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 Detecting the reaction mechanism of multistep catalytic transformations is essential for optimization of these
complex processes. In this study, the mechanism of catalyst deactivation within a flow reactor was studied
under reaction conditions. Spectral mapping of the catalyst and the organic phase along a flow reactor were per-
formed with micrometer-sized synchrotron-based X-ray and IR beams, respectively, with a spatial resolution of
15 μm. Heterogeneous Au catalyst was packed in a flow reactor and activated toward the cascade reaction of
pyran formation. X-ray absorption microspectroscopy measurements revealed that the highly oxidized Au(III),
which is the catalytically active species, was continuously reduced along the flow reactor. IR microspectroscopy
measurements detected a direct correlation between the reduction of the Au catalyst and deactivation of the cat-
alytic process. It was observed that within 1.5 mm from the reactor's inlet all the catalytic reactivity was
quenched. Microspectroscopy measurements determined that the reduction of Au(III) was induced by nucleo-
philic attack of butanol, which is one of the reactants in this reaction. Slower deactivation rates were measured
once the reactants concentration was decreased by an order of magnitude. Under these conditions the reaction
path within the flow reactor was increased from 1.5 to 6 mm. These results demonstrate themolecular level un-
derstanding of reaction mechanism which can be achieved by high spatial resolution microspectroscopy
measurements.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Uncovering the complex factors that direct catalytic processes is a
key element for optimizing chemical reactions and designing superior
catalysts, which are based on a rational design [1–4]. Various methods
were developed to elucidate the complex chemistry, which takes
place on the surface of heterogeneous catalysts, from vibrational spec-
troscopy (UV-Vis, Raman, IR) [5,6] to magnetic resonance (ESR and
NMR) [7] and X-ray spectroscopy (XPS) [8,9].

Vibrational spectroscopy is one of the most powerful techniques for
analysis of catalytic processes since it provides direct chemical informa-
tion, from which the determination of the chemical structure of
reactants, intermediates, and products can be deduced [6,10,11]. A
variety of vibrational spectroscopy methods were developed and
utilized to detect the reactants into products transformation under
reaction conditions. Among these methods are surface sensitive tech-
niques such as sum frequency generation (SFG) vibrational spectrosco-
py [12,13] and polarization modulation infrared reflection absorption
spectroscopy (PM-IRAS) [14,15] that can identify surface-adsorbed
intermediates during catalytic reactions. In addition, high temporal
resolution IR spectroscopy toolswere developed andutilized to uncover
the mechanism of catalytic processes [16–18].

However, the spatial resolution of these spectroscopic methods is
not sufficient for analysis of catalytic reaction within a flow reactor.
ng the deactivation mechani
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High spatial resolution IR spectroscopy can provide a detailed kinetic
analysis of the progression of catalytic reactions within a flow reactor.
The spatial resolution is dictated by the diffraction limit of the light
and therefore the optimum resolution that can be gained in IRmeasure-
ments is in the order of ~10 μm. The spatial resolution is mainly
controlled by the spot size of the beam,which inmost of the FTIR setups
is wider than 0.1 cm. As a consequence, the spatial resolution of these
techniques is lower by three orders of magnitude than the light
diffraction limit, and they provide only averaged chemical information
from the entire probed area [19,20].

High spatial resolution IR mapping can be achieved by using
synchrotron IR light as a source for vibrational spectroscopy measure-
ments [1,10,21,22]. The high photon flux of this sourcemakes it possible
to reduce the aperture down to a few micrometers with negligible
decrease in the sensitivity, providing an IR beam spot size of ~10 μm.
Several initial studies have demonstrated that synchrotron IR micro-
spectroscopy measurements can track the progression of catalytic
reactions in which zeolites and supported nanoparticles are used as
catalysts [21,23–25].

