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Abstract

Styrene oxidation mediated by a Mo-based mesoporous catalyst can yield selectively styrene
oxide or benzaldehyde. Kinetic data evidenced that styrene oxide is the initially single-
product formed by the catalytic Mo-mediated process. However, after some hours of reaction
benzaldehyde yield rises while that of the epoxide decreases concomitantly. The mechanistic
proposal pointed out to a surface assisted acid-base mechanism by which styrene oxide is
interconverted into benzaldehyde through over-oxidation and cleavage of the C-C bond and

releasing formaldehyde as well. In an attempt to gain some insight on whether this
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mechanistic proposal is realistic we have conducted a combined DRIFT and inelastic neutron
scattering (INS) study to assess the adsorbed species at the catalyst’s surface and confirm the
mechanistic proposal. INS and DRIFT provided complementary insight into surface-adsorbed
species by probing donor (INS) and acceptor (DRIFT) species. INS also allowed for an
estimation of product selectivity by means of a Job method stressing the power of the

technique.
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1. Introduction

Heterogeneous catalysts receive considerable attention due to their superior properties that
make their use more convenient.'” Such class of catalysts is advantageous over the
homogeneous counterparts since they are easy to recover from the reaction slurry, making it
the preferred approach in most industrial applications.'” As a drawback, selectivity is usually
lower than that of many homogeneous systems.' However, continuous efforts led to the
development of newer generations of heterogeneous catalysts that can match and exceed
properties of many homogeneous catalysts. Despite this, the design of more active and
selective heterogeneous catalysts still remains a priority and a challenge.® Among different
types of heterogeneous catalysts, MCM-41 type mesoporous materials meet many of the
relevant criteria to fullfil this application.™ Such materials can be used on their own, as
active catalysts, or as supports for other species that will be the active part. In this case their
role as support will be passive.

Achieving high product selectivity in a given process is the major challenge one faces in
catalysis. Oxidation of olefins is a very active field of research both in academia and
industry.”” The oxidation of styrene is actively studied since its oxidation products, styrene
oxide and benzaldehyde are relevant intermediaries in the production of fine chemicals and
fragrances.”” Another important reaction is the synthesis of benzaldehyde from benzyl
alcohol; this transformation is challenging since usually it can originate not only the
aldehyde, but also toluene or even benzoic acid (resulting from over-oxidation of the
aldehyde)."

Over the recent years we have designed Mo-based heterogeneous catalysts that under mild
conditions (temperatures in the range 328-373 K with fert-butylhydroperoxide as oxidant)
yield selectively one or both products.® In fact the effect of inter-conversion of the epoxide
into the aldehyde by means of an oxidative cleavage mechanism where the epoxide is further
oxidized and consequently originating benzaldehyde and formaldehyde as a result of the

cleavage of the C—C bond, was outlined in previous works.'""!?

Other catalytic systems do not
offer such versatility of tuning product selectivity (alternating between the epoxide or

aldehyde) as the Mo-based ones that we have reported so far."
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Scheme 1. Mechanism proposal for the catalytic styrene oxidation cycle yielding styrene
oxide and benzaldehyde. A - Starting from an MCM-41 supported Mo"' pre-catalyst (in some
steps the metal is omitted for clarity); in this part the Mo'' pre-catalyst is firstly oxidized to
the Mo"" active species. B — Mechanism proposal for the catalytic benzaldehyde formation

from styrene oxide catalyzed by acid sites in the MCM-41 support.

