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Abstract

Carbon nanotubes (CNTs) have excellent catalytic activity in liquid phase reaction, especially in aerobic oxidation of cumene.
In previous work, the conversion of cumene was 41.8% and the selectivity of cumene hydroperoxide was 71.5%, which was
catalyzed by CNTs. But a small amount of impurity Zn2+ totally blocked up the aerobic oxidation of cumene that catalyzed
by CNTs, which is an unexpected discovery. By analyzing the catalytic mechanism of CNTs, the inhibition effect of Zn2+ is
locked on the abstraction of H atom from cumene. The inhibition of Zn2+ is confirmed in two effects by density functional
theory (DFT) calculations. Firstly, due to the strongly coordination of active oxygen species (ROS) by Zn2+, the energy
barrier of initial reaction increases to 1.90 eV, which is nearly 4 times higher than that of the only ROS promoted-process.
Secondly, the interaction of Zn2+ and RO· or ROO· to inhibits the chain propagation reaction of free radicals. This work
precisely demonstrates that the inhibition effect of Zn2+ on initial reaction of cumene. The most significant thing is that the
effect of metallic heteroatoms is not negligible in organic oxidation reaction.
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Abstract: Carbon nanotubes (CNTs) have excellent catalytic activity in liquid phase reaction, especially
in aerobic oxidation of cumene. In previous work, the conversion of cumene was 41.8% and the selectivity
of cumene hydroperoxide was 71.5%, which was catalyzed by CNTs. But a small amount of impurity Zn2+

totally blocked up the aerobic oxidation of cumene that catalyzed by CNTs, which is an unexpected discovery.
By analyzing the catalytic mechanism of CNTs, the inhibition effect of Zn2+ is locked on the abstraction
of H atom from cumene. The inhibition of Zn2+ is confirmed in two effects by density functional theory
(DFT) calculations. Firstly, due to the strongly coordination of active oxygen species (ROS) by Zn2+, the
energy barrier of initial reaction increases to 1.90 eV, which is nearly 4 times higher than that of the only
ROS promoted-process. Secondly, the interaction of Zn2+ and RO· or ROO· to inhibits the chain propagation
reaction of free radicals. This work precisely demonstrates that the inhibition effect of Zn2+ on initial reaction
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of cumene. The most significant thing is that the effect of metallic heteroatoms is not negligible in organic
oxidation reaction.

Keywords: carbon catalysis; cumene oxidation; inhibition effect; DFT calculations

Introduction

Liquid-phase oxidation of hydrocarbons with molecular oxygen to high value-added products such as ketone,
carboxylic acids, and alcohols is a very important industrial process.[1-3] The liquid aerobic oxidation of
cumene is a most crucial reaction, which can produce cumene hydroperoxide (CHP), acetophenone (AP) and
2-phenyl-2-propanol (PP).[4, 5] Those oxidation products are intermediate platform molecules to produce fine
synthetic chemicals such as phenol, fragrances, and polyesters. For instance, over 95% of world production
of phenol is produced by the conversion of CHP.[6, 7] To pursue high performance catalysts, a great deal of
research about catalytic reaction have been done for decades.[8, 9]

The nonmetallic, excellent catalytic performance and high stability of CNTs made them an excellent catalyst
for selective oxidation.[10-12] Based on our previous research, we found that CNTs possess excellent catalytic
performance for the oxidation of cumene.[11, 13-15] The advantage of CNTs is that oxygen can be activated
on the surface of CNTs to generate ROS, which has been reported.[16, 17] The catalytic performance of CNTs
was further improved by doping nitrogen.[18]Because doping nitrogen would cause the strong interaction
between CHP and CNTs.[15] The main oxidation product of cumene catalyzed by CNTs is CHP.[11, 13, 19] In
that way, cumene and CHP are able to react continuously on the surface of CNTs. Moreover, we recently
found that the selectivity of the oxidation products would be changed by mixing different metal cocatalysts
(CuCl2, FeCl3, MnCl2 and so on) into the system catalyzed by CNTs, especially, the trace amount of CuCl2
could significantly improve the reactivity and regulate product selectivity for cumene oxidation.[14]

Most recently, we added a small amount of ZnCl2 as a co-catalyst and observed a curious result that the
oxidation product could hardly be detected at the end of the reaction. To our best knowledge, this is the first
time that this inhibition phenomenon has been found. A reasonable guess is that the key steps about the
production of CHP were blocked by ZnCl2, while the generation of AP and BP is related to the participation
of CHP. Thus, inhibiting the production of CHP leads to no oxidation products at the end of the reaction.
To find out how ZnCl2 works in the oxidation reaction of cumene, the interactions between ZnCl2 and key
reactants should be considered by DFT. This work is of great significance to reveal the influence of impurity
of metal ion on the oxidation of cumene, and to have a deeper understanding of carbon catalyzed radical
oxidation reaction.