For example, it was recently demonstrated that the catalytic reactiv-
ity within ZSM-5 crystals can be detected with IR microspectroscopy
measurements [25]. The chemical structures of intermediates, which
are formed during styrene oligomerization reaction, were monitored
with synchrotron-based IR microspectroscopy.
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Fig. 1. Schematic representation of the experimental setup. Flow micro-reactor was
packed with heterogeneous Au catalyst. Micrometer-sized IR and X-ray beams detected
the vibrational spectra of organicmolecules and the oxidation state of the catalyst, respec-
tively, with a spatial resolution of 10 μm.
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We have recently demonstrated that a detailed kinetic analysis of a
multistep organic transformation can be achieved with synchrotron-
based IR microspectroscopy measurements [21]. Heterogeneous Au
catalyst was packed in a flow reactor and activated the cascade reaction
of dihydropyran formation. High spatial resolution mapping of the
reactants, intermediates and products along the flow reactor was
performed with synchrotron-sourced IR beam. Full kinetic analysis of
the catalytic reaction was accomplished by analyzing the IR micro-
spectroscopy spectra at different points along the flow reactor.

In this study, we further analyzed the Au-catalyzed dihydropyran
formation reaction, determining the deactivationmechanismof the cat-
alyst under flow conditions. The chemical and electronic properties of
the organic phase and the Au catalyst along theflow reactorwere deter-
mined under reaction conditions with μm-sized, synchrotron-sourced,
IR and X-ray beams (Fig. 1). These measurements clarified the reasons
for deactivation of theAu catalyst. NEXAFSmicrospectroscopymeasure-
ments revealed that under flow reaction conditions the Au catalyst is
reduced from the catalytically active species, Au(III), into non-active
species. Accordingly, IR microspectroscopy measurements detected
that the reduction of the Au catalyst was followed by quenching of the
catalytic reactivity. Kineticmeasurements determined that the presence
of butanol, which is one of the reactants in this reaction, can either
directly or indirectly reduce the catalytically active Au(III) species into
its catalytically inert metallic state. Different approaches to minimize
and delay the deactivation process are discussed in the paper.
Fig. 2. (a) Preparation scheme of dendrimer-encapsulated Au nanoparticles and their deposit
nanoparticles (marked in yellow circle) can be oxidized into the catalytically active Au(III) ion
inorganic oxidizer, PhICl2, to the solution. The Au ions can be reduced back to their metallic s
ions to the solution phase was detected throughout the oxidation and reduction cycles.
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2. Experimental setup

Au nanoparticles with a diameter of 2.0 ± 0.3 nm were prepared by
encapsulating Au ions in a G4-PAMAM (Polyamidoamine) dendrimer
matrix. Following their encapsulation, the Au ions were reduced into Au
nanoparticles by the addition of NaBH4 into the reaction mixture
(Fig. 2a) [26,27]. The encapsulated nanoparticles were loaded on ameso-
porous silica support (SBA-15) with a surface area of 760 m2 g−1. The
pore diameter of the mesoporous silica was 7 ± 1 nm and therefore the
dendrimer-encapsulated Au nanoparticles were easily deposited in the
pores of the mesoporous support with high distribution and without ag-
gregation. The dendrimer-encapsulated Au nanoparticles were anchored
onto thewalls of themesoporous support by hydrogenbondswhichwere
formed between the OH-terminated G4-PAMAM dendrimer (G4-OH)
and the SiO2 surface [28]. This interaction prevented the detachment of
dendrimer-encapsulated Au nanoparticles from the mesoporous SiO2

support, even under liquid phase reaction conditions [29].
The small size of the encapsulated metallic nanoparticles enabled

their oxidation from Au(0) into Au(III) by the addition of an inorgan-
ic oxidizer, PhICl2, into the solution phase (Fig. 2b). No leaching of Au
ions was detected following the oxidation of the Au nanoparticles
into Au ions. The high stability of the Au ions is due to their encapsu-
lation within the dendrimer matrix [30,31]. The oxidation process is
reversible and the Au ions can be reduced back to Au(0) following an
exposure to H2. It was previously demonstrated that the oxidation of
Au into Au(III) activates the Au catalyst toward a variety of π-bond
activation reactions which are mainly activated by homogenous Au
catalysts [30–32].