In this work we have synthesized a Mo-based heterogenous catalysts supported on MCM-41
silica. The low Mo-loading gives this catalyst the behaviour of a single-site catalyst. This

. . . . .14
catalyst, in a similar fashion to others described earlier,'*"

was found to yield, over a period
of 24 h, styrene oxide (Scheme 1A) that after sometime starts to interconvert into
benzaldehyde. The possible mechanism for this was described as a support assisted reaction
where the MCM-41 surface is acting as an acid catalyst.'""'* According to Scheme 1B, a
styrene oxide molecule approaches an acid site and then a tert-butylhydroperoxide (tbhp)
molecule reacts with the activated epoxide, with the concomitant release of an HCI molecule.
The reaction yields benzaldehyde, formaldehyde and fert-butanol. In the final step the HCI1
molecule can regenerate the acid site closing the cycle for a new transformation. As part of
ongoing research to assess whether such proposal is realistic we used in this study Diffuse
Reflectance Infrared Fourier Transform (DRIFT) and Inelastic Neutron Scattering (INS)
Spectroscopy as a complementary techniques. DRIFT spectroscopy is a widely available and
well-understood technique for studies of heterogeneous catalysts. We have previously
reported such technique in the study of related MCM-41 based materials to probe local

structure.'® In a similar way to Raman, INS relies on scattered neutrons by the atomic nuclei.

The scattering intensity depends on the incoherent inelastic scattering cross section and the
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amplitude of vibration. While both of these quantities are large for protium, they are small for
all remaining nuclei present in this work; as such the scattered intensity is dominated by
hydrogen motion. In this work we describe the findings of in sifu spectroscopic studies of the
MCM-41 immobilized Mo catalyst using INS and DRIFT. To the best of our knowledge, this
is the first study dealing with the characterization of a selective Mo-based heterogeneous

styrene oxidation catalyst by INS and DRIFT.

Experimental

Catalyst Preparation

All reagents were obtained from Aldrich and used as received. Commercial grade solvents
were dried and deoxygenated by standard procedures distilled under nitrogen, and kept over 4
A molecular sieves (3 A for acetonitrile). The complex [Mol,(CO)3(CH3CN),] was prepared
according to a literature method.'” The (C1ICO),bpy ligand (4,4 -dicarbonyl-2,2"-bipyridine
chloride) was obtained from the corresponding carboxylic acid (4,4 -dicarboxylic-2,2"-
bipyridine), which had previously been obtained by oxidation of the methyl derivative (4,4"-
dimethyl-2,2"-bipyridine)."®

MCM-41 was synthesized adopting a previously described methodology, using
[(C14H33)N(CH;)3]Br as structure directing agent.'” To remove the surfactant, the MCM-41
material (3 g) was added to a solution of MeOH (250 mL) and HC1 36% (6.0 g). After stirring
for 6 h at 323 K the solid was filtered off and dried in vacuum during 2 h. This procedure was
accomplished twice to ensure that all the surfactant was removed.

Prior to the grafting experiments, physisorbed water was removed from the materials by
heating at 453 K in vacuum (10~ Pa) for 2 h.

Material MCM-bpy resulted from the addition of a suspension of the (C1CO),bpy ligand
(1.405 g; 5 mmol) in acetonitrile (CH3CN) to a suspension of MCM (5.0 g) in acetonitrile
(CH3CN), and the mixture was heated at 358 K for 14 h. The resulting solid was filtered off
and washed twice with dichloromethane (CH,Cl,), then dried in vacuum at 323 K for 2 h.
MCM-bpy-Mo material (the catalyst) was obtained by adding a solution of
[Mol,(CH3CN)»(CO)s] (1.50 g, 2.8 mmol) in dry dichloromethane (CH,Cl,) to a suspension
of 5 g of MCM-bpy material in dry dichloromethane (CH,Cl,). The reaction mixture was
stirred under a N, atmosphere at room temperature for 14 h. The resulting material was then

filtered off, washed twice with dichloromethane (CH,Cl,), and dried under vacuum for 3 h.

Catalyst Characterization
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FTIR spectra were obtained as Diffuse Reflectance Infrared Spectroscopy (DRIFT)
measurements on a Nicolet 6700 in the 4004000 cm™' range using 4 cm™' resolution. Powder

XRD measurements were taken on a Philips Analytical PW 3050/60 X’Pert PRO (theta/2
theta) equipped with X’Celerator detector and with automatic data acquisition (X’Pert Data
Collector (v2.0b) software), using a monochromatized Cu-Ka radiation as incident beam,
using 40 kV and 30 mA.