Experimental

2.1 Cumene oxidation

CNTs used in the oxidation reaction of cumene were obtained from Zhongshan CNM Plastic Co., Ltd., and
the metal impurities in CNTs were tested by ICP-AAS. ZnCl2, ZnBr2 and ZnAc2 were used as additive,
which were purchased from Aladdin.

The cumene oxidation reaction was carried out in a three-neck flask (25 mL), supplied with a magnetic
stirrer, reflux condenser and the oil bath. Firstly, CNTs (100 mg), additive (10 mg), and cumene (10 mL)
were added into the flask, sonicated for 5 min, then heated to preconcerted temperature (80 ) followed by the
bubbling of 25 mL*min-1 oxygen for 8 h. When the reaction was over, the reaction mixture was cooled to
room temperature and filtered to separate the liquid for detection. The concentration of CHP was determined
according to the iodometric method.[20] After the reduction of CHP to PP via triphenylphosphine reaction,
the other liquid products were detected by gas chromatography (an Agilent GC-7890B) equipped with a
DB-1701 capillary column (30 m x 0.25 mm x 0.25 μm) and a flame ionization detector.

2.2 Computational methods

As the CNTs using in reaction were 100 mg. Each radical reaction on the surface of CNTs is approximately on
the two-dimensional plane, so DFT calculation is simulated on the graphene surface which belong to periodic
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system. DFT calculation were performed with the Dmol3 package.[21] The configurations were optimized with
GGA/PBE correlation exchange functional under DNP basis set.[22] The Grimme’ DFT-D was included as
the long-range dispersion correction method.[23] The k-point was set to 4 × 4 × 1 for the self-consistent field
(SCF) procedure. The conductor-like screening model (COSMO) with a permittivity of 2.4 was invoked to
simulate the cumene solvent environment.[24] The global orbital cutoff was 5.0 Å. Furthermore, the optimized
structures were used for energy calculations and TS search with the same computational parameters. The
LST/QST method was exploited to search the transition state of the reaction and the NEB method was
adopted to confirm the transition state.

The relative system energy (ΔE) is calculated by equation (1):

ΔE = EZn2+-RO· - EZn2+ - ERO· + EBSSE (1)

where, EZn2+-RO· is the energy of the Zn2+ ion and RO· radical system, EZn2+is the energy of the Zn2+ ion,
ERO· is the energy of RO· and EBSSE is the energy of Basis Set Superposition Error. When the value of ΔE
is negative, it means that the interaction between two substances is favorable.

The energy barrier (Ea) is calculated by equation (2):

Ea = ETS – Ereactant(2)

Where, ETS is the total energy of the transition state, Ereactant is the energy of the initiation state. The
more positive the value of Ea, the harder this reaction is to do.

Results and discussion

The inhibition phenomenon ofZn2+ oncumene oxidation

The catalytic properties of cumene oxidation on different conditions are summed up in Table 1. Without
any catalysts, cumene proceeds through an aerobic autoxidation. And the conversion was as low as 1.3%
(entry 1). The conversion of cumene was increased to 41.8% after adding CNTs (entry 2). This illustrates
that CNTs play a key role in the cumene oxidation. The studies found that CNTs had an active effect
on O2.[2, 25, 26] However, after adding 10 mg ZnCl2 to the system (entry 3), the conversion of cumene was
almost zero. No oxidative products were detected by iodometric method and gas chromatography, which
means that the oxidation of cumene was totally stopped by ZnCl2. At the beginning, Cl- ion was suspected
to be involved in inhibiting the oxidation reaction of cumene. While, CuCl2, FeCl3 and CoCl2 were added
into cumene oxidation system catalyzed by CNTs, the conversion of cumene was not reduced, and even the
activity was increased.[11, 13-15] Besides, the ZnCl2 was replaced with ZnBr2 on oxidation experimental and
still none of any oxidation products could be detected at the end of reaction (entry 4). It is widely known
that the radius of Br- ion is larger than that of Cl- ion, namely ZnBr2 would more likely dissociate Zn2+

into the system. Then Zn2+ is the most likely source of inhibition of cumene oxidation. In general, metals
ions (Cu2+, Co2+ etc.) can promote the active sites of aromatics oxidation.[27-29]This particular inhibition
of metal ions has received little attention. In practical industrial application, it is very important to analyze
the effect of metal ion impurity on catalytic performance. In order to explore the inhibition effect of Zn2+,
it is necessary to analyze the oxidation mechanism of cumene.

