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Huiyuan Zhu, b Zhen-An Qiao, *c Saskia Heumann *a and Sheng Dai *b

The development of environmentally benign catalysts for highly regioselective hydroxylation of phenol

remains an unsolved challenge in both industry and academia because the electrophilic substitution of

phenol simultaneously occurs on both ortho- and para-positions. Herein, we report a designed atomically

dispersed iron-based heterogeneous catalyst, in which the iron species is coordinated by a functionalized

ionic liquid monolayer on carbon nanotubes. The catalyst exhibits an unprecedented level of regio-

selectivity (>99%) towards the hydroxylation of phenol and displays a much better activity (TOF towards

catechol productivity, 1.79 s−1) compared to the homogeneous free ion system (TOF towards catechol

productivity, 0.44 s−1). Both experimental and theoretical investigations confirm that the catalytic oxi-

dation with hydroperoxide undergoes a non-radical addition process and substitutes only the ortho-posi-

tions of phenol. This finding provides not only a quite active and selective catalyst for industrially very

important reactions, but also a promising methodology of designing biomimetic iron-based hetero-

geneous catalysts at the atomic level.

Introduction

In industry, dihydroxybenzenes are desirably being produced

by the direct hydroxylation of phenol with the environmentally

benign oxidant hydrogen peroxide.1,2 The products show both

high scientific importance and commercial value due to their

applications in pharmaceuticals, polymerization inhibitors,

and coatings.3,4 The generally accepted Fenton-like process for

the hydroxylation reaction with hydrogen peroxide is initiated

by the formation of hydroxyl radicals,5,6 which have no selecti-

vity to attack the aromatic carbon on the phenolic ring. The

electrophilic substitution of phenol always occurs in both the

ortho- and para-positions of the electron donating hydroxyl

group, since they show quite similar electronic density.

Subsequently, the products of phenol oxidation are always a

mixture of hydroquinone (HQ) and catechol (CAT),7–9 which

have to go through an extra much more energy-consuming sep-

aration step. In addition, deep oxidation of the products also

produces some other byproducts such as benzoquinones.10,11

Exposure to quinones is a toxicological concern because their

electrophilic character leads to cellular damage.12 Therefore,

designing highly selective catalysts for the hydroxylation of

phenol affording only the desirable products is significant but

quite challenging.

The scarcity of precious metals has led to a quick develop-

ment of sustainable strategies for using iron-based hetero-

geneous catalysts owing to their low cost, abundance, ready

availability, and very low toxicity.13–15 However, the intense

reactions between iron and oxidants often lead to strong self-

decomposition of the oxidants and cause a relatively low reac-

tion rate of the desired oxidation process. Additionally, their

selectivity during catalytic reactions is generally uncontrollable

due to the complexity of the active iron species and the radical

mediated reaction pathways.16,17 Despite all these difficulties,

ideal iron-based catalysts are still well established in nature.

Iron enzymes exhibit very high levels of chemo-, regio-, and

stereo-selectivity in hydrocarbon oxidation reactions, inspiring

chemists to develop biomimetic iron-based catalysts to achieve

remarkable activities toward C–H bond oxidation for decades.18,19
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Among different candidates for modifying catalytic sites, ionic

