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A large-sample-volume constant-flow magic angle sample spinning (CF-MAS) NMR probe is

reported for in situ studies of the reaction dynamics, stable intermediates/transition states, and

mechanisms of catalytic reactions. In our approach, the reactants are introduced into the catalyst

bed using a fixed tube at one end of the MAS rotor while a second fixed tube, linked to a vacuum

pump, is attached at the other end of the rotor. The pressure difference between both ends of the

catalyst bed inside the sample cell space forces the reactants flowing through the catalyst bed,

which improves the diffusion of the reactants and products. This design allows the use of a large

sample volume for enhanced sensitivity and thus permitting in situ 13C CF-MAS studies at

natural abundance. As an example of application, we show that reactants, products and

reaction transition states associated with the 2-butanol dehydration reaction over a mesoporous

silicalite supported heteropoly acid catalyst (HPA/meso-silicalite-1) can all be detected in a single
13C CF-MAS NMR spectrum at natural abundance. Coke products can also be detected at

natural 13C abundance and under the stopped flow condition. Furthermore, 1H CF-MAS NMR

is used to identify the surface functional groups of HPA/meso-silicalite-1 under the condition

of in situ drying. We also show that the reaction dynamics of 2-butanol dehydration using

HPA/meso-silicalite-1 as a catalyst can be explored using 1H CF-MAS NMR.

1. Introduction

A detailed understanding of mechanisms involved in a cata-

lytic reaction requires that we identify the nature of active sites

and reaction intermediates, and that we probe dynamic pro-

cesses starting when reactants enter the reaction zone until the

final products are eluted from the system.1 For reactions

involving simple species, in situ techniques such as UV-visible

and IR spectroscopies are typically used to probe the nature of

adsorbed intermediates.2 For many important reactions such

as selective oxidation of organics, reaction products and

intermediates are far more complex and are difficult to identify

using a single spectroscopic tool.2 High resolution magic angle

spinning (MAS) nuclear magnetic resonance (NMR) spectro-

scopy is one of the most powerful and versatile techniques for

studying molecular structure and dynamics regardless of

whether the system is a solid, semi-solid, or a heterogeneous

system containing a mixture of e.g., solid, semi-solid, liquid,

and gaseous phases. This makes MAS NMR an attractive tool

for in situ investigations of reaction dynamics and intermediates,

as well as the properties of active sites in a heterogeneous catalytic

reaction.

A number of in situ MAS NMR techniques have been

developed3–23 and their significance in the field of hetero-

geneous catalysts has been reviewed recently.5,11 Among them,

the method of constant flow magic angle spinning (CF-MAS)

NMR, introduced by Hunger and Horvath,6 closely simulates

realistic catalytic reaction conditions in cases where pressure

control is not required; i.e., reactions are carried out under

ambient pressure conditions. In Hunger’s design, a constant

flow of the reactants into the reactor (i.e., the MAS rotor) is

realized by injecting a carrier gas (e.g., nitrogen) containing

vapors of reactants via an injection tube. The injection tube,

made of glass or ceramics, is static and is inserted into the

sample volume of a MAS NMR rotor via an axially placed

hole in the rotor cap. The catalyst is shaped to a hollow

cylinder that rotates with the rotor. The reactants are injected

into the inner space of the cylindrical catalyst bed and flow

from the bottom to the top of the sample volume inside the

MAS NMR rotor reactor. The product stream plus un-reacted

reactants leave the sample volume via an annular gap in the

rotor cap at the same end where the reactants flow in. This

design works remarkably well if the thickness of the catalyst

bed is thin, where penetration of the reactants into and the

elution of the products out of the catalyst bed are effective.
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Thus, this design can only use a small amount of catalyst

