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Copper() metal-organic frameworks (MOFs) of 4,4,4"-tri-tert-butyl-2,2":6/,2” -terpyridine(Nsttb)
formulated as [Cu(btc)(Nsttb)]-(DMF), 1 and [Cu(Nsttb)(H,O),l 2 (DMF =
synthesized and characterized by elemental analyses, and spectroscopic techniques, and compound 1

dimethylformamide) were

was further characterized by single crystal X-ray crystallography. The molecular structure of compound 1
revealed a five-coordinate geometry with three meridional nitrogen atoms of 4,4',4”-tri-tert-butyl-
2,2":6',2"-terpyridine and two oxygen atoms of 1,3,5-benzenetricarboxylic acid to form a square
pyramidal geometry. Compound 2 was functionalized with 1,2-ethanedithiol (TH) to prepared
[Cu(Nsttb)(H20),]-TH (compound 3). The copper(i) metal-organic frameworks (MOFs) were used as
adsorbents for the removal of 2,4-dichlorophenoxyacetic acid. The adsorption processes followed
pseudo-second-order kinetics, and the adsorption equilibrium data best fit the Langmuir isotherm, with
R? values of 0.981, 0.991, and 0.991 for 1, 2 & 3 respectively. The quantity of 2,4-dichlorophenoxyacetic
acid removed was 588.24, 333.33 and 833.33 mg g~ over 1, 2 & 3 respectively. The results indicate that
the functionalized compound 3 has a higher adsorption capacity than 1 & 2 which could be ascribed to
electrostatic interactions between the thiol groups of 1,2-ethanedithiol and the carboxylic acid group of
2,4-dichlorophenoxyacetic acid. Computational studies revealed that 3 outperforms 1 & 2 in herbicide
adsorption, this can be adjudged to its ultra-soft character (n = 0.31 eV, S = 1.61 eV}, high
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(—39.500 kcal mol™) and high experimental capacity (833.33 mg g~%). FT-IR spectroscopic analysis of

DOI: 10.1035/d5ra07218b the MOFs post-adsorption revealed the presence of the herbicide. The study’s findings indicated that the

rsc.li/rsc-advances prepared MOFs are effective adsorbent for removal of 2,4-dichlorophenoxyacetic acid from wastewater.

agrochemicals are present in wastewater treatment plant efflu-
ents, rivers, lakes, and occasionally in groundwater." The

1 Introduction

Water is essential for all living organisms, as global health and
development depend on it. Unfortunately, water quality is
declining due to contamination by various harmful substances,
including agrochemicals, dyes, metals, pharmaceuticals and
personal care products.'™ In agriculture and industry, agro-
chemicals' widespread production and use, particularly pesti-
cides, lead to water contamination in both surface and
groundwater. Furthermore, as living standards rise and global
food demand increases, pesticide production and utilization
continue to grow. Numerous studies have shown that
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impact of discharging effluents from agrochemical industries
has been extensively discussed in scientific literature.
Contaminants can be removed in several ways such as
absorption,**® degradation (bio, photodegradation, oxidative &
ultrasound),"*™** electrochemical,"** chlorination,****¢
membrane nanofiltration,**” ozonation®*® and precipitation.*
Furthermore, various environmental remediation methods and
their associated limitations have been discussed, highlighting
the necessity for adsorptive techniques to remove these efflu-
ents. Consequently, developing efficient adsorptive materials
for 2,4-dichlorophenoxyacetic acid removal is important in both
environmental and analytical sciences.* However, addressing
the removal of these emerging contaminants from our drinking
water and aquatic systems remains a crucial concern for
researchers worldwide. Among the different methods studied,
adsorption stands out due to its favourable features, including
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gentle operating conditions, minimal investment, low energy
consumption, and no oxidants or reductants.™*