liquids (ILs) have drawn significant attention as their pro-

perties can be easily tuned by the variation of cations and

anions.20–22 The successful cases of coating ionic liquid on

carbon materials23,24 also show a promising direction to

combine the advantages of both homogeneous and hetero-

geneous catalysis processes.25–27

Inspired by these ideas, herein, we design atomically dis-

persed iron ionic sites on carbon nanotubes as heterogeneous

catalysts for phenol oxidation to achieve high activity and

selectivity. ILs are used to modify the surface properties of the

carbon for a better dispersion in aqueous solvent and also

provide coordinated sites for the iron ions. The obtained cata-

lyst exhibits better activity than the homogeneous free iron ion

system, with turnover frequencies (TOF towards CAT pro-

ductivity) of 1.79 s−1 and 0.44 s−1, respectively. More surpris-

ingly, the catalyst achieves >99% selectivity to CAT, which is

reported for the first time to our knowledge. According to the

thorough experimental and theoretical investigations, the cata-

lytic mechanism is confirmed as a non-radical oxidative

addition process. In contrast, conventional free iron ion

systems show relatively low CAT selectivity, which is caused by

the involvement of the uncontrollable radical pathways. The

designed catalyst brings some new insights into the under-

standing of the iron involving oxidation process in the area

and provides a promising direction for designing more

effective catalysts in industry.

Results and discussion
Design and fabrication of the atomically dispersed iron

catalyst

The fabrication process of the catalyst, Fe-based polymerized

ionic liquid on carbon nanotubes (Fe-PIL/CNTs), is illustrated

in Fig. 1. Specifically, a functionalized IL with an imidazolium

cation bearing both acetylacetone and vinyl groups is loaded

onto the surface of CNTs via the strong interaction between

the π network of the graphitic structure and the cationic ions

of the ILs (mainly a static-assisted CH–π hydrogen bond).28

Then the mixture undergoes radical polymerization at 100 °C

with 2,2-azobisisobutyronitrile (AIBN) as an initiator29 to form

PIL/CNTs. The detailed synthesis protocol is shown in ESI

Fig. 1.† The surface PIL provides acetylacetone groups on the

CNT surface, which reversibly form negative ion sites in the

water phase. With this property, different transition metal ions

can be coordinated on the carbon surface by the groups. In the

case of iron ions, 80 °C is needed to obtain a stabilized Fe-PIL/

CNT, in which the iron ions are singly dispersed on the CNT

surface as shown in Fig. 1. According to the design, the iron

sites are fully exposed to the reactants when being used as cat-

alysts for catalytic reactions.

The morphology of the PIL/CNTs is examined by high-

resolution transmission electron microscopy (HRTEM), which

presents the monolayer of the tangled PIL on the CNT surface

(Fig. 2a). In Fig. 2b, the high-angle annular dark field (HAADF)

scanning TEM-energy-dispersive X-ray spectroscopy (STEM-EDS)

mapping of the PIL/CNTs shows good accordance with the

nitrogen and oxygen distribution in the PIL throughout the

Fig. 1 Schematic illustration of the designed catalyst. Schematic illus-
tration of the fabrication process of the Fe-PIL/CNTs. The model struc-
ture in the green cycle shows the coordinated sphere of the isolated
iron species in the final product.

Fig. 2 (a) HRTEM image of the PIL/CNTs (red arrows point to the PIL
layer). (b) HAADF STEM-EDS mapping of C, N, and O, as labelled,
measured in the white box of the PIL/CNTs. SEM images of the (c) pris-
tine CNT and (d) PIL/CNTs. (e) Photograph images of PIL/CNT disper-
sions in water (the weight of the sample is 1 mg). (f ) The STEM image of
the sample, which shows the distribution of the iron sites on the CNT
surface.
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carbon framework. Scanning electron microscopy (SEM,