The N, sorption measurements were obtained on a Quantachrome Autosorb iQ porosimeter.
BET specific surface areas (Sper, P/Py from 0.03 to 0.30) and specific total pore volume V),
were estimated from N, adsorption isotherms measured at 77 K. The pore size distributions
(PSD) were calculated by the Barrett-Joyner-Halenda (BJH) method from the desorption
branch of the isotherm, using the modified Kelvin equation with correction for the statistical

film thickness on the pore walls.?*?!

The statistical film thickness was calculated using
Harkins—Jura equation in the p/po range from 0.1 to 0.95.

Microanalyses for CHN and Mo quantification were performed at CACTI, University of
Vigo. CHN analyses were performed on a Fisons EA 1108; Mo quantification was performed

on a Perkin Elmer Optima 4300DV using In as internal standard.

Catalytic tests

The catalytic oxidation of styrene was carried out at 353 K under air in a reaction vessel
equipped with a magnetic stirrer and a condenser. In a typical experiment the vessel was
loaded with styrene (100 mol%), internal standard (dibutyl ether, dbe), catalyst (1 mol%),
oxidant (200 mol%) and 3 mL of acetonitrile as solvent. The final volume of the reaction is
ca. 6 mL. Addition of the oxidant determines the initial time of the reaction. Conversion and
product yields were monitored by sampling periodically. Samples were analysed using a
Shimadzu QP2100-Plus GC/MS system and a capillary column (Teknokroma TRB-5MS)

operating in the linear velocity mode.

Inelastic neutron scattering (INS) spectroscopy

Inelastic neutron scattering spectra were recorded on the TOSCA spectrometer at the ISIS
Pulsed Neutron and Muon Source at the Rutherford Appleton Laboratory, Chilton, UK.
TOSCA is a high resolution, broad range, inverse geometry spectrometer well suited to the

spectroscopy of hydrogenous materials. The energy transfer range is from -24 to 8000 cm™.



Page 7 of 22

Physical Chemistry Chemical Physics

The resolution is AE/E ~ 1.5%. The oxidation reactions for the spectroscopic studies (DRIFT
and INS) were carried out inside TiZr flow through cans. The catalyst samples were loaded
inside the cans between quartz wool. The cans were sealed and heated to 353 K. Then the
inlet line of the can was connected to the helium gas supply and left for period of 12 h ata
temperature of 393 K to remove any absorbed species. Styrene and tbhp vapours were dosed
onto the surface of the catalyst at 353 K for a period of 4 h. The dosing system consisted of a
He line going through a heated styrene/tbhp mixture (333 K) reservoir. After that time the
cans were flushed for 1 h with He to remove excess species in the vapor phase that would be
weakly or not adsorbed at all.

The cans were then mounted on a regular TOSCA centre stick, loaded into TOSCA and
cooled down to a temperature below 15 K. Each catalyst spectrum was recorded until good
statistics was achieved.

The spectra of the reference materials — styrene, styrene oxide and benzaldehyde — were

measured in standard 2 mm thick TOSCA flat cans at ca. 15 K.

Results and discussion
Synthesis and characterization of heterogeneous Mo catalyst
The synthetic procedure adopted to prepare the Mo-based mesoporous heterogeneous catalyst

is outlined in Scheme 2.
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Scheme 2. Synthetic procedure for preparation of the Mo heterogeneous catalyst.

Regular MCM-41 (hereafter denoted MCM) type mesostructured silica material was prepared
using myristyltrimethylammonium bromide (Ci4TAB) as surfactant, according to a literature
procedure [35].

