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This study describes a simple green method for the synthesis of Limnophila rugosa leaf-extract-capped silver and gold nanoparticles
without using any expensive toxic reductant or stabilizer. The noble metal nanoparticles were characterized by Fourier transform
infrared (FTIR) microscopy, powder X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray analysis (EDX), high-resolution transmission electron microscopy (HR-TEM), selected area electron diffraction
(SAED), and dynamic light scattering (DLS) method. It has been found that the biosynthesized silver and gold nanoparticles are
nearly spherical in shape with a mean particle size distribution of 87.5nm and 122.8 nm, respectively. XRD and SAED patterns
confirmed the crystalline nanostructure of the metal nanoparticles. FTIR spectra revealed the functional groups of biomolecules
presented in the extract possibly responsible for reducing metallic ions and stabilizing formed nanoparticles. The biosynthesized
metal nanoparticles have potential application in catalysis. Compared to previous reports, Limnophila rugosa leaf-extract-capped
silver and gold nanoparticles exhibited a good catalytic activity in the reduction of several derivatives of nitrophenols including
1,4-dinitrobenzene, 2-nitrophenol, 3-nitrophenol, and 4-nitrophenol.

1. Introduction

In the past two decades, noble metal nanoparticles (MNPs),
especially silver (AgNPs) and gold nanoparticles (AuNPs),
have increasingly attained great attention from the scientific
community as well as society due to their distinctive biologi-
cal, physical, chemical, and optical properties [1, 2]. They
have found many applications in diverse areas, such as
electronics [3], biotechnology [4, 5], beauty care products
[6], drug delivery [7, 8], biosensing, and catalysis [9, 10].
During the last decade, many physical, chemical, and biolog-
ical synthesis methods focusing on the control of the size and

shape of MNPs have been explored [11-13]. Among the
approaches mentioned above, biogenic/green synthesis of
MNPs using plant extracts received special attention because
of it being low cost and environmentally benign without
using any expensive and toxic reducing agents as well as sta-
bilizing agents [14, 15]. The first report about using a plant
extract for the synthesis of noble MNPs was recognized in
2003 when Gardea-Torresdey et al. showed the effectiveness
of Alfalfa sprouts extract in the formation of AgNPs under
normal conditions within a short time [16]. Since then,
extracts from many plants such as Salvia officinalis, Lippia
citriodora, Pelargonium graveolens, and Punica granatum
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[17]; Prosopis cineraria [18]; Nigella sativa [19]; Jasminum
auriculatum [20]; Avicennia marina [21]; Phyllanthus uri-
naria, Pouzolzia zeylanica, and Scoparia dulcis [22]; Gera-
nium [23]; and Salvia officinalis [24] were used for the
synthesis of MNPs. Therein, phenolic compounds, polysac-
charides, alkaloids, amino acids, terpenoids, flavonoids, and
proteins presented in plant extracts demonstrated effective-
ness in reducing metal ions to form MNPs with the tunable
shape and size [25, 26]. The shape of the obtained nanoparti-
cles is quite diverse, including spherical, prism, triangular, hex-
agonal, oval, and cubic, with a size range from 2 to 100 nm.
Among the above-mentioned phytochemicals, phenolic com-
pounds were reported as a major reducing agent in the biosyn-
thesis of MNPs [27]. Therein, electrons generated from the
phenolic groups play an important role in transforming metal
ions into respective metal nanoparticles. Subsequently, pheno-
lic groups were converted into phenoxyl radicals and then to
quinones [28].

One of the most important criteria for the selection of a
suitable plant is that the plant (i) should be friendly to people,
(ii) should have potential biomolecule classes acting as effec-
tive stabilizing agents for preventing the agglomeration of
the formed MNPs, and (iii) should not affect the properties
of MNPs by masking their surface [2, 29]. Furthermore, plant
sources containing phytochemicals of known nature are
advised as better precursors for the MNP synthesis than an
unknown [13]. In this context, Limnophila rugosa (Roth)
Merr. (denoted by LR) is an erect herb in the genus Limno-
phila belonging to family Plantaginaceae. The plant is easy to
find at low altitudes in open humid places and is used com-
monly as one kind of salad in many Asian countries, including
Malaya, Polynesia, India, China, and Vietnam. The plant can
reach a height of about 50 cm. Its leaves are in an oblong-
ovate shape with a length of about 3 to 10cm and a width of
1.5 to 4 cm, toothed at the margins [30]. The leaves themselves
are the main ingredient in many traditional herbal remedies
for treating various diseases, including diarrhoea, dysentery
pestilent fever, and dyspepsia. Various phytochemicals from
LR, such as polyphenolic compounds, flavonoids, terpenoids,
amino acids, and carboxylic compounds, are very suitable
for the application in the synthesis and stabilizing MNPs [31].