The Au@G4-OH/SBA-15 catalyst was deposited in a designated IR
flow cell. The cell was constructed of two CaF2 windows, which were
separated by a 0.2 mm thick Teflon sheet. Prior to the X-ray
microspectroscopy measurements, the catalyst was packed inside a
quartz rod (ID 250 μm). Each reactor was connected to a syringe
pump for continuous delivery of solvents into the flow reactor. These
two reactors, that were specifically designed for in situ synchrotron-
sourced IR and the X-ray measurements, have similar inner volume
and diameter, ensuring comparable residence time of the reactants.
No leaching of metal ions to the solution phase was detected during
the catalytic reaction. The supernatant was collected and analyzed by
GC and NMR. GC analysis verified that the catalytic yield and products
selectivity in the IR and X-ray reactors were comparable (with varia-
tions of up to ±15%).
ion within the pores of mesoporous silica (SBA-15). (b) The dendrimer-encapsulated Au
s (green circles) along with formation of chloride ions (blue circles) by the addition of an
tate by exposure to H2. The oxidation–reduction process is reversible. No leaching of Au
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Fig. 3. Cascade dihydropyran synthesis was chosen as a test reaction for 1Dmicrospectroscopy IRmapping of organic transformation in flow reactor. In this reaction, which is catalyzed by
heterogeneous Au catalysts, propargyl vinyl ether 1 is catalytically rearranged to the primary product allenic aldehyde 2. Activation of the primary product 2 by the Au catalyst is followed
by nucleophilic attack of butanol-d10, which induced the formation of the secondary product, acetal 3. In the flow reaction, both vinylether 1 and butanol-d10 were added to the reaction
mixture. It should be noted however that butanol-d10 is only consumed in the second step of the catalytic reaction in which allenic aldehyde 2 is transformed into acetal 3.
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Prior to the catalytic reaction, the dendrimer-encapsulated Au
nanoparticles were oxidized from Au(0) into Au (III) by exposure of
the catalyst to a solution of toluene in which 0.02 M of PHICl2 was
dissolved. The catalytic reaction was performed by flowing 0.5 mmol
of vinylether 1, 0.5 mmol of butanol-d10, and 0.05 mmol of PhICl2,
which were solvated in 10 ml toluene-d8, through the pre-oxidized Au
catalyst at room temperature. The oxidation of the catalyst prior to the
flow reaction and the addition of a catalytic amount of PhICl2 to the
reactants solution were both proved to be essential for activation of
the Au catalyst.Without the addition of PhICl2 into the reactant solution
the pre-oxidized, catalytically active, Au(III) specie was quickly reduced
into the catalytically inert Au(0) species.

The oxidation state of the catalyst along the flow reactorwas studied
under reaction conditions with NEXAFS microspectroscopy. X-ray
absorption spectroscopy measurements were conducted at beam line
10.3.2 of the ALS (Advanced Light Source) at LBNL (Lawrence Berkeley
National Laboratory). The data were collected in fluorescence mode at
the Au L3 edge (11.918 KeV) with a spot size of 16X6 μm. IR absorption
spectroscopy measurements were conducted at beam line 1.4.4 of the
advanced light source (ALS) at Lawrence Berkeley National Laboratory
(LBNL) employing a Thermo Nicolet Nexus 870 and Continuμm XL IR
microscope. Line scanning of up to 15 mm was performed along the
flow reactorwith 15 μmsteps, 4 cm−1 spectral resolution and averaging
of 256 scans.

