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ABSTRACT: Due to the considerable industrial implications, an in-depth study of cumene peroxidation using supported gold and
silver nanoparticles was carried out to gain more insight into the mechanism of this reaction. Supported gold nanoparticles were
found to efficiently catalyze the decomposition of cumene hydroperoxide with a selectivity of 25% at 80°C when using gold sup-
ported on hydrotalcite (AUNP@HT) and 2-phenyl-2-propanol (i.e., cumyl alcohol) was the main product. Further, silver nanoparti-
cles supported on hydrotalcite (AgNP@HT) converted cumene to cumene hydroperoxide at 80°C with 80% selectivity. Both bench-
top and oxygen-uptake experiments were used to probe the reaction mechanism and suggest that formation of a peroxyl radical-
nanoparticle adduct is an important step in the peroxidation pathway and may be directly involved in the formation of the major

cumyl alcohol product.
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INTRODUCTION

Oxidation reactions are one of the most fundamental reactions
at the industrial level. Notably, free-radical reactions are used
to synthesize several chemicals, including cyclohexane hy-
droperoxide, ethylbenzene hydroperoxide, and cumene hy-
droperoxide. These hydroperoxides are important intermedi-
ates in several industrial processes." In particular, cumene
hydroperoxide accounts for the vast majority of the world
production of acetone and phenol. Considerable efforts have
focused on the catalytic formation of hydroperoxides.
Ethylbenzene hydroperoxide is a key intermediate in the Hal-
con process, commonly formed by the metal salt catalyzed
free-radical oxidation of tetraline in the 1950’s and 60’s.% 3
Later, heterogeneous materials, notably MnO, and Cu,0,* were
used in the free-radical oxidation of cumene. More recently,
nanostructures have been investigated as potential alternative
catalysts in hydroperoxidations. One of the more recent exam-
ples involves ethylbenzene oxidation using NiAl hydrotalcite
catalysts, also thought to proceed via a free-radical mecha-
nism.> In many cases the catalytic process can be viewed as a
desirable perturbation of the well-established autoxidation of
reactions 1-4.

Initiation : production of R¢ , ROO¢ or RO Q)

Propagation: R+ O, = ROO* (2)

ROO+ +HR — ROOH + Re 3)
ROO-+ + ROO- —non-radical products (4)

The initiation (1), the propagation (2 and 3) and the termina-
tion (4) are steps that occur in a typical free radical chain
reaction.

Although formation of hydroperoxides through the use of a
variety of catalysts has been demonstrated,® a major disad-
vantage that still remains relates to the instability of hydrop-
eroxides in the presence of the catalyst.” Typically, the hy-
droperoxide will decompose into the corresponding alcohol.
This pathway can sometimes be useful, as in the case of cy-
clohexane oxidation to cyclohexanol,®*! an important step in
the formation of caprolactam, the major precursor for the
synthesis of Nylon-6.

Also of considerable importance is the Hock rearrangement
from cumene hydroperoxide to phenol and acetone, highly
sought-after in the chemical industry.” However, several
studies examining the formation of cumene hydroperoxide
using silver nanoparticles on Al,O5,* as well as copper and
copper oxide nanoparticles* on MgO," have shown that the
undesired cumyl alcohol was obtained in significant yields.
Further studies by Lloyd et al.'® using supported gold nano-
particles have demonstrated the importance of the support
towards hydroperoxide stability. Silver nanoparticles (AgNP)
have been shown to catalyze the peroxidation of cumene,
even though the influence of the support in these reactions
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was not conclusive.® More so, the work of Ham et al.®®

demonstrates that AgNP, under oxygen, do not degrade cu-
mene hydroperoxide, but still catalyze cumene peroxidation.

From the literature, it is evident that some supported nanopar-
ticle catalysts strongly influence the stability of hydroperox-
ides, as well as that of common radical initiators.” ** Due to
the sheer importance of cumene hydroperoxide, this contribu-
tion will focus mainly on this intermediate and is aimed at
examining the use of potential heterogeneous nanoparticle
catalysts, specifically supported AuNP and AgNP, not only to
maximize cumene hydroperoxide production, but also reduce
the yield of the cumyl alcohol by-product, formed via hydrop-
eroxide degradation.

Clearly, some catalysts and their supports can influence the
stability of the hydroperoxide, a product of the reaction, but
also play an important role as a radical initiator. This work
was undertaken with two questions in mind:

Do typical oxidation catalysts induce the decomposition of
typical oxidation initiators, in particular hydroperoxides?

Do oxidation catalysts influence in any way (catalysis or
inhibition) the kinetics of the free-radical chain reaction that
mediates oxidation?