Fig. 2c and d) images show the morphologies of pristine CNTs

and PIL/CNTs, in which the CNTs are severely tangled together

while the PIL/CNTs show a good dispersion. It is worth men-

tioning that with the involvement of the π–π interaction, CNTs

are always tangled together as bundles.30 The good dispersion

of the PIL/CNTs suggests that the dielectric constants of the

ILs can prevent the detached CNTs from rebundling, which is

favourable for their contact with the reactants during reac-

tions, and it also demonstrates that the PILs are well covered

on the CNT surface. Furthermore, an obvious Tyndall effect of

the PIL/CNTs in water also proves that the surface of the CNTs

is finely covered by the PIL (Fig. 2e), while in the case of the

pure CNT system (ESI Fig. 4†), the dispersion of the CNTs

barely occurs in water. The hydrophilic functional groups of

the PIL help to suspend the CNTs in water, which is favourable

for applications in the aqueous phase. The IL thickness on the

CNT surface can be controlled by the IL content.31

The STEM image in Fig. 2f exhibits an atomical distribution

of the iron species (white spots) on the CNT surface. A small

amount of iron species aggregates to clusters, but still exposes

all the sites to the surface. No crystalline iron species are

detected from both TEM and X-ray powder diffraction (ESI

Fig. 5†), which is in agreement with the schematic illustration

of the designed catalyst shown in Fig. 1. Based on the above

characterization, it can be concluded that the designed catalyst

is successfully synthesized. In a catalytic process, the reactions

occur in the PIL phase, through which the catalysis micro-

environment can be well adjusted by changing the cations and

anions. Considering the diversity of ILs and carbon

materials,32 the method can therefore be used for designing

totally different materials for different functions.

Structural and surface properties of the catalyst

Since the CNTs have closed ends, the pore size of the CNTs is

maintained (ESI Fig. 2†) and the IL can only wrap the outer

surface of the CNTs. The surface area determined by nitrogen

adsorption and BET analysis of the CNTs is 265 m2 g−1 (ESI

Fig. 3 and Table S1†) and the theoretical surface area of the

PIL/CNTs (with one layer of PIL) is 195 m2 g−1 (ESI†). The

measured surface area of the PIL/CNTs is 219.8 m2 g−1, indi-

cating a loss of 23% of the IL during the synthesis. It also

means that the CNT surface is fully covered and some graphi-

tic structure is still exposed. X-ray photoelectron spectroscopy

(XPS) and elemental analysis provided surface and bulk

elemental information of the PIL/CNTs (ESI Tables S2 and

S3†). Thermal analysis reveals thermal stabilities of the

different samples (Fig. 3a). The PIL on the CNT decomposes

(when the TG values start to show a decrease of 1%) at 200 °C,

while the pure CNT decomposes at 536 °C. The nice combi-

nation between the CNT and the IL leads to a lower CNT com-

bustion temperature. For the Fe-PIL/CNT sample, iron cata-

lyzes the thermal decomposition, leading to a much lower

combustion temperature. The residue of 6.1 wt% could be a

mixture of ferroferric oxide and the ash content of the CNT

(1.9%), from which an iron content of around 3% in the Fe-

PIL/CNTs can be obtained (ESI†). This fits well with the

elemental analysis data of 3.8% Fe content. In addition, the

samples containing PIL show the same decomposition temp-

erature in inert gas (ESI Fig. 6†) as in air, which means that

the PIL is stable under oxidative conditions at temperatures

lower than 200 °C.

