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Hierarchical ZSM-5 zeolites prepared using a simple alkali treat-
ment and subsequent HCl washing are found to exhibit unpre-
cedented catalytic activities in selective oxidation of benzyl al-
cohol under microwave irradiation. The metal-free zeolites pro-
mote the microwave-assisted oxidation of benzyl alcohol with
hydrogen peroxide in yields ranging from 45–35 % after 5 min
of reaction under mild reaction conditions as well as the epoxi-
dation of cyclohexene to valuable products (40–60 % conver-
sion). The hierarchically porous systems also exhibited an inter-
esting catalytic activity in the dehydration of N,N-dimethylfor-
mamide (25–30 % conversion), representing the first example
of transition-metal free catalysts in this reaction.

Zeolites form an important family of microporous crystalline
aluminosilicates and have been the subject of extensive stud-
ies. Owing to properties such as high crystallinity, hydrother-
mal stability, and acidity, they have found application in fields
including adsorption and catalysis.[1] However, the microporous
crystalline frameworks impose a series of inherent limitations,
mostly related to diffusional constraints.[2–5]

Recent efforts have focused on the development of meso-
porosity in zeolites, which can widen the applicability of zeo-
lites in reactions with bulky substrates.[6–20] Desilication by
alkali treatment is a simple and extensively investigated ap-
proach to introduce mesoporosity.[6–11, 21] The procedure is gen-
erally followed by an acid wash to remove the alumina debris
formed after silica extraction.[22]

Acidity is an important property of zeolites. The presence of
aluminum leads to the formation of Brønsted (Si�OH�Al) and
Lewis (coordinately unsaturated aluminum) sites. These pro-
vide various possibilities in acid-catalyzed processes, particular-

ly useful for the petrochemical industry.[23–25] In this regard,
both microporous and hierarchical (mesoporous) zeolites have
been extensively employed in a range of acid-catalyzed pro-
cesses, including alkylations and acylations as well as, more re-
cently, transformations of biomass-derived compounds.[23, 26–28]

Other microporous zeolites (e.g. , ZSM-5) have also been re-
ported in selected transition-metal-free alkane functionaliza-
tions.[29] Interestingly, zeolites have rarely been reported in se-
lective oxidation processes. Pescarmona and Jacobs disclosed
the first and only remarkable example of good catalytic activity
for zeolites beta and Y, with Si/Al ranging from 2.6 to 15, in
alkene epoxidation. Under optimized conditions, a maximum
cyclooctene conversion of 60 % with an 82 % conversion to the
epoxide was achieved under mild reaction conditions (80 8C,
4 h).[30] The authors related this unusual epoxidation activity in
USY to the formation of surface hydroperoxide species (Al�
OOH) from the reaction of Al�OH groups with hydrogen per-
oxide as previously reported for Al2O3.[31]

The development of mesoporosity in hierarchical zeolites
can open up the porous framework in these materials, and
induce the formation of a large number of accessible terminal
Al�OH groups.[3] Liu et al.[32] recently reported the catalytic per-
formance of alkali-treated ZSM-5 zeolite in the selective oxida-
tion of benzylalcohol with hydrogen peroxide, pointing out
that the reaction mechanism involves the formation of Al�
OOH groups by direct reaction of Al�OH sites with H2O2. We
recently reported the synthesis and characterization of iron
oxide-functionalized hierarchical ZSM-5 zeolites with different
Si/Al ratios. The surface acid properties of these catalysts were
investigated and correlated to the catalytic activity of these
materials in the microwave-assisted alkylation of toluene with
benzyl chloride, preferentially catalyzed by Lewis acids.[33]

In light of these findings, we set out to investigate the feasi-
bility of using these hierarchical zeolites, with and without iron
oxide nanoparticles, in selective oxidation processes taking ad-
vantage of terminal Al�OH groups to generate redox sites in
zeolites. Mesoporous ZSM-5 materials were consequently syn-
thesized and employed in various selective oxidation test reac-
tions under microwave irradiation, namely the oxidation of
benzyl alcohol to benzaldehyde, the epoxidation of cyclohex-
ene, and the multistep conversion of N,N-dimethyl formamide
(DMF) into products of interest.