Porous materials like activated alumina, activated carbons,
amberlite, birnessite, clay, kaoline, MOFs, sawdust, silica gel
and zeolites.,"*'** which possess high surface areas, are
potential adsorbents. This is because adsorption depends on
the porosity or surface area and the functionality of the adsor-
bent. MOFs have proven to be effective adsorbents because they
can adsorb various hazardous substances from aqueous and
nonaqueous environments. This is due to their remarkable
porosity, adjustable pore structure, and ease of functionaliza-
tion without altering the framework's topology.***® Function-
alization has been employed to enhance the efficiency of MOFs
by introducing additional functional groups, such as amines
and thiols, to their surface.””** Metal-organic frameworks can
be readily modified covalently with amino or thiol groups due to
the availability of unsaturated central metal ions. These chem-
ical modifications allow for the introduction of specific func-
tional groups into MOFs, paving the way for the design of a new
generation of enhanced MOFs.>”*3°

Herein, we report the synthesis and characterization of
MOFs prepared from copper(u), 4,4',4"-tri-tert-butyl-2,2':6',2"-
terpyridine and 1,3,5-benzenetricarboxylic acid formulated as
[Cu(btc)(Nsttb)]-2(DMF) 1, [Cu(Nsttb)(H,0),] 2 and it's thiol
functionalization to prepared [Cu(Nsttb)(H,0),]-TH 3. The
potential of the three MOFs to remove 2,4-di-
chlorophenoxyacetic acid from water was evaluated.

2 Experimental section

2.1. Materials

All chemicals utilized were of analytical grade and purchased
from Sigma Aldrich. The research chemicals are 4,4’,4"-tri-tert-
butyl-2,2":6',2"-terpyridine, 1,3,5-benzene tricarboxylic acid,
copper(u) acetate dihydrate, dimethylformamide, ethanol,
methanol, and water.

2.2. Synthesis of [Cu(btc)(N;ttb)]-2(DMF) 1

1,3,5-Benzenetricarboxylic acid (Hzbtc, 0.0160 g, 0.076 mmol),
4,4’ A" tri-tert-butyl-2,2':6',2"-terpyridine (Njttb, 0.0305 g, 0.076
mmol) and copper(u) acetate monohydrate (Cu(CH3COO),-H,-
0, 0.0150 g, 0.076 mmol) were accurately weighed and dissolved
in 15 mL of dimethylformamide/ethanol/methanol/water (1:1:
1:1). The resulting solution was sonicated at 65 °C for 60
minutes then transferred to a glass vial and kept in the oven for
five days at 65 °C. After 5 days, a translucent blue solution was
obtained, which was left to slowly evaporate at room tempera-
ture. Green block crystals, suitable for single crystal X-ray
diffraction, formed after 56 days. The green crystals formed
were separated by filtration and washed with a mixture of di-
methylformamide, ethanol, methanol and water in a ratio of 1 :
1:1:1 and dried at room temperature (Scheme S1 in the SI).

2.3. Synthesis of [Cu(N;ttb)(H,0),] 2

20 mL ethanoic solution (ethanol/water in ratio 1: 1) of 4,4’,4"-
tri-tert-butyl-2,2":6’,2"-terpyridine (Njttb, 0.2007 g, 0.5 mmol)
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was gradually added to 10 mL aqueous solution of copper(u)
acetate monohydrate (Cu(CH;COO),-H,0, 0.0999 g, 0.5 mmol)
over a five minutes duration with continuous stirring at 70 °C. A
transparent blue solution was obtained and refluxed at 70 °C for
60 minutes. Subsequently, 10 mL of dimethylformamide was
introduced into the solution, followed by reflux at 70 °C for 24 h.
A Dblue residue was obtained and separated by filtration.
Subsequently, washed with a mixture of di-
methylformamide, ethanol, and water in a 1: 1:3 ratio and dried
at room temperature (Scheme S2 in the SI).

it was

2.4. Functionalization of [Cu(N;ttb)(H,0),] 2

0.300 g of [Cu(Nsttb)(H,0),] was activated at 150 °C for 18 h and
subsequently suspended in 10 mL of toluene. 1 mL of 1,2-
ethanedithiol (TH) was introduced to the suspension and stir-
red at 110 °C for 12 h. Brown crystalline powder was formed
which was recovered by filtration, washed with EtOH (12 mL x
4) and then dried for 24 h at RT in a vacuum. The percentage of
sulphur in the modified MOF was quantified with energy-
dispersive X-ray spectroscopy (Scheme S3 in the SI).