Afterwards a bipyridine derivative (bpy) (Scheme 2) was used as ligand to coordinate Mo"

centres after being grafted to the inner silanol surface of the material. Grafting of bpy ligand
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was straightforward by reacting (CICO),bpy with a suspension of MCM in acetonitrile,
yielding MCM-bpy. Subsequently, the Mo organometallic core was introduced by suspending
the MCM-bpy material in dichloromethane and then adding the precursor complex,
[Mol,(CO);(CH3CN);], affording MCM-bpy-Mo. From elemental analysis the Mo content
was found to be 4.36%, corresponding to 0.45 mmol-g” while CHN analyses for MCM-bpy-
Mo revealed values of 7.34 % C, 1.37 % H and 0.98 % N. Based on the N content, these
results also show that the loading of bpy derivative inside the pores is 0.6 mmol-g™.

Textural properties were assessed by powder XRD and sorption/desorption N, isotherms
were also carried out for textural parameters estimation. All resulting materials were of good

quality according to the X-ray diffraction (XRD) powder patterns (Fig. 1).

— MCM
—— MCM-bpy
—— MCM-bpy-Mo

Counts (a.u.)

2 4 6 8 20() 10

Figure 1. XRD powder patterns of MCM, MCM-bpy and MCM-bpy-Mo materials.

The XRD powder patterns (Fig. 1) of the MCM pristine material exhibited four reflections
indexed to a hexagonal cell as (100), (110), (200) and (210) in the 2 <28 < 10° range. For
that material the d;y value for reflection (100) is estimated to be 39.0 A, corresponding to a
lattice constant of a = 45.0 A (a = 2d;9¢/N3). Materials MCM-bpy and MCM-bpy-Mo,
obtained after subsequent stepwise functionalization with bpy and the Mo complex, still show
three reflections although with a slight deviation of the position maxima towards higher 26
values as compared to MCM. For MCM-bpy material the d;g value is 35.5 A with a
corresponding lattice constant of a = 41.0 A; for MCM-bpy-Mo the values are respectively
dipo=136.1 A and a =41.6 A. The observed peak’s intensity reduction is common to all
materials; being higher in MCM-bpy-Mo. This is not due to a crystallinity loss, but rather due
to an X-ray scattering contrast reduction between the silica walls and pore-filling material.

This has been observed for other types of materials and is well described in the literature.***’
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All data is collected in Table 1, summarizing the relevant textural properties of all materials

leading to their preparation.
Nitrogen sorption/desorption studies at 77 K were performed and have revealed that MCM
samples exhibits a reversible type IV isotherm (Fig. 2a), typical of mesoporous solids (pore

width between 2 nm and 50 nm, according to [UPAC).*
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Figure 2. N, isotherms at 77K (a) and pore size distribution curves (b) for MCM, MCM-bpy
and MCM-bpy-Mo materials. The N, isotherms display the sorption (closed symbols) and

desorption (open symbols) branches.

The calculated textural parameters (Spzr and Vp) of these materials (Table 1) agree with
literature data.””® The capillary condensation/evaporation step in the pristine MCM sample
appears in the 0.34—0.44 relative pressures range while the sharpness of this step reflects a

uniform pore size distribution (Figure 2b).
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Table 1. Textural parameters of host and composite materials, derived from powder XRD

data and N, isotherms at 77 K, for all prepared mesoporous materials.

. 20 dioo a SBET ASBET[a] Ve A VP[b] dpn
Material ; ; - . .
) A A mg) (%) (em’g’) (%) (A)

MCM 2.26 39.0 45.0 897 - 0.75 - 343

MCM-bpy 2.47 355 41.0 819 -9 0.62 -17 32.8

MCM-bpy-Mo 2.49 36.1 41.6 755 -16 0.60 -21 31.9

[a] Surface area variation relatively to parent MCM material; [b] Total pore volume variation relatively to parent MCM material.