Nitrobenzene and nitrophenol derivatives are important
manufactured chemical classes used mainly as an intermedi-
ate for producing dyestuffs, pigments, paint coloring, rubber
chemicals, and fungicides [32]. Small amounts are utilized as
laboratory reagents and intermediate to make drugs. The
U.S. projected demand for nitrobenzene and nitrophenol
derivatives is in the tens of millions of pounds a year. A small
amount of those compounds discharged into the water
environment is considered to be highly toxic to aquatic life
with long-term hazard. For people, exposure to nitrophenols
can cause headache, nausea, drowsiness, and irritation with
the eyes [33]. The traditional method to handle wastewater
containing nitrobenzene and nitrophenol derivatives was
biological treatment combined with adsorption using pow-
dered activated carbon and activated sludge [34]. However,
the key drawback of this method is it is time consuming
and ineffective compared to other advanced methods such
as redox methods for converting nitrophenols to respective
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environmentally friendly compounds. In this context, sodium
borohydride (NaBH,) is widely used as an effective reducing
agent for that purpose. As reported early by Kariuki et al. that
NaBH, had low reduced power for nitrophenols, therein the
compounds remained unchanged up to 60 min in the absence
of a catalyst [29]. The reaction between nitrophenols and
NaBH, can occur significantly faster in the presence of AgNPs
and AuNPs as catalysts. Therefore, in the present study, a
single-step method for the green synthesis of AgNPs and
AuNPs using the aqueous leaf extract of LR (LR-AgNPs and
LR-AuNPs, respectively) as reducing and stabilizing agents
was designed. To the best of our knowledge, this is the first time
LR has been used in the biosynthesis of MNPs for catalytic
application. The catalytic efficiency of LR-AgNPs and LR-
AuNPs in the reduction of 1,4-dinitrobenzene (1,4-DNB), 2-
nitrophenol (2-NP), 3-nitrophenol (3-NP), and 4-nitrophenol
(4-NP) by NaBH,, was evaluated in detail.

2. Materials and Methods

2.1. Chemicals and Materials. Silver nitrate (AgNO;, >99.8%)
of reagent grade was purchased from Merck (Germany).
Tetrachloroauric acid trihydrate (HAuCl,-3H,0, >49.0%
Au) was of ACS reagent grade supplied by Acros Organics
(Belgium). Sodium tetrahydridoborate (NaBH,, 99.0%),
1,4-dinitrobenzene (1,4-DNB, C,H,N,O,, 98.0%), and three
isomers of nitrophenols, including 2-nitrophenol (2-NP,
CH;NO;, > 99%), 3-nitrophenol (3-NP, C,H.NO,, >
99%), and 4-nitrophenol (4-NP, C.H:NO,, > 99%) were
commercial products from Sigma-Aldrich. All the glassware
was rinsed thoroughly with deionized water and dried up
before use in experiments to avoid any coagulation caused
by electrolytes. Fresh LR leaves were picked in the neighbour-
hood of Ho Chi Minh City (Vietnam) in March 2020.

2.2. Preparation of LR Leaf Extract. Fresh LR leaves were
washed many times by tap water to remove all the dirt and
then rinsed thoroughly by distilled water before preparing
the extract. The fresh LR leaves (5 g) were firstly mashed by
a porcelain pestle and then heated in 300mL of distilled
water at 90°C with reflux for 1h. The mixture was cooled
down to room temperature. The aqueous extract of LR leaves
was obtained by filtered the mixture with Whatman filter
paper No.l. The freshly prepared extract was used for all
experiments.