The textural and surface acid properties of zeolite materials
synthesized in this work are summarized in Table 1. All hier-
archical ZSM-5 zeolites exhibited type I + IV isotherms typical
of micro- and mesoporous materials, as compared to the type I
isotherms observed for parent microporous zeolites (Z40c and
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Z15c).[33] The surface areas of Z40c-H and Z15c-H, particularly
the “external” surface area, were comparably superior to those
of the parent microporous materials after the introduction of
mesoporosity, Table 1 (see Ref. [33] for further details).

The sharp increase in external surface area and mesopore
volume in hierarchical ZSM-5 zeolites is directly related to the
increase in the surface acidity, measured using 2,6-dimethylpyr-
idine (DMPY) as probe molecule, thus leading to a sharp de-
crease in the Lewis acidity of these samples, which only slightly
increased in iron-containing material (Table 1). Pyridine (PY) is
considered to characterize both Brønsted (B) and Lewis (L) acid
sites, while DMPY mainly titrates B acid sites. Moreover these
two bases, with differing molecular dimensions, may detect
acid sites located in different pore spaces, that is, PY reaches
all acid sites either in micropores or in mesopores/on the sur-
face, while DMPY is only applicable the quantification of acid
sites in mesopores or on the surface.[24, 33, 34] Therefore, the de-
velopment of mesoporosity in Z40c-H and Z15c-H samples is
related to the higher accessibility of DMPY, giving rise to a ma-
terials with essentially B acid sites, as shown in Table 1.[33]

Base titration experiments correlated well with diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS) of PY
adsorbed on zeolites (Figure 1 and Supporting Information).
Z15c-H and Z40c-H generally exhibited a much lower concen-
tration of accessible Lewis acid sites as compared to their
parent microporous counterparts, both systems having a large
concentration of Brønsted acid sites developed upon HCl treat-
ment (particularly Z15 materials, Figure 1). This is also the
trend observed upon incorporation of iron (Supporting Infor-
mation).

Upon porous and acidic characterization, the prepared zeo-
lites were next investigated in various selective oxidation pro-
cesses under microwave irradiation. Given the experience of
our group in the selective oxidation of benzyl alcohol to ben-
zaldehyde, this reaction was firstly attempted under microwave
irradiation and similar previously optimized conditions.[35] Mi-
crowaves were selected as reaction tool due to their inherent
advantages in providing a fast and homogeneous heating of

the reaction mixture, as opposed
to the slow and bulk heating
achieved under conventional
heating. Results for the different
investigated catalysts are sum-
marized in Table 2. These results
prove the remarkable catalytic
activities of mesoporous Z40c-H
and Z15c-H, even after several
catalytic cycles, as compared to
their parent microporous zeo-
lites. Benzaldehyde was selec-
tively obtained (90–99 %) with
conversions between 35 % to
45 % of benzyl alcohol under
mild reaction conditions and
very short reaction times (typi-
cally 3–5 min). A further increase
in reaction time did not signifi-

cantly improve conversion in these systems, which remained in
the 40–50 % range. Results were also comparable to designed
supported iron oxide nanoparticles previously reported in the
literature (Table 2).[23] The enhanced catalytic activity of hier-
archical zeolites over their parent zeolites could be related to
(i) their higher accessibility (as evidenced by their larger pore
volume),[7] and (ii) a higher amount of terminal and highly ac-
cessible Al�OH groups (high DMPY/PY ratios) created by alkali-
treatment.[34] For comparison purposes the catalytic results ob-
tained with three alumina-silica catalysts with Si/Al ratio ca. 40
are included in Table 2.[35] They all show excellent textural
properties (Brunauer–Emmett–Teller (BET) areas of ca.
700 m2 g�1). However, their surface acidy, measured by DMPY
adsorption, is lower than the one determined for hierarchical
Z15c-H and Z40c-H zeolites, which could explain their inferior
catalytic activity.

