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(ABSTRACT) 

The first in lliY 13C NMR monitoring of zeolite catalyzed reaction is described. The 

dehydration of 2-propanol over H-ZSM-S was observed using solution type techniques. 

Although this produces broad lines, several mechanistic details were elucidated. This study 

indicates that 1) the dehydration does not proceed through a cyclopropyl carbenium ion 

intermediate, 2) propene oligomerizes on the catalyst and reaches a steady state concentration 

before propene is desorbed, and 3) the 2-propanol flowing over the catalyst does not react 

with the oligomerized propene. 
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Introduction 

Zeolites and their role as catalysts have been widely studied by numerous analytical 

techniques. Many of the early studies utilized adsorption-desorption and various thermal 

techniques to determine their acid-base properties. Gas chromatography has been used to 

look at product distributions under various operating conditions. While these studies have 

produced much practical information, they do not explicitly reveal the reaction mechanism. 

The best one could do is to deduce a mechanism that is consistent with the data. Gradually, 

techniques that reveal what is actually going on inside the catalyst, such as FTIR and 

photoacoustic spectroscopy have been successfully employed. While these techniques have 

added enormously to our understanding of catalysts they are still limited by overlapping peaks 

and they do not provide information about the existence of carbocations. The next logical 

step in the understanding of the catalysts was the application of NMR. With NMR one may 

monitor the nuclei of the catalyst or of the reacting species. NMR also may provide dynamic 

information as well as chemical information of the analyte. A real boon to the study of 

catalysts has been the development of cross-polarization and magic-angle spinning techniques. 

These techniques improve the sensitivity and the line widths. Most of the CP-MAS studies 

were essentially batch processes where an analyte was adsorbed and then analyzed. This 

suffers from the drawback that reactions often occur before the catalyst can be analyzed, and 

often only a low concentration of reactant molecules may be introduced into the system. 

In the present studies, we felt improvements were possible if the sample could be 

monitored continuously in a flowing stream, rather than in a batch process. In situ NMR 

monitoring has the following advantages: 1) The flowing system is a better approximation to 

a "working" catalyst, 2) the catalyst can reach a steady-state condition, 3) at a steady-state 

condition sampling times can be increased to enhance signal to noise, and 4) the products can 

be continuously monitored.(J) 



2 

This thesis describes the first use of in ilill NMR, by solution type techniques, in the 

monitoring of a zeolite catalyst. Specifically we will examine the dehydration of 2-propanol 

on the industrially important catalyst, H-ZSM-5. The first chapter is devoted to the 

background and theory of H-ZSM-5 and flow and solid-state NMR. Chapter 2 describes the 

instrumentation and the experimental procedure. Chapter 3 covers the results and discussion 

section and the conclusion summarizes the results and contains suggestions for future studies. 



CHAPTER 1 

History and Theory 

Introduction to Zeolltes 

Zeolites are crystalline aluminosilicates that contain water and exchangeable metal cations, 

usually alkali or alkali-earths within their framework. Zeolites were discovered in 1756 by 

A. F. Cronstedt, who coined the term zeolite because they boil and swell when heated. (From 

the Greek zein •to boil and lithos •stone). There are over 30 naturally occurring zeolites 

and the number of synthetic zeolites is over 100 and still increasing.(2) 

Zeolites may be describe by the empirical formula: 

where x ~ 2 because two alumina tetrahedra may not be adjacent to one another. An 

alternative and perhaps better description of a zeolite can be given by the structural formula 

for the unit cell:(J) 

M.J(AIOJ,. (SiOJ,I · w H20 

where n •cation valence, w • number of water molecules and (x + y) •the total number 

of tetrahedra in the unit cell. Many of the special properties of zeolites can be understood 

by examining the structure. The structural framework consists of Si04 and Al04 tetrahedra 

that share oxygen atoms. This produces a system of interconnecting channels within the 

zeolite. Residing in these channels are the adsorbed water and the cations which are required 

to make the zeolite electrically neutral. Many zeolites are used as dehydrating agents because 

3 
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they can lose this water reversibly. They may also be used as cation exchangers because the 

cations are loosely held and may be exchanged by other cations. These channels have such 

a high surface area that when a zeolite is dehydrated, over 90 % of the total surface area may 

be internal. Zeolites are also referred to as molecular sieves because small molecules can be 

separated by size and shape by the rigid porous network.( 4) 

While the previously mentioned uses of zeolites have some commercial value, their use a 

as catalysts far surpasses any other use. Most of the zeolite catalysts used today are synthetic 

because they must often have a high purity and clearly defined structure to be effective. A 

discussion of the synthetic zeolites and, in particular, H-ZSM-5 follows. 

H-ZSM-5 (Backaround and Structure) 

The first synthetic zeolite, Linde type A, was developed at Union Carbide in 1949.(4) 

This led to a boom in the synthesis of zeolites with the patent for ZSM-5 being granted in 

1972.(5) The letters ZSM represent Zeolite Socony Mobil. This catalyst has generated much 

interest because only certain molecules may fit into its porous network. As with zeolites in 

general, an understanding of the framework is critical in understanding how it functions as 

a catalyst. 

The framework consists of Si04 and Al04 tetrahedra joined together in five member rings 

called pentasil units. The pentasil units are joined to form chains or columns. (Figure I. I) 

The resulting columns can be joined to each other several ways. When the pentasil layers are 

related by an inversion symmetry operation, the framework is that of ZSM-5.(6) (Figure 1.2) 

The framework has two different types of channels penetrating the structure. (Figure 1.3) 

One of the channels is straight with elliptical openings of 0.51 x 0.58 nm and the other has 

nearly circular openings of 0.54-0.56 nm and is in a zig-zag or sinusoidal form. The 

intersection of these channels creates a cavity approximately 0.8 nm in diameter.(7) It is in 

the cavities where much of the catalytic chemistry occurs. 

ZSM-S is not one zeolite but actually a family of zeolites that meet the following criteria: 
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Figure 1.2 Crystal lattlce of ZSM·S. 
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figure 1.3 Channel structure of ZSM-5. 
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1) they have a particular x-ray diffraction pattern, 2) they have a silica to alumina ratio of 

greater than 12 and 3) they have a constraint index between 1 and 12 (a typical value is 8.3). 

