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ABSTRACT: Amination of isobutene with NH3 was 
investigated over Brønsted acidic zeolites at 1 atm and 
453−483 K. To compare catalytic activities over different 
zeolites, the measured reaction rates are normalized by the 
number of active sites determined by tert-butylamine 
temperature-programmed desorption (TPD). Small- and 
medium-pore zeolites with one-dimensional channels exhibit 
low activity because of pore blockage by adsorbed tert-
butylammonium ions. However, turnover frequencies and
activation energies are not sensitive to framework identity, as long as the active site is accessible to isobutene and tert-
butylamine. Kinetic measurements and FTIR spectroscopy reveal that the Brønsted acid sites in MFI are covered predominantly 
with tert-butylammonium ions under reaction conditions. The desorption of tert-butylamine is assisted by the concurrent 
adsorption of isobutene. DFT simulations show that at very low tert-butylamine partial pressures, for example, at the inlet to the 
reactor, tert-butylamine desorption is rate-limiting. However, at sufficiently high tert-butylamine partial pressures (>0.03 kPa), 
protonation of isobutene to the corresponding carbenium ion limits the rate of amination.

■ INTRODUCTION
Alkylamines can be synthesized by hydroamination of olefins
with NH3. This process is attractive because olefin feedstocks
are readily available, and the atom economy is 100%. However,
the reaction is endergonic and entropically disfavored, which
limits the commercial scope of the reaction.1 Because of these
difficulties, hydroamination is used industrially only for the
conversion of isobutene (C4

=) to tert-butylamine (t-BuNH2) in
a process commercialized by BASF (Scheme 1).2 Pentasil

zeolites are used as the catalyst and are operated at
temperatures and pressures of around 573 K and 300 atm,
respectively. Under these conditions the equilibrium con-
version is approximately 20−40% depending on the NH3/
isobutene ratio.2−5 Lower reaction temperatures are desirable
because they would enable attainment of higher equilibrium
conversions; however, because of the large activation barrier
for the reaction (up to 220 kJ mol−1), operation at lower
temperatures is not feasible.6 Therefore, there is a need to
understand the mechanism and kinetics of hydroamination and

the factors leading to the high apparent activation energy. The
issue of whether zeolite composition and structure affect the
rate of this reaction also deserves further attention.
Direct amination of olefins over zeolites was first reported by

Deeba et al.7−9 H-MOR and H-OFF were shown to be active
for ethylene amination at 633 K and 52 atm, but the Na-
exchanged analogs were not active, highlighting the importance
of acid sites.7 The authors proposed that olefins are protonated
by either a Brønsted acid −OH or an adsorbed ammonium ion
to form the corresponding carbenium ion, which was thought
to be a key intermediate in the reaction. Mizuno et al. have
shown that isobutene amination over H-MFI at 473 K and 1
atm is zero order with respect to NH3 partial pressure and
positive order with respect to isobutene partial pressure,
leading them to conclude that NH3 adsorbs more strongly than
isobutene under reaction conditions.10 Lequitte et al. have
observed similar kinetics for 1-butene and isobutene amination
at 500−600 K and 40 atm.6 However, these authors postulated
that the reaction proceeds through an olefin π-complex
intermediate instead of a carbenium ion and hypothesized
that coupling of an olefin π-complex and surface ammonium
ion is rate-limiting.

Scheme 1. Isobutene Amination to tert-Butylamine



A key question regarding the reaction mechanism is whether
the product amine influences the reaction rate, which would
alter the interpretation of rate data. The heat of adsorption for
small-chained alkylamines over zeolites is 50−100 kJ mol−1

higher than that of NH3, suggesting that even small
concentrations of amine can inhibit the reaction.11−14 Lercher
and co-workers have studied the amination of alcohols over H-
MOR and demonstrated that NH3-assisted desorption of
surface alkylammonium species is much slower than the C−N
coupling step.15,16 This conclusion is supported by temper-
ature-programmed desorption (TPD) studies of alkylamines,
which show that alkylamines adsorbed on Brønsted acid sites
will decompose to the corresponding olefin and NH3 instead of
desorbing.13,17,18

The relationship between zeolite geometry and catalytic
activity is also unclear. Mizuno et al. have measured isobutene
amination rates over H-MFI as a function of Si/Al ratio and
found that rates go through a maximum at a Si/Al ratio of
40.5.10 They proposed that acid site density and acid strength
were both critical factors for the reaction. Gao et al. have
observed a similar dependence between isobutene conversion
and Si/Al ratio; however, they interpreted their findings on the
basis of variations in Brønsted acid site density.19 The
framework also appears to play an important role in the
reaction. For a given Si/Al ratio, large differences in the
reaction rate and activation energy are observed depending on
the framework.6,10,19 Small-pored zeolites are inactive because
t-BuNH2 is too bulky to fit within the pores. However, the
effect of pore geometry and connectivity on the turnover
frequency has not been established. Furthermore, to the best of
our knowledge, quantitative measurements of the active site
density as a function of Si/Al ratio and framework structure
have not been performed in the context of amination reactions.
The aim of this work is to clarify the mechanism of

isobutene amination and identify key structural properties
responsible for catalytic activity. We show that zeolites with
only 8- and 10-membered rings are active only if they possess a
multidimensional pore structure, which precludes complete
clogging due to t-BuNH2 adsorption. Beyond that, there is
little influence of pore size and geometry on the intrinsic rate
over a Brønsted acid site, provided the site is accessible. t-
BuNH2 is the predominant surface species, and its desorption
is assisted by the concurrent adsorption of isobutene.
Protonation of isobutene to the carbenium ion is rate-limiting
in the majority of the reactor, and the subsequent coupling
with NH3 occurs rapidly in a virtually barrierless step.