The functionalized material MCM-bpy isotherm revealed much lower N, uptake, accounting
for the decreases in both Szer (9%) and Ve (17%), according to Table 1. These findings
indicated that the ligand immobilization on the internal silica surface was accomplished
(Figure 2, Table 1). For the MCM-bpy-Mo material, the Spzr and Vp decrease in relation to
MCM was 16% and 21%, respectively. These results were in agreement with the P/P”
coordinate decrease on the isotherm inflection points after post-synthesis treatments.*’
Furthermore, the maxima of the PSD curves (Figure 2b) determined by the BJH method,
dpu, for this series of materials changed from 34.3 A to 31.9 A (Table 1). The XRD powder
patterns and textural parameters described above (Figure 2 and Table 1) were found to match

the values reported in the literature for related systems.'>*'

Catalytic studies
The catalytic activity of MCM-bpy-Mo in styrene epoxidation was tested using ¢-
butylhydroperoxide (tbhp) as oxygen source at 353 K with addition of acetonitrile as solvent.

The reaction kinetics was followed for 24 h and collected data are shown in Figure 3.

10
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Figure 3. Styrene conversion (a) and styrene oxide and benzaldehyde selectivity (b) time-

profiles for oxidation of styrene catalyzed by MCM-bpy-Mo.

The catalyst was found to be very efficient for styrene conversion, reaching 91% after 24 h
(Figure 3a). Selectivity for the epoxide touched 60% in the first 2 h of reaction. After that
time, the yield of the epoxide decreased dramatically while that of benzaldehyde rose
concomitantly. This observation was compatible with the mechanism proposed in Scheme 1,
where benzaldehyde was formed through an oxidative cleavage mechanism from over-
oxidation of styrene epoxide. In addition, the kinetic data also show that (i) benzaldehyde was
not produced directly by the Mo catalyst (its selectivity was lower in the initial reaction
period) and (ii) there must be a critical level of epoxide to trigger the transformation. This

catalytic test served as a benchmark for the DRIFT and INS studies discussed in the

following sections.

DRIFT spectroscopy

Diffuse reflectance infrared spectroscopy (DRIFT) was used to characterize the catalyst and

to provide insight into the working environment of the reaction. The DRIFT spectrum of the

11
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fresh MCM-bpy-Mo catalyst, shown in Figure 4, is typical of a silicate evidencing a broad
band in the 36002600 cm ' range due to hydrogen bonding silanol groups.

a)

—— Fresh catalyst
—— Recovered catalyst

Absorbance (a.u.)

T T T T ]
800 1600 2400 3200 4000
Wavenumber (cm™)

b)

—— Fresh catalyst
—— Recovered catalyst

Absorbance (a.u.)

1300 1400 1500 1600 1700
Wavenumber (cm™)

Figure 4. DRIFT spectra of fresh and recovered catalyst (at 4 h reaction time) in the
complete mid-IR (a) and specific fingerprint (b) regions. The inset in (a) evidences the sharp
band at 3745 cm™" in the fresh catalyst.

In the fresh catalyst a sharp band at 3745 cm ™' is due to “free” silanol groups not involved in
hydrogen bonding. Other important features comprise the intense broad band at 1239-950
cm ' assigned to the asymmetric stretching vibration modes of the mesoporous framework
(vSi—0-Si)."® On the other hand, after running the catalytic reaction the recovered catalyst
displayed a somewhat different profile with more spectral features. One of the major
differences was the vanishing of the band assigned to “free” silanols. This was a good
indication that there were adsorbed species at the surface of the host MCM material thus
corroborating the mechanistic proposal (Scheme 1). In addition, in the vC—H mode region,

there was a more complex pattern arising from the adsorbed species. The set of three bands at

12
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3084, 3060 and 3026 cm™' can be due to any of the compounds in the process — styrene, its
epoxide and benzaldehyde. However, a sharp band at 2854 cm ™' denunciates clearly the
presence of benzaldehyde inside the pores. In addition a feature at 2925 cm ™ is due to #-
butanol, which is a by-product from the decomposition of tbhp.

To better assess the species adsorbed inside the pores of the catalyst, the fingerprint region
was studied. Table 2 shows the bands found for the reference materials and those from the

recovered catalyst after being active for 4 h.