The constraint index shows the relative cracking rate of two hydrocarbons and is defined 

as:(7) 

constraint • logff raction of hexane remaining) 
index log(fraction of 3-methyl pentane remaining) 

More recently, two other methods have been developed to clearly identify ZSM-5. One 

method compares the IR absorbance at 550 cm·1 to the band at 460 cm·1• If the ratio is greater 

than 0.8, the zeolite is considered pure.(8) The other technique is to use ~i MAS-NMR 

because the ZSM-5 has a distinctive spectrum for both the monoclinic and orthorhombic 

forms.(9) 

The synthesis of ZSM-5 has been thoroughly investigated and there are many procedures 

in the literature.(6) Although the particular details vary, the general recipe for the synthesis 

of ZSM-5 includes: sodium oxide, alumina, silica, water and a tetrapropylammonium 

compound, (TPA). The TPA is very important because it acts as a template for the creation 

of the intersecting channels. Once the zeolite is formed, it contains exchangeable sodium 

ions. The acid form of ZSM-5 can be made by exchanging the sodium ion with a proton 

from an acid solution. An alternative approach is exchanging the sodium for an ammonium 

ion and heating to liberate ammonia and leaving a proton behind in the lattice. The acid 

form, designated H-ZSM-5, is a strong acid catalyst that has been used for a wide variety of 

processes including alkylation of aromatics, isomerizations, and the conversion of methanol 

to gasoline. Since H-ZSM-5 is widely used in the petroleum industry there has been 

significant financial impetus to understand the chemistry of this catalytic system. The next 

section will review some of the literature concerning the nature of the acidity and the 

mechanism of catalysis. 
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Catalytic Studies Utlllzln1 H-ZSM-5 

H-ZSM-5 has strong acidic properties and is capable of catalyzing reactions requiring 

strong acids such as Friedel-Crafts alkylations and the dehydration of alcohols. Many of the 

early studies involved describing the nature of the acidic sites. The density and the nature 

of the acidic sites were determined by thermogravimetric analysis, TGA, and the adsorption-

desorption of basic molecules. The main source of acidity is the OH group which acts as a 

Bronsted acid rather than the Al site acting as a Lewis acid. Even though the catalyst may 

be described as a Bronsted acid, this is not a complete description because the zeolite 

structure plays a significant role in acidity.(10) One approach to understanding the nature 

of the acidity is to monitor model reactions, such as the dehydration of an alcohol. Grady 

and Gorte(l l) used temperature programmed desorption, (TPD), TGA, and transmission 

infrared spectroscopy to study the adsorption of 2-propanol and propene on H-ZSM-5. They 

found that above 360 Kone 2-propanol molecule remains on the catalyst for each hydrogen 

cation. This adsorbed species reacts with gas phase propene to form hexenes and nonenes. 

They also found that deuterium was incorporated into the molecule when propene was 

adsorbed on D-ZSM-5. These results led them to conclude that the dehydration of 2-

propanol proceeds via a carbenium ion intermediate. Ghosh and Kidd(J 2) used FTIR to 

study the formation of coke on acidic zeolites. This work showed that the Bronsted sites are 

important for coke formation, but H-ZSM-5 resists coke formation even though it is strongly 

acidic. Anderson, Mole, and Christov(JJ) used GC-MS and deuterium labelling in the study 

of the alkylation of benzene over H-ZSM-5 and concluded that the alkylations were Bronsted 

acid catalyzed electrophilic substitutions. 

While these experiments showed indirect evidence of carbenium ion formation, a 

carbenium ion had not been spectroscopically observed. One method that has the potential 

to prove the existence of a cation is NMR. NMR also has the advantages of giving structural 

and dynamic information about the carbenium ion and its interactions with the lattice. 

Zardkoohi, Haw and Lunsford(l4) examined the adsorption of propene on an HY catalyst 
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using UC CP-MAS NMR and found a peak at 250 ppm which they attributed to an isopropyl 

cation. One disadvantage of this system is that it is not an in lltY. technique, and much care 

must be taken in preparing the sample. 

Very recently, both Gore et al(J5) and Haw et al(J6) revised their carbenium ion 

hypotheses. Gore et al used 13C MAS NMR to study the dehydration of 2-methyl-2-propanol, 

( 13C at the 2 position). No carbenium ion was observed, and they proposed that the active 

intermediate was an alkoxide which exhibited a resonance at 77 ppm. Using 13C CP-MAS, 

Haw et al concluded that the active intermediate produced from the adsorption of propene 

of HY was also an alkoxide. Their hypothesis suggests that the peak observed at 

approximately 250 ppm was due to a substituted cyclopentenyl cation which could be formed 

from the reaction of two or three propene molecules. They reasoned that the cation would 

have an appreciable lifetime because of steric and electronic features. 

There are two approaches to the NMR study of zeolites. One method is to monitor the 

reacting molecule and the other is to monitor a species that does not participate in the 

reaction but is sensitive to structural and electronic effects of the catalyst. The second 

method, using utxe, was pioneered by Fraissard and coworkers.(17,18,19) When monitoring 

a reactant molecule of limited mobility, as in our studies, solid-like interactions should be 

considered and these are explained in the next section. 

Theory of Solid State NMR 

Since solution type techniques will be used with a primarily solid sample a complete 

understanding of the interactions of a nucleus in the solid state is necessary to make 

appropriate choices for the spectral parameters. 

The interactions of a nucleus with a magnetic moment are much more complex in the 

solid state than in solution NMR. The possible interactions in the solid state are:(20) 

1) The Zeeman interaction with the magnetic field. 

2) Direct dipole-dipole interactions with other nuclei. 
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3) Magnetic shielding by the surrounding electrons giving chemical shifts. 

4) Spin-spin couplings to other nuclei. 

5) Quadrupolar interactions which will be present for nuclei with spin> 1/2. 

These interactions may be expressed in the general form of the spin Hamiltonian as: 

H • H. + H• + H. + H. + H, 

The approximate ranges of the different spin interactions are given in Table 1.1. Each 

interaction and how it relates to our study of H-ZSM-5 will now be considered in detail. 

Zeeman interaction, (HJ, occurs for all nuclei with a magnetic moment. The interaction of 

the magnetic field, Ho. with the magnetic moment produces (21 + 1) energy levels, with the 

separation between energy levels 

E • 11' w. • 11r H. 

