
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 6
:3

9:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Wealth from was
Department of Chemistry, National Institut

† Electronic supplementary information (E
recovered MAPAE@Fe3O4, and 1H and
compounds. See DOI: 10.1039/c8na00321

Cite this:Nanoscale Adv., 2019, 1, 1013

Received 31st October 2018
Accepted 20th November 2018

DOI: 10.1039/c8na00321a

rsc.li/nanoscale-advances

This journal is © The Royal Society of C

Assam, India. E-mail: rokhum@che.nit

+91 3842 242915
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derived magnetic nanoparticles as a solid catalyst
for the Henry reaction†

Gunindra Pathak, Kalyani Rajkumari and

Biosynthesis of nanoparticles by exploiting different plant materials has become a matter of great interest in

recent years and is considered as a green technology as it does not involve any harmful and toxic chemicals

in the synthetic procedure. In this paper, we report a novel one-potM. acuminata peel ash extract mediated

bio-synthesis of basic iron oxide nanoparticles (MAPAE@Fe3O4). The nanoparticles were fully characterized

by different analytical techniques such as XRF, IR, XRD, XPS, SEM, TEM, VSM and TGA. The synthesized

nanoparticles exhibited high basicity due to the presence of metal oxides, primarily basic K2O in the

outer layer of Fe3O4 surfaces, and showed good catalytic activity for the synthesis of b-nitroalcohol via

the Henry reaction at room temperature under solvent-free conditions. The catalyst was separated from

the reaction medium by simply applying an external bar magnet making the process economical and less

labor intensive. Furthermore, the catalyst can be reused up to the 4th cycle without much loss of its activity.

Samuel  Lalthazuala Rokhum *
1 Introduction

The Henry reaction is one of the most important carbon–carbon
bond forming reactions and has signicant applications in
organic synthesis. The product 2-nitroalcohol can act as an
intermediate in the formation of nitroalkenes, a-nitroketones,
and b-amino alcohol derivatives, and synthesis of chiral ligands
and some biologically active compounds.1,2 It can also be easily
transformed into other chiral building blocks by oxidation,
reduction, the Nef reaction or a nucleophilic displacement
reaction due to chemical versatility of the nitro group present in
the product molecule.3 Therefore, continuous efforts have been
devoted to developing a simple andmild catalytic system for the
Henry reaction. However, the use of a conventional base resul-
ted in side products along with the desired b-nitroalcohol and
this limitation is overcome by the use of various functionalized
metal complexes and organocatalysts.4–7 Additionally, the
problem of toxicity, catalyst recoverability and reusability and
high cost cannot be ignored. Therefore, to address these diffi-
culties further development was needed to provide green and
productive methodologies.

During the last few years, Fe3O4 magnetic nanoparticles have
been getting considerable attention from researchers due to
their (i) high catalytic activity, (ii) thermostability, (iii) easy
e of Technology, Silchar, Silchar-788010,

SI) available: XPS, TEM, and EDX of the
13C NMR spectra of the synthesized
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magnetic recoverability and recyclability, etc. Besides these, cost
effectiveness, low toxicity, bio-compatibility and high surface
area to volume ratios are also some great advantages of Fe3O4

magnetic nanoparticles.8–11 Iron oxide magnetic nanoparticles
have been extensively used in various elds of science and
technology such as magnetic resonance imaging, targeted drug
delivery systems, data storage, wastewater treatment, catalysis,
etc.12–16 Furthermore, an Fe3O4 magnetic nanocatalyst is
considered as a suitable support for the preparation of a highly
active metal catalyst as this metal catalyst on its surface prevents
agglomeration of catalyst particles during separation which
increases the catalyst imperishability.17 There are various
methods for synthesizing Fe3O4 magnetic nanoparticles, among
them co-precipitation methods have been recognized as themost
efficient and simplest. Beside this, other methods like the sol–gel
method,18 hydrothermal techniques,19 forced hydrolysis,20