To the best of our knowledge, these questions have not been
addressed in any detail in earlier work, especially when con-
sidering supported AuNP; yet, we believe that understanding
these issues is key to mechanistic proposals dealing with the
catalytic oxidation of alkenes (leading to epoxides), as cata-
lyst-induced initiator decomposition will have significant
effects on both the kinetics and efficiency of such reactions.
Most work was carried out at low conversions to reveal the
early stages of the oxidation process. Clearly it would be
impossible to address questions (i) and (ii) for all combina-
tions examined in the literature. We simply aim at addressing
these issues for some key systems, notably some widely em-
ployed supported gold nanoparticles, such as commercially
available AUNP@TIO,. This work also allows the opportunity
to study the formation of cumene hydroperoxide, which is
made via the auto-oxidation of cumene in a process that is not
catalyzed in industry.™

EXPERIMENTAL

Reagents. Cumene, cumene hydroperoxide (CHP), (technical
grade 80%, largely cumene impurity), cumyl alcohol (98 %;
2-phenyl-2-propanol), acetophenone (98 %), dicumyl perox-
ide (DCP) (97 %), 2,6-di-tert-butyl-4-methoxyphenol (95%,
DBHA), tert-butyl hydroperoxide solution in H,O (80%) and
dodecane (99%), chlorobenzene (99.5%), hydrotalcite (HT),
sodium  borohydride (NaBH,), tetrachloroauric acid
(HAUCI,*H,0), silver nitrate, phenol, lipoic acid (99%) and
optima grade acetonitrile were purchased from Sigma-Aldrich
and used as received. TiO, P25 was a gift from Evonik De-
gussa. AUROIite™ 1% AuNP@TiO, was purchased from
Strem Chemicals and was ground using a mortar and pestle
prior to use. The average size of the AuNP was determined to
be 2.3 nm by TEM (Figure S1). Optima grade heptane, 2-
propanol and ammonia (28% in H,0) were purchased from
Fisher Chemicals and used as received. Millipore H,O was
deionized in house (18.2Q2 at 25°C) and used in the synthesis
of supported metal nanoparticles.

Instruments. The size of the metallic nanoparticles was de-
termined using a JEM-2100F FETEM transmission electron
microscope (TEM) from Jeol Ltd. Analysis of the reaction

mixture (cumyl alcohol, acetophenone and cumene hydroper-
oxide) was carried out using a normal phase Agilent 1100
HPLC (eluent 99:1 heptane:2-propanol). The amount of di-
cumyl peroxide was determined using a Waters HPLC fitted
with a reverse phase C-18 silica column and employing an
eluent mixture of 60:40 acetonitrile:water. Representative
reverse and normal phase HPLC spectra are shown in Figures
S4 to S6. Experiments requiring controlled gas flow used a
Matheson flow meter.

Synthesis of supported gold nanoparticles on hydrotalcite
(AUNP@HT). The procedure was adapted from previous
work by Mitsudome et al.?° 2 g of hydrotalcite were added to
60 mL of an agueous solution of 1.8 mM HAuCl,*H,0. 0.09
mL of a 10% solution of NH,OH was added after several
minutes and the mixture was allowed to stir overnight. The
supported Au** composite was filtered, washed with water, re-
suspended in water and 10 mL of a 200 mM solution of sodi-
um borohydride were added and allowed to react for two
hours. Finally, the purple solid was filtered, washed with
water and dried under ambient conditions. The theoretical
loading was 1 % and the average nanoparticle size was deter-
mined to be 5.8 nm by TEM (see Figure 1 and S2).

Synthesis of supported silver nanoparticles on hydrotalcite
(AgNP@HT). The procedure was adapted from previous
work from Mitsudome and co-workers.”* 2 g of hydrotalcite
were added to 60 mL of an aqueous solution of 2.9 mM silver
nitrate. The solution was cooled using an ice bath and purged
with nitrogen. After stirring for 4 hours, the Ag*/hydrotalcite
composite was filtered, washed and re-suspended in water.
Under a nitrogen atmosphere, 10 mL of a 200 mM solution of
sodium borohydride were added to the slurry. The yellow
solid was then filtered and washed with water and dried at
ambient temperature. The theoretical loading was calculated
to be 1% and the average nanoparticle size was determined to
be 10 nm by TEM (see Figure 1 and S3).

Peroxidation of cumene under atmospheric conditions. In
a 50 mL, two-neck round bottom flask, 200 mg of catalyst and
12 wl (0.05 mmol) of an aqueous solution of tert-butyl hy-
droperoxide were added to 20 mL of cumene and the reaction
heated to 80°C. This corresponds to 0.035% equivalents of
initiator; note that conversions are low and that the reaction
generates hydroperoxides that also act as initiators. An aliquot
was taken from the reaction mixture every hour, centrifuged
and subsequently analyzed HPLC. Control reactions were
carried out using the support itself and in the absence of het-
erogeneous materials (tert-butyl hydroperoxide initiator only).

Peroxidation of cumene under oxygen saturated condi-
tions. The experimental protocol is the same as used for the
reactions under atmospheric conditions. However, oxygen
was continuously bubbled into the solution using a Teflon
needle in order to prevent contamination by iron. The oxygen
flow was controlled using a flow regulator.

Decomposition of cumene hydroperoxide (CHP) in dodec-
ane. In a 50 mL, two-neck flask, 200 mg of catalyst and 500
ul of an 80% solution of cumene hydroperoxide were added
to 20 mL of dodecane and the reaction was heated to 80°C. An
aliquot was taken from the reaction mixture every hour, cen-
trifuged and then analyzed via HPLC. Control reactions were
also carried out as indicated in the procedure for the peroxida-
tion of cumene under O,.

