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ABSTRACT: Agrichemical adjuvants that combine a highly
selective, efficient, and active mode of operation are critically
needed to realize a more sustainable approach to their usage.
Herein, we report the synthesis and full characterization of two
new metal−organic frameworks (MOFs), termed UPMOF-1 and
UPMOF-2, that were constructed from eco-friendly Ca2+ ions and
naturally occurring, low-molecular weight plant acids, L-malic and
D-tartaric acid, respectively. Upon structural elucidation of both
MOFs, a widely used fungicide, hexaconazole (Hex), was loaded
on the structures, reaching binding affinities of −5.0 and −3.5 kcal
mol−1 and loading capacities of 63% and 62% for Hex@UPMOF-1
and Hex@UPMOF-2, respectively, as a result of the formation of
stable host−guest interactions. Given the framework chemistry of
the MOFs and their predisposition to disassembly under relevant agricultural conditions, the sustained release kinetics were
determined to show nearly quantitative release (98% and 95% for Hex@UPMOF-1 and Hex@UPMOF-2, respectively) after >500 h,
a release profile drastically different than the control (>80% release in 24 h), from which the high efficiency of these new systems was
established. To confirm their high selectivity and activity, in vitro and in vivo studies were performed to illustrate the abilities of
Hex@UPMOF-1 and Hex@UPMOF-2 to combat the known aggressive pathogen Ganoderma boninense that causes basal stem rot
disease in oil palm. Accordingly, at an extremely low concentration of 0.05 μg mL−1, both Hex@UPMOF-1 and Hex@UPMOF-2
were demonstrated to completely inhibit (100%) G. boninense growth, and during a 26 week in vivo nursery trial, the progression of
basal stem rot infection was completely halted upon treatment with Hex@UPMOF-1 and Hex@UPMOF-2 and seedling growth was
accelerated given the additional nutrients supplied via the disassembly of the MOFs. This study represents a significant step forward
in the design of adjuvants to support the environmentally responsible use of agrichemical crop protection.
KEYWORDS: porous materials, agrichemicals, reticular chemistry, delivery systems, crystalline structures

■ INTRODUCTION
The use of agrichemicals (notably fertilizers and pesticides) in
agricultural and non-agricultural settings is directly linked to
the well-being of our current and future water, food, health,
and environmental systems.1 Specifically, the improper and
inefficient use of such chemicals causes soil erosion and
degradation, a decrease in water quality, unintended toxicity to
animals (including livestock) and humans upon food
consumption, disruption of global nutrient cycles, and
increasing energy consumption and greenhouse gas emissions.2

Though an absolute reduction, if not abstention, in
agrichemical usage is necessary, the reality is that these
chemicals are heavily relied upon for maintaining and,
ultimately, expanding agricultural production to meet societal
demands.3 The grand challenge then in agrichemical develop-

ment is to develop an adjuvant that is capable of maintaining a
high degree of selectivity, efficiency, and activity to minimize
off-target effects.4 An ideal agrichemical adjuvant would
witness a targeting mode of operation (selectivity) that reduces
reliance on its overusage by decreasing the quantity of the
active ingredient while maintaining its overall beneficial
properties (efficiency) and by providing positive effects to
crop growth, protection, and production (activity).1,5 From a
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chemistry point of view, the selectivity is governed by the
chemical features of such an adjuvant, efficiency relies on the
adjuvant’s ability to load appropriate amounts of the active
ingredient(s), and activity derives from the adjuvant’s
structural features and chemical properties.6

Herein, we detail two metal−organic frameworks (MOFs)
whose structural features and chemical properties afford them
with the capability to serve as adjuvants for the selective,
efficient, and active delivery of fungicides to combat basal stem
rot disease in oil palm. Specifically, we report the synthesis and
full characterization of two new MOFs based on eco-friendly
Ca2+ ions and the naturally occurring, low-molecular weight
organic acids, L-malic and D-tartaric acid, termed UPMOF-1
[Ca3(L-malate)3(H2O)] and UPMOF-2 [Ca(D-tartrate)],
respectively (Figure 1). As a result of their framework

chemistry, we demonstrate their ability to load the
commercially used, important fungicide hexaconazole (Hex),
and the kinetics of their disassembly under relevant environ-
mental conditions, thereby demonstrating the efficiency of this
new adjuvant. Furthermore, we establish their targeted mode
of operation (selectivity) and their positive effects in not only
combating the known aggressive pathogen Ganoderma
boninense that causes basal stem rot infection in oil palm but
also supporting plant growth due to supplementation of Ca2+
from the MOFs into the soil (activity). As a result of their
prolonged and sustained release profiles, the Hex-loaded
UPMOFs, Hex@UPMOF-1 and -2, were shown to completely
inhibit G. boninense growth (100%) in terms of in vitro

antifungal activity after 7 days even at extremely low
concentrations (0.05 μg mL−1), and during a 26 week in vivo
nursery trial, disease progression was completely halted and
seedling growth was accelerated by providing additional
nutrients from the disassembly of the MOFs within the soil.
This study represents a significant step forward in designing
new agrichemical adjuvants that are eco-friendly, combat
disease progression for sustainable crop production, and
provide the added benefits of accelerating plant growth and
production.

■ EXPERIMENTAL SECTION
Materials and General Procedures. Calcium acetate mono-

hydrate (99% pure), calcium nitrate tetrahydrate (99% pure), L-malic
acid [99% pure; ee = 99% (GLC)], D-tartaric acid [99.5% pure; ee =
97% (GLC)], potato dextrose agar (PDA), N,N′-dimethylformamide
(DMF; 94.0% pure), and ethanol (99.0% pure) were purchased from
Sigma-Aldrich. Hexaconazole (95% pure) was purchased from
Megwena Synergy Supply. Potato dextrose agar (PDA), malt extract
agar (MEA), and malt extract broth (MEB) were purchased from
Oxoid (Malaysia). All chemicals were of analytical grade and used as
received without further purification. Thermogravimetric analysis
(TGA) was performed using a Mettler Toledo instrument at a heating
rate of 10 °C min−1 from 50 to 800 °C and a N2 flow rate of 50 mL
min−1. Fourier-transform infrared (FT-IR) spectroscopy analysis was
carried out using a Thermo Nicolet 6700 FT-IR spectrometer over a
wavenumber range of 4000−400 cm−1 with >32 cumulative scans.
Elemental microanalysis was performed on a CHNS-O Flash EA 1112
Series elemental analyzer. Acetanilide was run as the standard; O2 was
used as the oxidant, and He served as the carrier gas. Field emission
scanning electron microscope (FE-SEM) images were obtained using
a JEOL JSM-7600F electron microscope under an emission voltage of
5 kV. Scanning electron microscope (SEM) images and energy
dispersive X-ray (EDX) spectroscopy data were obtained and
measured using a JEOL JSM 6400 electron microscope under an
emission voltage of 20 kV. The samples were dried at room
temperature for 12 h under vacuum to remove excess solvents prior to
imaging. N2 sorption measurements were taken at 77 K using a
Microtrac Belsorp Mini X gas adsorption analyzer.
Synthesis of Calcium L-Malate Framework: UPMOF-1.