2.5. Physical measurements

The ligands' and synthesized MOFs' FT-IR spectra (4000-
600 cm ') were obtained from Bruker Alpha II FT-IR with ATR
accessory. The elemental composition of synthesized MOFs was
checked on Thermo Scientific Flash 2000 elemental analyzer
with a TCD detector. The mass spectra were obtained from the
waters Micromass LCT premier TOF-MS using ESI techniques.
Scanning electron microscopy (SEM) images were obtained
from Philips (FEI) XL30 SEM. The amount of 2,4-di-
chlorophenoxyacetic acid removed was determined using Agi-
lent 1290 Infinity II liquid chromatography coupled with
a diode array detector.

2.6. Crystallographic data collection and structural analysis

Single crystals of [Cu(btc)(N;ttb)],-(DMF), 1 were obtained by
slow evaporation of the compound in a mixture of DMF/
ethanol/methanol/water in a ratio of 1:1:1:1 at RT. Details
of the crystal parameters, data collection and refinements are
listed in Table 1. The single crystals data of 1 was collected on
a Bruker APEX-II CCD diffractometer fitted with an Oxford
Cryostems low-temperature instrument, running at 7= 100.07
K. Using Olex2,** the structure was solved with the XT* struc-
ture solution program using Intrinsic Phasing and refined with
the XL*® refinement package using least squares minimization.
Table 2 shows the list of selected bond lengths and angles.

2.7. Adsorption experiment

Adsorption of 2,4-dichlorophenoxyacetic acid on 1, 2 and 3 was
studied with an aqueous solution of 2,4-dichlorophenoxyacetic
acid (molecular formula: CgHgCl,03, molecular weight: 221.04 g
mol™*, Merck, 98%). A stock solution of 2,4-di-
chlorophenoxyacetic acid (200 mg L") was prepared by di-
ssolving 20 mg of 2,4-dichlorophenoxyacetic acid in 100 mL of
deionized water. The herbicide's lower concentrations (5-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement of [Cu(btc)(Nsttb)],- (DMF), 1

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

B/A

c/A

a/°

/e

v/°

Volume/A®

Z

Peale/g cm ™
w/mm™*
F(000)
Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*

Final R indexes [I = 24(1I)]
Final R indexes [all data]
Largest diff. peak/hole/e A >

Table 2 Some selected bond angles and bonds
[Cu(btc)(Nsttb)], - (DMF),

lengths of

Selected bond angles (°) Selected bond lengths (A)

N1-Cu1-03 95.33(8) N1-Cul 2.058(2)
N2-Cu1-03 99.08(9) N2-Cul 1.938(3)
N3-Cu1-03 93.41(8) N3-Cul 2.043(2)
01-Cu1-03 89.20(8) 01-Cul 1.910(2)
N1-Cu1-01 100.03(9) 03-Cul 2.177(2)
N2-Cu1-N3 79.21(9)

N1-Cul-N2 79.76(9)

N3-Cu1-01 99.98(9)

N1-Cul-N3 158.25(9)

N2-Cu1-01 171.71(9)

30 mg L") were prepared by successive dilution of the stock
solution with deionized water. The concentrations of 2,4-di-
chlorophenoxyacetic acid were determined by measuring the
solution absorbance with a PerkinElmer Lambda 35 UV-visible
Absorption Spectrometer at 283 nm. The calibration curve was
derived from the UV spectra of standard solutions (5-
200 mg L") at a pH of 3.5. Before 2,4-dichlorophenoxyacetic
acid adsorption, the MOFs were activated by heating under
a vacuum at 150 °C for 24 h and were kept in a desiccator. After
activation, 5 mg of each of the adsorbents (1, 2 and 3) were
weighed and immersed into Erlenmeyer flasks containing
50 mL of aqueous 2,4-dichlorophenoxyacetic acid solutions
(5 mg L™ to 200 mg L™ '). The suspensions were shaken in an
incubator shaker at a constant speed of 160 rpm at 25 °C for
a fixed time (10 min to 12 h). After adsorption for the fixed time,