The Hamiltonian may be written as: 

"· • -111' H. 1. • -1. P. "· 1. 

where I• nuclear spin quantum number, 'J is the magnetogyric ratio, w0 is the corresponding 

Larmor frequency, g11 is the nuclear g factor and P11 is the Bohr magneton for the particular 

nucleus. This interaction is linear with the applied magnetic field so a larger field produces 

a larger energy difference between energy levels which in turn creates a larger population 

difference and ultimately improves the S/N. This interaction is present in both the solution 

and solid state spectra. The Zeeman interaction is also proportional to the magnetogyric ratio, 

'1· If this was the only interaction in our system, the monitoring of 1H, with its larger 

magnetogyric ratio would be preferred over 13C, but as will be seen shortly, there are 

resolution problems with monitoring 1H. 
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Table 1.1 

Approximate ranaes of the different spin interactions (in Hz) 

Zeeman I0'-109 

Di polar 0 -105 

Chemical Shift 0 -105 

Scalar Coupling 0 -104 

Quadrupolar 0 -109 
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Dioolar interactions, (HJ, arise from the direct dipole-dipole interactions between nuclei. 

· The Hamiltonian for the dipolar interaction between an isolated pair of spins I and Smay be 

expressed: 

where ris is the internuclear distance and D is the dipolar coupling tensor. The total 

interaction will be the summation of all possible pairwise interactions. It should be noted that 

the interaction depends on 1 so this interaction will be particularly important for spin 1 /2 

nuclei with large magnetic moments, (1H, 1'F, 31P). This interaction is independent of the 

applied field, Ho. and it falls off rapidly with internuclear distance. For typical homonuclear 

1H systems the dipolar interactions range up to 40 kHz, where as 1H- 13C interactions are 

usually half that value and 13C- 13C dipolar are roughly ten times smaller. The dipolar coupling 

tensor, D, can be expressed as a 3x3 matrix. When this matrix is diagonalized by changing 

coordinate systems, it can be shown that the dipolar interaction has a dependence of ( 1 -

3cos21), where I is the angle between the magnetic field and the internuclear vector r;i· If the 

sample is tilted 54. 7° with respect to the magnetic field the term (I- 3cos29) goes to zero and 

the dipolar interaction diminishes. In a liquid with isotropic tumbling, the dipolar interaction 

is zero. In a solid sample with adsorbed species the adsorbed species have limited motion so 

the dipolar interactions will not be eliminated. Since our in..iliY experiment cannot be spun 

at the magic angle, we have to monitor a nucleus other than 1H because the proton dipolar 

couplings would dominate the spectra. The dipolar interaction will also be reduced at higher 

temperatures because of increased motion of the adsorbed species. 

Chemical shiO interaction, (Hm), is due to the shielding effect on the nucleus by the fields 

produced by the surrounding electrons and is described: 
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This is also proportional to the applied field. The interaction is very sensitive to the geometry 

and identity of other atoms surrounding the nucleus. In solution NMR, where there is rapid 

isotropic motion, the chemical shift is averaged and produces a one line spectrum. In the 

solid-state there is a geometric dependence and each orientation can give rise to a different 

chemical shift. The chemical shift tensor, like D, also has an angular dependence and at the 

magic angle of I • 54. 7° it can be shown that the chemical shift produces an average value 

just as a solution would. Since the adsorbed species will have some motion, but not isotropic 

motion, the chemical shift should be partially averaged creating broad lines. 

Spin-spin coupling, (H.J. The interaction between a pair of spins, I and J is expressed: 

This interaction, which is field independent, occurs in both liquid and solid state, and the 

interaction may be eliminated by heteronuclear decoupling. 