Table 2. Assignment of vibrational modes for relevant species in the 17001300 cm ' region

at 298 K.
Styrene Styrene oxide Benzaldehyde MCM-bpy-Mo ‘

(neat) (neat) (neat) (flowed, recovered) Assignment

1703 1686 vC=0
1630 vC=C
1601 1608 1597 1601 vC=C + 6C-H
1576 1584 1584 1583 vC=C + 6C-H
1495 1497 1493 0C-H +vC=C

1477

1449 1463 1456 1455 0C-H +vC=C
1412 0C—H (CH»)
1334 1331 1339 0C-H +vC=C

Analysis of Table 2 and Figure 4b shows that in the recovered catalyst it is possible to
identify bands associated with vC=C (1601 and 1583 cm ') and 8C—H (1493 and 1452 cm™")
typical from aromatic moieties. Comparison with the neat standards shows that the bands in
the catalyst do not deviated significantly from the expected values. The band from the vC=C
mode of styrene (1630 cm ') was absent in the spectrum of the recovered catalyst (Fig 4b).
This indicates that there is not too much styrene adsorbed at the catalyst’s surface. This could
be anticipated since styrene does not have any oxygen atom and therefore specific
interactions should be weaker. Another reason may be related to the fact that styrene is the
reagent and was almost completely converted into products.

The major change is observed however for the vC=0 mode arising from the presence of

benzaldehyde. The neat compound displays this mode at 1703 cm™, while in the spectrum of

13
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the recovered catalyst a band with a maximum at 1687 cm™'was observed. The position of the
band denoted a red-shift which was compatible with a strong interaction by hydrogen
bonding where weakening of the C=O bond is expected. This interaction is anticipated to be
established with single or germinal/vicinal silanols, which would give rise to distinct C=O
bond lengths and concomitantly to different stretching vibrations towards lower frequencies.
A similar situation is detected for styrene oxide. The epoxide ring breathing mode was
expected at 877 cm'; however in the spectrum of the recovered catalyst no band was
observed at those values. Instead a band at 909 cm ™' was detected which could be due to the
interacting oxyrane ring through hydrogen bond. In this case a blue-shift was observed and
that was due to the fact that since the ring is more hindered its frequency of vibration will
rise. Still both C=0 and oxyrane stretching modes in benzaldehyde and styrene oxide,
respectively, experienced shift of the same magnitude, ca. 25 cm™'. Looking at Figure 4b
there is a band centered at 1367 cm ™' that is due to SO—H groups from the catalyst’s surface.
Compared to the fresh catalyst spectrum, this band displays a broader profile, most probably
due to interactions with adsorbed species at the surface. This behaviour is compatible with
the observations mentioned above for the carbonyl (benzaldehyde) and oxyrane (styrene
epoxide) moieties.

For comparison purposes we have also collected the DRIFT spectra for the recovered catalyst
after 2 h and 24 h of reaction time. The purpose was to have a clearer picture of whether the
spectra would be closer to styrene oxide and benzaldehyde, respectively, since at the
mentioned reaction times those products would be major. In fact, clear differences between
both recorded spectra after 2 and 24 h were observed (Figure S1), stressing the point that
DRIFT can probe each of the products. In addition, each of these spectra was found to be
different from that shown in Fig. 4b, which was recorded after 4 h reaction time, when

product selectivity is roughly 50% for each product.

Inelastic neutron scattering spectroscopy

INS was measured on TOSCA for both the fresh and the recovered catalyst. Figure 5, shows
the spectra of the mentioned samples across the energy range between 20-4000 cm ', while
Figure 6 shows the corresponding spectra in the fingerprint region. Reference spectra of pure
styrene, styrene oxide and benzaldehyde in the same regions are shown in the ESI (Figures

S2 and S3).