Oxygen uptake experiments. The oxygen uptake apparatus
was a gift from Prof. Ross Barclay of Mount Allison Univer-
sity (Sackville, NB). This system, built in-house, monitors
small, pressure differences between two samples (sensitivity
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< 100 nmol O,). Technical details of the design are presented
elsewhere.?” 2 The amount of oxygen consumed was deter-
mined by measuring the change in the pressure difference
between the reference and the reaction cell. Oxygen uptake
experiments were carried out at 30°C due to technical limita-
tions of the instrument.

The experiments were conducted as follows: 5 mL of cumene
were added to the reference and reaction cells and then 12.6
mg of the catalyst of interest were added to the reaction cell.
To initiate the reaction, 100 ul of a 176 mmol aqueous solu-
tion of tert-butyl hydroperoxide were added to the reaction
cell. The rate of propagation is determined by graphical
measurements and corresponds to the first derivative of the
amount of oxygen produced with time.

Oxygen uptake experiments: Determining the rate of
initiation (R;)

The same general procedure described in the preceding sec-
tion was used; however after measuring the rate of propaga-
tion, 100 pl of 8.0 mmol solution of 2,6-di-tert-butyl-4-
methoxyphenol antioxidant were added in order to determine
the inhibition period due to trapping of radical species. This
inhibition period provides information about the rate of initia-
tion, which corresponds to the rate at which free radicals are
formed from non-radical precursors.?*

Recyclability Experiments

In a 50 mL, two-neck round bottom flask, 200 mg of catalyst
and 12 pl (0.05 mmol) of an aqueous solution of tert-butyl
hydroperoxide were added to 20 mL of cumene and the reac-
tion heated to 80°C for a period of 8 hours. After reaction, the
slurry was transferred to glass centrifuge tubes and centri-
fuged at 3000 rpm for 15 minutes. The catalyst was separated
from the reaction mixture and washed three times using
CH5CN to remove any adsorbed organics from the composite
surface.

Peroxidation Inhibition  using  2,6-di-tert-butyl-4-
methoxyphenol (DBHA) and AuNP Surface Functionaliza-
tion using Lipoic Acid

In a 50 mL, two-neck round bottom flask, 100 mg of catalyst
and 7 pl (0.025 mmol) of an aqueous solution of tert-butyl
hydroperoxide were added to 10 mL of cumene and the reac-
tion heated to 80'C for a period of 3 hours. An aliquot was
taken every 30 minutes, centrifuged and subsequently ana-
lyzed by HPLC. Either 100 mg of 2,6-di-tert-butyl-4-
methoxyphenol or 5 mg of lipoic acid were added after 1 hour
to observe the effects on the overall product yields.

RESULTS

The TEM image of AUNP@HT, shown in Figure 1a, illus-
trates an average NP size of 5.8 + 2.7 nm. Likewise, Figure 1b
presents a representative TEM image for AQNP@HT and
average particle sizes of 10 + 3.2 nm. The corresponding size
distribution histograms are presented in Figures S2 to S3.
Additionally, TEM of the commercial AUNP@TIiO, can be
seen in Figure S1.
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[ ]
100 nm

Figure 1. Representative TEM images of (a) AUNP@HT
and (b) AQNP@HT

Commercial AUNP@TIO, as a catalyst for cumene perox-
idation. Our initial goal was to study cumene peroxidation
using commercially available AuUNP supported on TiO, in the
presence of a tert-butyl hydroperoxide initiator. As illustrated
in Figure 2, when the reaction is performed in the absence of
nanoparticle catalyst, a 1.0 % yield of cumene hydroperoxide
(CHP) was obtained after 24 hours of reaction. When the
support alone (TiO,) was used, minimal yields of cumene
hydroperoxide were observed. On the other hand, using com-
mercial AUNP@TIO, as the catalyst, yields of 3.8 % for
cumyl alcohol and 1.0 % for cumene hydroperoxide were
obtained. The different product distributions obtained when
using the support alone and the nanomaterial indicate that
TiO, alone is not capable of cumene hydroperoxide decompo-
sition into cumyl alcohol via a free-radical pathway.”

Bl Cumyl Alcohol
4 W Cumene Hydroperoxide

3.6
3.2
28
24

1.6
12
08

[i] . 1

04
No catalyst  TiO, AWITIO,

% yield

Figure 2. Bar graph illustrating the yield of cumyl alcohol
and cumene hydroperoxide after 24 hours when using no
catalyst, TiO, and commerical AUNP@TIO, at 80°'C and
tert-butyl hydroperoxide as an initiatior.

The reaction kinetics using commercial AUNP@TIiO, (Figure
3) monitored over 8 hours clearly shows that cumene hydrop-
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eroxide is not detected before three hours of reaction and that
cumyl alcohol is the major product obtained.
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Figure 3. Percent yield of cumyl alcohol (m), CHP (@),
acetophenone (@) and DCP (A) obtained for the
peroxidation of cumene using commerical AUNP@TIiO, at
80C over 8 hours.