A plausible mechanism is shown in Scheme 1. Terminal and
highly accessible Al�OH groups can react with H2O2 to gener-
ate highly reactive aluminum hydroperoxide surface species,
which can then oxidize benzyl alcohol to benzaldehyde.[32, 36]

Table 1. Chemical composition, textural parameters, and surface properties of hierarchical zeolites used in this
work. Microporous Z40c and Z15c are compared to post-treated and Fe-functionalised materials.[33]

Sample Si/Al[a] Fe[a]

[wt %]
SBET

[c]

[m2 g�1]
Smeso

[d]

[m2 g�1]
Vmicro

[d]

[cm3 g�1]
Vmeso

[e]

[cm3 g�1]
Surface acidity[f]

[mmol g�1]
PY DMPY PY-DMPY

Z40c 48.2 – 410 210 0.14 0.16 218 14 204
Z40c-H 50.0 – 610 440 0.16 1.13 264 249 15
Fe1/Z40c-H (BM) 42.3 0.7/1.8[b] 425 365 0.07 0.64 322 250 72
Z15c 19.5 – 360 190 0.14 0.13 529 285 244
Z15c-H 20.0 – 690 590 0.16 0.89 367 355 12
Fe0.5/Z15c-H (BM) 22.4 0.3/0.7[b] 355 330 0.06 0.68 329 294 35

[a] Surface Si/Al mole ratio and Fe contents as determined by XPS after the samples were etched. According to
the manufacturer, the Si/Al molar ratios in Z40 and Z15 zeolites before calcination are 40 and 15, respectively.
[b] From ICP-AES analysis (samples treated with phosphoric acid and hydrochloric acid). [c] BET surface area ob-
tained using multipoint BET method from the adsorption data (P/P0 range = 0.05–0.30). [d] “External” surface
area and micropore volume from the isotherms using the t-plot method. [e] Mesopore volume from the iso-
therms using the DFT method. [f] Surface acidity measured using PY and DMPY as probe molecules at 200 8C.
Lewis acidity was obtained by subtracting PY and DMPY values, by assuming that PY characterizes both B and
L sites while DMPY mainly for B sites.

Figure 1. DRIFT spectra of pyridine (PY) for surface acidity comparison of
Z15c-H (left) and Z15c (right) at different temperatures (from bottom to top:
100, 150, 200, and 300 8C). B and L refer to Brønsted and Lewis acid sites, re-
spectively.
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Indeed, H2O2 efficiency (obtained from the ratio between the
moles of product per consumed H2O2 � 100) was found to be
>75 % in all cases, supporting the proposed mechanism. This
mechanism has already been proposed for homogeneous[36a]

and heterogeneous alumina-based catalysts[36b–d] as well as for
alkali-treated ZSM-5 zeolites.[32] Importantly, the proposed
mechanism involves subsequent dehydration steps, which can
be favored in acidic zeolite-type materials.[36] These dehydra-
tion steps seem to be effectively promoted in both Z40c-H
and Z15c-H systems. To the best of our knowledge, this is the
first report of selective oxidation of alcohols catalyzed by hier-
archical zeolites and illustrates the potential of using Al�OH
sites, which are generally not relevant in acid-catalyzed pro-
cesses by turning them into highly active and accessible Al�
OOH sites for various chemistries. As expected, the incorpora-
tion of iron oxide nanoparticles slightly increases conversion
values, probably due to a synergetic Fe/Al effect.[33, 35b] This in
turn may be due to the combination of the Fenton process
(Fe3 + + H2O2!Fe2 + + H+ + HOO·)[37] and the generation of
highly reactive Al�OOH surface species.[32, 37]

Zeolites beta and Y were previously reported as active cata-
lysts in the selective oxidation of alkanes[38] and alkenes, such
as cyclooctene conversion.[30a] Therefore, the catalytic activity
of hierarchical zeolites has been also tested on the microwave-
assisted cyclohexene oxidation and compared to that of micro-
porous Z40c and Z15c zeolites (Figure 2). Cyclohexene was
converted in moderate to good yields (35–50 %) over Z40c-H

and Z15-c with varying selectivi-
ty to products including minor
concentrations of epoxycyclo-
hexane (<20 %). 1,2-Cyclohexa-
nediol and 2-cyclohexen-1-one
were obtained as major reaction
products. While the production
of 2-cyclohexen-1-one seems
plausibly favored via hydroxyl-
ation from Al�OOH groups (sub-
sequent oxidation of the hydrox-
yl to ketone leads to the ob-
served product), the diol was ob-
tained upon ring opening of the
epoxide on Brønsted acid sites
of the zeolites.[39] These results
are in good agreement with pre-
vious reported work on the oxi-
dation of alkenes using Al2O3

systems, in which the formation of Al�OOH groups was report-
ed by direct reaction of Al�OH sites with H2O2.