Calcium acetate monohydrate (0.071 g, 0.40 mmol) and L-malic
acid (0.11 g, 0.80 mmol) were dissolved in a 10 mL mixture of
ethanol and deionized water [50:50 (v:v)] in a 12 mL scintillation
vial. The resulting solution was sonicated for 20 min and placed in an
oven at 120 °C for 72 h. Colorless, rod-shaped crystals formed at the
bottom of the vial. The crystals were washed with ethanol (three time
per day for 3 days). The washed sample was then activated under a
dynamic vacuum (200 mbar) at room temperature. The yield of
activated UPMOF-1 was 40.2%. EA Calcd. for UPMOF-1
(C12H11Ca3O18): C, 24.19; H, 3.73. Found: C, 24.76; H, 3.57. FT-
IR (KBr, 3500−400 cm−1): 3470 (br), 3029 (br), 1750 (s), 1279 (s),
1020 (m), 958 (w), 756 (m).
Synthesis of Calcium D-Tartrate Framework: UPMOF-2.

Calcium nitrate tetrahydrate (0.071 g, 0.4 mmol) and D-tartaric acid
(0.060 g, 1.2 mmol) were dissolved in an 8 mL scintillation vial
containing 6 mL of DMF and deionized water [50:50 (v:v)]. The
solution was sonicated for 20 min and placed in an oven at 120 °C for
72 h. Colorless, rod-shaped crystals formed at the bottom of the vial.
The crystals were washed with ethanol (three times per day for 3
days). The washed sample was then activated under a dynamic
vacuum (200 mbar) at room temperature (25 °C). The yield of
activated UPMOF-2 was 37.9%. EA Calcd. for UPMOF-2
(C4H4CaO6): C, 21.93; H, 4.13. Found: C, 21.30; H, 4.07. FT-IR
(KBr, 3500−400 cm−1): 3499 (br), 2741 (br), 1805 (s), 1169 (m),
964 (w), 752 (m).
Synthesis of MOF-1201. The preparation of MOF-1201 was

conducted according to a previously reported procedure.7 Calcium
acetate monohydrate (0.071 g, 0.4 mmol) was transferred to a 12 mL

Figure 1. Crystal structures of (a) UPMOF-1 and (b) UPMOF-2
were realized by linking infinite rods of either {(CaO8)(CaO7)}∞ or
{CaO8}∞ with the multidentate L-malic acid or D-tartaric acid linkers,
respectively. Atom colors: Ca, colored polyhedra; C, gray; O, pink. All
H atoms have been omitted for the sake of clarity.
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Teflon autoclave glass vial and dissolved in 7 mL of anhydrous
ethanol. Then, 0.072 g (0.8 mmol) of L-lactic acid was added to the
solution, and the mixture sonicated for 10 min. The sample was
placed in an oven at 120 °C for 96 h. Colorless rod crystals formed at
the bottom of the vial. The sample was washed with anhydrous
ethanol (three times per day for 3 days). The sample was activated
under a dynamic vacuum (200 mbar) at room temperature (25 °C).
X-ray Diffraction Analysis. The single-crystal X-ray diffraction

(SCXRD) data for UPMOF-1 and UPMOF-2 were collected using an
Oxford Diffraction Gemini E diffractometer with monochromatized
Cu Kα radiation (λ = 1.5418 Å) and employing an ω scan at 200 K
with flowing nitrogen gas. CrysAlis PRO was used to integrate the raw
files that were then solved using a novel dual-space algorithm and
refined via a full-matrix least-squares method with SHELXTL.8 The
data were enhanced by applying absorption correction with CrysAlis
PRO. Molecular graphics were illustrated with Mercury freeware. The
powder X-ray diffraction (PXRD) pattern was recorded using a
Shidmadzu diffractometer, with a range of 3−40°, by a Cu Kα
radiation source (λ = 1.5405 Å) driven at 40 kV and 30 mA. The
simulated PXRD patterns were obtained using the Mercury software
based on the single-crystal data.9

Molecular Docking Simulation of Hexaconazole (Hex). All
docking simulations were performed using the crystallographic
information files for UPMOF-1 and -2. The unit cells for UPMOF-
1 and -2 were both extended to 3 × 3 × 1, which were determined to
be large enough supercell structures to perform the docking
simulation. The center of the supercell structures was set for the
grid box as 50 × 50 × 50 number of points in three dimensions, and a
grid spacing of 1.000 Å was set to cover the entire frameworks.
Density functional theory (DFT) calculations were carried out using
Gaussian 09. Atomic partial charges were calculated by CHarges from
ELectrostatic Potentials using a Grid based (CHelpG) method based
on the B3LYP/6-31+G(d) level. AutoDock Vina version 1.1.2 was
used to implement the automated molecular docking simulation of
hexaconazole with the frameworks. Discovery Studio version 16.1
assisted with the detection of the host−guest interactions.
Loading of Hex on UPMOF-1 and -2 (Hex@UPMOF-1 and

Hex@UPMOF-2, respectively). The 10 mg mL−1 hexaconazole
stock solution was prepared by dissolving 1.0 g of pure hexaconazole
in 100 mL of ethanol in a 200 mL volumetric flask. The standard
solutions were prepared with concentrations of 20, 40, 60, 80, and 100
μg mL−1. A sample of each UPMOF weighing 100 mg was immersed
in a 10.0 mg mL−1 hexaconazole solution in a Teflon microwave vial.
The vial was capped, and the resulting solution was microwaved at 90
°C with 100 W for 3 min.
Quantification of Hex Loading in Hex@UPMOF-1 and -2.