microemulsion techniques,21 sono-chemical methods,22 and
electrochemical routes23 are also extensively used. However, these
methods are very expensive, outdated and potentially hazardous
to the environment due to the use of toxic chemicals and solvents
like sodium borohydride, hydrazine, carbon monoxide, sodium
citrate, dimethylformamide, etc.24 Therefore, to deal with these
limitations, green- or biosynthesis of Fe3O4 nanoparticles has
been chosen as an environmental friendly, low cost alternative to
these chemical methods. There are many methods available for
synthesizing biogenic iron oxide nanoparticles by using various
biological materials and organisms like bacteria,25 fungi,26

yeasts,27 plant leaves,28 fruit peel,29 etc. However, a brief study of
the literature reveals that the use of naturally available M. acu-
minata banana peel ash extracts has not been investigated for the
synthesis of Fe3O4 nanoparticles.
Nanoscale Adv., 2019, 1, 1013–1020 | 1013
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Herein, we report rst successful one pot synthesis of basic
Fe3O4 magnetic nanoparticles using M. acuminata peel ash
extracts as they provides a strong basic medium for co-precip-
itation procedures. Banana peel is considered as an agro waste
product produced in large amounts annually by food processing
industries across the world.30 M. acuminata peel ash contains
oxides of some metals, like potassium, calcium, silicon, etc.,
that can be used as a base in many chemical transformations.31

Waste banana peel has been utilized in numerous applications
like organic fertilizers, catalysts for biodiesel production, bio-
sorbents for removal of hazardous metal and dyes from waste-
water, biotechnology related processes, etc.30,32 Therefore
researchers are very much motivated to come up with a meth-
odology/process to reuse this waste banana peel to produce
some environmentally useful and protable products such that
valorization of this waste product can contribute its removal
from the environment avoiding its handling as a solid waste
material. Recently we have used waste M. acuminata banana
peel ash as a heterogeneous catalyst for sustainable production
of biodiesel.31

With this interest, here we demonstrate the one pot green
synthesis of a low cost, magnetically retrievable iron oxide
(Fe3O4) nanobase catalyst using banana (M. acuminata) peel ash
extracts (hereaer denoted as MAPAE@Fe3O4 NPs). Further-
more, the fabricated MAPAE@Fe3O4 NP catalyst was charac-
terized by various analytical and spectroscopic techniques. With
our ongoing interest in the Henry reaction,33,34 we further
investigated its catalytic activity in the synthesis of b-nitro-
alcohol using nitroalkanes with different aldehydes and the
results obtained are found to be excellent.
2 Experimental methodology
2.1 Preparation of MAPAE@Fe3O4 NP catalysts

For the preparation of banana (M. acuminata) peel extracts,
banana peels were collected and washed thoroughly with
distilled water to remove impurities. These peels were then
dried and burnt in open air to collect the ash. Now, 10 g of ash
was dissolved in 100 mL of distilled water at 80 �C in a 500 mL
round bottom ask and stirred for 1 h. The mixture was then
ltered off and banana peel extracts were collected.

Magnetite nanoparticles (Fe3O4 NPs) were prepared by
a convenient co-precipitation method with slight modications.
Briey, 5 mmol of FeSO4$7H2O and 10 mmol of FeCl3
(Fe2+ : Fe3+ ¼ 1 : 2 molar ratio) were dissolved in 100 mL of
deionized water at 90 �C. 20 mL M. acuminata banana peel ash
extracts were then added to this solution dropwise with
vigorous stirring. The colour of the solution became dark
brown. Aer that a little amount of 1 M ammonia solution was
added dropwise till the colour of the solution became
completely dark. The synthesized Fe3O4 NPs were allowed to
settle and the solution was decanted. To this 50 mL of banana
peel ash extract was again added and stirred for another half an
hour. Aer that the water part of the solution was evaporated
using a rotary evaporator and the dried solid nanocatalyst was
collected and stored in a desiccator.
1014 | Nanoscale Adv., 2019, 1, 1013–1020
2.2 Characterization of MAPAE@Fe3O4 NP catalysts