[31] H2O2 efficien-
cies of ca. 75–90 % confirmed the formation of those Al�OOH
groups in hierarchical zeolites.

In view of the oxidative dehydration activities of hierarchical-
ly porous ZSM-5 materials, the catalytic activity of Z40c-H was
also tested in a challenging oxidative dehydration reaction,
using DMF as substrate (Table 3). The reaction profile is depict-
ed in Figure 3.

Hydrogen peroxide was also employed to generate Al�OOH
sites on the zeolites. Interestingly, acetonitrile was observed as
exclusive product of DMF conversion. An almost negligible
acetonitrile conversion was obtained with parent microporous
ZSM-5 materials, as compared to a significantly improved activ-
ity observed for the analogous reaction using hierarchical
ZSM-5 zeolites under identical conditions (20–25 %) after 0.5 to
2 h of microwave irradiation (Table 3). Due to the small molec-

Table 2. Microwave-assisted selective oxidation of benzyl alcohol to benzaldehyde using hierarchical zeolites.

Sample Reaction time
[min]

Conversion
[mol %]

Selectivity to
benzaldehyde [mol %]

Max. temp.
[8C]

blank (no catalyst) 30 <10 100 –
Z40c 5 <15 100 101
Fe1/Z40c (BM) 5 26 100 131
Z15c 5 <15 100 86
Fe0.5/Z15c (BM) 5 20 100 132
Z40c-H 3 34 91 166
Z40c-H 5 41 90 170
Z15c-H 3 34 99 150
Z15c-H 5 44 93 170
Z15c-H, 2nd use 5 32 99 160
Z15c-H, 3rd use 5 26 99 162
Fe0.5/Z15c-H (BM) 5 46 97 111
Al-SBA-15[b] 60 <15 99 130
Fe/Al-SBA-15 or Al-MCM-41[b] 1.5 53–54 92 150

[a] Reaction conditions: 0.2 mL benzyl alcohol, 0.3 mL H2O2, 2 mL acetonitrile, 0.05 g cat. , 300 W, 3-5 min reac-
tion time. [b] Optimized activity and selectivity of previously reported iron-containing catalysts (0.63 wt %
Fe).[35]

Scheme 1. Proposed peroxide species from Al�OH terminal groups involved
in selective benzyl alcohol oxidation.

Figure 2. (left) Microwave-assisted conversion and selectivity to diol (mol %,
x-axis) of cyclohexene oxidation catalyzed by different zeolite materials.
(right) Selectivity (mol %) to products for Z15c-H sample. Reaction condi-
tions: 1 mL cyclohexene, 0.4 mL H2O2, 2 mL acetonitrile, 0.05 g cat. , 300 W,
30 min reaction time.
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ular sizes of DMF and acetonitrile, the observed improvement
in activity cannot be correlated to better reactant and/or prod-
uct diffusion in the mesoporous zeolites but to the larger con-
centration of accessible Al�OH (upon generation of porosity
via desilication + washing) and subsequent generation of Al�
OOH sites through reaction with hydrogen peroxide.

This particular reaction followed a significantly different
pathway as proposed in Scheme 2, starting with a demethyla-
tion of DMF to N-methylformamide followed by a plausible ox-
idative dehydration to methyl isocyanide (Scheme 2). Deme-
thylation (dealkylation) reactions are common zeolite-catalyzed
processes taking place on the strong acid sites of the zeolites
and/or under base-catalyzed conditions.[40] Furthermore, the
oxidative dehydration of N-methylformamide has been previ-
ously reported using supported metals.[41] Methyl isocyanide
undergoes isomerization to methyl cyanide (acetonitrile) in the
last step, a reaction that has been previously promoted under
heat[42] or catalyzed by metal complexes.[43]

The generation of mesoporosity in zeolites has been gener-
ally at to improving accessibility and/or diffusional constraints
inherent in microporous zeolites. In this work, we have shown
that opening-up the porous framework of zeolites can render
potentially interesting terminal groups (e.g. , Al�OH), upon
functionalization, into ones that can successfully be utilized in
a number of different processes, including selective oxidations.
An unprecedented versatility of hierarchical zeolites in oxida-
tive processes has been reported in this work, in which moder-

ate to good activities are achieved in alcohol and alkene oxida-
tion as well as in tandem acid/redox processes for the conver-
sion of DMF into acetonitrile. We believe these remarkable
findings can pave the way to a more extended utilization of
functionalized hierarchical zeolites in oxidation reactions.