2.3. Fabrication of MNPs. The synthesis of biogenic LR-
AgNPs and LR-AuNPs was performed only with the freshly
prepared LR extract with AgNO, and HAuCl, solutions
without using any other chemicals. In a typical procedure,
1 mL of the extract was mixed with 1 mL aqueous solution
of metallic ions under vigorous stirring in the dark to avoid
photochemical reactions affecting the quality of MNPs. The
change in color of the solution caused by the surface plasmon
resonance phenomenon (SPR) was recorded to monitor the
formation of MNPs. The optimization process was per-
formed to obtain the nanoparticles with the best size and
morphology, as similarly described in our previous works
[35, 36]. Three main factors, including reaction time, metallic
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FIGURE 1: Biosynthesis of LR-AgNPs and LR-AuNPs with their application.

ion concentration, and reaction temperature, were investi-
gated to determine the optimal conditions (Figure SI 1).
The UV-Vis measurements were performed to find out the
characteristic SPR absorbance of LR-AgNPs and LR-AuNPs
at around 425nm and 540nm, respectively [36, 37]. The
optimal conditions were chosen to be 1.0mM, 60 min, and
100°C for the synthesis of LR-AgNPs and 1.0 mM, 40 min,
and 80°C for LR-AuNPs. The MNPs biosynthesized at
optimal conditions were centrifuged at 8000 rpm for 15min,
washed twice with distilled water and one time with ethanol
and then dried up at 90°C overnight before characterizing
their physicochemical properties. The single-step biosynthesis
procedure of LR-AgNPs and LR-AuNPs using freshly
prepared LR extract is illustrated in Figure 1.

2.4. Catalyst Characterization. The possible functional groups
presented in the dried extract from LR leaves and fabricated
solid MNPs were determined by Fourier transform infrared
(FTIR) spectra recorded on a Bruker Tensor 27 (Germany) in
the range of 4000-500cm™. The crystalline nature of MNPs
was examined by powder X-ray diffraction (XRD) on a 6100
X-ray diffractometer (Shimadzu, Japan) and selected area
electron diffraction (SAED) patterns equipped on a high-
resolution transmission electron microscopy (HR-TEM, JEM-
2100, JEOL). The morphology of the nanoparticles in the
colloidal solution was determined by the above-mentioned
HR-TEM set at 200kV. The determination of morphology of
powdered MNPs was also performed by field-emission scan-
ning electron microscopy (FE-SEM) on a Hitachi S-4800 HI-
9057-0006 (Hitachi, Japan). The chemical elemental composi-
tion of MNPs was analyzed by energy-dispersive X-ray (EDX)
spectroscopy integrated on the FE-SEM. Specimen preparation
for FE-SEM/EDX analysis was as follows. The solid MNPs
(1.0mg) were dispersed in ethanol (1.0mL) and stirred for
5min using a glass rod. The suspension (100 yL) was dripped

onto a clean carbon conductive tape premounted on aluminum
stubs and then allowed to dry. In the EDX analysis, the number
of iterations was set to three in different positions. The percent-
age of elements presented in the samples provided along with
EDX spectra was the average values. The hydrodynamic particle
diameter of MNPs was examined using the dynamic light scat-
tering (DLS) technique on a Horiba SZ-100 (Japan) operated at
25°C, dispersion medium viscosity 0.896 mPa-s, and scattering
angle of 90°. The UV-Vis measurements were carried out on a
Metash UV-5100 UV-Vis spectrophotometer in the range of
300 to 700 nm.

2.5. Catalytic Activity Evaluation. The catalytic activity of LR-
AgNPs and LR-AuNPs was evaluated toward the reduction
of 1,4-DNB and three isomers of nitrophenols (2-NP, 3-
NP, and 4-NP) using an excess amount of NaBH, at ambient
temperature. Briefly, 2.5mL 1.0mM of each pollutant and
0.5mL 0.1 M of NaBH, were mixed in a quartz cuvette with
an optical path length of 10 mm, and then, 3 mg of MNPs
was added. The UV-Vis spectra at the wavelength ranged
from 250 to 600 nm were recorded over time t. To study
the kinetics of this pseudo-first-order reaction, a linear
regression of In (A,) over reaction time ¢ was plotted. The
reaction rate constant k was determined from the slope of
the straight line In (A,) =f(¢) [35]. In a reusability study of
MNPs, the catalysts were centrifuged and washed twice with
distilled water and twice with ethanol before reuse.