XRF, IR, XRD, XPS, SEM, TEM, EDX, VSM and TGA analyses
were performed to evaluate the structure, composition and
morphology of the synthesized nanoparticles. The FTIR spectra
were recorded on KBr pellets using a Nicolet 6700 FTIR spec-
trophotometer. High resolution transmission electron micros-
copy (HRTEM) was recorded on an electron microscope (JEM-
2100, 200 kV, JEOL). Energy dispersive X-ray spectroscopy (EDX)
was also performed using the same instrument in EDX mode
with a 0.28 sr solid angle (in a HR conguration with a 50 mm2

detector). Powder X-ray diffraction (XRD) patterns were ob-
tained on an X'Pert Pro PANalytical diffractometer under the
following conditions: K-alpha1 wavelength l ¼ 1.54056 Å, K-
alpha2 wavelength l ¼ 1.54439 Å, a generator voltage of 40 kV,
a tube current of 35 mA and a count time of 0.5 s per 0.02� in the
range of 5–90� with a copper anode. XPS analysis was carried out
on an ESCALAB Xi+, Thermo Fisher Scientic instrument at
room temperature. Magnetic measurements were carried out on
a Lakeshore VSM 7410 magnetometer. The thermogravimetric
analysis was carried out on a Perkin Elmer TGA 4000 instru-
ment. The weight loss of the catalyst was recorded within
a temperature range of 30–1000 �C, heating rate of 0.1–200 �C
min�1 under a constant ow of nitrogen gas. 1H and 13C NMR
spectra of synthesized b-nitroalcohol were recorded on a Bruker
Avance II (400 MHz), spectrometer using tetramethylsilane
(TMS) as an internal reference.
2.3 General procedure for synthesis of b-nitroalcohols

To awell-stirredmixture of aldehyde (1mmol) and nitroalkane (1.5
mmol) in a sample vial, 50mg ofMAPAE@Fe3O4 NPs was added at
ambient temperature. The reaction mixture was allowed to stir for
the time specied in Table 3. The progress of the reaction was
monitored using TLC. Aer completion of the reaction (as indi-
cated by TLC), the catalyst was isolated using an external magnet
and the resultant mixture was puried by silica gel column chro-
matography to give the corresponding nitroalcohol.
2.4 Basicity measurement

The basic strength of the solid catalyst was determined by using
the Hammett indicator method. The following Hammett indi-
cators are used in our experiments: bromothymol blue (H_ ¼
7.2), phenolphthalein (H_ ¼ 9.8), alizarin yellow R (H_ ¼ 11.0),
indigo carmine (H_ ¼ 12.2), 2,4-dinitroaniline (H_ ¼ 15.0) and
nitroaniline (H_ ¼ 18.4). Approximately 200 mg of solid catalyst
and a 1mL solution of the Hammett indicator diluted with 5mL
of anhydrous methanol was shaken and allowed to equilibrate
for 2 h. If the solution exhibits a colour change it indicates that
the basic strength of the catalyst is stronger than the strength of
the indicator used. However, if the solution does not produce
any colour change, it means that the basic strength of the
catalyst is weaker than the indicator used.35
2.5 Catalyst recyclability test

To investigate the reusability of the catalyst, the catalyst was
utilized for several consecutive cycles under our optimized
This journal is © The Royal Society of Chemistry 2019
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reaction conditions. Once the reaction was completed the
catalyst was subjected to washing with methanol and hexane to
remove any impurities. The washed catalyst was dried in
a vacuum oven at 100 �C for 5 h and used for subsequent cycles.
Fig. 2 XRD patterns of the MAPAE@Fe3O4 NPs.
3 Results and discussion
3.1 Catalyst characterization

To know the metallic and non-metallic compositions of the
catalyst, XRF analysis was performed. Apart from Fe3O4, the
MAPAE@Fe3O4 NP catalyst was found to contain K2O (46.24%)
and SiO2 (22.35%) as major constituents for catalytic activation.
Beside these, several other metal oxides such as Al2O3, CaO,
Na2O, P2O5, and MnO are also found to be present in trace
amounts. The presence of these metal oxides in the
MAPAE@Fe3O4 NP catalyst is responsible for its catalytic activity
as a base in the Henry reaction.