3. Results and discussion

Cascade dihydropyran synthesis was chosen as a test reaction for 1D
microspectroscopy IR mapping of multistep organic reaction within a
flow micro-reactor (Fig. 3). In this reaction, propargyl vinyl ether 1 is
catalytically rearranged by the Au catalyst to the primary product
allenic aldehyde 2. Activation of the primary product 2 by the Au cata-
lyst is followed by nucleophilic attack of butanol, which induces the for-
mation of the secondary product, acetal 3. In the first part of the
reaction, which is a unimolecular process, the Au catalyst activates the
transformation of reactant 1 into product 2. In the second part of the re-
action, which is a bimolecular process, the Au catalyst activates the re-
actant 2. Following its activation, allenic aldehyde 2 interacts with
Fig. 4. (a) Schematic representation of the experimental setup inwhichX-ray absorptionmeasu
surements were performed at different points along the flow reactor. Prior to the reaction the A
Reference NEXAFS spectra of Au(0) (Au foil), Au(I) ((Ph3P)AuCl) and Au(III) (AuCl3).
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butanol for the formation of the final product 3. It was previously
shown that cascade dihydropyran reaction can be catalyzed by homo-
geneous Au complexes [33]. In a recent paper we demonstrated that
following oxidation of the Au nanoparticles by PhICl2 into the catalyti-
cally active Au(III) species, the dendrimer-encapsulated Au nanoparti-
cles can activate the dihydropyran formation reaction [31]. Although
alcohol is necessary only in the second step of the reaction (transforma-
tion of product 2 into 3), in the continuous flow setup, the alcohol was
added to the reactants solution andwas present throughout the catalyt-
ic process. As will be discussed in the next paragraphs, the addition of
alcohol to the reaction mixture initiated undesired side-reactions that
induced the deactivation of the catalyst.

The catalytic reactivity and products selectivitywere analyzed by GC
and NMR measurements of the supernatant. High yield (75%) and high
products selectivity, with 2:3 ratio of 0:100, were detected with a
reactants flow rate of 0.2 ml/h. These results indicate that under these
reaction conditions the primary product was completely transformed
into the final product and therefore could not be detected in the
supernatant.

The oxidation state of the catalyst along the flow reactorwas studied
under reaction conditions with NEXAFS microspectroscopy(Fig. 4a).
The measurements were conducted at distances (Z) of 0, 2, and 4 mm
from the inlet (Fig. 4b). Reference NEXAFS spectra of Au(0) (Au foil),
Au(I) ((Ph3P)AuCl), andAu(III) (AuCl3) are shown in Fig. 4c. For analysis
of the oxidation state of the Au nanoparticles at different points along
the flow reactor, the measured near-edge spectra was fit by a linear
combination to the reference spectra of Au(0), Au(I), and Au(III).

At Z=0,which is the entrance point of reactants into the flow reac-
tor (red curve in Fig. 4b), most of the Au catalyst was oxidized into
Au(III). NEXAFS measurements that were conducted at higher Z values
indicated that the Au catalyst is being continuously reduced along the
flow reactor. The ratio of the Au(III)within theNEXAFS signal decreased
from95% to 75% and then to 65% as the Z value increased from0 to 2 and
4 mm, respectively (green and blue curves in Fig. 4b). Interestingly,
under these reaction conditions, the catalytically active Au(III) was
mainly reduced into Au(I), with almost no Au(0) signal.

IR microspectroscopy measurements were performed with reac-
tants concentration of 0.1 M and flow rate of 5 ml/h. As obtained in
rementswere conducted along theflow reactor under reaction conditions. b. NEXAFSmea-
u nanoparticles were oxidized by the addition of 10 mol % PhICl2 to the solution phase. c.
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Fig. 6. IR microspectroscopymapping along the flow reactor in which 0.25 M butanol-d10
and 5 mM PhICl2 were flowed through the catalyst-packed reactor at flow rate of 5 ml/h.
The formation of an aldehyde is detected by the appearance of a C=O absorption feature
at 1700 cm−1.