3. Results and Discussions

3.1. Characterization of MNPs. The FTIR spectroscopy is usu-
ally used for proving the presence of functional groups of bio-
molecules in the extract that acted as reducing and capping
agents. Figure 2(a) showed the FTIR spectra of the dried
extract from LR leaves and LR-capped MNPs. Accordingly,
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the FTIR spectrum of the dried extract and biosynthesized
MNPs showed that almost no difference in the number of
characteristic peaks and their intensity for all sample was
observed. The major bands of the LR extract were recorded
at 3270, 1602, 1382, 1249, and 1034 cm™". The broad band at
3270cm™ is attributed to the stretching vibration of hydroxyl
groups in polyphenolic compounds, terpenoids containing
alcohol functional groups, and carboxylic compounds pre-
sented in the LR leaves extract as mentioned before [21, 38].
The high-intensity peak at 1602cm™ is associated with C=C
and C=0 vibrations of benzene rings and carbonyl groups of
amino acids [39]. The peak at 1382 cm ™ is assigned to stretch-
ing vibrations of the carboxylate groups [40]. The absorption
band at 1249 cm™" is related to hydroxyl groups in polypheno-
lic compounds with the in-plane bending vibration [41]. The

(b)

atterns (b) of LR-AgNPs and LR-AuNPs.

peak at 1034cm™ is identified with C-O band stretching of

flavonoids [42]. The small shift of several bands can be due to
interaction between functional groups of biomolecules and
nanoparticles. It should be noted that the peak at 1382cm’™
in the FTIR spectrum of LR-AgNPs was strongly reduced.
Accordingly, respective polyphenolic groups are proven as
the main reducing agents in the biosynthesis of MNPs. Along
with this fact, other functional groups in biomolecules pre-
sented in the extract are also confirmed for the stabilization
of MNPs.

The crystalline phase composition and crystal size of LR-
AgNPs and LR-AuNPs were examined by XRD patterns, as
shown in Figure 2(b). The XRD pattern of LR-AuNPs shows
Bragg reflections of pure gold metal at 26 values of 38.2°,
44.4°, 64.7°, and 77.5°. According to the ICDD PDF card
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face-centered cubic (FCC) structure with four main lattice nf=Ln 7)™ wse ) (1)

planes indexed as (111), (200), (220), and (311). In the case
of LR-AgNPs, the Bragg reflections were observed at 28.5°,
32.3%, 38.2° 45.6°, 46.3°, 66.5°, and 77.5°. Herein, the high-
intensity peaks at 38.2°, 45.6°, 66.5°, and 77.5° generated from
(111), (200), (220), and (311) planes, respectively, are related
to the FCC structure of silver metal, which is confirmed by
the card no. 00-004-0783. The low-intensity peaks at 28.5°,
32.3%, and 46.3" are identified with crystalline AgCl according
to the card no. 00-001-1013. The presence of a small amount
of AgCl along with silver in the LR-AgNP sample can be due
to the reaction between Ag" and a little amount of CI” pre-
sented in LR leaf extract. Many previous works also reported
similar results on AgCl composition in AgNPs biosynthe-
sized using aqueous leaf extract as reducing agents [39, 43].

The XRD patterns of the biosynthesized MNPs were also
utilized to calculate their nanocrystallite size based on the
Monshi-Scherrer equation as below [44, 45]. The Monshi-
Scherrer equation (Equation (1)) is the modified Scherrer
equation recently advised to estimate more accurately nano-
crystallite size using XRD:

where f3 is the full width at half maximum in radians, K = 0.9
is the Scherrer constant usually used for spherical crystals,
A =0.1504 nm is the wavelength of the X-ray, L is the average
crystallite size in nm, and 0 is the reflected Bragg angle. By
plotting Lnf3 versus Ln(1/cosf), the value of Ln(KA/L) can
be determined from the intercept, followed by the average
crystallite size L. Accordingly, the average crystallite size of
LR-AgNPs and LR-AuNPs is estimated to be about 25.3 nm
and 22.9 nm, respectively. Meanwhile, the average crystallite
size of AgCl calculated based on the Monshi-Scherrer equa-
tion is about 38.1 nm.