Raman spectra (ESI Fig. 7†) show no obvious change in the

peak shape and position in the PIL/CNT spectrum compared

with the CNTs, revealing that the polymerization process

might not form chemical bonds with the CNTs.28 Since attenu-

ated total reflectance (ATR) spectra (Fig. 3b) can directly

monitor the bond vibrations, the differential ATR spectra of

the prepared samples obtained by subtracting the CNT back-

ground are used to reflect the evolution of the bonds. The

bonds of the PIL/CNTs in the 1600–1780 cm−1 region corres-

pond to the CvO stretching vibration of the acetylacetone

group. Accordingly, the introduction of the Fe ions causes a

dramatic decrease in the CvO bond while a relative C–O–

bond at 1014 cm−1 increases.33,34 The electron energy loss

spectra (EELS) of the PIL/CNTs (Fig. 3c) confirm the incorpor-

ation of nitrogen and oxygen atoms in the carbon-based

materials as the original forms. The acetylacetone groups on

the PIL/CNTs provide versatile coordinating sites for iron ions

Fig. 3 Properties of the samples. (a) Thermogravimetric curves (gas:
air, 20 mL min−1; argon, 10 mL min−1) of the CNTs, PIL/CNTs and Fe-
PIL/CNTs. (b) ATR spectra of different samples. The difference spectra
were obtained by subtraction of the CNT background spectrum. (c) EELS
results of the N and O K edge of the Fe-PIL/CNTs. (d) O 1s XPS spectra
and distribution diagrams of different species from the PIL/CNTs and
Fe-PIL/CNTs. Images of water contact angle measurements on (e) CNTs
and (f ) Fe-PIL/CNTs.
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to form the complex of Fe-PIL/CNTs. The deconvolution

results of O 1s reveal the alteration of the oxygen in the com-

plexing process (Fig. 3d). The main tendency is that a CvO

(36.3% and 36.9%) bond transforms into a C–O bond (41.2%

and 33.5%),35 which is consistent with the ATR results.

Moreover, the contact angle measurements (Fig. 3e–f ) with

water show that the contact angle reduces from 152.7° for the

CNTs to 24.1° for the Fe-PIL/CNTs, indicating that the intro-

duction of the acetylacetone groups makes the super hydro-

phobic carbon surface highly hydrophilic, which is favorable

for application with solid–water interfaces. This explains the

good dispersion of the PIL/CNT sample in water and demon-

strates the introduction of the iron sites having no obvious

influence on the coverage of the PIL on the CNT surface. NMR

spectra of different samples also demonstrate the coating (ESI

Fig. 8†). Due to the influence of the CNT signal, only broad

peaks from the carbon support can be observed with 13C

spectra. However, the 1H spectra can confirm the coating, from

which the coordination of the iron with the OH group can also

be confirmed.

Catalytic performance of the catalyst

The selective oxidation of organic compounds is a primary and

essential transformation in organic synthesis and industrial

chemistry. The Fe-PIL/CNTs with multiunique characteristics

in principle could afford some exceptional performance, and

therefore oxidation of phenol by hydrogen peroxide in the

aqueous phase is studied over the catalyst. Table 1 shows the

activities of different samples for phenol oxidation. Without a

catalyst, no oxidation of phenol occurs. When CNTs and PIL/

CNTs are used as catalysts, the conversion of phenol is still

negligible. For the Fe-PIL/CNTs, the selectivity of the CAT

could reach >99% and the TOF is determined as 1.79 s−1.

However, generally in this reaction, the hydroquinone is always

unavoidable and this has been widely accepted since a long

time ago.1 The unprecedentedly high selectivity is obviously

from some pathways different from that on previous catalysts.

The ratio of the obtained catechol and the used H2O2 is

around 1 : 3. As not all H2O2 is consumed, the efficiency of the

hydrogen peroxide is therefore higher than 33.3%. For further

comparison, commercial Fe(CH3COO)2 was chosen as the cata-

lyst to convert phenol under identical conditions. Although

displayed as a homogeneous catalyst, the catalytic activity of

the free ion system (TOF towards CAT, 0.44 s−1) is even lower

than that of the Fe-PIL/CNTs and shows lower selectivity

towards CAT (55.6%). The reason for the excellent catalytic per-

formance will be discussed in the following part. As the cata-

lyst and the reactant are not in the same phases, the catalyst

can be separated easily with a centrifugation treatment. This is

one of the most important advantages of the heterogeneous

catalysis system. In a reuse process, the catalyst was centri-

fuged out firstly. Then the obtained catalyst was washed with

ethanol twice to remove the phenol residue from the catalyst

and dried for reuse. Due to the loss from the transfer process,

the catalyst shows a slight decrease in the conversion of the

phenol to 24.4% (the second cycle) and 22.5% (the third

cycle). No iron leaching was detected during the recycling pro-

cedures. The selectivity to the final product is still >99%. This

proves the good cycling ability of the heterogeneous catalyst.