■ EXPERIMENTAL METHODS

Catalyst Synthesis. MFI (Zeolyst), FAU (Zeolyst), and
MOR (Süd-Chemie) samples were obtained commercially in
their NH4

+ forms. SFV, MWW, and TON were synthesized by
Chevron Energy Technology, Co. (Richmond, CA).20 FER
(Tosoh) was obtained in the K+ form. To convert FER to the
NH4

+ form, 0.3 g of K-FER was stirred in a 100 mL solution of
1 M NH4NO3 for 24 h at 298 K. The resulting slurry was
washed and filtered in H2O. Commercial zeolite samples in
this work are designated by their framework identity and
nominal Si/Al ratio. For example, MFI-15 represents an MFI
sample with a Si/Al ratio of 15 as reported by the
manufacturer. The H+ forms of all zeolites were obtained by
calcination of the NH4

+ forms in 100 mL min−1 of air at 773 K
for 4 h.

Characterization Techniques. The Si/Al ratio was
determined by elemental analysis carried out by Galbraith
Laboratories using ICP-OES. Infrared spectra (FTIR) were
acquired using a Thermo Scientific Nicolet 6700 spectrometer
equipped with a liquid-nitrogen-cooled MCT detector.
Samples were prepared by pressing ∼0.04 g of catalyst into a
20 mm-diameter pellet and placing it into a custom-built
transmission cell with CaF2 windows. All pellets for FTIR were
pretreated in helium at 773 K for 1 h before measurement.
Isobutene and NH3 were fed into the transmission cell through
mass flow controllers, and t-BuNH2 was introduced into the
cell in 1 μL doses through an injection port using a syringe.
NH3-TPD measurements were performed in a custom-built

unit equipped with an MKS Cirrus mass spectrometer. In a
typical experiment, 0.2 g of sample was loaded into a quartz-
tube, packed-bed reactor and held in place with quartz wool.
The sample was pretreated in 30 mL min−1 of He for 20 min at
773 K before cooling to 433 K. Afterward, 5 mL min−1 of NH3
and 300 mL min−1 of He were introduced for 1 h to saturate
the sample. The sample was subsequently treated in 300 mL
min−1 of He for 15 h to purge any physisorbed NH3. The TPD
measurement was conducted using a flow of 300 mL min−1 of
He and 0.5 mL min−1 of Ar, which served as an internal
standard to correct for any drift in signal. Once the baseline
was stable, the temperature was ramped to 973 K at a rate of 5
K min−1. Calibration of the m/z = 17 (NH3, OH) signal was
performed before and after every TPD measurement by
flowing known concentrations of NH3 and Ar into the mass
spectrometer. The contribution of water to the m/z = 17 signal
was accounted for by measuring the water concentration from
the m/z = 18 signal and noting the relative signal intensities of
m/z = 17 and 18 when only water is present.
A similar procedure was used for t-BuNH2-TPD studies.

After an identical pretreatment in He, the sample was cooled to
423 K. t-BuNH2 (0.16 mL h−1) was volatilized in 300 mL
min−1 of He using a syringe pump (World Precision
Instruments, SP100I) and fed over the sample for 1 h. After
the sample was purged in He for 15 h, the TPD measurement
was performed by ramping the temperature to 973 K at a rate
of 5 K min−1. The NH3 signal (m/z = 17) was used to
determine the rate of t-BuNH2 decomposition because the
isobutene signal (m/z = 41) could not be quantified due to
additional cracking and oligomerization of isobutene.

Measurements of Catalytic Activity. Measurements of
reaction rates were carried out using a quartz-tube, packed-bed
reactor (10 mm inner diameter). Quartz wool was placed
below the catalyst bed to hold the catalyst in place. The reactor
temperature was maintained using a tube furnace equipped
with a Watlow temperature controller and a K-type
thermocouple. Prior to reaction, the catalyst was treated in
30 mL min−1 of H2 at 773 K for 2 h before cooling to the
reaction temperature. Liquid reactants, such as propylamine
and t-BuNH2, were volatilized into an isobutene and NH3 feed
stream using a syringe pump. All experiments were carried out
at atmospheric pressure. Product streams were analyzed by gas
chromatography using an Agilent 6890A GC fitted with a HP-
5 capillary column (30 m × 0.32 mm × 0.25 μm) and a flame
ionization detector.