14
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—— Fresh catalyst
2 —— Recovered catalyst
g —— Difference
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800 1600 2400 3200 4000

Energy Transfer (cm™)

Figure 5. INS spectra of the fresh catalyst (a), recovered catalyst after styrene oxidation
catalysis at 353 K for 4 h (b) and difference spectra. Spectra (a) and (b) were normalized

prior to calculation of the difference.

In Figures 5 and 6 striking differences can be observed. The INS spectrum of fresh MCM-
bpy-Mo catalyst shows weak spectral features, which were consistent with the low loading of

guest species. On the other hand the recovered catalyst shows several new bands with much

higher intensity.

S (Q,0)

—— Fresh catalyst
—— Recovered catalyst
—— Difference

s
I

800 1000 1200 1400 1600 1800 2000
Energy Transfer (cm™)

Figure 6. INS spectra in the fingerprint region of the fresh catalyst (a), recovered catalyst
after styrene oxidation catalysis at 353 K for 4 h (b) and difference spectra. Spectra (a) and

(b) were normalized prior to calculation of the difference.
The difference spectrum shows the persistence of several features in the fingerprint region.
Comparison with the reference spectra, Figs. S2 and S3 (ESIT), showed clearly that there was

a mixture of both species contributing to the INS spectrum. This suggested, as expected, that

15
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for this particular MCM-41 based system INS was probing all the species inside the channels
of the catalyst that were active players in the catalytic process. Caution should prevail here,
since the previous statement should be true for catalysts with high surface area and with
easily accessible porous systems such as those based on MCM-41 supports. This is because
INS (and DRIFT) are not surface sensitive techniques.

Assuming styrene oxide and benzaldehyde to be present in high concentration (50%
selectivity after 4 h reaction time, according to the measured reaction kinetics, Figure 3) there
were differences in the adsorbed species compared to the spectrum of the neat compound. As
evidenced in Figure 7, the band at 1200 cm*], assigned to CH deformation modes, was blue-
shifted from its original position. This behaviour was consistent with hydrogen bonding of

such groups, through C—H---O interactions,’> with the surface of the catalyst.

16
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Figure 7. Comparison of the INS spectra of recovered catalyst and styrene oxide (a) and
benzaldehyde (b) in the region 100-2000 cm™'. Comparison of INS spectra of neat
compounds with that of the recovered catalyst is shown in c) for the fingerprint region;
special attention should be paid to the bands above 1100 cm ™' which show more dramatic

changes (see discussion in the text).

By the same token, another strong feature at ~1400 cm ™' was also blue-shifted from its

position in styrene oxide. However, this band could also be assigned to benzaldehyde, which

also revealed a strong feature in this region at lower wavenumbers.
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At this point the complementarity of DRIFT and INS should be stressed out. In fact while
INS could effectively probe easily deformation CH modes involved in host-guest interactions
by means of hydrogen bonding, DRIFT provided information about the modes that are not
observed in INS. These include the vC=0 and the oxirane ring modes from benzaldehyde and
styrene oxide, respectively. In this way, under hydrogen bonding regime the CH deformation
modes would experience a blue-shift (which is observed with INS) whereas the for
benzaldehyde one would expect a red-shift of the carbonyl mode. This was confirmed by
DRIFT as well as the blue-shift of the oxirane breathing mode, as discussed above.

The presence of styrene was not easily probed, being understandable, since styrene was being
converted into its oxidation products (Figure 4) and also because after 4 h reaction the system
was flushed to remove weakly bound pecies. From these data one can assume that at a given
point in time during the oxidation reaction of styrene, there was a mixture of oxidation
products adsorbed at the surface of the MCM channels and this could be probed by INS,
based on the time of reaction (4 h, see Figure 4b). Actually this could be expected as
oxidation products (styrene oxide and benzaldehyde) hold "O" atoms; in addition such
findings corroborate the DRIFT data discussed above. This leads to stronger host-guest
interactions that make possible the measurement of such surface species by INS. On the other
hand, because styrene does not have any electronegative nuclei (e.g. N or O) it is a species
that should not have strong interactions with the surface of the catalyst. Therefore, after the
system being flushed, little adsorption was expected and that was why it was probed with
more difficulty in this study.