Ouadruoolar jnteqctioo, (H.), is only for nuclei with I> 1/2. The Hamiltonian is: 

~~~ u.-1·..,·1 

This effect arises from the interaction of the nuclear electric quadrupole moment, eQ, with 

the non-spherically symmetric field gradient around the nucleus. The broadening can be 

reduced by MAS but since our system cannot be spun, the spectra would be completely 

dominated by quadrupolar broadening. Quadrupolar broadening prevented us from studying 

nuclei such as 28. 
Summarizing the effects one should see from a static solid with adsorbed species of 

limited motion: If 13C is monitored with 1H decoupling there will be broadening of the lines 

from °C-1H dipolar interactions and chemical shift anisotropy that is not completely 

averaged. 
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FLOW NMR-APPLICA TIONS AND THEORY 

In addition to the adsorbed species on the catalyst there should be species that have high 

mobility that are flowing through the catalyst. To understand the detection problems with 

these species requires some background on flow NMR, which this section describes. 

Flow NMR is analogous to solution NMR except the analyte flows through the 

observation region. The early applications of flow NMR involved measuring flow rates and 

studying the dynamics of flow. In 1951, Suryan(21) performed the first flow NMR 

experiment when he monitored a flowing aqueous solution of FeC13 and showed that the 

signal intensity was proportional to the flow rate. The increased intensity was explained by 

the influx of new polarized nuclei into the detector. In 1959, Singer used NMR to measure 

the blood flow in mice(22) and later applied the technique to human blood flow.(23) A spin-

echo technique was used to study the velocity distribution pattern in liquids,(24) and for 

the measurement of diffusion in liquids.(25,26) In the 1970's Fyfe describe a flow system(27) 

and its application in the study of transient organic intermediates and chemical 

kinetics.(28,29) With the advent of FTNMR, higher magnetic fields, and the resulting 

increases in sensitivity, flow NMR was applied as an on-line detector for HPLC(30,31,32) and 

GC.(33) In the early 1980's, Dom et al developed toroid shaped cells for signal 

enhancement(34,35) and they discussed conditions for quantitative flow FT- 1HNMR under 

repetitive pulse conditions.(36) 

To optimize the conditions of flow NMR one must understand how a flowing stream and 

a non-spinning cell affect resolution and the signal to noise ratio, S/N. In flow studies the 

sample tube does not spin which reduces the magnetic field homogeneity and leads to a 

reduction in resolution and S/N. The loss in resolution is, however, relatively small for 

modern spectrometers. The major loss in resolution is usually due to flow.(20) The line 

width at half-height can be expressed: 
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and the broadening due to flow can be written: 

1 + l 
Tz(stat) r 

where Tz(obs) is the actual T2,the spin-spin relaxation time, which determines the linewidth, 

and r is the residence time of the sample in the measuring coil. As the flow is increased, 1/r 

makes a larger contribution to the linewidth. A plot of the linewidth versus the flow rate 

should produce a straight line with the intercept equal to l/Tz(stat).(27) In a manner similar 

to Tz, the spin-lattice relaxation time, Ti also changes in a flowing system. The expression 

for Ti is:{37) 

l + 
Ti(stat) 

l 
r 

At high flow rates, 1/r dominates and l/Ti{obs) becomes larger. As Ti(obs) decreases, the 

pulse repetition rate can be increased to improve S/N. As illustrated by the equations for Ti 

and T2, flow NMR presents a tradeoff of resolution for S/N, however, this is often useful for 

a nucleus with a wide shift range such as 13C, i'F, 31P. 

There are several practical experimental aspects that must be considered before initiating 

a flow NMR experiment. If the concentration of the nucleus of interest is very low, as in the 

case of natural abundance UC, the molecule may need to be labelled or the system may need 

to flow through the detector for a long time. For non-reacting systems this is not a problem 

because the flow can be recycled, but for reacting species this may require a lot of starting 

material. Inclusion of a deuterium containing compound may be expensive in a flow system, 

therefore, an external lock standard may sometimes be employed. For shorter experiments, 

no lock at all may be necessary for high resolution superconducting solenoids. A third and 

very important consideration is premagnetization of the sample. To maximize a signal, the 

nuclei should reside in the field at least S Ti's. At low flow rates, no modification may be 



17 

necessary because most magnets have a large magnetic field for several centimeters outside 

the observation region. However, fast flow rates may require extra volume, (e.g. extra coiled 

tubing), before the observation region to provide sufficient time for premagnetization. 



CHAPTER 2 

Experimental 

Experimental apparatus 

A schematic diagram of the apparatus is presented in figure 2.1. Nitrogen gas at 2.5 psi 

flowed through a Matheson flow controller set to operate at 10 ml/min. The nitrogen went 

through a splitter so that the flow could go directly to the catalyst or it could be diverted to 

flow through a glass bubbler that contained the 2-propanol. The bubbler was connected to 

the apparatus with Teflon«>tubing. The reaction cell containing the catalyst was a glass tube 

160 mm long and 12 mm in diameter with a glass frit in the bottom to allow the passage of 

gases. The reaction cell was attached to the Teflon® tubing with a Teflon® screw cap and a 

rubber o-ring to provide a good seal. The gases would flow out the bottom of the reaction 

vessel and through more Teflon® tubing which led to either a CCIJBr2 trap or to a gas 

chromatograph and then to the CClJBr2 trap. The flow and most of the static NMR spectra 

were run on a JEOL FX-200 using quadrature detection. The probe was tuned to 50.10 MHz. 

The gas chromatograph was a Varian 90-P operated isothermally, with Helium carrier gas, 

and thermal conductivity detection. The 1/8" i.d. x 4.5 ft. column was packed with 80-100 

mesh Poropak T. The effluent sampling was done with a Valeo liquid chromatography 

sampling valve with a 2 ml sample loop. The chromatograms were recorded with a linear 

instruments integrating chart recorder. 

The accuracy and lag time of the variable temperature system were tested by placing a 

copper-constantan thermocouple in the zeolite bed and placing it in the probe. The 

temperature reading of the instrument was accurate and the zeolite would reach the 

temperature in less than 1/2 hour. 

18 



H-ZSM-S 
Catalytic 

Bed 

0 

0 

T 

19 

Gas 
Chromatograph 

(Heating Zone) 

i Bo SO MHz 13C NMR 

0 
0 
0 

CCIJBr2 
(product trap) 

2-propanol 

Figure 2.1 Schemmlc of flow NMR •pp•r•tua. 



20 

Synthesis of '1c labelled 2-propanol 

Since our flow system did not have high sensitivity, labelled 2-propanol was necessary to 

achieve an adequate signal. The preparation of the labelled 2-propanol followed the reaction 

scheme below: 

Ba°C03 + H;iSO. ) BaS04 + °C02 + HP 
°C02 + CH~gBr ff+ ) cH;cooH 

cH;cooH + LiOH cH;cooLi 

2 cH;cooLi soo• ) CH;COCH3 + LiC03 

cH;cocH3 + NaBff. CH;C(OH)HCH3 

30 g of Ba°C03 was placed in a round bottom flask fitted with a dropping funnel 

containing 250 ml of concentrated H:iSO+ Tygon tubing connected the top of the dropping 

funnel to another round bottom flask fitted with a stopcock and containing, 85 ml of 3.2 M 

CH~gBr and 200 ml of anhydrous ethyl ether. The whole system was attached to a vacuum 

system with a manometer. The Grignard solution was frozen in liquid nitrogen and the 

system was evacuated to approximately 1 mm. The system was shut off from vacuum and 

the Grignard was warmed until the solid was broken up and could be stirred. While keeping 

the Grignard solution between -30 and -40° C the H;i504 was added dropwise to the Ba °C03 

over a period of 2 hours. The Grignard solution was stirred for one more hour then slowly 