To detect the functional groups present in the
MAPAE@Fe3O4 NP catalyst, IR analysis was performed (Fig. 1).
The FT-IR spectra showed an intense peak at 586 cm�1 corre-
sponding to the Fe–O bond vibration which is the characteristic
peak of Fe3O4 nanoparticles. The peaks at 3413 cm�1 and 1640
cm�1 can be attributed to the –OH stretching and bending
vibrations of the absorbed moisture over the catalyst surface.
The absorption band at 688 cm�1 may be assigned to the K–O
and Ca–O stretching vibrations. The peak at 1399 cm�1 may be
due to the presence of a metal carbonate, e.g. K2CO3, in the
catalyst. The two absorption bands at 1117 cm�1 and 791 cm�1

are the characteristic stretching and bending vibrations of the
Si–O–Si bond, respectively.36 The single band at 886 cm�1

observed in the MAPAE@Fe3O4 catalyst may be due to the
vibration of isolated SiO4 in M2+ SiO4 perturbed by the inter-
action with M2+.37

The crystalline structure of the MAPAE@Fe3O4 NP catalyst
was analyzed by XRD analysis (Fig. 2) and it was seen that the
XRD peaks match very well with the characteristic peaks of the
inverse cubic spinel structure of crystalline Fe3O4 nanoparticles
giving 2q values of 30.13, 33.73, 43.50 and 55.26� (JCPDS le no.
Fig. 1 FT-IR spectra of the MAPAE@Fe3O4 catalyst.

This journal is © The Royal Society of Chemistry 2019
89-3854). The strong characteristic peaks of K2O and K2CO3

were also observed at 2q ¼ 28.44, 30.74, 31.52, 34.21, 40.49,
50.30� (JCPDS reference le no. 77-2176 and 71-1466). The
presence of SiO2 was also conrmed by the appearance of peaks
at 2q ¼ 34.33, 57.44� (JCPDS reference le no. 89-3609). Besides
these, the peaks at 2q ¼ 38.00 and 66.47� also indicated the
presence of Al2O3 in the catalyst.

The size, shape and surface morphology of the synthesized
MAPAE@Fe3O4 NPs were investigated by SEM and TEM analysis
(Fig. 3). From the SEM images (Fig. 3a and b), It was clearly seen
that the Fe3O4 particles are covered with metal oxides and
carbonates producing horizontal ake-like structures of
different sizes and it is very difficult to determine the size of the
particles due to the agglomeration of the particles. The TEM
images of MAPAE@Fe3O4 (Fig. 3c and d) revealed that the
particles have core/shell structures and black colour shows
Fe3O4 and ash colour is for metal oxides and carbonates
impregnated over Fe3O4 surfaces which conrmed the forma-
tion of an outer layer over Fe3O4 surfaces. The particles are
Fig. 3 (a and b) SEM images, (c and d) TEM images of MAPAE@Fe3O4

nanoparticles at various magnifications, and (e) SAED pattern.

Nanoscale Adv., 2019, 1, 1013–1020 | 1015
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Fig. 5 EDX spectrum of the MAPAE@Fe3O4 nanoparticles.
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quasi-spherical in shape having diameters ranging from 20–30
nm. The SAED pattern (Fig. 3e) conrmed that the particles are
polycrystalline in nature.

To investigate the surface composition of the synthesized
nanoparticles, XPS analysis was performed as shown in Fig. 4.
The wide scan XPS spectrum showed the presence of K 2p
(27.56%) and O 1s (70.51%) as the major constituents and
negligible amounts of Al 2p, Si 2p and P 2p are also present on
the catalyst surface. The deconvoluted peaks of K 2p consist of
two peaks with binding energies of 294.5 eV and 291.8 eV, which
can be attributed to the presence of potassium as an oxide and
carbonate on the catalyst surface.31 There was only one peak at
530.5 eV in the O 1s spectrum, which indicated the presence of
metal oxides. The Si 2p peak at 100.09 eV can be attributed to
the presence of oxides of silicon on the catalyst surface.38 The
disappearance of the Fe 2p peak clearly indicated that the
surfaces of Fe3O4 nanoparticles are fully covered with metal
oxides, which is responsible for its high basicity or high cata-
lytic activity. The EDS analysis of the MAPAE@Fe3O4 NP catalyst
also supported the results of XPS analysis and revealed the
presence of K, O, C and Fe in the catalyst (Fig. 5).