sample even with large sample volume rotors, thus limiting the

sensitivity of in situ constant flow MAS NMR. In order for an

in situ 13CMAS NMR spectrum to be acquired in a reasonable

amount of time, 13C isotope enriched reactants are required

for sensitivity enhancement. Considering that for many catalyst

reaction systems isotope enriched compounds are either very

expensive or simply unavailable commercially, it is thus impor-

tant to develop a CF-MAS probe that enables in situ NMR

studies using reactants that contain carbon at natural abun-

dance. One way to increase the signal-to-noise (S/N) ratio in

such studies is to use more samples since S/N is approximately

proportional to the sample volume.24

To our knowledge, in situ constant flow MAS of Hunger

and coworker’s design, with MAS rotor larger than 7.5 mm,

has not yet been explored. This is largely due to concerns that

S/N will be inadequate since reactions only take place in the

shallow portion of catalyst bed even if a thickened catalyst bed

is used in the same design as Hunger’s. In this work, we report

a 9.5 mm outside diameter large-sample-volume CF-MAS

probe for sensitivity enhancement so that in situ 13C CF-MAS

NMR at natural abundance can be achieved. In our approach,

the reactants in a carrier gas, such as nitrogen, flow into the

catalyst bed using a fixed tube at one end of the rotor while a

second fixed tube, linked to a vacuum pump, is attached at

the other end of the MAS rotor to facilitate a flow through the

catalyst bed by the pressure difference at both ends of the

sample. The flow through catalyst bed improves the diffusion

of the reactants and products, allowing the use of a large

sample volume and thus permitting in situ 13C CF-MAS NMR

studies at natural abundance. The aim of this paper is to describe

the features of the current design of this in situ NMR spectro-

scopy reactor, and to provide some brief initial examples of its

capabilities to perform catalysis science.

2. Methods

Fig. 1 shows the essential components of our large sample

volume in situ CF-MAS probe, consisting of a 9.5 mm MAS

rotor (Fig. 1a and b) and a MAS probe (Fig. 1c). The MAS

rotor, i.e., the reactor, when fully assembled (Fig. 1a), resem-

bles a commercial MAS rotor. The rotor sleeve, labeled as ‘‘1’’

is a commercially available zirconium MAS rotor with outside

diameter (OD) of 9.5 mm, inner diameter (ID) of 8.5 mm and

height of 40 mm. The rotor tip, ‘‘2’’, is a modified commercial

Kel-F or Vespel pencil type spin tip, where a center through

hole is drilled to allow for the insertion of a static tube, ‘‘10’’

attached to a vacuum pump, into the inner space of the MAS

rotor as illustrated in Fig. 1b and c. The internal structures of

the MAS rotor are detailed in Fig. 1c, where parts ‘‘6’’ and ‘‘7’’

are end plugs made of ceramics such as Macor, ‘‘4’’ and ‘‘5’’

are layers of glass wool with layer thickness of approximately

1 mm. The combined use of the end plugs and the glass wool is

to keep the catalyst in the sample cell space ‘‘3’’. A center

thread hole was drilled inside the end plug ‘‘6’’ for guiding the

injection tube ‘‘8’’ into the MAS rotor. The thread is used for

the convenience of plug removal using a screw tool. This center

thread hole is linked to seven holes, consisting of a straight hole

at the center and six tilted holes evenly distributed around the

circle to facilitate the injection of the reactants into the catalyst

bed inside the sample cell ‘‘3’’. The end plug ‘‘7’’ contains

similar holes to those of plug ‘‘6’’ but without a through center

hole. The reason for this is that at a sample spinning rate of

about 3 kHz, a ‘‘V’’ shape center hole inside the catalyst will be

developed due to the centrifugal effect arising from sample

spinning. The presence of a through center hole inside the end

plug ‘‘7’’ will likely result in the channeling of reactants through

this center hole.

Fig. 1c highlights the operation principles of our CF-MAS

probe with the special MAS rotor (Fig. 1a) placed inside the

spinning module of the probe. The injection tube ‘‘8’’ and

carrier gas inlet are mounted into support block part ‘‘9’’ while

the evacuation tube ‘‘10’’ and the outlet to the evacuation

pump are mounted into block ‘‘11’’. A clearance of about

0.05 mm between the injection/evacuation tubes and the

guiding holes inside the MAS rotor was made to prevent the

direct contact of the static tubes and the spinning rotor.

Therefore, like the design of Hunger and coworkers, our

CF-MAS probe is an open system (i.e., tubes are not sealed

into the catalyst reactor) where an inlet gas flow pressure of

1.0 atmospheric pressure (101 kPa) is assumed.