Experimental Section

Synthesis of hierarchical zeolites: Commercial MFI zeolites
CBV8014 (Zeolyst International, Si/Al molar ratio = 40, denoted as
Z40c) and CBV3024E (Zeolyst International, Si/Al molar ratio = 15,
denoted as Z15c) were used as starting materials upon calcination
at 550 8C for 5 h in air (rate of 100 8C h�1). Post-synthetic desilica-
tion treatment was conducted following the methodology report-
ed by Groen et al. ,[7] in which zeolites were treated with different
concentrations of 100 mL NaOH solution (0.4 m for Z40c and 0.8 m

for Z15c) for 30 min at 65 8C and 600 rpm. The solution was then
filtered off and thoroughly washed with distilled water. Desilicated
zeolites were subsequently treated in 100 mL of 0.1 m aqueous HCl
under identical conditions during 6 h to remove alumina debris
and obtain the ZSM-5 porous zeolites, as recently reported else-
where.[33] These NaOH concentrations were selected because they
imparted good textural and acid properties onto the final materi-
als.[33] Hierarchical ZSM-5 materials after acid washing are denoted
as Z40c H and Z15c-H.
Mechanochemical preparation of iron-containing materials: Hier-
archical ZSM-5 materials with iron oxide nanoparticles were pre-
pared using a mechanochemical protocol recently developed in
our group.[33, 35] In a typical preparation, 2 g of the hierarchical
ZSM-5 zeolites (Z40c-H and Z15c-H samples) were ground with the
target quantity of metal precursor (FeCl2.6 H2O, Sigma–Aldrich) in
the solid phase to achieve the required iron loading in the final
material. The mechanochemical protocol was performed using
a planetary ball mill (Retsch PM 100) under previously optimized
conditions (10 min milling at 350 rpm). The obtained materials
were finally calcined in air at 400 8C for 2 h. The iron-containing
materials are denoted as Fe1/Z40c-H (BM) and Fe0.5/Z15c-H (BM),
where a theoretical iron incorporation of 1 or 0.5 wt % in the final
material, respectively, was targeted and BM stands for (mechano-
chemical) ball-milling incorporation of the metal.[33, 44]

Materials characterization: The porosity of the materials was mea-
sured by N2 adsorption at 77 K using an AUTOSORB-6 apparatus.
Samples were previously degassed for 5 h at 373 K at 5.10 5 bar.

Table 3. Conversion of DMF to acetonitrile using zeolites under microwave
irradiation.

Sample Reaction time
[min]

Conversion
[mol %]

Selectivity to
acetonitrile [mol %]

Max.
temp. [8C]

blank (no catalyst) 120 – – 105
Z40c 30 <5 – 120
Z40c-H 30 20 >99 127
Z40c-H 120 25 >99 130

[a] Reaction conditions: 2 mL N,N-dimethylformamide, 0.3 mL H2O2 50 % (v/
v), 0.05 g catalyst, 300 W, 120–130 8C, MW irradiation.

Figure 3. Microwave-assisted conversion (mol %, x-axis) of cyclohexene cata-
lyzed by different zeolite materials. Inset corresponds to selectivity (mol %)
to products for Z15c-H. Reaction conditions: 1 mL cyclohexene, 0.4 mL H2O2,
2 mL acetonitrile, 0.05 g cat. , 300 W, 30 min reaction time.