acidified with 6N HCl until pH 1. The ether was distilled, and the water layer was then 

distilled and the acid combined with the ether. The ether/water/acetic acid solution was 

neutralized with LiOH to the phenolphthalein endpoint with the ether and most of the water 

removed by distillation and the lithium acetate was thoroughly dried in an evaporating dish. 

The resulting pink solid, (9 g), was crushed into a fine powder and evenly distributed in a 

pyrolysis tube. The pyrolysis tube was connected to a gentle stream of nitrogen and the 

lithium acetate was heated to 500° C over the course of 90 minutes. The liberated acetone 

was collected in two dry ice-acetone traps. The contents of the first trap was added dropwise 
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to a solution of 0.95g of NaBH4 in 20 ml of freshly distilled diglyme and stirred overnight. 

The solution was cooled with ice and acidified with 2 ml of water. The product mixture was 

then distilled using a short path apparatus producing approximately 2.5 ml of 2-propanol. 

The only contaminant in the final product was water which was adsorbed using 3 A molecular 

sieves. 

Monltorln1 of H-ZSM-5 

One gram of white H-ZSM-5 (Si/ Al• 60) was placed in the flow cell with a small plug 

of glass wool on top of the catalyst. The catalyst completely filled the detector region in the 

NMR. The flow cell was placed in the magnet, the flow on N2 started and 13C spectra were 

taken at room temperature and 180° C. No peaks were visible in the observed range of -30 

to 370 ppm. In all subsequent experiments, the catalyst was pretreated by heating it above 

100° C under flowing dry nitrogen in the NMR cell for over one hour. A drop of 2-propanol 

was placed on the catalyst at room temperature and the flow of N2 continued to distribute the 

alcohol. The high concentration of alcohol was used to find the spectral parameters. A 90° 

pulse was found by varying the pulse duration between IO and 85 microseconds with the 

optimum being 27.5 microseconds. The longitudinal relaxation time, Tto was measured using 

180 - r - 90 pulse sequence with r being varied between l and 14 milliseconds with r0 un = 8 

milliseconds which corresponds to a T1 of (8 milliseconds/In 2) • 11.5 milliseconds. Since real 

time monitoring was important the spectra had to be maximized over a period of time. To 

accomplish this a variety of relaxation delays and number of scans were tried to maximize the 

signal in a IO minute period. The conditions that were employed for most of the spectra are 

given in table 2.l. Since we were interested in sensitivity rather than resolution we used 

zero-filling and a large value for the line-broadening. 

After the spectral parameters were determined the catalyst was heated slowly from room 

temp to 180° cover the course of 11 hours. Spectra were collected every 10 minutes. During 

the experiment, one spectrum with a pulse delay of .25 seconds was run, but this showed little 

improvement over the other spectra. At the end of the run the nitrogen gas was turned on 
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Table 2.1 

Flow NMR Spectral Parameters 

Observation frequency S0.10 MHz 

Pulse width 20 µsec 

Spectral width 20,000 Hz 

Number of points 4096 

Number of sample points 1920 

Obset 87.00 KHz 

Acquisition time 48 ms 

Pulse delay 12 ms 

Number of scans 10,000 

Noise decoupling 199.50 MHz 
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to see if the products would desorb. 

The second set of experiments was similar except that the 2-propanol flowed through 

the apparatus in the nitrogen stream. The temperature range was confined to I 00 - 130° C 

and the effluent was bubbled into NMR tubes containing CCI.JBr2 solution. These traps 

were changed every half hour. Toward the end of the experiment the nitrogen gas bypassed 

the 2-propanol bubbler and flowed directly to the catalyst. The collected products were 

analyzed using high resolution 13C NMR. The third set of experiments was an isothermal run 

at 180° C. The alcohol in nitrogen was flowed over the catalyst at about 19 ml/min. The 

product traps were changed at various times and after the catalyst appeared to reach a steady-

state the flow to the alcohol was switched on and off several times and the resulting spectra 

monitored. Also, one spectrum with a I second pulse delay was run to check for slowly 

relaxing species. The used catalyst was examined by solid-state 13C NMR both with and 

without cross polarization. 

The fourth set of experiments included several improvements: inclusion of an internal 

reference, analysis of products by gas chromatography and a dual bubbler was used so that 

both labelled and non-labelled 2-propanol could be used in the same experiment. The 

internal standard was f ormamide because it has a high boiling point, it has only one carbon 

with a short T" and its chemical shift 165.S (38) does not overlap with any expected 

resonances. The formamide was placed in a sealed capillary and the capillary was attached 

to the catalyst cell with teflon tape. The effluent passed through a 2 ml gas sampling loop 

and then into the CCIJBr2 trap. Chromatograms were taken approximately every eight 

minutes and the collected products were analyzed by both 1H and 13C solution NMR on a 

Bruker 270 MHz spectrometer. This experiment was isothermal at 130° C and several trial 

runs with non-labelled 2-propanol were done to test the chromatography and to see if any 

signal could be seen from the non-labelled 2-propanol. Since the non-labelled alcohol 

produced very weak signals, 13C labelled 2-propanol was flowed over the catalyst until it 

appeared to reach steady state then the bubbler was switched to non-labelled 2-propanol. 



CHAPTER 3 

Results and Discussion 

To adequately describe and interpret our results, it is necessary to have an understanding 

of the probable reactions of 2-propanol on a strong acid catalyst. From previous studies 

(11,12,15,39,40) and analogies to solution chemistry, the proposed mechanistic pathways for 

the reaction of 2-propanol on H-ZSM-5 are given below: 

__/CH3 
H3C~, 

H OH 

/u 
PARAFFINS .... __ _ OLIGOMERS 

When the alcohol comes in contact with the acid site, the alcohol may be protonated, and 

a molecule of water expelled forming a carbenium ion or an alkoxide with the lattice. If both 
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these intermediates exist, it is likely that they are in equilibrium with each other. One of the 

initial goals of this project was to observe the reactive intermediate to help elucidate the total 

reaction mechanism. If a molecule of 2-propanol collides with the intermediate, diisopropyl 

ether may be formed. Since the formation of the ether involves collision with the reactive 

intermediate, any condition that improves the stability of the intermediate, increases its 

lifetime, or increases it concentration should increase the yield of diisopropyl ether. The 

intermediate may also lose a proton to form propene. Propene may then desorb and leave the 

system or collide with other intermediates which would lead to oligomerization. The 

oligomers may then disproportionate and form paraffins and alkenes. 

While the search for direct spectroscopic proof of the intermediate(s) was not successful, 

several other important mechanistic details were revealed. It was determined that the 

intermediate does not go through a cyclopropyl carbenium ion intermediate, the build up of 

oligomer is necessary before significant production of propene occurs and once the oligomer 

is formed it does not exchange with any of the incoming alcohol molecules. These results and 

the experiments that prove them will be discussed in detail. 

2-Propanol on H-ZSM-S In a non-flowin1 system. 

In the initial batch experiment the temperature was increased from room temperature up 

to I80°C and the resulting spectra monitored. At room temperature there were two obvious 

peaks, (Figure 3.1) a large broad peak at approximately 63 ppm and a small resonance at 

approximately 19 ppm. The large resonance is from the labelled number 2 carbon on the 

alcohol which has a chemical shift of 63.4 relative to TMS in solution.(38) The absolute shift 