Other secondary products were obtained in small quantity
when commercial AUNP@TIiO, was used as a peroxidation
catalyst (Figure 3). Acetophenone was formed from a second-
ary radical pathway involving B-scission of the cumyloxyl
radical, while dicumyl peroxide (DCP) resulted from the
recombination of two cumyl peroxyl radicals or two
cumyloxyl radicals (Scheme 1). Notably, cumene peroxida-
tion control experiments run in the absence of catalyst or
using TiO, alone yielded only trace amounts of product (Fig-
ures S7 and S8).
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Scheme 1. Formation of secondary products for cumene
peroxidation using commercial AUNP@TIiO,: a) formation
of acetophenone via B-scission, b) formation of DCP via
radical recombination of two cumyloxyl radicals and c)
formation of DCP via recombination of two cumyl peroxyl
radicals.

Figure 4 illustrates the decomposition of CHP as a function of
% CHP remaining. The objective of this experiment is to
determine the stability of cumene hydroperoxide under differ-
ent reaction conditions. In each case, CHP and the catalyst
were added to dodecane, a solvent relatively inert towards
radical processes.® As can be seen, in the absence of a cata-
lyst, the percentage of CHP remaining is relatively constant.
However, upon addition of either the support alone (TiO,) or
commercial AUNP@TiO,, CHP is rapidly consumed.
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Time (Hour)

Figure 4. Decomposition of cumene hydroperoxide using
no catalyst (m), TiO, only (A) and commercial
AuNP@TIiO, (®) at 80°C.

HPLC analysis of the reaction mixture when TiO, alone was
used illustrates phenol as the main decomposition product,
obtained via an ionic pathway not a free-radical pathway.”’
The formation of phenol from CHP is largely dependent on
the acidity of the TiO,. Solomon and Murray®® have shown
that hydrated clays (< 6% water content) effectively catalyze
the formation of phenol from CHP. When the water content is
above this value, no CHP decomposition was observed. Simi-
lar experiments were conducted using TiO,. In one case, the
support was calcined at 400°C for 72 hours and in another
was used as received. The dried TiO, sample rapidly decom-
posed CHP into phenol at 80°C within 2-3 hours, where as the
hydrated support remained inert toward CHP degradation
(Figure S10). The formation of phenol would account for the
considerable CHP degradation observed in Figure 3 without
detectable amounts of the expected cumyl alcohol free-radical
product.

Using AUNP@HT as a catalyst. As shown above, the radical
nature of cumene hydroperoxidation ultimately requires that
the hydroperoxide must be stable in the presence of the sup-
port. Of the other numerous solids tested for inertness toward
CHP degradation (e.g., Al,O; ZnO, clays), hydrotalcite (HT;
magnesium aluminum anionic clay) was found to meet this
criterion and has been shown to be inert towards radical pro-
cesses.’

As shown in Figure 5, though cumyl alcohol is still the major
product for the cumene peroxidation reaction using
AUNP@HT, a considerable amount of cumene hydroperoxide
can be observed after 8 hours of reaction. Control experiments
run in the presence of HT only did not show any significant
product formation (Figure S10).
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Figure 5. Percent yield of cumyl alcohol (m) and CHP (@)
for AUNP@HT catalyzed cumene hydroperoxidation at
80 C.

The ability of HT and AuNP@HT to degrade cumene hy-
droperoxide was also assessed (Figure 6). Primarily, in the
absence of catalyst or in the presence of HT only, CHP exhib-
ited exceptional stability. However, when AuNP@HT was
used as a catalyst, CHP degraded into cumyl alcohol, reaching
a plateau after ~2 hours. This plateau is likely due to the fact
that the cumene hydroperoxide reagent contains about 20%
cumene, which allows for a steady-state to be established
between CHP degradation and CHP formation from cumene
and atmospheric oxygen in the reaction mixture. When this
reaction was carried under inert atmosphere (N,; Figure S11),
complete degradation of the CHP was observed, as the path-
way for O,-facilitated cumene hydroperoxidation was re-
moved. The plateau observed in Figure 6 for AUNP@HT
decomposition of CHP could also be partially explained by
catalyst fatigue or change in the electronic properties of cata-
lyst. A change in the properties of the catalyst may also be
evidenced by the presence of a small induction time observed
prior to CHP formation.

160
140
120
100
80
60
40
20
0

Concnetration CHP (mM)

Time (Hour)

Figure 6. Decomposition of cumene hydroperoxide into
cumyl alcohol using no catalyst (m), HT (A) and
AuNP@HT (@) at 80 C.