3. Experimental

3.1. Catalysts

A tungsten heteropoly acid (HPA) with Keggin structure,

H3PW12O40�nH2O, supported on mesoporous silicalite (meso-

silicalite), was used as the catalyst. The detailed synthesis of this

material has been reported previously.25 The properties of this

catalyst have also been characterized using a combination of

Fig. 1 Schematic of the large sample volume CF-MAS probe. (a) The

assembled MAS rotor. (b) Cross section view of the various internal

components of the MAS rotor. The labeled parts in (a) and (b) are the

zirconium rotor sleeve ‘‘1’’, spin tip ‘‘2’’, sample cell space ‘‘3’’, glass

wool spacers ‘‘4’’ & ‘‘5’’, and end plugs ‘‘6’’ & ‘‘7’’. (c) The module for

sample spinning inside the CF-MAS probe with the MAS rotor

inserted in place. Labeled parts in (c) are the static injection tube

‘‘8’’ mounted in support/block ‘‘9’’, vacuum tube ‘‘10’’ mounted in

support/block ‘‘11’’, pencil type driving mechanism for sample spin-

ning ‘‘12’’, NMR RF coil ‘‘13’’, channel for variable temperature gas

input ‘‘14’’, and magic angle adjustment ‘‘15’’.
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XRD, TEM/SEM and 31P MAS NMR spectroscopy.25 The

parent meso-silicalite-1 has a BET surface area of 418 m2/g

while the 28% weight percentage HPA/meso-silicalite-1 has a

BET surface area of 285 m2/g.

3.2. NMR measurements

The in situ CF-MAS 1H and 13C experiments were performed

on a Varian 500 MHz (11.7 T) NMR spectrometer with 1H

and 13C Larmor frequencies of 500.19 and 125.79 MHz,

respectively. A single pulse sequence with proton decoupling

was used for 13C observation, where a recycle delay of 5 s, a

90 degree pulse angle using a pulse width of 8 ms and a decoupling

field strength of approximately 25 kHz were employed. For 1H

observation, a 30 degree angle pulse using a pulse width of 4 ms
was used. A sample spinning rate of 3.5 kHz was used for all the

measurement unless otherwise specified. Fine powders of meso-

silicalite-1 and 28% HPA/meso-silicalite-1, with particle sizes of

approximately 5 mm, were used. Meso-silicalite-1 or 28% HPA/

meso-silicalite-1 powders of approximately 8 mm thickness were

packed tightly inside the sample cell space of the CF-MAS rotor

that was sandwiched between two layers of glass wool and the

special end plugs as detailed in Fig. 1b. Sample temperature was

calibrated using 207Pb MAS NMR on solid Pb(NO3)2 powders

at a sample spinning rate of 3.5 kHz according to procedures

reported previously.26 To ensure the accuracy of the tempera-

ture in the CF-MAS experiments, the sample spinning rate,

the flow rate of the heating N2 gas, the driving and bearing

nitrogen gas pressures were all kept the same as those for the

calibrating 207Pb MAS NMR experiment.

4. Results

4.1. Sensitivity and temperature test

Using adamantane as a calibration test sample, the sensitivity

of the 9.5 mm (ID of 8.0 mm) large-sample-CF-MAS probe

was found to be approximately 2 times that of a standard

commercial 7.5 mm (ID of 6 mm) CP/MAS probe using a tightly

packed sample cylinder of approximately 10 mm in height for

both cases. This sensitivity enhancement is consistent with the

expected volume increase, suggesting that the sensitivity of the

9.5 mm CF-MAS probe meets the expectations.

Using a home-made heating stack, under the conditions of

N2 gas flow of 70 L/min for heating (separated from driving

and bearing), a driving N2 gas pressure of 218.8 kPa (32.5 psi)

and bearing N2 gas pressure of 251 kPa (37.3 psi), a stable

sample spinning rate of 3.5 kHz was reached and a tempera-

ture up to 503 K (230 1C) was achieved based on the chemical

shift value of the peak center (the highest peak position) of

a 207Pb MAS NMR spectrum acquired on solid Pb(NO3)2
powders. For the temperature calibration experiment, the

dimensions of the solid Pb(NO3)2 powder sample cylinder were

1.0 cm in height and 8 mm in OD. The 207Pb MAS NMR peak

at 503 K covers a chemical shift range of about 19.6 ppm,

corresponding to a temperature range from 489 to 517 K within

the sample volume.