The supernatants of Hex@UPMOF-1 and -2 were collected, filtered
(0.25 μm pore size), and transferred to a 2 mL amber glass vial. High-
performance liquid chromatography (HPLC; Dionex Ultimate 3000,
CLMO Technology) was performed to determine the Hex
concentration using a diode array detector. The operating conditions
were as follows.10 Water containing 0.5% phosphoric acid and
acetonitrile [25:75 (v:v)] were used as the mobile phase with a flow
rate of 1.0 mL min−1, a C18 reversed-phase column (4.6 mm × 250
mm, 5.0 μm inside diameter, Waters), and a detection wavelength of
202 nm. The injection volume was set at 20 μL, and the samples were
analyzed at room temperature in triplicate. The retention time
obtained for Hex was 4.17 min. The loading capacity (LC) and
docking efficiency (DE) were quantified as follows:11 LC = [(total
Hex added in UPMOF-1 or -2 − total Hex unloaded)/(total Hex
added in UPMOF-1 or -2)] × 100, and DE = [(weight of Hex@
UPMOF-1 or -2)/(weight of UPMOF-1 or -2)] × 100.
In Vitro Release Studies. Hex release was carried out in triplicate

by placing 50.0 mg of either Hex@UPMOF-1 or -2 in a dialysis tube
(MW cutoff of 14 000 Da) and immersed in 50 mL of phosphate
buffer (PBS; 0.04 M, pH 7.4), The solution was chosen to imitate the
soil condition as the salts are also present in soil. Each sample was
continuously stirred at 300 rpm and 25 °C. At selected interval times,
a 3.0 mL aliquot of the supernatant was withdrawn from the beaker

and replaced with 3.0 mL of a fresh solution. The Hex concentration
was then determined using HPLC as described above.
Hex Release Mechanism and Kinetics. The release profile was

investigated using five kinetic models (first-order, second-order,
Higuchi, Hixson−Crowell, and Ritger and Peppas).12,13 On the basis
of each model, the collected data were plotted to identify the highest
coefficient correlation value (r2). Full kinetic study details can be
found in the Supporting Information.
Culturing G. boninense. A pathogenic G. boninense culture was

obtained from the Toxicology Laboratory, Department of Plant
Protection, Faculty of Agriculture, Universiti Putra Malaysia. The
culture was periodically subcultured in PDA. The PDA medium was
prepared by mixing 39.0 g of PDA powder in 1000 mL of distilled
water. The culture medium was sterilized in an autoclave at 121 °C
for 20 min and then cooled to room temperature. The PDA medium
was poured into Petri dishes (diameter of 10 cm). The inoculum was
prepared by cutting the G. boninense mycelia using a cork borer
(diameter of 1 cm) and transferred to the center of the Petri dishes
before being incubated at 29 ± 2 °C for 7 days prior to further
usage.14

In Vitro Antifungal Activity Assay against G. boninense. The
antifungal efficacy for the inhibition of G. boninense was evaluated by
mixing PDA with distilled water alone as a control and the
hexaconazole-loaded MOFs Hex@MOF-1201, Hex@UPMOF-1,
and Hex@UPMOF-2. For the treatment, the PDA medium was
prepared by incorporating five different concentrations of Hex@
MOF-1201, Hex@UPMOF-1, and Hex@UPMOF-2: 50 and 100 ppb
and 1, 5, and 10 ppm in sterilized PDA.15 Mycelial discs (diameter of
1 cm) of the G. boninense culture were placed in the middle of the
PDA agar plates. The inoculated plates were sealed and incubated at
28 ± 2 °C for 7 days. Each treatment contained five replicates. The
growth of G. boninense in the agar plate was measured through radius
growth, and the measurements were taken throughout the 7 days. The
percentage growth inhibition (GI) of G. boninense growth was
calculated using the following equation: GI (%) = [(colony diameter
(cm) in control plate − colony diameter (cm) in treatment plate)/
(colony diameter (cm) in control plate)] × 100. All data for the eight
independent tests are presented as the mean ± standard deviation.
The comparison of obtained values was analyzed using a statistical
analysis software (SAS version 9.4) by one-way and two-way analyses
of variance (ANOVA) followed by Tukey’s test.16 The significant
value was considered when the p value was <0.05.
Oil Palm Plant Preparation for an In Vivo Nursery Trial. A

total of 45 3-month-old oil palm seedlings (variety Dura × Pisifera)
were obtained from Makmal Biji Cambah Rubber Industry Small-
holders Development Authority (Sungkai, Perak, Malaysia). Each
seedling was placed into a polybag (16 in. × 16 in.) containing top
soil, organic material, and sand in a 3:2:1 (w:w) ratio.17 The seedlings
were watered daily to promote growth development in the 2B
Glasshouse, Faculty of Agriculture, UPM, Malaysia.
Preparation of the Rubber Wood Block Inoculum. Rubber

(Hevea brasiliensis) wood blocks (RWB) were cut into 6 cm × 6 cm ×
6 cm pieces, drilled on each side, and air-dried under the sun. RWBs
were soaked in distilled water for 24 h and then autoclaved at 121 °C
for 20 min. For large-scale inoculum preparation, the primary culture
was inoculated on MEA plates to obtain secondary cultures.18 MEA
(100 mL) was applied evenly over the surfaces of each RWB, which
were autoclaved and cooled to room temperature (28 ± 2 °C).
Following subculturing, the 7-day-old G. boninense culture was used
for all subsequent RWB inoculations. Each RWB was inoculated with
six pieces of mycelial discs (diameter of 1 cm) at six different sides of
the RWB. The inoculated RWBs were incubated in a dark chamber
for 3 months at room temperature.18 Only RWBs that were
completely covered by mycelia (i.e., showing active colonization)
were used to infect the oil palm seedlings. For the disease trial, each
seedling was carefully excavated from the polybag, and the bole was
then placed directly on top of a fully colonized RWB inoculum. Next,
the roots were dispersed to the sides of the RWB. The oil palm
seedling together with the attached RWB inoculum was replanted into
the polybag.
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Experimental Design for the Antifungal Treatment. The
antifungal treatment experiments were carried out in a completely
random design (CRD) using non-inoculated seedlings, inoculated
(untreated) seedlings, and seven treatments by a commercial
hexaconazole fungicide, MOF-1201, UPMOF-1, UPMOF-2, Hex@
MOF-1201, Hex@UPMOF-1, and Hex@UPMOF-2. For the
hexaconazole-loaded MOF treatments (i.e., Hex@MOF-1201,
Hex@UPMOF-1, and Hex@UPMOF-2), 3.0% hexaconazole was
used as the active ingredient with five replicates. In a typical
experiment, ∼500 mg of each treatment was pocketed in the soil on
four sides. When the commercial treatment was being applied, the
sample was diluted by a factor of 1:1000 [sample:water (v:v)]
according to the prescription and applied directly to the soil. A total of
45 seedlings were used in this experiment. The treatments were first
applied before inoculation (“pretreatment”) and monthly (“post-
treatment”) thereafter for a total of 28 weeks. The seedlings were
maintained by daily watering and provided NPK (nitrogen,
phosphorus, and potassium) green fertilizer according to the standard
procedures by the Malaysian Oil Palm Board.19