Density Functional Theory QM/MM Calculations. To
gain further insights into the amination mechanism, density
functional theory (DFT) calculations were carried out for
proposed reaction pathways. A QM/MM (quantum mechan-
ics/molecular mechanics) model was used to represent the



zeolite-reactant system.21,22 Figure 1 illustrates the T442 H-
MFI cluster used for this work. The adsorbates and a 5
tetrahedral atom (T5) cluster representing the Brønsted acid
site (presumed to be associated with an Al atom located at the
T12 position in the zeolite) were described quantum
mechanically. The extended zeolite structure comprised 437
tetrahedral Si atoms surrounding this site, with hydrogen
atoms replacing terminal oxygen atoms. This region was
described by molecular mechanics using a CHARMM force
field.23 Geometry optimizations and transition state searches
were performed at the ωB97X-D/6-31+G** level of theory;
only the QM region was relaxed, whereas all of the atoms in
the MM region were held fixed at their crystallographic
positions. Vibrational analysis was performed at the same level
of theory, while single-point energy calculations were
performed at the ωB97X-D/6-311++G(3df,3pd) level of
theory. Entropies were determined by considering zero point
vibrational and temperature corrections using the quasi-RRHO
approach, which replaces low-frequency (<100 cm−1) vibra-
tional entropy contributions with an interpolation between
vibrational and free-rotor rotational values.24 This approach
was extended to calculate the enthalpies of adsorbates, as
previously recommended for H-MFI.22 All calculations were
performed using the Q-Chem software package.25 Following
identification and subsequent thermal correction of all
intermediate and transition state geometries, the kinetics of
the reaction were analyzed using the energetic span model
considering reactant and product partial pressures.26

■ RESULTS AND DISCUSSION
Effects of Zeolite Structure and Composition on

Isobutene Amination. The apparent rate constants were
measured over a variety of zeolites, and the results are shown
in Figure 2. The rates are normalized per Brønsted acid site as
measured by NH3-TPD. For FAU, the Brønsted acid site
density could not be measured by NH3-TPD because of the
overlap of desorption features associated with Brønsted and
Lewis acid sites. Thus, the H+/Al ratio in FAU was estimated
to be 1 based on the lack of O−H stretching frequencies
associated with extra-framework Al atoms, as measured by
FTIR.27 Rate constants were determined using eq 1.
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In this expression, kapp represents an apparent rate constant,
and [t-BuNH2]f represents the concentration of t-BuNH2 at

the outlet of the reactor. The justification for using this
expression is discussed below. The results presented in Figure
2 are very similar to those reported by Mizuno et al. and Gao
et al., the activity per Brønsted acid site decreasing in the order
of MFI > MWW > MOR > FAU > FER.10,19

To make a more accurate comparison of catalytic activity,
the measured rates must be normalized by the number of
active sites. Although Brønsted acidic protons have been
identified as the active site for alkene amination in zeolites, not
all protons may be accessible. This is especially true in the case
of small-pored zeolites, where the size of the micropores
restricts the formation of a product or transition state. Thus,
prior studies that report amination rates normalized per
Brønsted acid site underestimate the intrinsic activity.10,28

To choose the appropriate technique for measuring the
density of active sites for amination, it is helpful to consider the
reverse reaction, in which an alkylamine decomposes to form
NH3 and the corresponding olefin. This Hofmann elimination
reaction (also known as deamination) proceeds through an
alkylammonium intermediate, which adsorbs strongly on
Brønsted acid sites (ΔHads = 200−250 kJ mol−1).12,14,30−32

In fact, the adsorption strength is so large that alkylammonium
ions will preferentially undergo Hofmann elimination at
elevated temperatures instead of desorbing. The number of
active sites for Hofmann elimination can be determined from
alkylamine TPD by measuring the amount of decomposition
products formed. Since the number of active sites for Hofmann
elimination and olefin amination are equivalent by the

Figure 1. QM/MM model for H-MFI (T5-T437). Atoms in yellow, red, white, and pink represent Si, O, H, and Al atoms, respectively. Spherical
atoms represent the QM region. All other atoms comprise the MM region.

Figure 2. Apparent rate constants normalized per Brønsted acid site
(black diamonds) or active site (red circles) plotted as a function of
the diameter of the largest sphere that could diffuse through the
zeolite as determined by Foster et al.29 T = 473 K; P = 1 atm; PC4

= =

32 kPa; PNH3
= 69 kPa; total gas flow rate at STP = 20−50 mL min−1.



principle of microscopic reversibility, alkylamine TPD can also
be used to determine the density of active sites for amination.
To determine the fraction of Brønsted acid sites that are

catalytically active, NH3-TPD and t-BuNH2-TPD were
conducted over MFI, MOR, FAU, and FER. A typical t-
BuNH2-TPD profile is shown in Figure 3. The t-BuNH2

desorption peak (m/z = 58) around 400 K corresponds to
physisorbed species that bind weakly to silanol groups or extra-
framework Al atoms. tert-Butylammonium ions adsorbed on
Brønsted acid sites decompose into isobutene and NH3 at
around 523 K. Two desorption peaks at m/z = 41 are
observed. These likely correspond to the immediate desorption
of isobutene and subsequent oligomerization and cracking to
other hydrocarbons.17 NH3 remains on the surface up to ∼673
K due to strong interactions with the framework.
The NH3 desorption profiles for NH3-TPD and t-BuNH2-