4.2. Validating the existence of flow

Gas flowing through a tube containing porous catalysts is

facilitated by a pressure difference between the two ends of

catalyst bed. However, the flow rate and flow pattern inside

the catalyst bed depend on many factors including the pressure

difference between both ends of the catalyst bed, the thickness

and diameter of the bed, packing density of catalyst bed which

is affected by sizes and geometries of the catalyst particles, the

properties of the gases and the operating temperature. The

following two sets of experiments were carried out to validate

the existence of flow inside the catalyst bed; i.e., with and

without operation of the vacuum pump (a DiaphragmMembran-

Vakuum Pumpe with a maximum 1.7/2.0 m3/h capacity from

BrandTech Scientific, INC.). Since Meso-silicalite-1 is inert to

2-butanol at 346 K (see the in situ 13C CF-MAS results given

in Fig. 5 below), in situ CF-MAS 1H NMR experiments with

Fig. 2 (a) 1H CF-MAS spectrum of 2-butanol after flowing an inert meso-silicalite-1 material for 40 min. The peak assignments are based on prior

literature.37 The integration range for obtaining the integrated spectral intensities shown in (b) from this and other spectra was from �1 to 5 ppm.

(b) The integrated spectral intensity of in situ 1H CF-MAS NMR spectra of 2-butanol flowing through meso-silicalite-1 as a function of time-on-

stream with (red data) and without (black data) operation of the vacuum pump. These experiments were carried out at 346 K (73 1C) with a flow

rate of 1.5 ml/h for 2-butanol in 100 SCCM of a N2 carrier gas, and at a sample spinning rate of 3.5 kHz. The spectrum corresponding to each data

point was acquired using 32 scans with a recycle delay time of 2 s.
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and without the vacuum pump turned on were carried out on

this catalyst as a function of time by flowing 2-butanol at a

rate of 1.5 ml liquid per hour. 2-butanol was injected/mixed

into the flow of the carrier gas (dry N2) at room temperature

(RT) using a combination of a syringe pump and mass flow

controller outside the NMR magnet before flowing into the

sample cell space of the probe. The flow rate of the carrier gas

was set at 100 SCCM (standard cubic center meters per

minute). The results are summarized in Fig. 2.

Fig. 2a presents a typical CF-MAS 1H NMR spectrum

obtained after reaching steady flow conditions for 2-butanol

in a N2 flow. Fig. 2b plots the total integrated intensity of these

spectra as a function of time after introducing the gas flow

to the large-sample-CF-MAS probe reactor, demonstrating

that the integrated 1H peak intensity at ‘steady’ for the case when

the vacuum pump is on is lower than that when the vacuum is off.

This can only be possible if a significant portion of the gas flow

passed through the catalyst bed. This is explained as follows

based on consideration of the ideal gas law, P= (n/V) � R � T,

where P is the pressure in pascal (Pa), R is the universal gas

constant, T is the temperature in K, and (n/V) is the number of

mole of gas molecules per unit volume.When the vacuum pump

was off, P was approximately the same everywhere inside

the catalyst bed at about 101 kPa (1 atm). However, when the

vacuum pump was on, P linearly decreases from B101 kPa at

the injection end of the catalyst bed to quite low values at the

other end where the vacuum pump was attached, resulting in a

linear pressure drop inside the catalyst bed. Since T was almost

constant in this reactor, a linear decrease in the value of (n/V)

also resulted across the catalyst bed. Therefore, the total number

of 2-butanol molecules in the reactor decreased, resulting in a

corresponding decrease in the CF-MAS 1HNMR integrated peak

area at the new ‘steady’ state when the vacuum pump was on. One

would, in fact, expect that the integrated peak intensity would

have decreased to 1
2
that when the vacuum pump is off. The fact

that the integrated intensity only decreased by about 15%,

indicates that a major portion of the 2-butanol was inside the

internal pores of the meso-silicalite-1, likely due to the capillary

condensation. 2-butanol molecules located at the inter space

between the catalyst particles are mostly affected by the flow.