of the alcohol is not known because an internal standard was not used but many molecules 

adsorbed on zeolites do not shift significantly from their solution values. The small peak is 

from an aliphatic carbon, which implies that even at room temperature there is some 

hydrocarbon formation. The small peak is not due to the one and three positions of the 

alcohol because the chemical shift of these carbons is about 25 ppm. Also the one and three 
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carbons are not labelled and would not be in high enough concentration to be seen. At low 

temperature the adsorbed species have limited mobility so the peaks are very broad ( 1400 and 

250 Hz respectively). These peaks are so broad that they may be obscuring signals from 

similar species. As the temperature increases, the alcohol peak narrows to less than 700 Hz 

(Figure 3.2). This narrowing can be attributed to greater mobility of the alcohol on the 

catalyst. At 90° C and approximately 5 hours after heating was begun, a spectrum of 30,000 

scans was taken to check for low concentration species (Figure 3.3). This spectrum revealed 

no apparent changes so the temperature was increased. Approximately 45 minutes after the 

temperature reached 110° C, a small broad peak could be seen in the aliphatic region (Figure 

3.4). There is also a very broad region slightly downfield from 100 ppm which may be due 

to adsorbed propene or higher alkenes. During the next 50 minutes at 110° C the 2-propanol 

peak disappeared and the aliphatic region continued to grow as the propene oligomerized 

(Figure 3.5). The very broad resonance around 100 ppm also disappears which would add 

credence to the resonance being from alkenes. The aliphatic peak is about 1500 Hz wide. 

The aliphatic peak is broad for two reasons: the polymerized product has limited mobility and 

a wide variety of methyl, methylene and methine carbons in a variety of environments can 

be formed by hydride and methyl shifts on the oligomer chain. At 110° Ca spectrum of 

1,000 scans was taken with a pulse delay of 250 ms but it appeared identical to the other 

spectra (Figure 3.6). The temperature was increased to 180° Cover the next 90 minutes. As 

the temperature increased, the aliphatic peak began to resolve into three main resonances at 

24, 17, and 7 ppm (Figure 3.7, 3.8). This triad looks similar to polymeric hydrocarbon 

spectra, such as polypropylene, but the shifts are slightly upfield from comparabl~ solution 

spectra. As the temperature approaches 180°, the peak farthest downfield appears to be 

increasing in intensity. This increase may be due to increased mobility of one type of carbon 

or at the higher temperature the oligomer may undergo more skeletal rearrangements. The 

skeletal rearrangements (Figure 3.9) may be linearizing the branched chain because in the 

next spectrum (Figure 3.1 O), when the flow of nitrogen gas is started, this resonance decreases 

and a linear hydrocarbon would desorb more readily then a branched hydrocarbon. The 
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formation of branched isomers is thermodynamically favored over the formation of linear 

isomers but since the linear molecules may desorb more readily, the equilibrium may be 

sliifted in their favor. The linearization process may be similar to the isomerization of xylene 

over H-ZSM-5. When the xylene is in the pores of the zeolite it undergoes various 

rearrangements and several species may exist in the pores but the product is virtually only p-

xylene because p-xylene diffuses out of the pores over one thousand times faster than the 

meta isomer.(41) 

2-Propanol flowln1 onr H-ZSM-S between 100 and 130• C 

The second set of experiments was one of the most enlightening because we used a 

flowing stream and the products were collected and monitored by high resolution 13C NMR. 

From the previous trials it appeared that most of the interesting chemistry began at over 100° 

C so the second trial began by flowing 2-propanol over the catalyst that was already 

equilibrated to 100°. In the first ten minute block, the 2-propanol was easily visible (Figure 

3.11 ). The next ten minute block revealed a large alcohol peak and a small resonance at 

approximately 19 ppm. Both of these peaks appeared to be due to only one species. After 

almost two hours at 100° the flow spectra remained invariant and no products were found in 

the BrJCC14 trap (Figure 3.12). The temperature was increased to 110° and held for one hour. 

During this time the flow spectra did not change but the BrJCCI. trap showed the presence 

of diisopropyl ether, 2-propanol, 1,2-dibromopropane and 2-bromopropane. It was 

anticipated that at the lower temperatures the H-ZSM-5 would produce diisopropyl ether. 

The 2-propanol probably comes from incomplete conversion on the catalyst, the 1,2-

dibromopropane is the expected resultant of the brominated propene and the 2-bromopropane 

is generated in the trap from either the nucleophilic substitution of the alcohol or the 

Markovnikov addition of HBr to the alkene. The identities of the peaks were confirmed by 

spiking the sample with known compounds. The second product spectra collected at 110° 

showed an increase in the products collected (Figure 3.13). When the temperature was 
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Figure 3.12 High resolution 13c spectra of the collected products from flowing 2-propanol over H·ZSM-5. a) 21·51 min. b) 111-141 
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increased to 110°-120° the relative amount of propene in the product stream greatly increased. 

An important question that must be addressed is: why did we see collected products. but 

not any spectroscopic evidence of their formation on the catalyst? There are two plausible 

explanations for the lack of signal on the flow NMR. First. the concentration of the reaction 

centers is not very high and once the products are formed. those that desorb will be gases. 

Since gases have relatively long T1 relaxation times. their signal will quickly become saturated 

in our system with the short (12 ms) pulse delays and pass through the catalyst undetected. 

The flow system was held at 120° C for half and hour. with no noticeable differences in 

the flow spectra. During this time. the collected product showed no diisopropyl ether and an 

increase in the amount of propene (Figure 3.14). The formation of diisopropyl ether occurs 

from the collision of a 2-propanol molecule with the reactive intermediate. The 

disappearance of the ether probably implies that the intermediate has a shorter lifetime at the 

higher temperature. so it forms propene before it collides with another molecule of 2-

propanol. A second less likely explanation is that the diisopropyl ether is formed but the 

ether is cleaved at another acid site. When the catalyst temperature is increased to 130° c. 
the aliphatic region rapidly grows at the expense of the alcohol peak (Figure 3.15). The 

aliphatic peak grows until it is approximately 1500 Hz wide (Figure 3.16) and as on the 

previous trial. there appear to be three main types of carbon. On some of the spectra. each 

of the three main peaks appear to be split into doublets. This shift difference may be due 

to the oligomer residing in different environments in the catalyst (i.e. one in the elliptical 

channels and one in the circular channels) As soon as the aliphatic region began to grow on 

the flow NMR. the propene was totally consumed in the formation of the oligomer and no 

products were present in the product stream (Figure 3.14). After about 90 minutes at 130° 

the relative intensity of the alcohol to the aliphatic region remained constant (Figure 3.17). 

Once this "steady-state" was achieved the product stream contained essentially only propene 

(Figure 3.18). The disappearance and reemergence of the propene may be explained by the 

increased reactivity of the intermediate at 130°. At 130° propene is formed rapidly. but 

before it can exit the catalyst. it contacts another reactive intermediate and oligomerizes. As 