TPD are shown in Figure 4 for various zeolites. The NH3-TPD
method used here has been shown to accurately measure the
number of Brønsted acid sites in MFI.33,34 However, for large
pore zeolites, such as FAU, NH3-TPD cannot adequately
distinguish between Brønsted acid protons adjacent to
framework Al atoms and Lewis acid sites from the extra-
framework Al species.35 The NH3 desorption temperature
varies with framework (FAU < MFI < FER ∼ MOR).
However, no conclusions can be drawn about relative acid
strengths since NH3 desorption temperature is also influenced
by particle size and site density.13,36 For FAU and MFI, the
amount of desorbed NH3 in the NH3-TPD and t-BuNH2-TPD
is identical, which indicates that all Brønsted acid sites are
active for amination, as shown in Table 1. On the other hand,

for MOR and FER, the active site densities as measured by t-
BuNH2-TPD are lower than the corresponding Brønsted acid
site densities measured by NH3-TPD. For these frameworks,
some of the acid sites are inaccessible because they are located
in voids that are too small to accommodate t-BuNH2 (end-to-
end diameter = 4.3 Å).
The apparent rate constants and activation energies for each

zeolite are presented in Table 1. The activation energy over
FER could not be measured due to its very low activity. The
apparent rate constants determined for all zeolites are within a
factor of 3 except for FER. We hypothesize that the slightly
lower activities over MOR and FAU are due to the larger pore
sizes, which result in a lower electrostatic stabilization of the
transition state. It is interesting to note that even after
amination rates have been normalized by the number of active
sites, the catalytic activity of FER is roughly 50 times lower
than that for the other samples. This is likely due to the 1-D
structure of the 10-MR channels. Since the 8-MRs are too
small to accommodate t-BuNH2, the product can only diffuse
through the 10-MR channels. As shown in the t-BuNH2-TPD
studies, t-BuNH2 binds strongly to the active site. t-BuNH2
adsorption near the pore mouths would impede diffusion of
the reactant toward the interior of the zeolite and drastically
lower the reaction rate. This same effect is also observed for
TON (Figure 2), whose pore topology only consists of 1-D
channels.
For zeolites with larger pores (MFI, MOR, FAU), the

activation energy is invariant with structure. This finding is
inconsistent with what Lequitte et al. have reported.6 However,
those authors determined activation energies based on the
temperature dependence of t-BuNH2 yield, which is influenced
by the degree of product inhibition. In this work, the reported
activation energies were determined by measuring rate
constants as a function of temperature, which account for
the inherent kinetics of the reaction. Rate constants over MFI-
11.5, MOR-10, and FAU-15 are also within error of each other,
suggesting that all active sites possess similar reactivity. The
variations in rate for MFI samples with different Si/Al ratios
(kapp = 0.9 × 10−3 to 2.9 × 10−3 h−1) indicate that the
environment around the active site has a relatively small
influence on its catalytic activity. However, these effects are not
as significant as those due to site accessibility. To gain a more
detailed understanding of the site requirement and reaction
mechanism, MFI was chosen for additional investigation
because of its high thermal stability and catalytic activity.

Kinetics of Isobutene Amination over MFI. The
conversion of isobutene to t-BuNH2 over MFI-15 is shown
in Figure 5. No deactivation was observed after 5 h. The initial

Figure 3. t-BuNH2-TPD study over MFI-15. Desorption profiles have
been offset for clarity. The m/z values are assigned as follows: m/z =
58, tert-butylamine; m/z = 41, isobutene, m/z = 17, ammonia.

Figure 4. Ammonia desorption during (a) NH3-TPD and (b) t-BuNH2-TPD for various zeolites.



selectivity to t-BuNH2 was 81% and increased to >99% with
increasing time-on-stream. Side products due to isobutene
cracking and oligomerization were observed only at short time-
on-stream (<2 h). Both of these reactions are catalyzed by
Brønsted acid sites on H-MFI.37 Under reaction conditions,
these sites are gradually passivated by adsorbed NH3 or t-
BuNH2, leading to a transient decay in the rates of cracking
and oligomerization.
Space-time studies were conducted under steady-state

conditions. The t-BuNH2 formation rate at 473 K is nonlinear
with respect to space time for a range of isobutene conversions
(XC4

= = 0.07−0.4%). The equilibrium conversion under these
conditions is approximately 2−3%,5,10 well above the values
observed in the space-time study. This indicates that the
nonlinearity in reaction rate with respect to space time is not
due to an approach to equilibrium. Instead, the reaction
appears to be inhibited by the t-BuNH2 product. To
understand the effects of t-BuNH2 inhibition, apparent
turnover frequencies (TOF) were plotted as a function of
the final t-BuNH2 partial pressure. The fitted curve in Figure 6
is not concave downward, which is further evidence that
reaction rates are not limited by an approach to equilibrium.
For a given isobutene partial pressure, the apparent TOF is
inversely proportional to the final t-BuNH2 partial pressure
(Figure 6), suggesting that there is severe product inhibition
due to competitive adsorption of t-BuNH2.
To understand the magnitude of amine inhibition, n-

propylamine was cofed into the reactor after reaching steady-
state (Figure 7). Upon introduction of propylamine, an initial

pulse of t-BuNH2 was observed. The reaction rate
subsequently decayed until it reached one-eighth of its original
value. Although the propylamine partial pressure (0.17 kPa)
was 400 times lower than that of NH3 (69 kPa), propylamine
titrated a majority of the active sites. This is due to the stronger
basicity of propylamine compare to NH3. Indeed, micro-
calorimetry studies by Parillo et al. have shown that
alkylamines bind to protons in MFI more strongly than NH3
by 50−100 kJ mol−1.13,14 For the range of reaction conditions
tested, the final t-BuNH2 partial pressure is between 0.01−0.15
kPa, which is similar to the propylamine partial pressure used
in the experiment. These results provide further evidence that
the actives sites are saturated with adsorbed t-BuNH2, even at
isobutene conversions below 1%.