The formation and degradation of CHP using commercial
AUNP@TIO, (Figures 3 and 4) and AuNP@HT (Figures 5
and 6) as catalysts illustrate that AUNP@TiO, are more active
towards CHP decomposition, where as AUNP@HT promotes
the formation of CHP, the desired precursor of the aforemen-
tioned Hock rearrangement. As a nominal 1% Au loading is
used for both catalysts, Au concentration must not play a large
role in the observed differences in activity between
AUNP@TIO, and AUNP@HT. The varying results are likely
related to the difference in the size of the supported nanopar-

ACS Catalysis

ticles, where smaller particles (and thus more numerous)
result in more efficient reaction® (AUNP@TIiO, = 2.3 nm;
AUNP@HT = 5.8 nm), as well as the effect of the support
itself.*

Using AQNP@HT as a catalyst. As HT is relatively inert
towards CHP degradation, silver nanoparticles supported on
HT (AgNP@HT) were also examined as potential catalysts
for cumene peroxidation, as shown in Figure 7, for direct
comparison with Au. A considerable increase in the yield of
CHP with respect to cumyl alcohol can be observed in the
presence of AgNP@HT, as compared with the results ob-
tained using commercial AUNP@TiO, and HT (Figures 3 and
5, respectively). The amount of cumyl alcohol obtained when
using AgNP@HT is minimal (0.08%) compared to 1.0% for
CHP. Moreover, these results suggest very good selectivity
toward CHP formation when AgNP@HT are employed as
heterogeneous catalyst. The amount of cumyl alcohol ob-
tained in the case of AQNP@HT is minimal and the selectivity
toward cumene hydroperoxide is 92 % (after 8 hours of reac-
tion).

1.2
1 L]
0.8 .

0.6 o

% yield

0.4 ®

0.2

Time (Hour)

Figure 7. Percent yield of cumyl alcohol (m) and CHP (@)
for AQNP@HT catalyzed cumene hydroperoxidation at
80 C.

Figure 8 illustrates the ability of AQNP@HT to degrade cu-
mene hydroperoxide and shows minimal cumene hydroperox-
ide degradation (loss of approximately 25% over 8 hours) to
cumyl alcohol as compared to AUNP@HT, confirming that
CHP is the major product formed when supported AgNP are
used as the peroxidation catalyst.
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Figure 8. Decomposition of cumene hydroperoxide into
cumyl alcohol using no catalyst (m), HT (A) and
AgNP@HT (@) at 80 C.
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In an attempt to increase the overall yield of cumene hydrop-
eroxide formation, the reaction medium was saturated with
oxygen (5 mL/min flow). Figure 9 shows that the overall yield
of CHP formed after 8 hours of reaction was 9.4% under O,,
as compared to 1.0% under atmospheric conditions. Further-
more, the % yield of cumyl alcohol was also found to increase
from 0.08% to 2.4% in the presence of oxygen.
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Figure 9. Percent yield of cumyl alcohol (@) and CHP (@)
for AQNP@HT catalyzed cumene peroxidation at 80 C
under oxygen saturated conditions.

Table 1 summarizes the % yields of cumyl alcohol and CHP
obtained under the different reaction conditions discussed
herein, as well towards CHP formation when using supported
Au and AgNP as catalysts. Importantly, in the absence of any
catalytic material, no significant conversion of cumene to
CHP was observed. The reaction was also carried out of a
period of 24 hours yielding 18.4 % CHP and 4.8 % cumyl
alcohol for a combined conversion of ~25 %. This value is
within the range of yields commonly obtained in industry.**

Table 1. Product distribution and selectivity of Au and
AgNP catalyzed cumene peroxidation after 8 hours reac-
tion at 80°C.

Catalyst % Yield % Yield Selectivity
Cumyl Al- CHP CHP (%)
cohol
AUNP@HT? 0.9 0.3 25%
AgNP@HT? 0.1 1.0 92 %
No 0.0 0.03 100 %
catalyst®
HT? 0.0 0.01 100%
AgNP@HT® 2.4 9.4 80%
No 0 0.1 100%
catalyst®
HT® 0.2 18 80%

#Atmospheric conditions
POxygen saturated conditions

Recyclability Study

The recyclability of AuNP@HT and AgNP@HT under at-
mospheric and oxygen saturated conditions are presented in

Figure 10. After AuNP@HT is recycled once, a 2-fold in-
crease in the amount of CHP and a corresponding decrease in
the yield of cumyl alcohol was observed. The observed de-
crease in the obtained yields of cumyl alcohol can be attribut-
ed to catalyst fatigue with regards to the efficiency of the
material to degrade CHP and can be used to justify the plateau
of CHP decomposition observed in Figure 6. When using
AgNP@HT as a catalyst under atmospheric conditions, simi-
lar yields of CHP and cumyl alcohol are obtained after one
reuse, illustrating reasonable stability of the nanocomposite.
However, recycling experiments using AgNP@HT under
oxygen-saturated conditions illustrate deactivation of the
catalyst with respect to both CHP and cumyl alcohol for-
mation. This observation occurs in conjunction with a con-
siderable change in the visual yellow to blue/black. Character-
ization of the catalyst by TEM analysis shows reduced pore
stability of the HT support under these conditions (Figure
S12). Notably, TEM images depict the disappearance of the
two dimensional, layered structure of the HT. XPS analysis of
the supported AgNP (Figure S13) also illustrates some oxida-
tion of the nanoparticles under these reaction conditions.

2.5

Relative yield

AuNP@HT AgNP@HT AgNP@HT 02

Figure 10. Recyclability experiments after one reuse of
AuNP@ HT and AgNP@HT (under atmospheric and
oxygen saturated conditions): CHP first cycle (M), CHP
second cycle (M), cumyl alcohol first cycle (H) cumyl alco-
hol second cycle (H).