Table 1 Cumene oxidation catalyzed by CNTs with zinc compoundsa

Entry Catalysts (mg) Catalysts (mg) Con. (%) Sel. (%) Sel. (%) Sel. (%)

10 mg 100 mg Cumene AP PP CHP
1 None None 1.3 0 0 100
2 None CNTs 41.8 4.1 24.4 71.5
3 ZnCl2 CNTs 0.13 -b - -
4 ZnBr2 CNTs 0 - - -

3
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a Reaction conditions: 10 mL cumene, 25 mL min-1 O2, 353 K, 8 h.

b Oxidation products cannot be detected.

The analysis of oxidation mechanism of cumene oxidation

For decades, autoxidation chemistry has explained the oxidation of hydrocarbons in the absence of a
catalyst.[30-33] Now, it has been proposed to explain the oxidation mechanism of cumene with CNTs as
catalysts, as shown in Figure 1. The reactions (1-5) that in network are the major reaction of cumene.[32, 34]

The initial reaction (1) can be a unimolecular reaction or catalytic reaction. If it is the former, not only is this
unimolecular dissociation very slow, but also the radical-pair (cumenyl radical (R·), H·) quickly recombines
because of the effect of solvent cage.[35] It has been reported that CNTs can activate O2, resulting in ROS
catalyzing the reaction (1). Then the R· radical combines with O2 to produce the cumyl peroxy radicals
(ROO·) (reaction 2). ROO· is a reactive radical can abstract a H atom from cumene to produce CHP and R·
(reaction 3). Once CHP is produced, the CHP adsorbed on CNTs tends to decompose into cumenyl oxygen
radical (RO·) (reaction 4), which can abstract a H atom from cumene to produce R·. The formed R· will
go on enter the reaction (2). Combined with the above, there are three ways to the generation of crucial
R· in reactions (1, 3, 5) involving cumene. In these three reactions, the reactive species (ROO·, RO·, ROS)
induce abstraction of H atom. It is possible that Zn2+inhibits the reactivity of those species, thus completely
inhibits the oxidation of cumene. To prove the point, the interaction of Zn2+ and those reactive substrates
(ROO·, RO·, ROS) are calculated by DFT.

Figure 1 Reaction network of cumene catalyzed by CNTs.

RH - H· + R· (1)

R· + O2 - ROO* (2)

ROO* + RH - CHP + R* (3)

CHP - RO* +*OH (4)

RO* + RH - ROH + R* (5)

Theoretical calculation of inhibition effect of Zn2+ on cumene oxidation

Firstly, a hypothesis is proposed that the life of free radicals is long enough to interact with Zn2+. This
is conducive to calculating the interaction between Zn2+ and active radicals. Finally, combined with the
actual situation, the revised results are discussed. So, whilst a Zn2+ is in cumene solvent, a Zn2+ is able to
interacts with ROO* and RO*. Considering the multiple coordination ability of Zn2+, each Zn2+ can adsorb
three oxygen-containing intermediates one by one, as shown in Figure 2. Total energies for the interaction of
RO* and ROO* on Zn2+are shown in Table S1. The corresponding bonding energies for each coordination
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process of RO* and ROO* are shown in Figure 3. It is worth noting that a Zn2+ interacts with the first
RO* and the energy of the system is -7.15 eV negative than that of before. When the second RO* is
coordinated, the bonding energy is -5.41 eV. The coordination energy of Zn2+ to the third RO* is -1.73 eV.
It is conventionally accepted that the energetic of chemisorption is more negative than -0.5 eV.[36] For -1.73
eV is much more negative than -0.5 eV, it is reasonable that Zn2+ might coordinates the fourth RO*. This
strongly suggests that the more RO* is interacted with Zn2+, the more positive the system energy is. On the
other hand, a Zn2+ coordinates with three ROO* one by one, with the energy of -6.39 eV, -3.12 eV and -1.53
eV respectively. Obviously, Zn2+ possess a great interaction effect on RO* and ROO*. Considering these
radicals (RO* and ROO*) with high activity and short lifetime, a Zn2+ nearly cannot coordinate with 2 or 3
radical intermediates. Reasonably, the first coordination of Zn2+ with RO* or ROO* is closer to the actual
experiment. The first coordination energy is much more negative, which will affect them to abstract H atom
from cumene. Therefore, the coordination effect of Zn2+ affects the reaction (3) and (5). The experimental
result shows that there is no oxidation product, so it could be inferred that Zn2+ directly inhibited the steps
involved in cumene. Moreover, RO* and ROO* are both produced by R*, the effect of Zn2+ on extraction
of H atom from cumene should be also very vital.

Figure 2Structural optimization for the interaciton of oxygen-containing intermediates (RO·, ROO·)
on Zn2+. (a) Zn(RO·)2+, (b) Zn(RO·)22+, (c) Zn(RO·)32+, (d) Zn(ROO·)2+, (e) Zn(ROO·)22+ and (f)
Zn(ROO·)32+.
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Figure 3 The bonding energy for each coordination process. (a)-(f) correspond to the coordination states
in Figure 2.