We note that efforts to obtain an improved flow that more

accurately reflects typical steady-state catalytic reaction condi-

tions in the in situ CF-MAS NMR probe are ongoing in our lab.

Still, we believe that studies with the current probe can provide

considerable useful data for studying catalytic reactions as high-

lighted in the following examples.

4.3. Examples of Applications of the CF-MAS NMR probe

4.3.1. In situ study of surface functional groups. Fig. 3 demon-

strates the use of the CF-MAS probe with an in situ 1H CF-MAS

NMR (at a sample spinning rate of 3.6 kHz) study of the effects

of dehydration under various conditions on a 28 wt% HPA/

meso-silicalite-1 catalyst. For a freshly prepared 28 wt% HPA/

meso-silicalite-1 catalyst, two major peaks at about 1.0 (sharp)

and 5.4 ppm (broad) and two shoulder peaks at about 1.65 and

3.6 ppm are observed (Fig. 3a). Since this freshly synthesized

catalyst was exposed to air for about 24 h before acquiring Fig. 3a,

it is expected that the catalyst surface was initially covered with

significant quantities of weakly absorbed H2O molecules, even

perhaps a thin layer of H2O, in addition to the various surface

functional groups. Bulk H2O seems an unlikely candidate for the

5.4 ppm since its 1H NMR peak should appear at about 4.8 ppm.

While the 1.65 and 3.6 ppm peaks can be assigned to Si–OH and

adsorbed H2O, respectively, based on a prior literature report,27

the origin of the 1.0 ppm is more difficult to assign.

After in situ drying of the 28 wt% HPA/meso-silicalite-1

catalyst; i.e., removal of weakly absorbed surface H2O mole-

cules by constantly flowing dry nitrogen gas at 100 1C for 24 h,

the in situ 1H MAS spectrum, given in Fig. 3b, shows some

interesting changes. First, a broad peak at about 8.4 ppm that

was not observed in the fresh catalyst appears as the major

peak, in a position that typically corresponds to highly acidic

protons. It has been proposed that, for supported HPA on

porous silicate materials,28 the acidic protons (Brønsted

acid sites) are the bridging W–OH–W groups associated with

HPA. Thus, it seems reasonable to assign the 8.4 ppm peak

to the tungsten bridging hydroxyl (W-OH-W) protons. This

assignment is consistent with prior 1H MAS NMR studies

of H3PW12O40 (HPA) and HPA supported on porous SiO2

materials using a sealed MAS rotor.29–32 Also of note is that

the three peaks with chemical shifts less thanB4 ppm are now

well resolved. The peak centers for the 3.6 and 1.65 ppm

Fig. 3 In situ 1H MAS spectra acquired at a sample spinning rate of

3.6 kHz using the large-sample volume CF-MAS probe. (a) RT

spectrum of freshly synthesized 28% HPA/meso-silicalite-1 acquired

immediately after loading the sample into the probe and before

flowing the carrier N2 gas at 100 SCCM. (b) Spectrum acquired after

in situ drying of the sample in (a) for 24 h at 373 K (100 1C) in a flow of

100 SCCM dry N2 gas. (c) Acquired after (b) and after further flowing

H2O at 1.5 ml/h in 100 SCCMN2 carrier gas for 2 days, and then dried

again at 393 K (120 1C) for 24 h after removal of H2O from the flow.

Peaks denoted by ‘‘*’’ are sample spinning sidebands. Each spectrum

was acquired using 32 scans with a recycle delay time of 2 s.
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remain unchanged. However, the peak originally at about

1.0 ppm is shifted to about 0.8 ppm. The 0.8 ppm peak has been

assigned to the proton in the H2O molecule that is hydrogen

bonded to the oxygen in WO group.27 Thus, by removing weakly

bound surface H2O molecules at moderate temperature using

in situ drying, surface proton functional groups can be studied

effectively using CF-MAS 1H NMR.