Oxygen Uptake Experiments

The oxygen uptake apparatus was used to evaluate the mech-
anism of AuNP-mediated cumene peroxidation. This method-
ology has been widely utilized and is well described in the
literature.*> Oxygen uptake kinetics for the free-radical cu-
mene autoxidation is well studied with known rate constants
for each elementary step.® The purpose of these experiments
is to compare cumene peroxidation using supported AuNP
with the previously published results for the standard free-
radical autoxidation of cumene.

The basic oxygen uptake experiment is described as follows:
The oxygen uptake apparatus can be used to determine the
rate at which oxygen is consumed by a reaction, effectively
probing the propagation step. Figure 11 shows representative
data obtained from the oxygen uptake apparatus when moni-
toring cumene peroxidation, where the slope of the black trace
can be used to calculate the rate of propagation, R,, equivalent
to the rate at which oxygen is consumed (see Supporting
Information for more details). The red trace represents an
experiment where an antioxidant is added to the reaction
mixture resulting in an induction period that can be used to
determine the rate of initiation (R;). The antioxidant prevents
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the propagation by trapping the radical species that are formed
in the initiation step.

Our oxygen uptake apparatus cannot be used at elevated tem-
peratures (maximum 30°C). Under these experimental condi-
tions, AuNP and AgNP@HT showed limited catalytic activity
towards the peroxidation process, therefore studies were con-
centrated on the use of commercial AUNP@TiO,. Control
experiments carried out in the absence of tert-butyl hydroper-
oxide initiator and in the presence of TiO, revealed no evi-
dence of oxygen uptake. The rate of oxygen consumption,
(Rp) catalyzed by commercial AUNP@TiO, experiment was
calculated to be ~1.0 x 10" M/s and decreased as the reaction
progressed. The amount of oxygen consumed by the peroxida-
tion reaction was, as expected, equivalent to the sum of cumyl
alcohol and cumene hydroperoxide produced (Figure 12).

25

20
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0 500 1000 1500 2000
Time (s)
Figure 11. Typical oxygen uptake traces obtained for
commercial AUNP@TiO,-catalyzed cumene peroxidation
using tert-butyl hydroperoxide as intiator. The black line
represents actual experimental data obtained and was
used to calculate the amount of O, consumed as a function
of time and the red line represents actual experimental
data using an antioxidant to calculate the rate of initiation.

R; for cumene peroxidation in the presence of supported
AUNP and an antioxidant was also calculated and found to be
~1.7x107 M/s. The equations used for the calculation of R,
and R; can be found in the Supporting Information. From
these values, the average length of the free-radical chain reac-
tion, R,/R;, can also be predicted and was determined to be
~58. In principle, this number reflects the ratio between the
amount of CHP and cumy! alcohol formed, as CHP is formed
in the propagation step and cumyl alcohol is in the initiation
step. Thus, R,/R; should be proportional to [CHP]/[Cumyl
Alcohol].

Aliquots taken from the reaction cells were analyzed via
HPLC to determine the product distribution ratio obtained
from the oxygen uptake experiments (Figure 12). The differ-
ences in % vyield values shown in this graph as compared to
Figure 3 can be attributed to inherent reaction conditions of
the oxygen uptake apparatus as compared to those carried out
on the bench. These data indicates that the experimental value
of [CHP]/[Cumyl Alcohol] is slightly less than 2, clearly
lower than the determined free-radical chain length of 58.
This discrepancy will be used to further discuss the potential
mechanism for AuNP-mediated cumene peroxidation (vide
infra).
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Figure 12. Percent yield of cumyl alcohol (m) and CHP
(@) for cumene peroxidation using AUNP@TIO, at 30 C
using the oxygen uptake technique.

DISCUSSION

Free-radical cumene peroxidation can be described as a typi-
cal chain reaction, including initiation, propagation and termi-
nation steps. From the results obtained in this work, especially
the decomposition of cumene hydroperoxide into cumyl alco-
hol, it is evident that both AUNP and AgNP have a significant
influence on the initiation step. This decomposition can be
attributed to a Fenton-like reaction in the presence of metal
nanoparticles, as has been previously reported for H,O, de-
composition by AgNP* and also by AuNP supported on
nanodiamond.®

As this work was carried out using heterogeneous catalysts,
the role of the support must be considered. Previous results
obtained for the peroxidation of cyclohexane using various
supported AuNP, notably AUNP@TiO,, attributed the majori-
ty of cyclohexane hydroperoxide decomposition to the pres-
ence of the nanoparticles.? However, further studies suggested
that the support itself could also be responsible for some
hydroperoxide decomposition when using Au@nano-Ce0,.*®
In the case of the work discussed herein, the results obtained
when using AuNP and AgNP@HT show that the nanoparti-
cles are mainly responsible for the decomposition of CHP into
cumyl alcohol. This is evident when HT alone is used as the
catalyst and minimal CHP decomposition was observed.
However, in experiments where commercial AUNP@TIO,
was used as a catalyst, the nature (i.e., hydration) of the sup-
port played a more important role on CHP stability. Further-
more the major product obtained (phenol) for CHP decompo-
sition when using TiO, alone supports an acid-catalyzed
mechanism, rather than a free-radical pathway.*