The investigation of the mechanism

Ferric-hydroperoxo complexes have been identified as inter-

mediates in the catalytic cycle of biological oxidants with a fol-

lowing radical formation process.36,37 To shed more light on

the catalytic process with such a high selectivity towards CAT,

electron paramagnetic resonance (EPR) spectroscopy is used to

study the intermediates. Interestingly, Fe(CH3COO)2 and Fe-

PIL/CNTs show almost identical EPR peaks before the reaction

(Fig. 4a), which is in agreement with the Mössbauer spectra

(ESI Fig. 9†). After adding hydroperoxide, a radical peak arises

in the Fe(CH3COO)2 spectrum, while the Fe-PIL/CNTs show no

radical peak at all (Fig. 4b). This indicates that the iron species

in the Fe-PIL/CNT sample exhibit a non-radical process upon

Table 1 The activities of phenol oxidation using different catalysts

Catalyst Con. (%) Sel. (%) TOF (s−1)

None 0 — —

CNT 0.8 29.4 —

PIL/CNT 0.6 25.8 —

Fe-PIL/CNT 25.7 >99 1.79
Fe-PIL/CNT* 24.4 >99 1.70
Fe-PIL/CNT** 22.5 >99 1.56
Fe(CH3COO)2 34.5 55.6 0.44

Experimental conditions: T = 60 °C, m (phenol) = 9.4 g, V (H2O) =
10 mL, V (H2O2) = 10 mL, t = 60 min, m (catalyst) = 10 mg (details in
the ESI†). The selectivity indicates the selectivity of catechol; the other
product is hydroquinone. * and ** represent the second- and third-
time recycling data of the sample.

Fig. 4 Catalytic behaviour comparison between the free ion system
and the Fe-PIL/CNT system. (a) EPR curves of Fe(CH3COO)2 and Fe-PIL/
CNTs and (b) with the addition of H2O2. (c) Gas accumulation via the
oxidant decomposition with the addition of the Fe-PIL/CNTs and Fe
(CH3COO)2. Conditions: water (3 mL), 30% hydrogen peroxide solution
(2 mL) and 18 mg solid sample. (d) Fe L-edge NEXAFS spectra of the Fe-
PIL/CNTs and Fe(CH3COO)2.
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reaction with H2O2, which seldom occurs in an iron–H2O2

system. This suggests that the coordination environment of

the Fe-PIL/CNTs might stabilize the formed ferric-hydroperoxo

from deep oxidation and might provide a chance for regio-

selective oxidation towards phenol. H2O2 generally undergoes

a fast self-decomposition process to form oxygen when being

exposed to heat or a metal-based catalyst. In an oxidation reac-

tion, the self-decomposition of the oxidant ruins the oxidation

process but occurs at the same time as a competition reaction.

In Fig. 4c, we compared the decomposition rate of the oxidant

when being exposed to free iron ions (iron acetate) and the Fe-

PIL/CNTs. After a short overlap of the curves, the decompo-

sition rate in the Fe-PIL/CNT system decreased after 6 min,

which indicates that the coordinated iron with ionic liquid is

able to bond the hydrogen peroxide and protect it from high

decomposition after an initial step; while in the free ion

system, the decomposition rate shows a sudden increase after

the 12 minutes initial step, which should be followed by a

Fenton-like process to continuously form oxygen. The results

confirm that the coordinated iron compared to the free iron

ion has better ability to preserve the formed iron peroxides

during the oxidation process, which is in good accordance

with the non-radical reaction pathway.