Fig. 3c further highlights the usefulness of studying the

stability of the catalyst by in situ CF-MAS 1H NMR. In this

example, water was flowing at a rate of 1.5 ml/h and at 100 1C

for 48 h, followed by in situ drying for 24 h prior to acquiring

an in situ CF-MAS 1H NMR spectrum. The spectral resolu-

tion in this spectrum (Fig. 3c) is similar to that of Fig. 3b

except the relative peak intensity corresponding to the Si-OH

groups at 1.65 ppm is noticeably enhanced. This is clear evidence

that some of the meso-silicalite-1 surface, originally covered by

HPA, is now exposed. This result suggests some agglomeration

of the HPA particles over time due to the constantly flowing H2O

through the catalyst bed. This interesting observation is perhaps

consistent with the hypothesis that the role of water is to recover

the Keggin structure. However, during such a process H2O

apparently reduces the degree of HPA dispersion on the support

surface, a somewhat undesirable side effect.

4.3.2. In situ study of reaction dynamics using 1H CF-MAS

NMR. Due to its large gyromagnetic ratio and its essentially

100% of natural abundance, 1H MAS NMR offers the highest

NMR sensitivity and is attractive for in situ investigations of

catalytic reaction dynamics. Using the large-sample-volume

CF-MAS probe, an in situ 1H MAS NMR spectrum with

excellent S/N ratios can be acquired in a single scan and, thus,

with a time resolution as short as one second. However, more

scans can often be used if the reaction is not too rapid, such as

was the case for the 2-butanol dehydration reaction studied here.

Fig. 4 shows a series of spectra selected from in situ 1H CF-

MAS NMR studies of 2-butanol dehydration over 28% HPA/

meso-silicalite-1 as a function of the flow time, where a liquid

flow rate of 1.5 ml/h for 2-butanol carried by 100 SCCM of

dry N2 gas at RT was used. The reaction temperature inside

the sample cell was held at 73 1C. Before the 2-butanol stream

reached the catalyst bed (set as time zero), the in situ CF-MAS
1H NMR spectrum is the same as that of Fig. 3c due to the fact

that the data in Fig. 4 were acquired immediately after those in

Fig. 3c. A distinct reaction product peak, located at about

5.4 ppm, is clearly observed in the spectrum at a time-on-stream

of about 8 min. This peak is assigned to both the cis and trans

CH protons in the 2-butene molecule based on a prior literature

report.33 The intensity of the 5.4 ppm peak increases with flow

time, and a plateau is reached at a flow time of approximately

30 min. The peak corresponding to the CH proton in 2-butanol,

labeled as the ‘‘3’’ position, is found at about 3.6 ppm and

overlaps with the peak of adsorbed H2O. The 3.6 ppm peak also

increases with the flow time but reached a plateau at an earlier

flow time of approximately 18 min. Other peaks related to the

products and the reactants overlap over a chemical shift range

from 0 to about 2.2 ppm as indicated in Fig. 4. The data

presented in Fig. 4 clearly demonstrates that under the condi-

tion of constantly flowing reactant over the catalyst bed, a steady-

state condition is established where the products are eluted out of

the catalyst bed and subsequently carried away by the carrier gas

are equal to the products generated over the same time period.

This offers a stable condition for investigating questions such as

how the reactants are interacting with the catalyst surfaces as a

function of reaction conditions (e.g., temperature), including the

identification of possible stable reaction intermediates/transition

states.

Although 1HMAS NMR is highly sensitive, the spectral resolu-

tion is limited. As a result, in this example the two isomers of the

reaction product of 2-butanol dehydration, cis- and trans-2-butene,

cannot be differentiated. This limitation can be partially overcome

by in situ 13C CF-MAS NMR due to its much higher spectral

resolution and larger chemical shift range, hence a much higher

sensitivity to the subtle structural changes.

4.3.3. Natural abundance
13
C CF-MAS NMR. Fig. 5a shows

an in situ natural abundance 13C CF-MAS NMR spectrum of

2-butanol flowing through meso-silicalite-1 at a flow rate of

1.5 ml/h and at a reaction temperature of 73 1C. Only four

peaks (9.9, 23.3, 32.6 and 70.6 ppm), corresponding to the four

carbons associated with 2-butanol, are observed, demonstrat-

ing that meso-silicalite-1 is inert (i.e., not reactive) to 2-butanol.