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Figure 3.14 High resolution 13c spectra of the collected products from flowing 2-propanol over H·ZSM-5. a) 201-231 min. b) 261 • 
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Figure 3.15 13c apectra of 2-prop•nol flowlng over H-ZSM-5. a) 229·239 min. b) 240-250 min. c) 251-281 min. 
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Figure 3.17 13c spectra of 2-propanol flowlng over H-ZSM-5. a) 319·329 min. b) 330·340 min. c) 341·351 min. 
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figure 3.18 High resolution 13c spectrum of the collected products from flowing 2·propanol over H·ZSM·S. 321-419 min. 
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the oligomers grow they slowly fill up the channels and decrease the availability of active 

sites, so the newly formed propene may exit the system before colliding with another reactive 

site. The nature of the acid site may also change during oligomer formation. As the channels 

become more crowded the ability of a planar carbenium ion to exist may decrease. If the 

reactive intermediate is a carbenium ion there is the possibility of the of the label rearranging 

by formation of a cyclopropyl carbenium ion. Figure 3.19 illustrates how the formation of 

a cyclopropyl carbenium ion would scramble the label. To disprove the cyclopropyl 

carbenium ion hypothesis the 13C spectra of the 1,2-dibromopropane was expanded. (Figure 

3.20) The one and three carbons should produce 3 peaks each. A central resonance flanked 

by two identical peaks due to splitting from the adjacent 13C. The ratio of these peaks were 

in the same isotopic ratio as the starting material. The cyclopropyl rearrangement may not 

occur because once a carbenium ion is formed it loses a proton or collides with another 

molecule faster than it can rearrange. Alternatively, the carbenium ion may be strongly 

associated with the lattice oxygen so that it behaves more like an alkoxide which would not 

be able to rearrange. 

Approximately two and a half hours after reaching 130° the nitrogen flow bypassed the 

alcohol bubbler. The alcohol peak disappeared within 10 minutes (Figure 3.21) and the 

remaining aliphatic region did not noticeably change during the remaining 45 minutes of the 

experiment (Figure 3.22). The product stream did not include any aliphatic desorption 

products after the flow of 2-propanol was diverted. 

The used catalyst was a light tan and TGA and DT A were performed on the catalyst by 

the Chemical Engineering Department. The sample lost approximately 5% by weight between 

275 and 375° C which is characteristic of hydrocarbon type residues. If a density for liquid 

hydrocarbons is assumed, the 5% weight loss corresponds to about one-third of the void space 

being filled if one assumes all of the residue to be within the crystal.(/) 

Although the spectra from this experiment turned out nicely we still did not observe a 

carbenium ion or alkoxide type intermediate. If our system had one intermediate per 

aluminum atom the concentration should have been sufficient for detection, particularly when 
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Figure 3.21 13c spectra or 2-propanol flowing over H-ZSM-5. a) 363-373 min. b) Flow to 2-propanol bypaaaed, 375-385. c) 386-398 
min. 
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Figure 3.22 13c epectr• of 2-propanol flowing over H-ZSM-5 8fter flow to the alcohol ha been bypuaed. •) ~min. b) 409-419 
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the system was scanned for half an hour. The only way we would not see the intermediates 

were if they did not exist or if they reacted or exchanged quickly within the NMR time 

frame. The most likely explanation is the latter. If the carbenium ion is in rapid equilibrium 

with an alkoxide to the lattice the chemical shift would be the weighted average of the two 

species. Since an alkoxide would be expected around 75 ppm and secondary carbocation 

around 300 ppm the signal from an exchanging species would be so broad that it would be 

below our limits of detection. 

2-Propanol flowln1 oYer H-ZSM-5 at 1so· C 

This experiment was similar to the previous one except that the temperature remained at 

180°. The first ten minute spectrum is very noisy, but two broad resonances are discernable 

(Figure 3.23). One peak is centered just over 100 ppm and the other is in the aliphatic region. 

In the aliphatic region there is one sharp peak about 17 ppm. Since there is no shift standard, 

this can not be unambigously identified but it does imply that initially the label has not 

rearranged into a variety of carbon types. The broad resonance above 100 ppm may be due 

to a variety of alkenes. Oligomer formation is significant in the second spectrum and the 

broad resonance around JOO ppm has almost disappeared. During the first hour, the aliphatic 

resonance continued to grow and the peak width (about 1500 Hz) and shape were similar to 

the run at 130° (Figure 3.24). It appears that the oligomerization process occurs at both 

temperatures only at different rates. The higher rate of conversion at 180° is evidenced by 

the fact that we never see an alcohol resonance at 180°. None of the traps had any products 

until the one collected between 42 and 100 minutes (Figure 3.25). Although this represents 

a longer collection time than most of the other traps, the concentration of the desorbed 

products was fairly low. The collected products were all in the aliphatic region and they 

appeared to be mainly hexane and 2-methylpentane. After about one hour a block of 1,000 

scans with a pulse delay of one second was taken to check for species with longer Ti's (Figure 

3.26). The longer pulse delay barely changed the spectrum and no other species were 
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Figure 3.24 13c apectra of 2-propanol flowlng over H·ZSM-5 at 1 ao0 • a) 21 ·31 min. b) 32-42 min. c) 43·53 min. 
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Figure 3.25 High resolution 13c spectra of the collected products from 2-propanol ftowlng over H.ZSM-5 .a 1 eo0 • a) ~11 min. b) 31 • 
42 min. c) 42-100 min. 

VI 
VI 



56 

0 0 .... 

! 2t 

i I I .. 15 f l • t ! l 



S1 
observed. 

In an attempt to see an alcohol peak, the flow was diverted from the bubbler, the bubbler 

warmed, opened to the system for 30 seconds, then bypassed again. No 2-propanol signal was 

seen in the 2,000 scan spectrum. This was repeated a second time only the alcohol was flowed 

for three minutes and this also produced no changes in the spectrum. After two hours the 

2-propanol was bypassed and several spectra run (Figure 3.27). The oligomerized region 

changed very little during this time. 

The used catalyst was a light tan so it was analyzed by solid-state NMR. Solid-state NMR 

was necessary because we did not know if our flow system was capable of seeing species of 

limited mobility. The results of the solid-state experiment, both with and without cross 

polarization, were very satisfying because they were identical to our flow results except the 

solid-state experiment had better resolution and higher signal to noise (Figure 3.28). It should 

also be noted that there were no peaks in the alkene region which confirms the absence of 

olefins. 

Flowln1 labelled 2-propanol followed by non-labelled 2-propanol over H-ZSM-S at 130" 

One of the drawbacks of the previous experiments was that we could not accurately 

measure the water coming off the catalyst and we could not get immediate feedback when 

the products were only collected in solution. The use of gas chromatography solved this 

problem. During the optimization of the chromatography several experiments were run at 

130° using non-labelled 2-propanol. The chromatography showed several interesting trends. 

The only product observed for approximately the first two hours was water. The water was 

liberated from the reaction of the alcohol at the acid site. With the first sign of propene, 

the amount of water decreased and went to a steady value as the propene quickly increased 

and then reached a steady state. On some trials, after the propene had polymerized and 