Fig. 5. (a) IRmicrospectroscopymapping along theflow reactor at flow rate of 5ml/hwith reactants (propargyl vinyl ether 1 and butanol-d10) concentration of 0.1M and 0.01Mof PhICl2.
It can be observed no changes in the IR spectra can be detected beyond 1.5 mm in the flow reactor (marked with a dashed yellow line), which indicates that the catalytic reactivity has
stopped at this point. (b) IR microspectroscopy mapping along the flow reactor at flow rate of 5 ml/h with reactants (both propargyl vinyl ether 1 and butanol-d10) concentration of
0.01 M. The concentration of PhICl2 in the reaction mixture was 0.01 M as well. The gradual changes in the FTIR features indicate that the catalytic reaction proceeds up to a distance
of 6 mm from the inlet.
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Fig. 5a, no change in the IR spectra was detected beyond 1.5 mm from
the inlet of the flow reactor although large quantities of reactants
were present throughout the flow reactor, as detected by the strong IR
absorption peak at 1250–1350 cm−1, which is correlated to the
reactant's C-O-C vibration. In addition, no changes could be detected
in the weak IR absorption feature at 1750 cm−1, which is correlated to
the C = O vibration of the primary product. These two observations in-
dicate that even though both the reactant and the primary productwere
detected in the flow reactor, no transformation from reactant into pri-
mary product or from primary into secondary product could be identi-
fied at distances which are longer than 1.5 mm from the inlet. These
results directly link between the decrease in the concentration of
Au(III), as detected by X-ray microspectroscopy, and deactivation of
the catalytic process.

It was hypothesized that the source for the deactivation is the
presence of butanol within the flow reactor [34]. The nucleophilic prop-
erties of butanol, which is one of the reactants in the cascade
dihydropyran formation reaction, can induce either directly or indirect-
ly the reduction of the catalytically active Au(III) species. In direct oxida-
tion–reduction process, the reduction of Au(III) will be followed by
oxidation of butanol into butyraldehyde. An indirect reduction route
can occur if the butanol attacks the oxidizer, PhICl2, and decreases its
concentration along the flow reactor. Lower concentration of oxidizer
in the flow reactor will lead to reduction of the Au(III) species. The con-
sequences in both scenarios are similar, the catalytically active species,
Au(III), would be reduced and butanol would be oxidized into
butyraldehyde.

In order to test this hypothesis,we conducted another experiment in
which 0.25 M butanol-d10 and 5 mM PhICl2 were injected into the
catalyst-packed flow reactor at of flow rate of 5 ml/h. IR micro-
spectroscopy measurements were conducted along the flow reactor to
detect the formation of butyraldehyde, which will indicate that butanol
is being oxidized in the flow reactor. Gradual formation of butyralde-
hyde was detected by the appearance of an IR absorption peak at
1700 cm−1 within 2 mm from the inlet of the flow reactor (Fig. 6). It
should be emphasized that in this experiment, no reactant was
introduced into the flow reactor and therefore the aldehyde formation
can be solely correlated to butanol oxidation. These results verify our
hypothesis that under reaction conditions butanol is being oxidized.
The oxidation of butanol will decrease the concentration of PHICl2 in
the reaction mixture, which will lead to the reduction and deactivation
of the Au catalyst.

These results demonstrate that PhICl2 is essential for maintaining
high concentration of Au(III) in the flow reactor. However, the reduc-
tion–oxidation equilibrium is slowly distorted since PHICl2, which is
present in a relatively low concentration (0.05mmol) in the reaction so-
lution, is being slowly consumed throughout this process. The con-
sumption of PhICl2 occurs either by its direct interaction with the
alcohol or by its interaction with the reduced Au catalyst. The amount
of butanol (0.5 mmol) is higher by an order of magnitude than that of
Please cite this article as: E. Gross, Uncovering the deactivation mechani
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PhICl2. As the concentration of PhICl2 in the flow reactor decreased,
the impact of butanol beacme dominant and led to the eventual deacti-
vation of the catalyst by reduction of the Au(III) species.