When considering the pathways responsible for supported
nanoparticle-catalyzed cumene peroxidation it is important to
consider past literature precedents.®* * ¥ Both Au and Ag
nanoparticles actively decompose hydroperoxides via a Fen-
ton-like reaction. As such, the initial step in our schematic
representation, presented in Figure 13, involves adsorption of
hydroperoxide (either the tert-butyl hydroperoxide initiator or
cumene hydroperoxide formed throughout the reaction) onto
the NP surface and a subsequent Fenton cleavage to result in
RO+ and HO™. The possibility of a homogeneous catalysis
caused by catalytic leaching of supported AuNP into the
reaction mixture was also considered, as such a pathway
would lead to Fenton chemistry happening in solution. How-
ever, no Au could be detected following ICP analysis of the
catalytic reaction mixture after the removal of the catalyst by
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centrifugation, ruling out such a possibility. Following the
initial Fenton cleavage of the hydroperoxide via the adsorp-
tion of ROOH onto the nanoparticle surface, the nanoparticle-
catalyzed peroxidation of cumene can be thought of as involv-
ing a combination of radical reactions occurring in solution
and on the nanoparticle surface. The reactions occurring on
the nanoparticle surface could influence any of the steps of
the free-radical mechanism shown in equations (1)-(4), either
while on the surface or through exchange between the surface

Page 8 of 12

and the solution. Only the initiation (reaction 1) is likely
unimportant in the solution phase at 80°C, while other steps
may be viable in either phase. For example, considering that
the reaction rate between carbon-centered radicals and oxygen
is close to diffusion-controlled (10° M™s™),® it would be
unlikely for the step involving reaction between the cumyl
radical and oxygen to be more efficient on the nanoparticle
surface, as it is already the dominant pathway for cumyl radi-
cals.

O Surface-Induced

+RH

R'OH

R'O- + g* Decomposition R'0O0*

Peroxyl Radical-
NP Adduct
R = cumyl, tert-butyl
R' = cumyl
+R'H
R'OOH
Fenton
RO- Reaction
+
HO-

Figure 13. Schematic representation of cumene peroxidation in the presence of metallic nanoparticles. Blue arrows are
representative of reactions occurring on the nanoparticle surface, while red arrows indicate pathways within the bulk
solution. The red pathway enclosed in a grey box is well established in solution; such homogeneous autooxidation is a slow
process at the temperatures used in this work, but this may be largely due to inefficient homogeneous initiation.

In this work and under the presence of oxygen, the radical that
interacts with the gold surface is likely an oxygen-centered
radical, either alkoxyl or peroxyl in nature, derived from the
cumyl radical. Thus, following formation of RO« via Fenton
chemistry, H-abstraction from a molecule of cumene results in
the formation of a cumyl radical and cumyl alcohol. Subse-
guent reaction between the cumyl radical and O, gives rise to
cumyl peroxyl radicals as the main intermediates. It is im-
portant to note that adsorption of oxygen-centered radicals
onto the nanoparticle surface is considered a rapid process,*
though competition with the H-abstraction pathway in solution
cannot be dismissed. Aprile et al. also have suggested the
formation of a similar type of peroxyl radical-AuNP adduct.*

Once formed, the possible fate of the cumyl peroxyl radical-
nanoparticle adduct is two fold. Firstly, the binding between
the nanoparticle surface and the peroxyl radical may be re-
versible and simply go back into solution. This intermediate
could then undergo either 1) H-abstraction from an additional
molecule of cumene, forming cumene hydroperoxide and
cumyl alcohol or 2) a termination step to form dicumyl perox-
ide (DCP). This is supported by the small amounts of DCP
illustrated in Figure 3, when commercial AUNP@TiO, are
employed as the reaction catalyst and corroborates the pres-
ence of a solution-based pathway.
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The second possibility involves surface-induced decomposi-
tion of the cumyl peroxyl radical-nanoparticle adduct (see top-
left in Figure 13); this pathway ultimately generates a mole-
cule of cumyl alcohol and a radical Re that re-enters the au-
tooxidation reaction. Though H-abstraction is still possible to
yield CHP, evidence for surface decomposition of methyl
peroxyl radical-nanoparticle adducts has been previously
observed.” From the aforementioned findings, O-O bond
cleavage is favoured over Au-O dissociation.”! In the context
of Figure 13, this would result in the formation of Au-Oe and
ROe, yielding cumyl alcohol as the final product. Similar Au-
O species have been recently predicted as active participants
in the interaction of AUNP with oxygen and hydrocarbons.*