The occurrence of magnetic behavior for raw Fe3O4

(collected before addition of extra ash extracts) and
MAPAE@Fe3O4 nanoparticles was conrmed by the closedM–H
loop shown in Fig. 6. It can be seen that, in comparison with
64.65 emu g�1 of Fe3O4, the saturation magnetization of
MAPAE@Fe3O4 was found to be 38.14 emu g�1 aer being
impregnated with ash extracts. This may be due to the forma-
tion of an outer layer of metal oxides and carbonates over the
surface of the Fe3O4 core. Moreover, both the remanence and
coercivity value are almost negligible suggesting that the
Fig. 4 (a) XPS survey spectrum, and (b) O 1s, (c) K 2p and (d) Si 2p spec

1016 | Nanoscale Adv., 2019, 1, 1013–1020
synthesized Fe3O4 and MAPAE@Fe3O4 nanoparticles are
superparamagnetic in nature. TGA analysis was also performed
to investigate the thermal stability of the MAPAE@Fe3O4 cata-
lyst (Fig. 7). In the TG curve, a 2–3% initial weight loss was
observed at 50–180 �C due to removal of absorbedmoisture. The
weight loss between 200 and 450 �C may be due to the thermal
decomposition of metal oxides and the oxidation of carbona-
ceous materials present in the catalyst to release CO, CO2, etc.

The basic strength of the MAPAE@Fe3O4 NPs was also
investigated by the Hammett indicator method according to the
above mentioned procedure. From the experiment it was seen
that when bromothymol blue and phenolphthalein solution
were mixed with the catalyst, the colour of the solution changed
tra of MAPAE@Fe3O4.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Themagnetic hysteresis loop of Fe3O4 andMAPAE@Fe3O4 NPs.

Fig. 7 TGA thermogram of MAPAE@Fe3O4 NPs.

Scheme 1 Henry reaction of 4-nitrobenzaldehyde with nitromethane
using the MAPAE@Fe3O4 catalyst.

Table 1 Optimization of the weight of the catalysta

Entry Amount (in mg) Time (min) Yield (%)

1 30 90 80
2 40 85 85
3 50 70 99
4 60 80 98

a Reaction conditions: 4-nitrobenzaldehyde (1 mmol), nitromethane
(1.5 mmol), solvent free, room temperature.

Table 2 Optimization of the molar ratio of reagentsa

Entry Aldehyde/nitroalkane Time (min) Yield (%)

1 1 : 1 85 90
2 1 : 1.5 70 99
3 1 : 2 80 92
4 2 : 1 85 56

a Reaction conditions: 4-nitrobenzaldehyde, nitromethane, catalyst:
MAPAE/Fe3O4 (50 mg), solvent free, room temperature.
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but when the alizarin yellow R indicator was used no colour
change was observed. Therefore the basic strength of the cata-
lyst could be tentatively denoted as 9.8 < H_< 11.0.

3.2 Henry reactions

At the beginning, with our prepared base catalyst we performed
the Henry reaction of 4-nitrobenzaldehyde with nitromethane
at room temperature under solvent free conditions as a pilot
protocol. It was seen that the desired product b-nitroalcohol was
formed without formation of a dehydrated byproduct within 70
min to generate 99% isolated yield (Scheme 1). Furthermore,
optimization of various parameters like the catalyst amount and
molar ratio of reactants was also investigated.

Optimization of the catalyst amount. To investigate the
catalyst amount required for fast and complete conversion of
the reactants, 4-nitrobenzaldehyde and nitromethane were
This journal is © The Royal Society of Chemistry 2019
employed as test substrates with different masses of the nano-
catalyst. Optimization of the catalyst loading is shown in Table
1. It was observed that with 50 mg of the catalyst the reaction
took the least time to complete with an excellent yield of 99% in
70 min (Table 1, entry 3).

Optimization of the molar ratio of the reactants. The
required molar ratio of the reagents by taking different equiv-
alents of aldehyde and nitroalkane was also investigated and it
was found that 1 mmol of aldehyde and 1.5mmol of nitroalkane
(i.e. 1 : 1.5) were most suitable for this reaction (Table 2).