In contrast, when 2-butanol is flowing through a 28% HPA/

meso-silicalite-1 catalyst bed under the same experimental

conditions, peaks corresponding to the reaction products are

observed at 11.8 ppm for the methyl carbon of cis-2-butene,

16.9 ppm for the methyl carbon of trans-2-butene, and 126.3 ppm

for the CH carbons in both the cis-, and trans-2-butene. The peak

area ratio of the trans- to cis-2-butene is found to be about 2.5 to 1.

The above peak assignments are based on results tabulated

in computer databases, i.e., ACD/NMR Databases by ACDLabs

(http://www.acdlabs.com) on the 13C isotropic chemical shift

values for 2-butanol, cis-2-butene, trans-2-butene, 1-butene,

propene and 2-methylpropene (see the results summarized in

Fig. 5). The latter four molecules have been reported as the

only reaction products of the 2-butanol dehydration reaction

Fig. 4 Stack plot of selected spectra from in situ 1H CF-MAS NMR

experiments of 2-butanol catalysis over 28% HPA/meso-silicalite-1 as

a function of the flow time. The flow rates were 1.5 ml/h for 2-butanol

and 100 SCCM for the N2 carrier gas, respectively. Each spectrum was

acquired using 32 scans and a recycle delay time of 2 s. The sample

spinning rate was 3.5 kHz for all the measurements.
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using a similar catalyst.28 In the current study, however,

1-butene, propene and 2-methylpropene are not observed

(Fig. 5b) as evident by the lack of the signature peaks from

the two double bond carbons associated with these molecules.

To further validate the spectral assignments, 2-butanol

dehydration over the 28% HPA/meso-silicalite-1 catalyst were

carried out in a separate laboratory reactor at B70 1C. The

products of this more standard catalytic test were 1-butene,

cis- and trans-2-butene only. We also found that the level of

1-butene was only B4% of the total products, explaining why

1-butene was not observed in our in situ CF-MAS experi-

ments; NMR features for such small quantities of product

would be buried in the noise of the spectral baseline.

Besides identifying reaction products, an interesting finding

from Fig. 5 is that the peak line width corresponding to the

CH carbon of the 2-butanol, labeled as ‘‘3’’, is significantly

broadened during reaction, from 186 Hz (5a) to 522 Hz (5b),

and the peak position is also slightly shifted to a higher ppm,

from 70.6 ppm (5a) to 71.7 ppm (5b). Furthermore, a shoulder

peak located at about 29.6 ppm is also observed in Fig. 5b,

corresponding to the –CH2 carbon, labeled as ‘‘2’’ in 2-butanol.

Both the observed line broadening and the extra shoulder peak

suggest that both the –OH group and the –CH2 carbon in

2-butanol are interacting with the catalyst surface. In a recent

mechanistic study of 2-butanol dehydration on SiO2 suppor-

ted polyoxometalate Keggin clusters (i.e., HPA supported on

SiO2, a catalyst similar to that used in this study),28 Iglesia and

coworkers proposed that the –OH group in 2-butanol interacts

with the Brønsted acid sites (W-OH-W) of the supported HPA

via hydrogen bonding between the tungsten bridging acidic

proton and the oxygen in the –OH group of 2-butanol. The

same paper also suggests a second hydrogen bonding mode

between one of the protons in the CH2 group of the 2-butanol

and the oxygen double bonded to tungsten. Our results are

consistent with these mechanistic conclusions.

To investigate residual adsorbed species, including possible

coke formation, a natural abundance 13C MAS spectrum was

acquired after extended 2-butanol dehydration reaction over

the 28% HPA/meso-siliclite-1, and subsequent removal of vola-

tile products and reactants by purging of the catalyst bed with

a constant flow of N2 at 100 SCCM for 10 h, with the results

shown in Fig. 5c. Both the 126.3 and the 71.7 ppm peaks are not

observed in Fig. 5c, indicating that the reactants, i.e., 2-butanol,

and the products, trans- and cis-2-butene have been thoroughly

removed from the catalyst bed. The remaining 13C signals are

therefore only related to possible adsorbed reaction inter-

mediates, coke products, and other ‘spectator’ species that include

possible precursors to coke. The peaks cover a range from about

10 to about 50 ppm, with three relatively sharp peaks observed at

14.1, 22.9, 30.1 and a broader peak at B35.1 ppm. A chemical

shift range from 10 to 40 ppm corresponds to aliphatic carbons

without C–O and CQC bonds. The spectrum in Fig. 5c is, in fact,

very similar to 13CMAS NMR spectra of hydrocarbon oligomers

obtained as primary products during alcohol dehydration and

olefin transformations over acidic catalysts.34–36 Because the

30.1 ppm peak in Fig. 5c is very close to the signal at 29.6 ppm

in Figure. 5b, it is possible that oligomeric species are already

present during the catalytic conditions used when the spectrum

in Fig. 5b was obtained.