The oxygen uptake experiments can be used to support the
formation of cumyl alcohol by a pathway other than the initial
hydroperoxide decomposition, as shown to the right of Figure
12. The free-radical chain length was predicted to be ~58.
Recalling that this value (Ry/R;) is proportional to
[CHP]/[Cumyl Alcohol], if the only mechanism for the for-
mation of cumyl alcohol were nanoparticle-catalyzed CHP
decomposition, the calculated [CHP]/[Cumyl Alcohol] should
be similar to the predicted value. However, the calculated
chain length from analysis of HPLC product distribution was
~2. This suggests that the concentration of cumyl alcohol is
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considerably larger than originally predicted and indicates that
an additional nanoparticle-induced pathway may be responsi-
ble for alcohol formation. One such possibility entails the
surface induced decomposition of cumyl peroxyl radicals.
Unfortunately oxygen uptake reactions are limited to 30°C,
therefore further experiments were carried out to support the
suggested participation of free radicals in solution, as well as
nanoparticle surface chemistry in the mechanism presented in
Figure 13. 2,6-di-tert-butyl-4-methoxyphenol (DBHA) was
added one hour after the reaction to trap any free-radical spe-
cies in solution. For AuNP@HT (Figure S18) and
AUNP@TIO, (Figure S19), addition of DBHA resulted in the
inhibition of the product formation over the remaining course
of the experiment. These results demonstrate that, at 80°C,
supported AuNP catalyzed cumene peroxidation does involve
the participation of solution free-radical species. Lipoic acid
was also added as a probe in order to get a better understand-
ing on the involvement of the nanoparticle surface, due to the
inherently strong interactions between the AuNP and sulfur.*”®
Ideally, lipoic acid will interact and cap the AuNP surface
preventing the surface decomposition of peroxyl radical into
the corresponding alkoxyl radical and decreasing the yield of
cumyl alcohol observed. Figures S21 and S22 show the effects
of lipoic acid addition to reactions using AUNP@HT and
AUNP@TIO, as catalysts, respectively. In both cases, lipoic
acid appears to halt and plateau the formation of CHP and
cumyl alcohol, thus supporting the role of the gold nanoparti-
cle surface in the formation of cumyl alcohol via peroxyl
radical surface decomposition. It is important to note that
given the known contribution of solution free-radical chemis-
try within the proposed peroxidation mechanism, a complete
prevention of CHP and cumyl alcohol formation is not ex-
pected, but more so a plateau of the product yields, as is ob-
served.

AgNP@HT can be suggested to be a superior catalyst as the
largest yields of the desired CHP product are obtained when
this material is used in the reaction. However, even thought
both AQNP@HT and AuNP@HT, exhibit cumene peroxida-
tion ability, a generalized comparison between the two should
not be made due to the differences in both size and nature of
the metal nanoparticles. Unfortunately, oxygen uptake exper-
iments could not be carried out using the AQNP@HT catalyst
due to lack of activity under the operation conditions of the
instrument (i.e., 30°C). Therefore experiments with DBHA
(Figure S20) and lipoic acid (Figure S23) at 80°C, similar to
those undertaken the supported AuNPs, were performed.
Addition of DBHA showed a decrease in the yields of both
CHP and cumyl alcohol indicating an inhibition of free radical
chemistry in solution. Lipoic acid has also demonstrated the
ability to protect and cap the AgNP surface.* Addition of
lipoic acid to the peroxidation reaction using AQNP@HT as a
catalyst resulted in a reduction in CHP and cumyl alcohol
formation demonstrating involvement of the AgNP surface in
the peroxidation mechanism. Given these results, the for-
mation of a peroxyl radical-nanoparticle adduct cannot be
dismissed. In principle, the surface decomposition of a peroxyl
radical-AgNP adduct must be a less favoured pathway or, at
least, more reversible when AgNP@HT are used as CHP is
the product.

Reflecting on the two questions posed within the introduction,
the following statements can be made from the present study.
First, when considering the ability of Au and AgNP to decom-
pose hydroperoxides, the HPLC product distribution data
clearly show this is the case, where AuNP initiate CHP degra-
dation more rapidly than the corresponding AA@ composites.

ACS Catalysis

Specifically, cumyl alcohol was determined to be the major
product when supported AuNP were used, while CHP was the
major product for the supported AgNP-catalyzed cumene
peroxidation reaction.

In regards to the second question posted, both supported Au
and AgNP were found to influence the kinetics of the peroxi-
dation reaction. In the absence of supported nanoparticles at
80°C, minimal peroxidation products were observed after 8
hours, but addition of the heterogeneous nanoparticle catalyst
increased the yields of both CHP and cumyl alcohol formed
with the reaction mixture. The formation of the proposed
peroxyl radical-nanoparticle adduct would be expected to play
an important role in the kinetics of this reaction.

CONCLUSION

Peroxidation of cumene was studied at low conversions due to
the interest in understanding the oxidation reaction using
supported metal nanoparticles, as this reaction is considerably
important from an industrial point of view. Both the role of the
support and the nanoparticle were investigated, where the
influence of the supported nanoparticles was considerably
more important with respect to CHP degradation and cumene
peroxidation, than support participation in the reaction. The
nature of the supported nanoparticle has a major influence on
the overall product distribution, with supported AuNP yielding
cumyl alcohol as the major product, and CHP when supported
AgNP were used. The data when using supported AuNP, the
cumyl alcohol product may have two origins, one through
Fenton-induced decomposition of hydroperoxides and a sec-
ond through surface-induced decomposition of a proposed
peroxyl radical-nanoparticle adduct.
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