Disease Severity Index (DSI). The DSI was calculated every 2
weeks on the basis of the formula DSI = [Σ(AB) × 100]/(ΣB × 4),
where A is the disease class score (0−4) and B is the number of plants
that exhibited disease per treatment.

■ RESULTS AND DISCUSSION
Synthesis of the Calcium L-Malate and Calcium D-

Tartrate Frameworks: UPMOF-1 and -2, Respectively.
The objective of this research program was to create
environmentally sustainable agrichemical adjuvants that
combine a high degree of selectivity, efficiency, and activity.
As such, two types of low-molecular weight aliphatic plant
acids, namely, L-malic and D-tartaric acid (Figure S1), were
chosen as the organic linker building blocks to be linked with
Ca-based clusters in the extended frameworks, UPMOF-1 and
-2, respectively. As the solvent is known to play a critical role in
the coordination behavior, connectivity, and dimensionality of
Ca ions used to construct extended frameworks, the synthesis
conditions were initially optimized by exploring both polar
aprotic and polar protic solvents in their pure and mixed
forms.20,21 For solvothermal reactions that took place in pure
or binary polar aprotic solvents, only amorphous products were
obtained. When the reaction was performed in a pure polar
protic solvent (i.e., water), a discrete metal complex was
formed. Accordingly, single crystals of UPMOF-1 were
solvothermally synthesized using a binary polar protic solvent
system of water and ethanol [1:1 (v:v)] in 40% yield (Figure
S2a). Optimization of the UPMOF-2 synthesis followed a
strategy similar to that of UPMOF-1. Solvothermal reactions in
pure polar aprotic solvents yielded amorphous powders, and
when only water was used, a discrete metal complex was
obtained. Single crystals of UPMOF-2 were, therefore, realized
when using a binary solvent system of water and N,N′-
dimethylformamide [DMF; 1:1 (v:v)] in 38% yield (Figure
S2b).
Crystal Structures of UPMOF-1 and -2. SCXRD analysis

revealed that UPMOF-1 crystallized in an orthorhombic
system, space group P212121 (No. 19), with the following
lattice constants: a = 7.723(3) Å, b = 8.762(3) Å, and c =
29.287(8) Å (Table S1). The asymmetric unit of UPMOF-1
consists of three independent Ca2+ ions (i.e., Ca1−Ca3), three
linkers (i.e., L-malate), and one uncoordinated water molecule
(Figure S3). The presence of water around the coordination
sites is a result of the high hydration energy of the Ca2+ metal
centers.22 L-Malate is observed to exhibit three different
coordination modes. The hydroxyl O atoms in L-malate

coordinate with both Ca1 and Ca3, while the O atoms from
carboxylate groups coordinate to Ca1 and Ca2. Two O atoms,
one each from the hydroxyl and carboxylate groups, coordinate
with Ca1 to form a five-membered ring (Figure S4). Two L-
malate linkers act as bridges to connect the Ca1 and Ca2
building units. Ca1−Ca3 adopted coordination numbers of
four, three, and two, respectively, which resulted in distorted
geometries. Because of the orientation in which the Ca2+
centers were stitched together via the L-malate linkers, a three-
dimensional framework composed of irregular pore channels
was generated. Ca−O bond lengths were found to be in the
range of 2.3−2.5 Å, and O−Ca−O angles were calculated to be
between 64.2° and 167°, values that are in line with the
coordination number and geometry of the Ca2+ atom in
question (see Table S2). Topological analysis of UPMOF-1
was evaluated using ToposPro version 5.4.1.0.23 During the
analysis, the simplification method, “cluster”, was used for the
abstraction of both the L-malate linkers and Ca-based clusters.
Accordingly, UPMOF-1 adopted a new topology, termed mbr,
with a point symbol of (42.64)(42.610.83)(66) due to the linkage
of 6-c and 8-c Ca-based clusters with L-malate linkers serving as
3-c nodes (Figure S5).
UPMOF-2 also crystallizes in an orthorhombic system,

space group P212121 (No. 19), with the following lattice
constants: a = 6.857(3) Å, b = 7.749(3) Å, and c = 12.060(5)
Å. The asymmetric unit of UPMOF-2 has only one
independent Ca2+ atom and one D-tartarate linker. The D-
tartarate adopts one type of coordination mode from the O
atom of its carboxylate group with the hydroxyl O atoms
remaining uncoordinated (Figures S6 and S7). The reason for
this is likely the high reaction temperature, which caused the
deprotonation of the carboxylate groups first leading to fast
binding with Ca2+ atoms.24,25 The Ca−O bond lengths (∼2.3
Å) were similar to those calculated in UPMOF-1 (Table S3).
The overall structure of UPMOF-2 is characterized by the one-
dimensional Ca−tartarate rod building unit that produces
rhombohedral channels that propagate along the b axis.
UPMOF-2 exhibits an overall gra topology with the point
symbol (63)(69.8). For this topological determination, the D-
tartarate linkers and Ca2+ sites serve as 3-c and 5-c nodes,
respectively (Figure S8).
Structural Characterization. Prior to the structural

characterization measurements, both UPMOF-1 and -2 were
thoroughly washed to remove any unreacted starting material
and/or impurities and then solvent-exchanged and activated to
yield guest-free materials.
The crystallinity and bulk phase purity of the as-synthesized,