5. Summary

An in situ large-sample-volume CF-MASNMRprobe is reported

using an alternative design to that previously reported by Hunger

and Horvath.6 In our design, the reactants flow into the catalyst

bed using a fixed tube at one end of the rotor while a second fixed

tube, linked to a vacuum pump, is attached at the other end

of the MAS rotor. Gas flow inside the catalyst bed is driven by

the pressure difference between both ends of the sample inside

the sample cell space. The gas flow through the catalyst bed

improves the diffusion of the reactants and products to/from

the catalyst’s active sites, allowing for the use of large sample

volumes and thereby providing considerably enhanced sensi-

tivity. Most significantly, this new in situMAS rotor can obtain

in situ 13C CF-MAS spectra at natural abundance. As an example

of its application, we have shown that reactants (2-butanol),

products (trans-, and cis-2-butene) and possible reaction inter-

mediates associated with the 2-butanol dehydration reaction

at 73 1C over a 28% HPA/meso-silicalite-1 catalyst can all be

detected in a single13C CF-MAS NMR spectrum at natural

abundance. The reaction intermediates correspond to those

2-butanol molecules that are interacting with the catalyst

surface functional groups through the –OH and CH2 groups

Fig. 5 Natural abundance in situ 13C CF-MAS NMR spectra of the

2-butanol dehydration reaction. For all the measurements, the catalyst

sample temperature was 346 K (73 1C) and the flow rate of the carrier

gas, N2, was 100 SCCM. (a) 2-butanol flowing through meso-silicalite-

1 at a flow rate of 1.5 ml/h. (b) 2-butanol flowing through a 28%HPA/

meso-silicalite-1 catalyst at a flow rate of 1.5 ml/h. (c) 13C CF-MAS

NMR spectrum that was acquired after (b) and after both the volatile

products and reactants were purged from the reactor with a constant

flow of N2 at 100 SCCM for 10 h. The number of spectral accumula-

tions was 1530 (a), 10 990 (b) and 30 000 (c). A Lorentz line broadening

of 25 Hz was applied for both (a) and (b) while 50 Hz was used for (c)

before Fourier transformation. The chemical shift values of various

species possibly present in These experiments’ spectra, 2-butanol (I),

cis-2-butene (II), trans-2-butene (III), 1-butene (IV), propene (V) and

2-methylpropene (VI), are obtained from the computer database of

ACD/NMRLabs and are given in the parentheses for aiding the

spectral assignments. Note that to account for possibly systematic

errors in the chemical shifts, the experimental chemical shift value of

the carbon, labeled as ‘‘1’’, was set the same as the ACD/NMRLabs

value; i.e., 9.9 ppm. All other peaks in Fig. 5 were scaled (referenced)

to this peak.
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in 2-butanol, likely via hydrogen bonding with tungsten bridg-

ing acidic proton and oxygens double bonded to tungsten,

respectively. Residual adsorbed reaction intermediates, coke

products, and other ‘spectator’ species that may be precursors

to coke can also be detected at natural 13C abundance after

reaction. Such a spectrum obtained after 2-butanol dehydra-

tion over a 28% HPA/meso-silicalite-1 catalyst was found to

consist of NMR peaks associated with aliphatic carbon net-

works that lack either direct C–O or CQC bonds. Further-

more, we show that the surface functional groups of HPA/

meso-silicalite-1 can be identified under the condition of in situ

drying using 1H CF-MAS NMR, where the Brønsted acid sites

of the supported HPA are found at about 8.4 ppm after

removing weakly absorbed H2O. We have also demonstrated

that the reaction dynamics of 2-butanol dehydration using

HPA/meso-silicalite-1 as catalyst can be explored using 1H

CF-MAS NMR.
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