Although caution should always prevail, we have tested an interesting exercise where we
tried to estimate the relative amounts of the reaction products inside the pores of the used
catalyst. This relied on a Job-plot method where the ends are the measured spectra from neat
styrene oxide and benzaldehyde, while the middle points are assessed by blending both
spectra from those species. The next step was achieved, after spectra normalization to unit
area) by subtracting these neat/blended spectra from the INS spectrum of the used catalyst in
the spectral region between 100-2000 cm ™. The result is shown in Figure 8a. Afterwards, the
area of each difference spectrum was calculated and plotted against the molar fraction of
styrene oxide. Where the Job-plot was minimized it would indicate the best match of the

blended styrene oxide/benzaldehyde spectra.
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Figure 8. (a) INS difference spectra between the spectrum of the recovered catalyst after 4 h
reaction time and the neat/blended spectra of styrene oxide and benzaldehyde; (b) Job-plot
shows the calculated area of each difference spectrum against the corresponding quantity of

styrene oxide in the blend. The minimum value corresponds to the best match.

The result, shown in Figure 8b, evidences a Job-plot whose minimum was found between 40-
60% (accounting for obvious errors in the approach). This result was in excellent agreement
with the time-resolved selectivity of styrene oxide/benzaldehyde throughout the catalytic
reaction. As can be seen in Figure 3b, the selectivity vs. time profile shows that after 4 h the
experimentally measured selectivity was 45%. Such result shows a very good agreement with
the Job-plot result, although caution should always prevail in this conclusion as several
assumptions were made.

Nevertheless, this study evidences the powerfulness of INS in probing guest species inside
porous supports that act as catalysts compared to other common techniques such as FTIR or

Raman.

Concluding remarks
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In this work we have assessed the surface species after styrene oxidation on a composite
epoxidation catalyst based on MCM-41 with immobilized Mo complexes. Previous
experiments demonstrated that styrene oxidation with this catalyst yields styrene oxide,
which then undergoes oxidative cleavage leading to high yields of benzaldehyde. The
maximum selectivity for styrene oxide had been estimated at ca. 4 h reaction time and after
that there is the inter-conversion into benzaldehyde that is obtained almost exclusively after
24 h. INS allowed for some insight into what lies inside the pores of the catalyst as follows:
The overall spectrum of the recovered catalyst shows an intricate set of bands whose origin
can be assigned to the presence of styrene, styrene oxide and benzaldehyde. Concerning
benzaldehyde and styrene oxide, these seem to have a higher contribution to the overall
spectrum as compared to styrene; this is most probably due to the fact that those compounds
hold strong acceptor groups that can establish hydrogen bonds, whereas styrene does not. INS
allowed for estimation of product selectivity in the catalyst by means of a Job method.
Despite being a somewhat novel approach in INS, this has been previously applied sucessfuly
to address hydrogen bond stoichiometry.*® Although the present approach must be taken with
care, there is a very good match with experimental kinetic data.

Agreement between INS and DRIFT measurements is excellent with complimentary data
being gathered by each technique. In particular while INS allowed to probe which specific
modes involving CH or CH, donor groups were bound to the surface, by hydrogen bonding,
DRIFT spectroscopy, on the other hand probed quite nicely the effects of hydrogen bonding
on both carbonyl and oxirane acceptor groups in benzaldehyde and styrene oxide,
respectively. In this way this work showed how DRIFT and INS can effectively complement
each other and provide a clear picture of catalysts in operando conditions. We should once
more alert to the fact that any of the technique is not surface specific, meaning that they will
not distinguish species that are either on the inside or outside of a given catalyst.

Further work is currently ongoing to explore the capabilities of neutron scattering techniques

in probing surface species in similar systems designed for oxidation processes.
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