The surface morphology and elemental composition of the
biosynthesized MNPs are determined by SEM and EDX analy-
sis, as presented in Figure 3. The SEM images of biosynthesized
LR-AgNPs (Figure 3(a)) and LR-AuNPs (Figure 3(b)) reveal
that both MNPs have mostly spherical shapes dispersed nonu-
niformly and tend to form clusters, especially for LR-AuNPs.
The EDX spectra (Figures 3(c) and 3(d)) show that the
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biosynthesized MNPs consist mainly of metal elements (Ag or
Au), carbon, and oxygen. A large amount of silver (75.78%) in
LR-AgNPs was verified by strong characteristic peaks at 2.65,
2.85, and 2.95keV. The presence of carbon (14.54%) and
oxygen (12.68%) confirmed the respective peaks at 0.255 and
0.53keV. For LR-AuNPs, gold metal (7.02%) appeared with
characteristic peaks at 1.74 and 2.195 keV; meanwhile, carbon
(53.69%) and oxygen (39.29%) were also observed at 0.255
and 0.53 keV, respectively (Figure 3(d)). It is worth noting that
the large amount of carbon detected in LR-AuNPs could be
partly due to using a carbon conductive tape in the specimen
preparation. Nevertheless, the gold content is still lower than
the silver element; in contrast, the total content of carbon and
oxygen in LR-AuNPs is far beyond LR-AgNPs. The reason
can be that gold ions with the positive charge of 3+ can attract
more organic molecules in LR leaf extract than Ag".

The shape, size, and crystalline nature of MNPs were
confirmed by TEM analysis. Figures 4(a) and 4(a’) show the
TEM images of LR-AgNPs and LR-AuNPs, respectively. It
is evident from the TEM images that the LR-MNPs are nearly
in a spherical shape and link together to form clusters. A thin
layer of biomolecules acting as a capping agent was also
observed, which is probably the reason for the cluster forma-
tion. A cross-linking between surrounding biomolecules of
two or more nanoparticles can be formed via hydrogen
bonds due to the presence of many acidic/basic functional
groups such as amine, alcohol, and carboxylic groups [1].
The TEM images of LR-MNPs show that the nanoparticles
come in many different sizes. The HR-TEM images of LR-
AgNPs and LR-AuNPs indicate that their lattice fringes are
0.21 nm and 0.24 nm, respectively, which is in a good corre-

lation with the d-spacing between (111) reflection planes in
the metals’ FCC structure given by XRD data. The SAED
patterns (inserts in Figures 4(b) and 4(b’)) also show bright
rings, confirming the crystalline nature of the biosynthesized
MNPs. Furthermore, the radius of the ring assigned to (111)
planes from the SAED data was calculated to be 4.76 nm for
LR-AgNPs and 4.17nm for LR-AuNPs. According to the
formula of d — spacing = 1/r, where r is the radius of the ring,
the established d-spacing values between (111) planes of LR-
AgNPs and LR-AuNPs were consistent with those of XRD
data and HR-TEM images. The mean size of nanoparticles
is found to be 87.5nm for LR-AgNPs and 122.8 nm for LR-
AuNPs according to particle size distribution diagrams
obtained by the DLS method (Figures 4(c) and 4(c’)).

3.2. Catalytic Activity of MNPs. In the present work, the
catalytic performance of the biosynthesized MNPs was evalu-
ated based on the reduction of 1,4-DNB, 2-NP, 3-NP, and 4-
NP by NaBH, into the respective useful nontoxic aminophe-
nols. This reaction without catalyst was recognized as unfavor-
able because of a large energy activation caused by the kinetic
barrier between the BH, and nitrophenolate ions [35]. In the
presence of MNPs, a new route of electron transfer from BH,
to nitrophenolate ions via the catalyst surface was established,
leading to the decrease in energy activation of the reaction. As
reported in previous works, the kinetics of the reaction
between nitrophenols and NaBH, using MNPs as a catalyst
can be described by the Langmuir-Hinshelwood model with
a 3-stage mechanism [46, 47]. In the first stage, a rapid revers-
ible adsorption of both nitrophenolate ions and BH, on the
surface of MNPs was established. Because the catalytic
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reduction proceeded on the heterogenous catalyst surface, the ~ nitro groups of nitrophenolate ions through active sites of
concentration of adsorbed reactants will decide the reaction =~ MNPs, followed by the formation of respective aminophenols.
rate. In the second stage, electrons transported from BH, to ~ The third stage started when the concentration of products
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was high enough, they were released from the catalyst surface,

and vacant active sites on the catalyst surface resumed a new

cycle of the reduction.