The Fe L-edge NEXAFS results of the Fe-PIL/CNTs and Fe

(CH3COO)2 (Fig. 4d) shows that the Fe configuration changed

from tetrahedral to octahedral (the dashed line position)38

after the synthesis process. The oxidation state of the iron

species remains the same from NEXAFS results, which can

also be confirmed by the Mössbauer spectra of the two

samples. As the Fe2+ ions are inevitably being oxidized, the

mixture of Fe2+/Fe3+ exists in both the precursor and the Fe-

PIL/CNTs. Due to the protection of the ligand, the octahedral

configuration exposes less electron density to the oxidant than

the tetrahedral configuration, which might be the reason why

the Fe-PIL/CNTs are able to protect the oxidant from self-

decomposition. In contrast, from the comparison of the Fe 2p

spectra of the two samples (ESI Fig. 10†), the PIL lowers the

binding energy of the Fe 2p electron, making it easier to react

with the oxidizing agent and to form active intermediates for

the reaction.

Density functional theory (DFT) calculations are performed

to reveal the possible reaction mechanism. The electronic

structure of the ionic coordinated iron species was confirmed

by theoretical calculation, indicating the presence of a highly

electrophilic Fe center site (ESI Fig. 11†). Therefore, the for-

mation of the ferric-hydroperoxo is quite thermodynamically

favourable by 51 kcal mol−1 and can occur directly when the

iron species come into contact with H2O2 (Fig. 5a). As shown

in Fig. 5b, the approach of phenol at the hydroperoxo group of

the [(L2)FeIII(OOH)]2+ complex can lead to the direct oxidative

addition of an OH group on the ortho-carbon atom via a tran-

sition state, TS1. From intermediate I1, the hydrogen atom

transfer can occur to give rise to intermediate I3, in which two

OH groups are coordinated to the Fe center. Subsequently, by

overcoming a small transition state barrier TS4, the product

complex PC with a CAT unit is finally generated. In addition,

several spin-crossings between the ground sextet state and

excited quartet state could occur along the reaction pathway as

they are similar in energy. It is important to note that this

direct oxidative addition mechanism is inaccessible for

forming a para-isomer, which, therefore, explains the observed

selective hydroxylation of phenol towards CAT. Furthermore,

the CNTs as support materials may also play a promotion role

in the reaction, which is not considered in the calculation.39

For a better understanding of the mechanism, a simple sche-

matic catalytic cycle was also presented in ESI Fig. 12.†

Based on the above results, the high activity of the Fe-PIL/

CNTs is due to the following reasons: (i) metal ions are highly

dispersed in the reaction system when the reaction occurred,

which allows a homogeneous-like catalytic reaction to occur

on the heterogeneous sites; (ii) the transformation of the con-

figuration from tetrahedral to octahedral (Fig. 4d) contributes

to the protection of the oxidant decomposition (Fig. 4c), thus

improving the oxidation efficiency; the PILs lower the binding

energy of the Fe 2p electron (ESI Fig. 10†), making it easier to

react with the oxidizing agent to form active intermediates;

and (iii) the PIL/CNT possesses great capability to adsorb

phenol; the CNT, as a support for the heterogeneous catalytic

system, not only provides a large interface for the reaction, but

also provides a π network for adsorbing the reactant, which

enriches the concentration for facilitating the reaction. The

high selectivity is caused by the non-radical reaction pathway

Fig. 5 Reaction pathways by theoretical calculations. (a) The thermo-
dynamics of the reaction between ionic liquid-coordinated iron species
and the deprotonated peroxide. (b) DFT calculated potential energy
surface and selected structural information for the reaction between the
iron(III)–hydroperoxo complex and hydroxybenzene. For the sake of
clarity, the complete structure of ligands is not shown. Details for all
transition states are available in ESI Fig. 13.† Bond lengths are given in Å.
The zero-point corrected energies are given in kcal mol−1.
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(Fig. 4b), which can be confirmed by the DFT results (Fig. 5).

The high reaction rate is also favorable for the high selectivity

as the competing reactions are relatively restricted. Compared

to the homogeneously distributed free ion system, the Fe-PIL/

CNT system shows superiority during the recycling process.