solvent-exchanged, and activated samples were proven by
powder X-ray diffraction (PXRD) analysis. Accordingly, the
diffraction patterns for these samples of UPMOF-1 and -2 were
in satisfactory agreement with the diffraction patterns
simulated from their corresponding single-crystal structures
(Figures S9 and S10). FT-IR spectroscopy measurements
provided further support for the formation of bonds between
each linker and the Ca2+ building units in the activated
frameworks. In the spectra for the pure linkers, the character-
istic absorption bands for the hydroxyl (e.g., v−O−H = 3700−
3000 cm−1) and carbonyl (e.g., v−C�O = 1750 cm−1) functional
groups were observed (Figures S11 and S12).26 Upon
comparison of the FT-IR spectra of the pure linkers to those
of UPMOF-1 and -2, three important observations were noted.
(i) The intensity of the carbonyl absorption band (e.g., v−C�O
= 1750 cm−1) decreased for UPMOF-1 and was absent for
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UPMOF-2. This indicated coordination between the −C�O
functional group for each of the linkers and Ca2+.27 (ii)
Absorption bands appeared in the spectra of UPMOF-1 and -2
in the region from 1500 to 1250 cm−1, which correspond to
−CH3 and −CH2− bending in the L-malate and D-tartarate
linkers, respectively. This supports successful inclusion of the
linkers within the frameworks. (iii) A shift in the −C−OH
stretching absorption bands was observed from 1200−1020
cm−1 in the spectra of the pure linkers to ∼713 cm−1 in spectra
of UPMOF-1 and -2. This shift indicated the formation of a
new Ca−O−C coordination bond.
The architectural robustness of activated UPMOF-1 and -2

was assessed through a combination of TGA and N2
adsorption isotherms at 77 K. The TGA traces for both
materials exhibited similar three-stage thermal decomposition
behavior (Figures S13 and S14). The first decomposition stage
for UPMOF-1 and -2 began at 228 °C (13% weight loss) and
128 °C (4% weight loss), respectively, and was attributed to
loss of water and solvent molecules adsorbed on the surface of
both structures.28,29 The higher temperature and percent
weight loss observed for UPMOF-1’s first decomposition stage
were expected because of the presence of water molecules
solvating the Ca2+ coordination sites as confirmed from the
SCXRD analysis. UPMOF-1 and -2 were thermally stable up to
346 and 416 °C, respectively, at which point the second
decomposition stage occurred with weight losses of 26% and
31%, respectively, that corresponded to the decomposition of
coordinated hydroxyl and carboxylate groups from the terminal
linkers.7 The third and final stages of decomposition appeared
at 531 °C (23% weight loss) and 588 °C (24% weight loss),
respectively, for UPMOF-1 and -2. This final stage was due to
framework decomposition. The remaining CaO residue was
calculated to be 38.1% and 41.5% for UPMOF-1 and -2,
respectively. Finally, N2 adsorption isotherms at 77 K displayed
type-III profiles for both UPMOF-1 and -2, indicating the bulk
nonporosity of both materials (Figure S15).30 This was
expected and in line with previous literature reports on
MOFs constructed from low-molecular weight (LMW) organic
acids and/or alkaline earth metals.7,31,32 Indeed, the flexibility
of the L-malate and D-tartarate linkers can cause framework
distortion toward dense, nonporous structures.7,31,32

The hydrolytic stability of MOFs is governed by many
factors, including, but not limited to, the nature of the
coordination bond between the metal and linker, the steric
hindrance effect of the overall framework, and the porosity.33,34

To better understand the response of these materials to water,
UPMOF-1 and -2 were placed in aqueous solutions with a
range of acidities. Accordingly, the structures of both materials
disassembled and were completely soluble in acidic aqueous
media (Figures S16−S25). This was expected as the Ca−linker
bond is relatively weak, thereby allowing facile hydrolysis
followed by linker displacement to form soluble calcium
salts.35,36 Furthermore, both UPMOF-1 and -2 were soluble in
nitrate and sulfate solutions at all pH levels. However, in
phosphate-based solutions (PBS and Na3PO4), UPMOF-1 and
-2 were soluble under only acidic conditions (pH = 4−6)
where, upon hydrolysis, the Ca2+ bonded with the PO42− from
the solvents to form the low-solubility Ca3(PO4)2 salt.
Computational Simulations of Hexaconazole (Hex)

Docking on UPMOF-1 and -2. Given the successful
synthesis and characterization of UPMOF-1 and -2, the fact
that both materials are constructed from nontoxic, naturally
occurring, and eco-friendly building units (i.e., Ca2+ and LMW

organic acids), and the disassembly of both UPMOFs in
aqueous media, our attention turned toward understanding
whether these frameworks could serve as adjuvants for
agriculturally important fungicides, such as hexaconazole
(Hex). The first step toward this understanding was to
perform molecular docking simulations for Hex on (or within)
UPMOF-1 and -2. Initially, it was clear that Hex was too large
to be included or encapsulated within the internal pores of
UPMOF-1 or -2. However, through computational simu-
lations, Hex molecules, with differing conformational orienta-
tions, were found to interact with and reside on the outer
surfaces of the two UPMOFs (Figure S26). It is noted that the
molecular structure of Hex is highlighted by a N-containing
five-membered heterocyclic ring that possesses a pyrrolic
nitrogen (N−H), a pyridinic nitrogen (N), and a C−H bond,
features that endow Hex with the ability to form multiple
interactions with any nearby molecule. Accordingly, three
types of interactions were identified between Hex and the
surfaces of UPMOF-1 and -2 (Figure 2): (i) H-bonding, the

most dominant and important interaction resulting from the O
atoms from the UPMOF-1 and -2 linkers with the H atoms of
Hex (i.e., − NHHex···OUPMOF−Ca and −C−HHex···OUPMOF−
Ca) [it is noted that the H-bond for Hex docking on UPMOF-
1 (Hex@UPMOF-1) was stronger than that in Hex@UPMOF-
2 given the presence of additional H-bonds]; (ii) metal
acceptors, Hex’s electron rich pyridinic N atom that provided
active sites for the formation of metal−acceptor interactions,
thereby forming a metal−acceptor interaction with the
coordinatively unsaturated Ca atoms located on the surface
of the UPMOFs; and (iii) electrostatic interactions (Table S4).