Table 1. Properties of Zeolite Catalysts and Their Activities for Isobutene Amination

catalyst supplier
Si/Al
ratio

H+/Altot
ratiob

active
site/H+

ratioc
active site densityc

(mmol/g)
kapp

d

(×10−3 mol (mol active site)−1 h−1)
activation energy

(kJ mol−1)

MFI-11.5 Zeolyst (CBV-2314) 12.1a 0.86 ∼1 1.08 0.9 ± 0.2 180 ± 10
MFI-15 Zeolyst (CBV-3024E) 16.5a 0.73 ∼1 0.62 2.4 ± 0.3 189 ± 22
MFI-25 Zeolyst (CBV-5524G) 28.8a 0.75 ∼1 0.42 2.9 ± 0.4 187 ± 7
MFI-40 Zeolyst (CBV-8014) 43.7a 0.70 ∼1 0.31 2.6 ± 0.6 184 ± 8
MFI-140 Zeolyst (CBV-28014) 142a 0.69 ∼1 0.09 1.5 ± 0.2 176 ± 8
MOR-10 Süd-Chemie (NH4-MOR20) 10.8 0.90 0.41 0.48 1.0 ± 0.3 203 ± 28
FAU-15 Zeolyst (CBV720) 14.4 0.42 0.81 ± 0.09 178 ± 10
FER-9 Tosoh (HSZ-720 KOA) 8.4a 0.73 0.03 0.03 0.05 ± 0.02 -

aData taken from Janda et al.20,37 bDetermined from NH3-TPD studies. cDetermined from t-BuNH2-TPD studies. dReaction conditions: T = 473
K; P = 1 atm; H-MFI-16.5 = 0.02 g; PC4

= = 32 kPa; PNH3
= 69 kPa.

Figure 5. Time-on-stream study of isobutene amination over MFI-15.
T = 473 K; P = 1 atm; H-MFI-16.5 = 0.02 g; PC4

= = 32 kPa; PNH3
= 69

kPa; total gas flow rate at STP = 20 mL min−1.

Figure 6. Apparent turnover frequencies over MFI-15 as a function of
the final partial pressure of t-BuNH2 at various isobutene partial
pressures. Solid lines represent the fitted kinetic model shown in eq 1.
T = 473 K; P = 1 atm; PNH3

= 69 kPa; WHSV = 5−96 h−1.

Figure 7. Effect of cofeeding propylamine on amination rates over
MFI-15. T = 473 K; P = 1 atm; PNH3

= 69 kPa; mcat = 0.01 g.



Initial rate studies were performed to determine the rate
dependence on isobutene and NH3 partial pressures at a given
total flow rate. The reaction is zero order with respect to NH3
(Figure 8). Since the active sites are covered predominantly by

adsorbed t-BuNH2, the zero-order dependence indicates that
NH3 is not involved in the rate-limiting step (RLS) or any step
prior to the RLS. More specifically, these results show that C−
N coupling between isobutene and NH3 cannot be the RLS.
The amination rate appears to be 0.7 order with respect to

isobutene (Figure S2), which is similar to what Mizuno et al.
have reported (r ∝ PC4

=
0.8±0.1PNH3

0±0.1).10 However, changes in the
isobutene partial pressure at a given total flow rate affect the
final t-BuNH2 partial pressure, which also has a strong
influence on the rate. To obtain the intrinsic rate dependence
on isobutene partial pressure, a series of space time studies
were conducted at different isobutene partial pressures (Figure
6). It has already been shown that the apparent rate is inverse
order with respect to t-BuNH2 partial pressure and zero order
with respect to NH3 partial pressure. Thus, if the product of
the apparent rate and final t-BuNH2 partial pressure is plotted
against the isobutene partial pressure, the rate order can be
determined from a power law fit. Figure 9 shows that the
apparent rate is first order with respect to isobutene after
correcting for the inhibition by t-BuNH2, suggesting that the
RLS only involves isobutene.
The activation energy over MFI is invariant with the Si/Al

ratio, at least within measurement error (Table 1). However,

the rate constants for MFI-11.5 and MFI-140 are significantly
lower than that of MFI-15, MFI-25, and MFI-40, even after
rates have been normalized per active site. This suggests that
there are slight variations in the reactivity of an active site,
which may depend on its location and surrounding environ-
ment. For example, MFI samples with lower Si/Al ratios tend
to have a higher fraction of proton site pairs for which their
corresponding Al framework atoms are either next-nearest
neighbors or next-next-nearest neighbors.34,37 To determine
where these proton site pairs exhibit different activity
compared to isolated H+ sites, reaction rates were normalized
by the number of paired sites as determined by cobalt titration
studies performed by Janda et al.37 and plotted as a function of
the Si/Al ratio (Figure 10). If paired sites were much more

reactive than isolated sites, the turnover per paired site should
be invariant with Si/Al ratio. Instead, a large systematic
difference in rate per paired sites is observed with respect to
Si/Al ratio, suggesting that paired sites are not the principal
sites involved in isobutene amination.
Another possibility is that differences in active site location is

responsible for the differences in observed rate. The
importance of active site location has been demonstrated for
other zeolite-catalyzed reactions such as alkane dehydrogen-
ation and cracking.38 For MFI with a Si/Al ratio between 12
and 44, Janda et al. have shown that the fraction of paired sites
in straight and sinusoidal channels tend to increase with
increasing Si/Al.37 However, determining the locations of all
active sites experimentally is difficult due to the complex
geometric structure of MFI.39,40 Thus, further conclusions
about reactivity differences due to active site location cannot
be made. Regardless, the observed variations in rates over MFI
correspond to a variation in ΔG⧧ of only 5 kJ mol−1, which
highlights that all Brønsted acid sites have similar activities as
long as the sites are accessible to the reactants and product.