Since butanol was found as the cause for deactivation of the catalyst,
it was hypothesized that by decreasing the inlet concentration of the
two reactants, propargyl vinyl ether 1 and butanol, the deactivation
process could be delayed. IR microspectroscopy mapping of the flow
reactor was conducted with reactants (propargyl vinyl ether 1 and
butanol-d10) concentration of 0.01 M and flow rate of 5 ml/h (Fig. 5b).
It should be noted that the concentration of PhICl2 was not changed in
this experiment and was 0.01 M. Under these reaction conditions, in
which the concentration of reactants (propargyl vinyl ether 1 and
butanol-d10) is equal to the concentration of PhICl2, gradual changes
in the IR spectra were detected up to 6 mm within the flow reactor. A
continuous decrease in the IR absorption at 1750 cm−1, which is corre-
lated to the primary product, allenic aldehyde 2, indicated that the
aldehyde is being consumed and catalytically transformed into the
secondary product, acetal 3. Gradual decrease was also obtained in the
IR peak (1100–1650 cm−1) of the reactant. These changes indicate
that the reactants are being continuously consumed in the catalytic
process.

These results demonstrate that by decreasing the inlet concentration
of the reactants by an order of magnitude, the deactivation process is
hindered and the catalytically active area in the flow reactor is
expanded by more than 4 fold.

Kinetic analysis of the cascade reactionwith reactants concentration
of 0.1 M and 0.01 M was performed by integrating the IR absorption
peaks of the reactants and products as function of the distance from
the inlet (Fig. 7a and b, respectively). The IR absorption peakswere con-
verted to concentration values (mol/L) according to GC analysis of the
supernatant after the catalytic reaction.

The kinetic analysis of the reaction with reactants concentration of
0.1 M indicates as well that the reaction was quenched after 1.5 mm
(Fig. 7a). At this stage of the reaction the product ratio of Allenic
sm of Au catalyst with operando high spatial resolution IR and X-ray
6/j.susc.2015.11.007

http://dx.doi.org/10.1016/j.susc.2015.11.007


Fig. 7. Analysis of reactants and products distribution as function of time on stream and location along the flow reactor at flow rate of 5 ml/h and with reactants concentration of 0.1 M
(a) and 0.01 M (b). The reactants and products absorption values were integrated from the matching IR absorption peak areas and converted to concentration based on GC analysis of
the solution.
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aldehyde 2 and Acetal 3 was almost 1:1 with a total products yield of
40%. When the concentration of the reactants was decreased by an
order of magnitude to 0.01 M a progression in the catalytic reaction
was detected up to 6 mm within the flow reactor (Fig. 7b). Under
these reaction conditions, the product ratio of Allenic aldehyde 2 and
Acetal 3was close to 1:4 with a total products yield of 60%. The simulta-
neous decrease in the concentration of Allenic aldehyde 2 and butanol-
d10 indicated that the transformation of Allenic aldehyde 2 into Acetal 3,
inwhich butanol-d10 is consumed, is faster than the formation of Allenic
aldehyde 2.

4. Conclusions

We have utilized μm-sized synchrotron-sourced IR and X-ray beams
for 1D mapping of the organic phase and the metallic catalyst during
themultistep reaction of dihydropyran formation. These in-situmeasure-
ments were performed along a flow reactor with spatial resolution of
15 μm. Direct correlation was obtained between the reduction of the cat-
alyst fromAu(III) into Au(I), as detected by X-raymicrospectroscopy and
quenching of the catalytic reaction, as detected by IR microspectroscopy.
IR microspectroscopy mapping resolved that the reason for deactivation
of the Au catalyst is either its direct or indirect reduction by butanol,
which is one of the reactants. We demonstrated that by tuning the
concentration of the reactants, the deactivation rate could be significantly
decreased.

As demonstrated in this work, the mechanism of catalytic
reactions and the reasons for deactivation can be determined by
high spatial resolution mapping of the catalytic process within a
flow reactor. Operando spectroscopy measurements of organic trans-
formations in flow reactor with high spatial resolution are potential-
ly applicable to numerous catalytic and stoichiometric organic
reactions [35,36]. The spectroscopic tools that were introduced in
this paper can be further utilized to probe and improve the catalytic
yield and products selectivity of a variety of organic transformations
that are conducted in flow reactors [37].
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