Figure 2. Docking simulation between Hex and UPMOF-1 and
UPMOF-2. (a) Relevant host−guest interactions of Hex on the
surface of UPMOF-1. (b) Relevant host−guest interactions of Hex on
the surface of UPMOF-2. Hex is displayed as a ball-and-stick model
(C, gray; N, green; O, pink; Cl, yellow; H, white), whereas the
UPMOFs are in space-filling mode (UPMOF-1, orange; UPMOF-2,
blue).
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Given these interactions, the binding affinity for docking Hex
on UPMOF-1 (−5.0 kcal mol−1) was stronger than that of
docking on UPMOF-2 (−3.5 kcal mol−1).37 Overall from the
simulations, it is clear that Hex can dock and be loaded onto
both UPMOF-1 and -2 by forming stable host−guest
interactions.38

Loading Hex on UPMOF-1 and -2. To experimentally
load Hex on UPMOF-1 and -2, both MOFs were immersed in
a Hex-containing ethanolic solution and microwave irradiated
(100 W) at 90 °C for 3 min. Upon completion of microwave
irradiation, the Hex@UPMOF-1 and -2 solids were filtered,
and the supernatant was subjected to high-performance liquid
chromatography (HPLC) to determine the efficiencies of
loading (i.e., quantitative measurement of Hex remaining in
the ethanolic solution) and docking (i.e., quantitative measure-
ment of the weight of Hex added to the MOF solids) (Figures
S27 and S28). From these measurements, slightly higher
loading capacities and docking efficiencies were achieved for
Hex@UPMOF-1 (63.04 ± 0.29% and 50.43 ± 0.17%,
respectively) than for Hex@UPMOF-2 (62.02 ± 0.32% and
48.16 ± 0.14%, respectively).
From PXRD and SEM analysis, Hex@UPMOF-1 and Hex@

UPMOF-2 retained the same crystal structures as the pristine
unloaded UPMOF-1 and -2, respectively (Figures S29−S31).
Through a combined SEM−energy dispersive X-ray spectros-
copy and elemental analysis (EA) study, both Cl and N atoms
that were derived from Hex molecules were observed in Hex@
UPMOF-1 and Hex@UPMOF-2 samples (Figure S32 and
Tables S6 and S7). To provide further spectroscopic evidence
of Hex docking, the FT-IR spectra of Hex@UPMOF-1 and -2
were compared with the spectra for the parent, pristine
UPMOF-1 and -2 and pure Hex (Figures S33 and S34). The
spectra of both Hex@UPMOF-1 and -2 exhibited a broader
absorption band between 3700 and 3000 cm−1, which was
attributed to a combination of −OH stretching from the
hydroxyl and carboxylate functional groups in the linkers and
−OH stretching from Hex.11,15 The absorption band
corresponding to −NH stretching (vN−H = 2650 cm−1) in
Hex disappeared in the Hex-loaded UPMOFs. This indicated
that the −NH functional group formed H-bonds with the

surfaces of UPMOF-1 and -2.39 Furthermore, the characteristic
aromatic C−N absorption band in Hex (vC−N = 1327 cm−1)
was observed in both spectra of Hex@UPMOF-1 and -2,
thereby providing additional evidence of successful loading.11

Additional absorption bands in the fingerprint region of the
Hex-loaded MOF spectra further substantiated the loading
(1390, 890, and 806 cm−1 for C−N stretching, C�C bending,
and C−Cl stretching, respectively, in Hex).15

In Vitro Release of Hex from Hex@UPMOF-1 and -2
under Imitated Soil Conditions. To investigate the release
of Hex as a function of time, both Hex@UPMOF-1 and -2
were immersed in PBS that imitated soil conditions (0.04 M,
pH 7.4). From these solutions, aliquots were taken at regular
intervals from the supernatant and used to measure the Hex
concentration via HPLC. Accordingly, the release profiles of
Hex, as shown in Figure 3, demonstrate an S-curve with initial
slow release before rapid faster release occurs. Specifically, in
the first 24 h, <0.5% of the Hex was released from the
UPMOFs. It was not until 282 and 336 h that at least 50% of
Hex was released and >500 h that >98% and >95% of Hex
were released from Hex@UPMOF-1 and -2, respectively.
Given that the structures of both UPMOFs slowly disassemble
upon their immersed in aqueous PBS medium, it is positive
evidence that the Hex release profile from these UPMOFs
mirrors this disassembly process. Finally, it is noted that the
Hex release profiles from the UPMOFs are in stark contrast to
the results of the control experiment of Hex in a dialysis tube
alone, which exhibited a rapid release (>80%) within the first
24 h. We note that the slowest release of Hex (99.9%) reported
in other studies was found to be at 86 h when chitosan
nanoparticles attached with a cross-linking agent (i.e., sodium
tripolyphosphate) were used.11 Furthermore, Hex has been
intercalated into a zinc/aluminum-layered double hydroxide
using an ion exchange method, from which 62% of the
intercalated Hex was released after 3000 min.15 In this study,
the low solubility of Hex in aqueous solutions helps to slow the
interaction of the water/solvent molecules with Hex@
UPMOF-1 and Hex@UPMOF-2.
To better understand the kinetics of the release of Hex from

the UPMOFs, five kinetic models (i.e., first-order and second-

Figure 3. Cumulative release and kinetic profile of hexaconazole. (a) Hex (blue circles), Hex@UPMOF-1 (purple triangles), and Hex@UPMOF-2
(orange squares) released in a phosphate-buffered saline solution (PBS, 0.04 M, pH 7.4). (b) Release profiles for Hex@UPMOF-1 (purple
triangles) and Hex@UPMOF-2 (orange squares) fitted to the mathematical Ritger and Peppas model.
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order, Higuchi, Hixson−Crowel, and Ritger and Peppas) were
used to fit the release data (Figure S35). On the basis of the
calculated coefficient of determination (R2), the Hex release
data were best fit by the Ritger and Peppas model with an R2
value of >0.95 (Figure 3b). This model categorizes the release
into three possible transport mechanisms: (i) Fickian diffusion,
(ii) non-Fickian diffusion, and (iii) case II diffusion.40 The
specific mechanism was then determined through two
parameters (n and k), which represent the specific release
mechanism and rate, respectively.10,41,42 By applying the Ritger
and Peppas model, the n (k) values for Hex@UPMOF-1 and
-2 are 1.55 (2.29) and 1.55 (2.27), respectively, which means
that the release of Hex from the UPMOFs follows case II type
diffusion.
In Vitro Antifungal Activity Assay against G.