Scheme 2. Proposed reaction mechanism for the production of methyl cya-
nide (acetonitrile) from N,N-dimethylformamide via subsequent demethyla-
tion, oxidative dehydration, and isomerization reactions over hierarchical
ZSM-5 zeolites (CBV3024L stands for Z15c-H sample).
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BET surface areas were estimated by using the multipoint BET
method and adsorption data in the relative pressure (P/P0) range
of 0.05–0.30. The pore size distribution was calculated from the ad-
sorption branch of the N2 isotherms using the DFT method. The
mesoporous volume was calculated from the cumulative pore
volume distribution curve. The micropore volume was calculated
by using the t-plot method. Pyridine (PY) and 2,6-dimethylpyridine
(DMPY) titration experiments were conducted at 200 8C via gas-
phase adsorption of the basic probe molecules utilizing a pulse
chromatographic titration methodology. Briefly, probe molecules
(typically 1 to 2 mL) were injected in very small amounts (to ap-
proach conditions of gas chromatography linearity) into a gas
chromatograph through a microreactor in which the solid acid cat-
alyst was previously placed. Basic compounds were adsorbed until
complete saturation, that is, until peaks of the probe molecules in
the gas phase were detected by GC. The quantity of probe mole-
cules adsorbed by the solid acid catalyst could then easily be
quantified. To distinguish between Lewis and Brønsted acidity, we
assumed that DMPY selectively titrates Brønsted sites (methyl
groups hinder coordination of nitrogen atoms with Lewis acid
sites) and that PY titrates both Brønsted and Lewis acidity. Thus,
the difference between the amounts of PY (total acidity) and
DMPY (Brønsted acidity) adsorbed should correspond to Lewis
acidity in the materials. DRIFT spectra of adsorbed pyridine (PY)
were carried out in an ABB IR-ATR instrument equipped with an
environmental chamber. PY was adsorbed at room temperature for
a certain period of time (typically 1 h) to ensure a complete satura-
tion of the acid sites in the catalyst and then spectra were record-
ed at different temperatures ranging from 100 to 300 8C in a similar
way to previous reports.[35] With this purpose, the different types
of acid sites in the materials (Brønsted and Lewis) could be mea-
sured and quantified.
Microwave-assisted oxidation of benzyl alcohol: In a typical reac-
tion, 0.2 mL benzyl alcohol, 0.3 mL H2O2 50 % (v/v), 2 mL acetoni-
trile, and 0.05 g catalyst were added to a Pyrex vial and micro-
waved in a pressure-controlled CEM Discover microwave reactor
for 5 min at 300 W (maximum temperature reached was 120–
125 8C, maximum pressure 240 PSI) under continuous stirring. Sam-
ples were then withdrawn from the reaction mixture and analyzed
by GC using an Agilent 6890N fitted with an HP-5 capillary column
(30 m � 0.32 mm � 0.25 m) and a flame ionization detector (FID).
The identity of the products was confirmed by GC–MS. The micro-
wave method was generally temperature-controlled (by an infrared
probe) where the samples were irradiated with the required power
output (settings at maximum power, 300 W) to achieve the desired
temperature.
Microwave-assisted epoxidation of cyclohexene: In a typical re-
action, 10.3 mmol cyclohexene (1 mL), 0.4 mL H2O2 50 % (v/v), 2 mL
acetonitrile, and 0.05 g catalyst were added to a Pyrex vial and mi-
crowaved for 15 min in a pressure-controlled CEM Discover micro-
wave reactor at 300 W (120–130 8C maximum temperature
reached, maximum pressure 240 PSI) under continuous stirring.
Samples were then withdrawn from the reaction mixture and ana-
lyzed as similarly described for the other microwave-assisted reac-
tions. Response factors of the reaction products were determined
with respect to the corresponding starting material from GC analy-
sis, using known compounds in calibration mixtures of specified
compositions.
Microwave-assisted conversion of DMF : In a typical reaction,
2 mL DMF, 0.3 mL H2O2 50 % (v/v), and 0.05 g catalyst were added
to a Pyrex vial and microwaved in a pressure-controlled CEM Dis-
cover microwave reactor at 300 W (120–130 8C maximum tempera-
ture reached, maximum pressure 240 PSI) under continuous stir-
ring. Samples were then withdrawn from the reaction mixture and

analyzed as similarly described for the other microwave-assisted re-
actions.
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Hierarchical Zeolites and their
Catalytic Performance in Selective
Oxidative Processes

Ambitious not siliceous: Desilicated hi-
erarchical zeolites hold promise as cata-
lytic systems. The feasibility of using
these hierarchical zeolites, with and
without iron oxide nanoparticles, in se-
lective oxidation processes is investigat-
ed, taking advantage of terminal Al�OH
groups to generate redox sites in zeo-
lites. The test reactions, under micro-
wave irradiation, are the oxidation of
benzyl alcohol to benzaldehyde, the ep-
oxidation of cyclohexene, and the multi-
step conversion of N,N-dimethyl forma-
mide (DMF).
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