mole of a 27AlVI-O bond. 

In addition, the quantitative 27Al NMR results revealed a substantially higher 

number of 5-coordinated sites (~28% of total surface Al sites) in the native oxide layer 

of AlNCs compared to the typical 𝛾-alumina (< 5 % of total Al, Figure  A3.2). The 5-

coordinated 27Al moieties have been frequently invoked as the anchoring site for Pt 

dispersion on the 𝛾-alumina surface owing to its strong interaction with metal 

species.33,37 Additional comparisons of the integrated intensities of 27Al signals from 

the metallic core and surface oxide layer (Figure  A3.3) show that the oxide layers of 

AlNCs are ca. 5 times less dense compared to the 𝛾-alumina. These differences in 

local structures and density of the Al native oxide layer compared to the 𝛾-alumina 

surface and the apparent preferential binding of Pt species to the 6-coordinated 27Al 

sites on its surface (which results in the formation of 5-coordinated Al species) suggest 

the presence of a distinct oxide environment surrounding the metallic AlNC core. It 

also implies that the interaction of Pt species with the native oxide surface could be 

fundamentally different than that of the typical 𝛾-alumina support, which will be further 

discussed below. 
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Table A3.1. 27Al NMR parameters for the 4-,5-, and 6-coordinated Al sites of the 

oxide layer 

 

 

 

 

 

 

Figure  A3.2. 27Al MAS NMR of γ-alumina. Solid-state single-pulse 27Al MAS NMR 

spectra of a typical γ-alumina support. The spectrum is shown to highlight significantly 

less amount of 5-coordinated 27Al sites in γ-alumina compared to the AlNC (see 

Figure 3.1b for details). Spectrum was acquired at 9.4 T, 12.5 kHz MAS at 298 K. * 

denotes spinning sidebands. 

Sample 
27Al 

coordination 
δiso 

[ppm] 
CQ 

[MHz] 
ΔCS 
[ppm] 

AlNC 
 

IV 75 8.7 13 

V 42 8.6 11 

VI 14 7.5 6 

Pt/AlNC 
 

IV 74 8.7 14 

V 42 8.6 12 

VI 14 7.5 7 
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Figure  A3.3. 27Al environments of the pristine and Pt-loaded AlNCs following various 

treatments. 27Al MAS NMR spectra of (a) the Al native oxide layer and (b) the metal 

Al core in the pristine and Pt loaded AlNCs (5 wt% Pt) following catalyst oxidation (300 
oC, O2) and reduction (300 oC, H2). Spectra from the only calcined catalyst without 

additional pretreatment are also shown. Spectra were acquired at 18.8 T, 18 kHz 

MAS, and at 298 K. * denotes spinning sidebands. All spectra are nearly identical 

indicating that the metallic Al core is robust and unaffected by addition of Pt and 

treatments at different conditions. 
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Figure  A3.4. Quantitative analyses of 27Al spectra from surface and core Al species. 

Single-pulse excitation of π/12 flip angle was used for quantitative 27Al experiments 

with a recycle delay of 5 s for surface 27Al species and 0.5 s for metallic 27Al core. The 

number of scans (NS) and integrated intensities (Area) of each spectrum are shown 

above and below the spectra, respectively.  

Assuming all 27Al species are NMR visible, for spherical nanocrystals of 50 nm radius 

with 2 nm oxide layer, surface oxide layer density of AlNCs are ~5 times less dense 

than regular aluminum oxide, which has a density of ~3.65 g/cm3. The metallic core 

density was approximated to be close to the bulk aluminum metal density of 2.7 g/cm3.  
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