boninense. With the release of Hex from the UPMOFs
established, attention turned toward studying the antifungal
activity of these two MOF adjuvants. Specifically, antifungal
activity was studied through a mycelial radial growth inhibition
assay, also known as an “in vitro” direct contact assay.11 The
antifungal efficacy for the inhibition of G. boninense was
evaluated by mixing potato dextrose agar (PDA) with distilled
water alone as a control, the pristine MOFs (UPMOF-1 and -2
and MOF-1201), and the Hex-loaded MOFs (Hex@UPMOF-
1, Hex@UPMOF-2, and Hex@MOF-1201) at different
concentrations (0.05, 0.1, 1, 5, and 10 μg mL−1). MOF-1201
was chosen as a second control as its composition is similar to
those of UPMOF-1 and -2.7,15 The inhibitory effect of pure
Hex, Hex@UPMOF-1, Hex@UPMOF-2, and Hex@MOF-
1201 on G. boninense was evaluated according to the inhibition
rate, from which a higher inhibition rate equates to a more
effective fungicide agent in combating the basal stem rot
disease caused by G. boninense (Figure 4).19 Accordingly, at a
low concentration of 0.05 μg mL−1, UPMOF-1, UPMOF-2,
MOF-1201, and Hex@MOF-1201 displayed a negligible
inhibitory effect and no significant difference with the control
(i.e., no treatment; 6.27 cm) as maximum mycelial growth was
measured at 5.32, 5.7, 5.18, and 5.1 cm, respectively (Table

S8). As expected, pure Hex exhibited significantly better
inhibition activity with 0 cm of mycelial growth of G. boninense.
Hex@UPMOF-1 and Hex@UPMOF-2 both demonstrated
significant inhibitory effects in which there was an absence of
mycelial growth.
Following these initial results, the percent inhibition after 7

days was then calculated (Figure 5). Accordingly, pure Hex

displayed a significant inhibitory effect beginning from 0.05 μg
mL−1 until complete inhibition (100%) was reached at 10 μg
mL−1. Both Hex@UPMOF-1 and -2 demonstrated complete
inhibition (100%) of G. boninense growth at the notably low
concentration of 0.05 μg mL−1. The pristine, Hex-free MOFs
(UPMOF-1, UPMOF-2, and MOF-1201) displayed minimal
ability to inhibit the growth (≤50%) of G. boninense starting at
0.05 μg mL−1. Taken together, these findings point to the fact
that the UPMOFs, as adjuvants, are effective in delivering the
Hex fungicide against G. boninense.

Figure 4. Antifungal effect on G. boninense: (a) control with no treatment, (b) MOF-1201, (c) UPMOF-1, (d) UPMOF-2, (e) commercial Hex, (f)
Hex@MOF-1201, (g) Hex@UPMOF-1, and (h) Hex@UPMOF-2. As a representative example, the treatment concentration for all was 1 μg mL−1

at 29 °C, and as one can see, without treatment (a−d), G. boninense proliferates uncontrollably. Scale bars represent 2 cm.

Figure 5. Percentage inhibition of radial growth on G. boninense as a
function of concentration (micrograms per milliliter; day 7; 28 ± 2
°C) for no fungicide (blue), MOF-1201 (orange), UPMOF-1 (light
purple), UPMOF-2 (dark purple), Hex@MOF-1201 (light green),
Hex@UPMOF-1 (pink), Hex@UPMOF-2 (light blue), and pure Hex
(dark green). Error bars represent standard deviations.
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In Vivo Oil Palm Plant Nursery Trial. To demonstrate
the practical applicability of Hex@UPMOF-1 and -2, we
carried out a 26 week in vivo plant nursery trial. A total of 45 3-
month-old oil palm seedlings (variety Dura × Pisifera) were
first grown in separate polybags in a glasshouse. To prepare for
the disease trial, each seedling was carefully excavated from its
polybag and placed on rubber (H. brasiliensis) wood blocks
(RWB) inoculated with G. boninense to infect the oil palm
seedlings. The roots were dispersed to the sides of the RWB,
and the oil palm seedling, together with the attached RWB,
was replanted into the polybag.
The antifungal treatment experiments were then performed

in a completely random design using non-inoculated seedlings,
untreated inoculated seedlings, and inoculated seedings that
were subjected to seven treatments each with commercially
available Hex, UPMOF-1, UPMOF-2, MOF-1201, Hex@
UPMOF-1, Hex@UPMOF-2, and Hex@MOF-1201. For the
Hex-loaded MOF treatments (i.e., Hex@UPMOF-1, Hex@

UPMOF-2, and Hex@MOF-1201), 3.0% Hex was used as the
active ingredient, with five replicates. In a typical experiment,
∼500 mg of each treatment was pocketed in the soil on four
sides. When the commercial Hex treatment was being
performed, the sample was diluted by a factor of 1:100
[sample:water (v:v)] according to the prescription and applied
directly to the soil. The treatments were first applied before
inoculation (“pretreatment”) and maintained every 4 weeks
(“post-treatment”) thereafter for a total of 26 weeks. The
seedlings were maintained by daily watering and by providing
NPK (nitrogen, phosphorus, and potassium) green fertilizer
according to the standard procedures of the Malaysian Palm
Oil Board.19 Monitoring the efficacy of the treatments was
performed by scoring each of the plants for disease class on a
scale of 0−4, from which the DSI could then be calculated.18
From the data, no clear trend was observed 10 weeks after
inoculation (WAI). At 12 WAI, a rapid 25% increase in the
DSI for the inoculated seedlings and those seedlings treated

Figure 6. Disease severity index (DSI) in untreated and Hex-loaded MOF-treated oil palm seedlings for no fungicide (blue), MOF-1201 (orange),
UPMOF-1 (light purple), UPMOF-2 (dark purple), Hex@MOF-1201 (light green), Hex@UPMOF-1 (pink), Hex@UPMOF-2 (light blue), and
pure Hex (dark green). Error bars represent standard deviations. Means with the same letter in the same column are not significantly different
according to the least significant difference (LSD; p ≥ 0.05). The p value is for the analysis of variance (ANOVA). WAI = weeks after inoculation.