With the optimized reaction conditions in hand, the reaction
was further generalized to a variety of aldehydes to investigate
the scope and limitations of our method and the results are
summarized in Table 3. It was seen that the reaction of various
aldehydes with nitroalkane was rapid and gave good to excellent
yields in all cases with our synthesized base catalyst (Table 3,
3a–t). From the table it was seen that aromatic aldehydes with
an electron withdrawing substituent like 4-nitrobenzaldehyde
undergo faster reaction and gave better yields (Table 3 and 3c).
However, less electrophilic aldehydes with electron donating
groups such as 3,4,5-trimethoxybenzaldehyde (Table 3, 3i) gave
a lower amount of yield. This may be due to the fact that elec-
tron withdrawing groups enhance the electrophilicity of the
carbonyl carbon which facilitates the reaction while electron
donating groups provide it with electrophilicity resulting in the
lower percentage of yield.
Nanoscale Adv., 2019, 1, 1013–1020 | 1017
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Table 3 Henry reactions of various aromatic and aliphatic aldehydes with nitroalkane under solvent free conditionsa

a Reaction conditions: aldehyde (1 mmol), nitromethane (1.5 mmol), MAPAE@Fe3O4 NPs (50 mg) at room temperature.
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We also found that reactions using aliphatic aldehydes were
somewhat slower. This may be due to the electron donating
tendency of the alkyl groups present in the chain (Table 3, 3j,
and 3k). With the interest to know the effect of chain length and
the substitution in the nitroalkane, we further investigated the
reaction of aldehydes with nitroethane and 2-nitropropane
under similar conditions. These reactions were also efficient
and gave an excellent yield of nitroalcohol. It was seen that the
substitution pattern in the aldehyde group affects the reaction
in the same way as in the case of nitromethane but the reactions
were slightly slower (Table 3, 3l–3t). This can be attributed to the
electronic effect and steric hindrance offered by the alkyl group
present in the nitroalkane. FT-IR and NMR analysis of the
synthesized compounds revealed the exclusive formation of
nitroalcohol.
Fig. 8 Reusability of the MAPAE@Fe3O4 catalyst for the Henry
reaction.

1018 | Nanoscale Adv., 2019, 1, 1013–1020 This journal is © The Royal Society of Chemistry 2019
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3.3 Recyclability test of the catalyst

The reusability test for the solid base nanocatalyst was also
studied under our optimized reaction conditions and the result
is shown in Fig. 8. It was observed that the percentage of yield
got reduced aer repeated cycles and aer the fourth cycle only
85% yield was recorded. This may be due to the leaching
process of certain elements which can reduce the active sites of
the catalyst resulting in the loss in catalytic activity. From the
EDS analysis data of both the fresh and recovered catalyst aer
the fourth cycle, it was seen that there was a signicant drop of
the K concentration from 27.07% to 25.49% in the recovered
catalyst (ESI, 2†). This signicant loss in the K concentration of
the fresh catalyst may affect the percentage yield of the product
nitroalcohol in the second run. The XRD pattern of the recov-
ered catalyst was almost similar to that of the fresh catalyst but
the diffraction peaks have lower intensity than those of the
fresh catalyst (ESI, 3†). The SEM and TEM images of the
recovered catalyst also reveal the retention of the core/shell
structure and polycrystalline nature of the nanoparticles (ESI,
3†).
4 Conclusion

In conclusion, we for the rst time report the synthesis of
a novel bio-waste derived solid base catalyst i.e. MAPAE@Fe3O4

NPs using M. acuminata banana peel ash extracts and charac-
terized them using various analytical techniques. The XRD and
TEM results indicated that the synthesized catalyst is poly-
crystalline in nature having diameters ranging from 20–30 nm.
The magnetic nanobase catalyst showed excellent catalytic
activity for the synthesis of exclusively b-nitroalcohol via the
Henry reaction at room temperature under solvent-free condi-
tions. Themetal oxides, predominantly K2O, form an outer layer
over Fe3O4 surfaces and are believed to be responsible for the
high basicity of the catalyst. In addition, the catalyst exhibited
a strong magnetic response and could be easily separated from
the reaction mixture by simply applying an external magnet and
reused for 4 consecutive cycles. The greenness of the catalyst
coupled with the ease of this methodology promise huge
potential for wide utility in the eld of chemical synthesis.
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