Mechanism of Isobutene Amination over H-MFI. On
the basis of the dependencies of the rate of isobutene
amination on partial pressures of isobutene, NH3, and t-
BuNH2, we hypothesize that activation of adsorbed isobutene
to the corresponding carbenium ion is the RLS. Several
observations support this hypothesis. The formation of the
carbenium ion is known to be catalyzed by strong Brønsted
acid sites in MFI, and sodium titration of these acid sites
renders the catalyst inactive for t-BuNH2 formation.7,8 The
stability of the carbenium also depends on the degree of

Figure 8. Effect of NH3 partial pressure on amination rates over MFI-
15. T = 473 K; P = 1 atm; PC4

= = 32 kPa; mcat = 0.01 g.

Figure 9. Effect of cofeeding propylamine on amination rates over
MFI-15. T = 473 K; P = 1 atm; PC4

= = 32 kPa.

Figure 10. Apparent rate constants for isobutene amination over MFI
as a function of Si/Al ratio. Rate constants have either been
normalized by the number of measured active sites or number of
paired sites. T = 473 K; P = 1 atm; PNH3

= 69 kPa.

http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b01799/suppl_file/cs9b01799_si_001.pdf


branching in the olefin. Tertiary carbocations are more stable
than secondary carbocations, which in turn are more stable
than primary carbocations. When the reaction was performed
with propene instead of isobutene, no products were detected
(data not shown), consistent with DFT calculations by
Cnudde et al. showing that formation of a secondary
carbenium is thermodynamically unfavorable on H-MFI.41 In
addition, Song et al. have observed the carbenium ion of 1,3-
dimethylcyclopentene in H-MFI using 13C CP/MAS NMR
and have shown that these carbenium cations are converted to
alkylamines upon exposure to NH3.

42

In situ FTIR spectroscopy was used to probe the identity of
surface intermediates under reaction conditions (Figure 11).

NH3 adsorption on MFI gives rise to a broad feature at 1463
cm−1 due to the bending mode of NH4

+ species. When NH3
(69 kPa) and isobutene (32 kPa) are cofed over MFI at 393 K,
the feature at 1463 cm−1 is unperturbed and no C−H bending
modes are detected, consistent with an NH3-saturated surface.
Similarly, when 1 μL of t-BuNH2 is introduced into a pure
isobutene feed over MFI at 393 K, the C−H (1472, 1386,
1410 cm−1) and N−H (1604, 1499 cm−1) deformation modes
of tert-butylammonium ions are unperturbed by the presence
of isobutene. However, when t-BuNH2 and NH3 are fed over
MFI at 393 K, the N−H deformation modes are blue-shifted to
1620 and 1530 cm−1, showing that NH3 can interact with the
N−H bonds of tert-butylammonium ions, likely through
hydrogen-bonding interactions (Figure 11). However, this

interaction is weak, as NH3 completely desorbs from the
surface after several minutes once the flow of NH3 is halted
(Figure S3).
An important element of the reaction mechanism is the

manner in which t-BuNH2 desorbs from the zeolite surface. As
illustrated by t-BuNH2-TPD, t-BuNH2 does not desorb
molecularly from the surface, suggesting that desorption by
some other mechanism must occur. For example, interactions
with NH3 or isobutene could aid t-BuNH2 desorption by
facilitating N−H bond cleavage of the tert-butylammonium ion
and stabilizing the resulting Brønsted acid proton. Indeed,
Veefkind et al. have shown that NH3 mediates the desorption
of alkylamines for alcohol amination in mordenite at 633 K.16

However, t-BuNH2 does not desorb at 433 K even in the
presence of NH3, as shown in Figure 10. To probe the
desorption mechanism further, a sample of MFI-15 was
saturated with t-BuNH2, followed by introduction of NH3 (1.7
kPa) at 423 K. An initial pulse of t-BuNH2 was observed in the
outlet stream (Figure 12a), and the quantity desorbed (0.3
mmol gcat

−1) was equivalent to the amount of physisorbed
amine as measured by t-BuNH2-TPD in He (Figure 12b).
However, no t-BuNH2 was detected during subsequent TPD in
NH3 flow, which is further evidence that NH3 displaces
physisorbed t-BuNH2 but not strongly bound tert-butylammo-
nium ions on Brønsted acid sites. NH3 also has no effect on the
decomposition temperature of t-BuNH2 (Figure 12c),
consistent with FTIR observations of a weak interaction
between NH3 and tert-butylammonium ions. Although the m/z
= 41 signal during t-BuNH2-TPD is lower when performed in
an NH3/He atmosphere instead of pure He, it is difficult to
interpret the meaning of this difference, as other hydrocarbons
formed due to cracking and oligomerization of isobutene also
contribute to the signal.
In summary, FTIR and t-BuNH2-TPD measurements show

that t-BuNH2 does not desorb from MFI near reaction
temperatures, even in the presence of NH3 or isobutene. While
it is possible that isobutene or NH3 can temporarily displace
the surface tert-butylammonium ions, the reverse reaction is
much more rapid at sufficient tert-butylamine partial pressures,
and t-BuNH2 will readsorb before it can diffuse out of the
zeolite. However, if a transiently adsorbed isobutene species
reacts with NH3 before t-BuNH2 can readsorb, then another
tert-butylammonium ion will form on the surface and the
catalytic cycle can continue. Thus, while displacement of tert-
butylammonium ions by isobutene is the most energetically
uphill step in the reaction, the activation of isobutene to the
corresponding carbenium ion controls the speed of catalytic
turnover, and hence is the RLS. This proposed mechanism is