© 2025 The Author(s). Published by the Royal Society of Chemistry

[Cu(btc)(N;ttb)], - (DMF), 1
C42H53CuN;50g

819.43

103.33

Triclinic

P1

12.6758(4)
13.0824(4)
13.8908(4)
69.9640(10)

71.5870(10)

73.668(2)

2014.27(11)

2

1.351

1.249

866.0

0.375 x 0.24 x 0.21

CuKa. (A = 1.54178)

6.984 to 143.122
15=h=15-16=<k=15-17<1=<17
46 817

7471 [Rine = 0.0343, Ryigma = 0.0213]
7471/0/519

1.022

R, = 0.0548, WR, = 0.1558

R; = 0.0581, WR, = 0.1605

1.38/—0.57

an aliquot (2 mL) of the solution was removed using a dispos-
able syringe equipped and filtered using a 0.45 um PTFE syringe
filter. The filtrate's concentration was determined using a Per-
kinElmer Lambda 35 UV-visible Absorption Spectrometer. The
amount of 2,4-dichlorophenoxyacetic acid adsorbed onto the
MOFs was obtained using the expression:"**73%

(CO - Céq) v

q =
eq m

where g.q is the equilibrium adsorption capacity of 2,4-di-
chlorophenoxyacetic acid adsorbed on the unit mass of adsor-
bent (mg g~ '), Co and Ceq are the initial and equilibrium
concentrations of 2,4-dichlorophenoxyacetic acid (mg L™"), V is
the volume of the solution of the adsorbate in liters (L), and m is
the amount of adsorbent in grams (g), respectively. After filtra-
tion, the solid residue was washed twice with water, allowed to
dry at room temperature and further characterized with FT-IR,
SEM and BET. The effect of absorbent, pH, temperature and
time on 2,4-dichlorophenoxyacetic acid adsorption over 1, 2 and
3 were studied by adjusting the necessary parameters. The
reusability of the absorbents (1, 2 and 3) was determined by
reusing 1, 2 and 3 after simple purification by washing the
MOFs with water, drying and reactivation.

3 Results and discussions
3.1. Synthesis

Compounds 1 and 2 were synthesized following the well-
established procedure.?”*® The self-assembly of [Cu(btc)(N;-
ttb)],-(DMF), in a DMF/ethanol/methanol/water (1:1:1:1)

RSC Adv, 2025, 15, 49525-49544 | 49527
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mixture at room temperature resulted in the formation of
a water-insoluble green dinuclear copper(u)-MOF crystals suit-
able for single crystals X-ray crystallography (Scheme S1).
Compound 1 was only soluble in dimethyl sulfoxide (DMSO),
and its insolubility in other typical organic solvents may be
attributed to its polymeric characteristics. Compound 1 has
been structurally characterized using a variety of analytical
techniques, including CHN, FT-IR, MS and SC-XRD analysis.
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SC-XRD analysis confirms that the asymmetric unit of the Cu-
MOF contains one Cu(u) metal ion, one Njttb, one deproto-
nated [btc]*~ and two DMF. The melting point, FT-IR spectra,
elemental analysis and mass spectra data of the synthesized Cu-
MOF unequivocally supported the formation of compound 1, as
confirmed by its X-ray crystal structure. [Cu(N;ttb)(H,0),] 2 was
only soluble in dimethylformamide (DMF) and was character-
ized by CHN, FT-IR and MS.

06

Fig. 1 Ortep diagram of {[C;,H75Cu,NgO1,]- (DMF),} showing the two coordinated molecules of trimesic acid (a), the two coordinated ter-
pyridine molecules (b) with non-hydrogens and carbon atoms numbering around the copper(i) ions.
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Fig. 2 Ortep diagram of {{C;,H7g8Cu,NgO12] - (DMF),} showing the two non-coordinated molecules of dimethylformamide with non-hydrogens

and carbon atoms numbering around the copper(i) ions.