Figure 7. Roots of oil palm seedlings 26 weeks after inoculation (WAI): (a) healthy seedling, seedlings treated with (b) Hex@UPMOF-1, (c)
Hex@UPMOF-2, (d) Hex@MOF-1201, (e) commercial Hex, (f) UPMOF-1, (g) UPMOF-2, and (h) MOF-1201, and (i) seedling inoculated with
G. boninense. The scale bar is 5 cm.
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with the Hex-free pristine MOFs (UPMOF-1, UPMOF-2, and
MOF-1201) was observed (Figure 6). Furthermore, at this 12
WAI stage, a significant difference was observed between the
inoculated and Hex-free pristine MOF-treated seedlings and
the seedlings that were treated with commercial Hex and Hex-
loaded MOFs. Specifically, white mycelium was seen on the
soil surface of the inoculated and Hex-free pristine MOF-
treated seedlings (Figure S36a). At 16 WAI, the seedlings
treated with commercial Hex (12.4% DSI) started to exhibit
symptoms of G. boninense infection and the formation of white
fungal “buttons” was detected on the soil of the inoculated and
Hex-free pristine MOF-treated seedlings (Figure S36b). A 0%
DSI was calculated at 16 WAI for those seedlings treated with
the Hex-loaded MOFs with no noticeable difference among
them. It was only at 26 WAI that the Hex-loaded MOF-treated
seedlings began to show any appreciable infection, with DSI
values of 0%, 3.3%, and 10.3% for Hex@UPMOF-1, Hex@
UPMOF-2, and Hex@MOF-1201, respectively. At this stage of
26 WAI, the inoculated seedling had an extremely high DSI
value of 97.3%.
It is worth noting that the rapid increase in DSI from 12 to

26 WAI suggested rapid disease progression in the untreated
seedlings compared to those treated with the Hex-loaded
MOFs. Those oil palm seedlings that were treated with the
Hex-free, pristine MOFs produced negative in vivo results
against G. boninense due to the absence of the active fungicide
ingredient, which is relatively different than the in vitro results
obtained (minor inhibition at 50 μg mL−1 toward G.
boninense). Therefore, we can conclude that the Hex-free
MOFs alone have minimal, practical antifungal activity and can
inhibit mycelial growth only at early stages. On the contrary,
the Hex-loaded MOF treatments were conclusively demon-
strated to prevent disease progression in inoculated oil palm
seedlings by suppressing the growth of G. boninense through
the prolonged release of Hex.
Effects of Hex@UPMOF-1 and -2 on Oil Palm Seedling

Roots. At the end of the experiment (26 WAI), the weights of
the seedling roots were measured, and significant differences
between each treatment were observed (Figure 7). Seedlings
that were treated with Hex@UPMOF-1, Hex@UPMOF-2,
Hex@MOF-1201, and commercial Hex were not significantly
different from the healthy, non-inoculated seedlings (control).
The largest weight was for the Hex@UPMOF-1-treated
seedling (205.22 g) followed by the seedlings treated with
Hex@UPMOF-2 (200.70 g), Hex@MOF-1201 (198.52 g),
and commercial Hex (195.98 g) (Table 1). However, seedlings
treated with pristine MOFs and untreated seedlings were
significantly different from the control, where the weight of the
roots was much smaller. Furthermore, the roots observed were
less dense than the control. From this root assessment, Hex@
UPMOF-1 was clearly the optimal treatment for protecting oil
palm seedlings against basal stem rot infection. This finding
points to the synergistic ability of the Hex-loaded UPMOFs
not only to protect the oil palm seedlings via Hex but also to
provide the helpful nutrients for plant growth through its
disassembly into free Ca2+ and nontoxic organic molecules
(linkers). Indeed, it is known that the addition of Ca2+ to soil
promotes the formation of Ca2+ availability for precipitation
with phosphorus, a process that supports balancing the
phosphorus sorption mechanisms in plants.43

■ CONCLUSION
This study presents the synthesis and structural character-
ization of two new MOFs, termed UPMOF-1 and -2, from
nontoxic, environmentally sustainable building blocks in Ca2+
and the LMW organic acids, L-malic acid and D-tartaric acid,
respectively. Both UPMOF-1 and -2 were demonstrated to be
effective adjuvants of the active fungicide hexaconazole (Hex).
Given their tendency to disassemble in media that mimic soil
conditions, the Hex-loaded UPMOFs, Hex@UPMOF-1 and
-2, completely inhibited G. boninense growth (100%) in in vitro
antifungal activity assays after 7 days even in low
concentrations (0.05 μg mL−1) as a result of the prolonged
and sustained release of Hex (≤500 h) as the MOFs
disassembled. To demonstrate practical applicability, the
Hex-loaded UPMOFs were subjected to a 26 week in vivo
oil palm plant nursery trial, from which it was ascertained that
the treatments with the Hex-loaded UPMOFs not only
prevented disease progression but also contributed to seedling
growth by providing additional nutrients to the soil (i.e., Ca2+).
This was further supported by the root weight differences
observed between oil palm seedlings treated with the Hex-
loaded UPMOFs. In the future, Hex@UPMOF-1 and -2
should be viewed as a micronutrient rich, viable, environ-
mentally sustainable, and responsible treatment option for
controlling basal stem rot disease in oil palms.
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Table 1. Assessment of Oil Palm Seedling Plant Growth 7
Months after Inoculation

treatment root massa (g)

control 200.19 ± 5.59 a
inoculated 44.98 ± 1.82 c
commercial 195.98 ± 9.23 a
MOF-1201 89.89 ± 8.67 b
UPMOF-1 93.54 ± 1.00 b
UPMOF-2 90.23 ± 1.67 b
Hex@MOF-1201 198.52 ± 4.73 a
Hex@UPMOF-1 205.22 ± 4.04 a
Hex@UPMOF-2 200.70 ± 1.51 a

aMeans followed by the same letter in the same column are not
significantly different according to the LSD (p ≥ 0.05). The letters a−
c are statistical groupings, by which the values within those groupings
are statistically similar. The p value is for the analysis of variance
(ANOVA).
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