Conclusions

In summary, isolated dispersed iron species are bridged on

the CNT by an acetylacetone functionalized IL polymer and

exhibit surprisingly high activity and regioselectivity to phenol

oxidation. The tangled PIL on the CNTs stabilizes the iron

species on the carbon surface, shields the detached CNTs from

rebundling in the aqueous phase and influences the reaction

by providing a proper coordinated environment for the iron

sites. These unique characteristics lead to higher activity of the

Fe-PIL/CNTs than the homogeneous system. Moreover, the

ferric–hydroperoxo complex formed during the reaction is con-

firmed to undergo a non-radical process with >99% selectivity

of CAT when oxidizing phenol. The current work has brought

some new perspectives in understanding the role of iron

species in selective oxidation, and our insights into the corre-

lation of the catalytic behaviors of iron species with the co-

ordinated environment will advance the future design of

highly selective and efficient iron-based heterogeneous cata-

lysts. In addition, ILs have been identified as “designable sol-

vents”, which is promising to tune carbons with different pro-

perties for different catalytic processes.

Methods
Characterization

The STEM image in Fig. 1 was taken on a Hitachi FE-S-TEM

system at 200 kV. The other TEM images and EELS were

observed on a Tecnai G2 F20 S-TWIN operated at 200 kV and a

Philips CM200 FEG operated at 200 kV. Thermogravimetry was

performed on a NETZSCH STA 449 F3. The NEXAFS experiments

were performed at BESSY II of the Helmholtz Zentrum Berlin.

The NEXAFS spectra were obtained by recording the total elec-

tron yield (TEY). The energy resolution of the monochromator

in the range of the Fe L-edge was 0.3 eV. The energies were cali-

brated using the C 1s first and second order peaks. The accuracy

of energy calibration was estimated to be around 0.1 eV. XPS

characterization was performed on an ESCALAB 250 instrument

with Al Kα X-rays (1489.6 eV). ATR-infrared spectroscopy was per-

formed on a Thermo Scientific Nicolet IS10 Fourier transform

infrared spectrometer. N2 physisorption was measured at

−196 °C using a Micrometrics ASAP 2020 instrument. Raman

spectroscopy was conducted with a LabRam high-resolution 800

spectrometer using 633 nm excitation at 25 mW laser power

with a 2.5 cm−1 resolution. X ray diffraction measurements were

performed on a D/max 2400 diffractometer (JEOL Ltd, Japan) at

a scanning rate of 1° min−1, with graphite monochromatized Cu

Kα radiation (l = 0.1506 nm).

Catalyst preparation and evaluation

IL synthesis. 30 mmol vinyl-imidazole (2.82 g) was dissolved

in 40 ml CH3OH, and then 30 mmol 3-chloro-2,4-pentadione

(4.05 g) was added into the solution and stirred at room temp-

erature for 4 h and at 50 °C under argon protection for 20 h.

The solvent was dried by rotary evaporation of the solution at

45 °C. The residual product was washed with diethyl ether.

Removal of amorphous carbon and residual metal on CNTs.

A multi-walled carbon nanotube (CNT, O.D. × L 6.5–13 nm ×

2.5–20 μm) obtained from Aldrich Chemical Co. Inc. was

chosen as a model carbon support for the synthesis of the

system. The material is highly graphitized and thus has good

adsorption of the ionic liquid with its π network. The obtained

commercial CNT contains a lot of amorphous carbon and

residual metal catalysts during the synthesis process. In a

typical cleaning procedure, 2 g CNT was added into 120 ml of

37% HCl solution and stirred for 24 h at room temperature.

Then the CNT was washed with water until the filtrate was

neutral. Temperature programmed annealed processes were

carried out according to the following procedures: annealing

the washed CNT from room temperature to 200 °C (nitrogen,

2 h), maintaining for 1 min, then heating it up to 1000 °C

within 160 min, and maintaining for 8 h. The final clean CNTs

were obtained.