Figure 11. FTIR difference spectra of MFI-15 taken 1 h after
introduction of isobutene, NH3, or t-BuNH2. Spectra were taken at
433 K unless otherwise specified.

Figure 12. t-BuNH2-TPD over MFI-15 in the presence or absence of NH3 flow. (a) t-BuNH2 desorption at 423 K after introduction of NH3. (b) t-
BuNH2 TPD profile in either He or NH3/He flow. (c) Signal intensity of m/z = 41 (isobutene + other hydrocarbons) during t-BuNH2-TPD in
either He or NH3/He flow.
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illustrated in Scheme 2, where k2 is the rate constant for
carbenium formation and k3 is the rate constant for
nucleophilic attack by NH3 to form a tert-butylammonium ion.

Taking adsorbed t-BuNH2 to be the most abundant surface
intermediate and carbenium formation to be the rate-limiting
step, a rate expression can be obtained (eq 2).

=
[ ]

[ ‐ ]

=

r
K k
t

C
BuNHint
1 2 4

2 (2)

Here, K1 represents the equilibrium constant for t-BuNH2
desorption coupled with isobutene adsorption (k1/k−1), rint
represents the intrinsic reaction rate, and [C4

=] and [t-BuNH2]
represent the local concentrations of isobutene and t-BuNH2,
respectively. The validity of the quasi-equilibrium assumption
between states A and C is explored below. The final expression
for the apparent rate is equivalent to that given in eq 1,
defining kapp = K1k2.
The form of this rate expression correctly predicts the

dependences of the rate of isobutene amination on the partial
pressures of isobutene, NH3, and t-BuNH2 (see Figures 6 and
S8).
DFT Studies over MFI. QM/MM calculations on the H-

MFI cluster show that t-BuNH2 interacts strongly with the
Brønsted proton and spontaneously forms the tert-butylammo-
nium ion, which is stabilized by the strong electrostatic
interactions with the framework. The heat of adsorption for t-
BuNH2 over MFI at 473 K (ΔHads = −189 kJ mol−1) is much
larger than that of NH3 (ΔHads = −132 kJ mol−1) or isobutene
(ΔHads = −60 kJ mol−1). The relative order of adsorption
strengths (t-BuNH2 > NH3 > C4

=) is consistent with the FTIR
spectra shown in 11. The change in enthalpy to form an
adsorbed carbenium ion complex from gas-phase isobutene is
−56 kJ mol−1, suggesting little energetic penalty to form the
intermediate species from the adsorbed π-complex.
The predicted free energy profile along the proposed

reaction coordinate at 473 K is shown in Figure 13. The
lowest free energy intermediate, adsorbed t-BuNH2 (A), is
designated as the resting state and is used as the reference
state. Displacement of t-BuNH2 by isobutene (C) comes at a
free energy cost of 113 kJ mol−1. An intermediate state for this
assisted desorption step could not be determined accurately
because of interactions between the bulky adsorbed complex
and nearby framework atoms in the MM region. However, an
upper bound on the free energy of activation was determined
by modeling desorption as a stepwise mechanism, in which a
vacant site (B) with gas-phase isobutene and t-BuNH2
represents the highest free energy intermediate (124 kJ

mol−1). The subsequent activation of isobutene to form the
carbenium ion has a free energy barrier of 131 kJ mol−1 relative
to the resting state. This barrier represents the free energy
maximum of the cycle and constitutes the rate-limiting step, as
previously suggested by our rate measurements. Nucleophilic
attack of NH3 to the center of the carbenium ion is barrierless
and downhill by 97 kJ mol−1, in agreement with our
determination of the reaction kinetics, which show that NH3
is not involved in the rate-limiting step.
The associated enthalpy profile for the reaction is shown in

Figure 14. The highest energy state (C‡) represents the kinetic

barrier of the cycle. This suggests that the apparent activation
enthalpy should be 143 kJ mol−1 relative to the resting state.
Comparison of this value with the apparent activation barrier
of around 180 kJ mol−1 measured for H-MFI raises the
question about whether the assumption of pseudoequilibration
between gas-phase and adsorbed t-BuNH2 is correct
throughout the reactor.

Scheme 2. Mechanism of Isobutene Formation over MFI

Figure 13. Predicted free energy profile of the amination of isobutene.
T = 473 K and P = 1 atm. Intermediate states are labeled according to
Scheme 2. The transition state for carbenium formation is denoted by
C‡.