3-NP 4-NP

Figures 5 and 6 show the degradation of nitrophenols in

the presence of the biosynthesized MNPs and the compari-

son between their reaction rate constants. After the addition
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of NaBH,, 1,4-DNB, 2-NP, 3-NP, and 4-NP have maximum
absorbance at 380, 415, 391, and 400 nm, respectively. Upon
completing the catalyst addition, the reaction took place,
resulting in a decrease of nitrophenolate concentration, and
the regular decline of the corresponding peaks was observed.
In this study, the amount of NaBH, was designed to exceed
the concentration of nitrophenols and was considered
unchanged over time. The reduction was supposed as a
pseudo-first-order reaction whose rate depends mainly on
nitrophenol concentration and can be described by the linear
equation In (A,) = -kt +1n (A,). As shown in Figures 5(a)-
5(d) and 6(a)-6(d), the reduction with LR-AgNPs and LR-
AuNPs was almost completed in 15min for all nitrophenols.
For LR-AgNPs, the reaction rate constants of 1,4-DNB, 2-
NP, 3-NP, and 4-NP increased slightly, which were calculated
to be 1.9x107, 1.8x 107, 2.6x 107, and 3.1x107s7},
respectively. In the case of LR-AuNPs, a slight difference in
the reaction rate constants of those pollutants was also
observed, estimated to be 2.7x107%, 2.4x 107, 2.5x 1072,
and 2.8 x 107 57!, respectively. It is noticeable that the slight
increase in reaction rate constants in order from 2-NP to 4-
NP was observed for both LR-AgNPs and LR-AuNPs. The
rank of the catalytic activity can be correlated to the structure
of each nitrophenol compound. As mentioned before, the
reduction reaction took place only after contact between
NaBH, and the nitro group of nitrophenolate was established
on the catalyst surface. Therefore, phenolic groups in the
ortho- and meta positions may cause a little space effect, hin-
dering this exposure. The presence of AgCl in LR-AgNPs may
positively affect its catalytic activity in the first use [39]. How-
ever, a comparison of XRD intensity showed that there was
only small amount of AgCl; therefore, this influence is consid-
ered as not very significant and may be negligible. The LR-
AgNP and LR-AuNP samples demonstrated a quite good
catalyst performance compared to those of some MNPs syn-
thesized by the extract from various plants [34, 43].

3.3. Reusability. In this study, the long-term use of LR-AgNPs
and LR-AuNPs was examined for further application in prac-
tice to effectively reduce the cost. The catalytic activity of the

catalysts was reassessed in five reaction cycles. After each reuse,
the catalyst was washed with distilled water and then ethanol
several times. Figures 7(a) and 7(b) show the respective recy-
clable catalytic performance of the biosynthesized LR-AgNPs
and LR-AuNPs towards 4-NP as a representative for nitrophe-
nols. The recycling process revealed that the catalytic perfor-
mance was almost unchanged, only a slight decrease was
observed after the fifth recycle run with the reduction efficiency
greater than 96% for CP-AuNPs and 93% for CP-AuNPs. The
negligible decrease in the catalytic efficiency may be related to
the loss of material during recovery.

4. Conclusions

In summary, a simple green synthesis of silver and gold nano-
particles has been successfully implemented by using the
extract from Limnophila rugosa leaves as an effective reducing
agent and capping agent. This method not only offered a cost-
effective, eco-friendly, and nontoxic green route but also
confirmed the possibility of using vegetables as abundant plant
sources for the synthesis of noble metal nanoparticles. The
synthesized LR-AgNPs and LR-AuNPs exhibited an excellent
catalytic performance toward several nitrophenol derivatives
using NaBH, as reductant. Besides, the produced MNPs also
showed high reusability with a reduction efficiency greater
than 93% after five repeated reuses. Therefore, it can reason-
ably be expected that the successful preparation of LR-
AgNPs and LR-AuNPs would strengthen the catalytic applica-
tion of novel metal nanoparticles.

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure SI 1: UV-Vis spectra of LR-AgNPs (above) and LR-
AuNPs (bellow): concentration (a and a’), reaction time (b
and b’), and reaction temperature (c and ). (Supplementary
Materials)
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