Synthesis of PIL/CNTs and metal-PIL/CNTs. 500 mg CNT

was firstly dispersed into 30 mL ethanol by sonication, and

then 10 ml IL and initiator (2,2-azodiisobutyronitrile, AIBN)

ethanol solution (180 mg IL, 20 mg AIBN) were added drop-

wise. The mixture was stirred until the solvent was totally

removed. The dried black hybrid was removed to small quartz

boats which were placed in the center of a larger alumina tube

running through the center of a furnace. Temperature pro-

grammed annealing processes were carried out according to

the following procedures: annealing the hybrid from room

temperature to 40 °C (argon, 20 min), maintaining for 5 h,

then heating it to 100 °C within 60 min and maintaining for

10 h. The final products were obtained and added to copper

acetate, ferrous acetate (it is worth noting that the iron ions

inevitably contain oxidized iron as Fe3+) or chloroplatinic acid

solution (with excess copper resource). The coordination was

conducted at 80 °C for 4 h and the excess copper was removed

by washing with ethanol and centrifugation.

Catalytic performance evaluation. The oxidative procedure

was performed as follows: catalysts (10 mg), phenol (9.4 g) and

water (10 mL) were added into a two-necked round-bottom

flask, respectively, and then the dispersion was heated up to

60 °C. The phenol undergoes a temperature dependent phase

transfer process, in which it is not well dissolved when being

added to the solvent, but it can be dissolved at the reaction

temperature. 30% H2O2 (10 mL) was added dropwise into the

flask. In this case, the amount of the phenol (0.02 mol mL−1

in the solution) is a little more excessive compared to H2O2

(0.018 mol mL−1 in the solution) with a molar ratio of around

1/0.9. Therefore, to achieve high conversion is not the purpose

in this work, because high selectivity of the reaction is much
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more challenging. The reason to choose this ratio is because

generally the decomposition of the oxidant is strong with iron

species. With excessive phenol, the oxidant self-decomposition

process can be restricted by the reaction with the phenol. The

mixture was then stirred for 60 min. After the reaction, the

flask was cooled to room temperature and the water was

removed for further analysis via gas chromatography flame

ionization detection (GC-FID) (Agilent 7890A).

The stability of the PIL/CNTs is of great importance for

their application in catalysis. The results from gravimetric

determination of the PIL content after 5, 10 and 15 cycles of

washing with ethanol were 11.9%, 12.4% and 12.3%, respect-

ively, which means the PIL remained steadily on the CNT sur-

faces even in the liquid phase.

DFT calculations

All theoretical work was performed using the Gaussian 09

program.40 The BP86 functional,41,42 including DFT-D3 dis-

persion correction,43,44 was used for the structural optimiz-

ation and frequency analysis. The reliability of this functional

in calculating iron-containing systems has been demon-

strated previously.19,45,46 The double-ζ type LANL2DZ basis

set47 was employed for iron, and 6-31G(d)48 was used for the

remaining atoms, basis set BSI. Our model uses an iron(III)–

hydroperoxo complex with chelating ligands L2 (Fig. 4). The

geometry of [(L2)FeIII(OOH)]2+ was initially optimized without

constraints. The doublet potential energy surfaces have also

been calculated whereas they are relatively higher in energy

than the sextet and quartet states, which are not considered

in Fig. 4.

The energy is further refined with a second set of calcu-

lations using a triple-ξ LANL2TZ(f) basis set49 on iron and 6-

311G(d)50 on the remaining atoms, basis set BSII. Solvent cor-

rections with water were obtained through a single point calcu-

lation using the solvation model based on density (SMD)51 and

with dispersion corrected BP86. Intrinsic reaction coordinate

(IRC)52–54 calculations were performed to link transition struc-

tures with the respective intermediates. Unscaled vibrational

frequencies were used to correct the relative energies for zero-

point vibrational energy (ZPVE) contributions. Natural bond

orbital (NBO)55–60 calculations were performed to obtain

further information on selected stationary points along the

reaction paths.
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