Figure 14. Predicted enthalpy profile of the amination of isobutene. T
= 473 K; P = 1 atm. Intermediate states are labeled according to
Scheme 2. The transition state of carbenium formation is denoted by
C‡.
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For the next stage of our analysis of the reaction kinetics, we
determined the TOF for isobutene amination using the
relationship developed by Kozuch and Shaik26 (see eq S1),
which accounts for the partial pressures of all reactants and
products and makes no assumptions about the resting state of
the catalyst. The resulting analysis leads to Figure 15, which

shows that a fixed temperature and partial pressure of
reactants, the TOF depends strongly on the partial pressure
of t-BuNH2. An Arrhenius analysis of the dependence of the
TOF (see Figure S7) shows that the apparent activation energy
is also sensitive to the partial pressure of t-BuNH2. As seen in
Figure 16, for very low t-BuNH2 partial pressures, the apparent

activation energy is 200 kJ mol−1 and then decreases rapidly to
below 150 kJ mol−1 for t-BuNH2 partial pressures of order 40
Pa, which are typical of the highest values observed in our
experiments. The results shown in Figures 15 and 16 suggest
that t-BuNH2 forms very rapidly in the initial part of the
catalyst bed, where the partial pressure of t-BuNH2 is very
small, and then decreases rapidly with increasing bed length
due to t-BuNH2 inhibition. This would then explain why the
measured apparent t-BuNH2, 180 kJ mol−1, lies closer to the
upper end of the values reported in Figure 16.
We obtained further insights into the kinetics from an

analysis of the degree of TOF control as a function of t-BuNH2
partial pressure. This analysis revealed that for very low t-
BuNH2 partial pressures, there is not enough gas-phase t-
BuNH2 to displace adsorbed isobutene (C → A in Scheme 2).
As a result, the assisted desorption of t-BuNH2 is irreversible
and rate limiting. However, as t-BuNH2 partial pressures
increase, displacement of adsorbed isobutene by gas-phase t-
BuNH2 becomes significant, which lowers the surface
concentration of isobutene, and hence a lower rate of

isobutene activation to the carbenium ion. At high enough t-
BuNH2 partial pressures, the pseudoequilibrium approximation
for the assisted desorption of t-BuNH2 becomes valid and the
subsequent isobutene activation step becomes rate limiting. To
summarize, the differences in the reaction mechanism at the
inlet and outlet of the reactor are due to changes in the
concentrations of gas-phase t-BuNH2 and adsorbed isobutene.
These limits can be represented by a pseudo steady-state rate
expression given by eq 3, which captures the kinetic relevance
of both t-BuNH2 desorption and isobutene activation and
explains the difference between the predicted and measured
activation energies.
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The dominant term in eq 3 at the front end of the catalyst
bed (k−1[t-BuNH2] ≪ k2) is desorption of t-BuNH2,
characterized by k1, while at the outlet (k−1[t-BuNH2] ≫
k2), the dominant term becomes the activation of isobutene,
characterized by K1k2. Therefore, the true apparent activation
barrier represents a weighted average of enthalpies between
states B and C‡.

■ CONCLUSIONS
A combined experimental and theoretical study was performed
to gain insights into the mechanism and kinetics of isobutene
amination over zeolites. The active sites are Brønsted acidic
protons located within the zeolites pores. Small-pored zeolites
with one-dimensional channels are inactive because t-BuNH2
blocks the pore mouths and impedes diffusion of isobutene.
However, if the pore size is larger than a critical diameter, the
intrinsic rate and activation energy become invariant with
zeolite topology. FTIR and TPD studies reveal that t-BuNH2
strongly inhibits the active site, although t-BuNH2 desorption
can be assisted by the concurrent adsorption of isobutene.
Isobutene is protonated in the rate-limiting step to form the
carbenium intermediate, which immediately couples to form t-
BuNH2. However, at very low t-BuNH2 partial pressures, such
as at the inlet to the reactor, the rate-limiting step switches to t-
BuNH2 desorption. The proposed mechanism shows excellent
agreement with experimental rate data and is consistent with
results obtained from DFT simulations.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: alexbell@berkeley.edu.
ORCID
Martin Head-Gordon: 0000-0002-4309-6669
Alexis T. Bell: 0000-0002-5738-4645
Author Contributions
⊥C.R.H. and L.A.B. contributed equally.

Figure 15. Predicted effect of t-BuNH2 partial pressure on turnover
frequency. T = 473 K; PC4

= = 32 kPa; PNH3
= 69 kPa.

Figure 16. Predicted effect of t-BuNH2 partial pressure on apparent
activation barrier. T = 473 K; PC4

= = 32 kPa; PNH3
= 69 kPa.

http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b01799/suppl_file/cs9b01799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b01799/suppl_file/cs9b01799_si_001.pdf
mailto:alexbell@berkeley.edu
http://orcid.org/0000-0002-4309-6669
http://orcid.org/0000-0002-5738-4645


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by Director, Office of Science, Office of
Basic Energy Sciences of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. DFT Calculations were
performed on a computing cluster sponsored by the National
Institutes of Health (NIH S10OD023532). The authors would
like to thank Jeroen Van der Mynsbrugge, Neelay Phadke, and
Julie Rorrer for helpful discussions.

■ REFERENCES
(1) Müller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada, M.
Hydroamination: Direct Addition of Amines to Alkenes and Alkynes.
Chem. Rev. 2008, 108, 3795−3892.
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(39) Deďecěk, J.; Kaucky,́ D.; Wichterlova,́ B. Al Distribution in
ZSM-5 Zeolites: An Experimental Study. Chem. Commun. 2001,
No. 11, 970−971.
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