When Zn2+ is involved in the reaction (1), the coordination effect needs to be considered. As previous
research has shown, the Zn2+ ions could coordinate with oxygen species to form different complexes.[37, 38]

So, Zn2+ with different hydration number (0, 2, 4, 6) was designed in the calculation. While a Zn2+ in
the solution, there are 4 models (including [Zn(H2O)x]2+, for x = 0, 2, 4, 6). Optimized models showed
that no matter what hydration number is, both Zn2+ ion can coordinate with ROS activated by CNTs,
as shown in Figure 4. The bond length of Zn2+-O (oxygen species) is calculated and shown in Figure S1.
When the hydration number was 0, 2, 4, 6, the bond length of Zn2+-ROS is 1.84 Å, 1.80 Å, 1.87 Å and 1.95
Å respectively. All of zinc compounds could form bonds with ROS diffused into solution. As the hydration
number goes up, the bond length between Zn2+ and ROS increases. It is indicated that a Zn2+ coordinated
sufficient oxygen-containing groups would weakly adsorb ROS. Similarly, it also would weakly adsorb RO·
and ROO· (Table S2). In other words, if each Zn2+coordinates sufficient oxygen-containing groups, the
inhibition is weakened or even eliminated.

Figure 4 Optimization of different zinc compounds and ROS diffused from the surface of the CNTs. (OH
simply represents ROS).

6
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To prove this view, an experiment has been designed to add zinc acetate (Zn(CH3COO)2) into the cumene
oxidation reaction catalyzed by CNTs. The result shows that the conversion of cumene with CNTs and
Zn(CH3COO)2 was 37.6%, which was 4% lower than that of only with CNTs. But, compared with zinc
halide, the inhibition effect of zinc acetate is very weak because Zn2+ is already saturated with oxygen-
containing CH3COO- groups. This further elucidates the relationship between the coordination of Zn2+

with oxygen-containing groups and the inhibition of Zn2+ on cumene oxidation. Zn2+combines with ROS
in the system, making it hard to extract H atom from cumene.

The reaction (1) is the dissociation of hydrogen radical (H· ) and the production of R·. The production of
R· is directly related to the generation of RO· and ROO·. However, the bonding energy of H· with tertiary
carbon is about 3.8 eV (Table S3). Besides that, even if the initial reaction of cumene successfully occurs.
The radicals generated from the initial reaction will quickly combine to cumene because of its instability.
This is the reason why it is difficult for cumene to oxidize without catalyst. The energy barrier of the initial
reaction on different catalysts is shown in Figure 5 and Table S4. ROS diffused from the surface of the CNTs
effectively reduce the initial reaction energy barrier to 0.55 eV, which can account for the conversion of
cumene by CNTs. On this basis, after adding Cu2+, the energy barrier is lower as 0.18 eV which can explain
the promotion of Cu2+.[14] The situation with adding Zn2+ is completely the opposite, the energy barrier
goes up to 1.90 eV with adding Zn2+. It is reasonable to deduce that the inhibition effect of Zn2+ ions on
cumene oxidation is due to the strong interaction of Zn2+ between ROS in the system, which leads to the
increase of the energy barrier of the initial reaction.

Figure 5 Potential energy surface of the initial reaction of cumene with different metal ion.

According to the above theoretical calculations, Zn2+can strongly coordinate ROS due to its positive charge
and sufficient space. According to the bonding energy between Zn2+and ROS, it is difficult to break out ROS
and Zn2+. ROS is the key substance for the oxidation of cumene catalyzed by carbon nanotubes, so the initial
reaction of cumene cannot be carried out. Moreover, it is more difficult to extract H atom from cumene to
generate oxygen-containing free radicals (RO· and ROO·). This indicates that the interaction characteristic
between the catalyst and reactive oxygen should be considered for the rational design of catalysts. In addition
to Zn2+, the role of other metal ions in the cumene oxidation may also be worth considering, including the
coordination ability to ROS and the inducted chain growth process.

Conclusions

In this work, the inhibition effect of Zn2+ on the catalytic oxidation of cumene was found by experiments,
and the reason was studied by DFT. There are two inhibitory effects of Zn2+ on cumene oxidation. Firstly,
Zn2+ is able to strongly coordinate ROS activated by CNTs, inhibiting this critical chain-initiation process
of cumene oxidation. After adding Zn2+, the energy barrier of initial reaction increases to 1.90 eV, which
is nearly 4 times higher than that of the ROS promoted-process. Secondly, the interaction of radicals (RO·,
ROO·) and Zn2+ leads to those radicals out of chain propagation reaction and annihilate. This work provides
a better understanding of carbon catalyzed cumene radical reactions. At the same time, it is noteworthy
that the influence of metal ion impurity on the oxidation activity of cumene in industrial application.
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