deactivated a portion of the catalyst, some 2-propanol was seen in the product stream. The 

most interesting phenomenon occurred when the flow to the alcohol was bypassed and then 
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Figure 3.27 13c apectr• or 2-propanol ftowtng over H-ZSM-5 at 1 ao0 Idler the flow to 2-propanol ha been bypaeed. a) 2,000 m; 
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restarted within the next hour. After restarting, the output of water and propene were 

significantly reduced and a greater amount of 2-propanol passed through the catalyst 

unreacted. Perhaps in the absence of the alcohol the oligomers reacted with each other thus 

blocking a greater number of acid sites. 

The spectra of the non-labelled 2-propanol had very poor S/N even after many hours of 

flowing the alcohol and scanning up to 50,000 times per spectrum. Since the non-labelled 

alcohol was almost invisible to the NMR in our time frame, it made it convenient to use 

labelled then non-labelled 2-propanol to study the effect of the oligomerized material on the 

reaction. The apparatus was set up so that the labelled 2-propanol could be flowed until a 

steady-state built up and then the flow could be switched to non-labelled 2-propanol. 

The experiment began when the stream of 2-propanol in nitrogen was introduced to the 

catalyst at 130°. Water immediately started coming off the catalyst but no signal was observed 

on the flowing NMR until a broad peak in the aliphatic region appeared after 50 minutes 

(Figure 3.29). The aliphatic region grew quickly during the next half hour but an alcohol 

peak was never seen (Figure 3.30). The alcohol was probably never seen because the alcohol 

bubbler used in this trial produced a smaller flow of 2-propanol and the alcohol reacted 

almost immediately after contacting the catalyst. The aliphatic region continued to visibly 

increase until about 220 minutes at which time it stayed constant or increased very slowly 

(Figure 3.31). Up to this time water was the only collected product. At about 240 minutes 

propene showed up in the gas chromatogram and in the 1H NMR of the collected product 

stream (Figure 3.32). The isotopic ratio at the second carbon could be ascertained by 

comparing the area of the multiplets split by the 13C versus the multiplet that was not split by 

the UC. The initial 13C isotope concentration was about 90%. After about 290 minutes, the 

flow NMR, the gas chromatograms and the collected products appeared to be at a steady-

state so the flow was switched to non-labelled alcohol (Figure 3.33). There were no apparent 

changes in the flow NMR during the next hour of the experiment (Figure 3.34). In an effort 

to see any small changes in the spectrum, a final spectrum of 100,000 scans was taken (Figure 

3.35). No changes were apparent. The only change in the chromatograms was a tiny amount 
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Rgwe 3.29 13c spectra of labeleci'non-labelled 2-propanolflowlng over H-ZSM-5at130°. a) 43-53 min. b) 53-63 min. c) 64-74 min. 
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Figure 3.30 13c spectra of labelled/non-labelled 2-propanol flowlng over H-ZSM-5 at 130°. a) 74-84 min. b) 85-95 min. c) 95-105 
min. 
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13c apectra or labelled/non-labelled 2-propanol flowing over H·ZSM-5at130°. a) 211-221 min. b) 222-232 min. c) 232 
-242 min. 
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Fig .... 3.35 13c apectrum of labelled/non-labelled 2-propanol flowlng over H·ZSM·5 at 130°. 100,000 acans. 425·525 min. 
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of 2-propanol coming off the catalyst. The 1H NMR of the products confirmed that virtually 

no interaction with the labelled oligomer took place because there was no labelled 1 2-, 
dibromopropane in the product stream within 20 minutes after switching the label (Figure 

3.32). Although there was no interaction at this temperature it is likely that at higher 

temperatures there would be some interaction. It is not known why the peak in the aliphatic 

region did not display the fine structure displayed in the other experiments. One contributing 

factor to the decrease in resolution was the reshaping of the rf coils after they had been 

damaged previous to this experiment. 

Summary of reactions of l-propanol on H-ZSM-5 

By combining the results of the various trials, a possible picture of the dehydration of 2-

propanol emerges. All aspects of this summary have not been proven, but the hypotheses are 

consistent with our results. At temperatures around 100•, the alcohol adsorbs on the Bronsted 

acid sites and ejects a water molecule. This may form an intermediate that is exchanging 

between a carbenium ion and an alkoxide with the lattice. The carbenium has not been 

observed but all of the chemistry is consistent with a carbenium ion. This intermediate may 

then either deprotonate and liberate propene or collide with another 2-propanol molecule and 

form diisopropyl ether. We only see diisopropyl ether below 130° because at higher 

temperatures the intermediate lifetime would be shorter which would decrease the chance of 

collision. As the temperature increases the intermediate is more likely to deprotonate and 

form propene. The intermediates are very reactive at this temperature and will readily react 

with propene to form oligomers. Once the oligomerization reaches a certain level then 

propene will exit the catalyst either due to blocking of the acid sites or by changing the 

nature of the acid site. At 130° the oligomer undergoes some branching and methyl shifts 

which scramble the label of the oligomer. As the temperature approaches 180° processes 

which require a higher activation energy such as linearization and cracking of the oligomer 

begin to occur. 



CONCLUSION 

The results from the flow NMR of H-ZSM-5 are valuable in two respects. Primarily, 

since this was the first reported in ilill monitoring of a catalyst by flow NMR, we have 

demonstrated the efficacy and simplicity of the technique. Our results should encourage the 

application of this type of experiment to other catalytic systems, or to the study of other 

nuclei such as "'F, 31P. Secondly, we have shed light on the mechanism of dehydration of 2-

propanol on H-ZSM-5. We have shown that at 130° C the dehydration does not go through 

a cyclopropyl carbenium ion transition state, propene oligomerizes on the catalyst and 

deactivates the catalyst before propene exits the catalyst, and the built up oligomer does not 

interact with newly introduced alcohol. 

While the dehydration mechanism is better understood, we have still not spectroscopically 

observed a carbenium ion or alkoxy intermediate. If these two species are exchanging or 

reacting rapidly at over 100° C, then we will probably never see them unless we can monitor 

the reaction at a steady-state condition for many hours. It may be possible to observe these 

type of intermediates if we use lower temperatures and/or other reactant molecules that 

would produce a more stable carbenium ion. An alternative to monitoring 13C would be to 

use an 170 labelled alcohol. The number of 170 resonances would provide valuable 

information even if the peaks could not be unambiguously assigned. 

During the course of this project, several improvements in the experimental design were: 

addition of an internal standard, monitoring of the products with gas chromatography, and 

the addition of a bubbler that could sequentially introduce two different species into the 

system. While the flow NMR method we demonstrated was effective, there are other related 

systems that might improve upon our results: I) Using a wide bore magnet so the amount of 

sample could be increased. 2) NMR spatial imaging of the catalyst bed by either moving the 

bed or by using field gradients. 3) Dynamic nuclear polarization (DNP) of the flowing 

reactants. 4) Dual mapping of reactant molecule and non-reactant molecule (N2 or Xe). This 

technique would be particularly effective for mxe if combined with DNP because of the high 

theoretical enhancements with xenon. 
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