3.2. Molecular description of {[C;,H,5Cu,N¢O;,](DMF),} (1)

The ORTEP representation revealing atoms numbering (without
hydrogen, and carbon) of compound 1, {[Cu(btc)(Nsttb)],-
-(DMF),}, {[C72H75Cu,NgO;,](DMF),} showing the two coordi-
nated benzene 1,3,5-tricarboxylic acid (Hsbtc), and the two
coordinated terpyridine molecules (N;ttb) to the copper(u) ions
are illustrated in Fig. 1(a) and (b) respectively. Fig. 2 displays the
two molecules of dimethylformamide (DMF) acting as solvent of
coordination. The packing diagram of compound 1,

[Cu(btc)(N;ttb)],-2(DMF), revealed one fitted molecule, and
atoms fitted in the unit cell are presented in Fig. 3(a) and (b).
Fig. 4(a) and (b) illustrates the Ortep diagram of compound 1,
[Cu(btc)(Nsttb)],-(DMF),, showing intramolecular hydrogen
bonding (A), and intermolecular hydrogen bonding (B) with
non-hydrogen and carbons atoms numbering. Crystal data and
structure refinement of [Cu(btc)(N;ttb)], - (DMF), is presented in
Table 1, while some selected bond lengths and bonds angles are
given in Table 2. Compound 1 crystallized in triclinic crystal
system with a space group P1, primitive as the lattice type with

Fig. 3 Packing diagram of [Cu(btc)(Nsttb)]l,- (DMF), showing one fitted molecule in a unit cell (a), and atoms fitted in a unit cell (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ortep diagram of [Cu(btc)(Nsttb)], - (DMF), showing intramolecular hydrogen bonding (a) and intermolecular hydrogen bonding (b) with

non-hydrogen and carbon atoms numbering.

the cell length @ = 12.68(4) A, b = 13.08 A, ¢ = 13.89 A, the cell
angles & = 69.96(10)°, 8 = 71.59(10)°, and y = 73.61°, and a cell
volume 2014.27 A*. Compound 1, [Cu(btc)(N;ttb)],-(DMF),, is
a three-dimensional binuclear unit of copper(u) complex which
is bridged by two molecules of benzene 1,3,5-tricarboxylic acid
(H3btc) to the two copper(u) ions through the hydroxyl oxygen of
the anisobidentate-carboxylato group of the bridging ligand,
and two tridentate molecules of terpyridine ((Nsttb)) through
three meridional nitrogen atoms coordinated to each copper(n)
ion. The single crystal showed a distorted pentagonal coordi-
nation geometry around each copper(n) ion with the chromo-
phore CuNz;O,. Compound 1, [Cu(btc)(Nsttb)],-(DMF),, is
a centrosymmetric dimer with a pentagonal chair like confor-
mation at the centre of symmetry, like reported arrangement for
copper(u) complex.*

The value of the geometry index or structural parameter for
five coordinates geometry is given by Tau equation “t = (6 — «)/
60” (8 = the first largest angle, and « = the second largest angle)
which determined whether the five coordinate is square pyra-
midal (SP) or trigonal bipyramidal (TBP).** The value of Tau
obtained for compound 1, [Cu(btc)(N;ttb)],-(DMF),, is

Fig. the

5 Polyhedral
[Cu(btc)(Nsttb)l,- (DMF),.

diagram  showing geometry  of

49530 | RSC Adv, 2025, 15, 49525-49544

approximately 0.224 which is much closer to null (0) Z.e. (0.00 <t
< 0.50) than to unity (1) Z.e. (0.50 <t < 1.00), submitting that the
geometry around each of the copper(u) ions is a distorted square
pyramidal with N;ttb and a molecule of btc which occupy the
equatorial plane and the second molecule of btc which occupy
the axial plane of the geometry, with an inversion symmetry
having the symmetry operation —x, —y, —z. Fig. 5 showed the
polyhedral projection diagram of compound 1, [Cu(btc)(N;-
ttb)],- (DMF), which confirmed the distortion of the square
pyramidal geometry. The bonds lengths of N1-Cul, N2-Cul,
N3-Cul, O1-Cul, and O3-Cul are 2.058(2) A, 1.938(3) A,
2.043(2) A, 1.910(2) A, and 2.177(2) A respectively which revealed
the longer length of O3-Cul compared to the remaining four
bond lengths, and the discrepancy in bond lengths between N1-
Cul, N2-Cul, N3-Cul, O1-Cul confirmed further the distor-
tion of the square pyramidal and anisobidentate character of
the bridging ligand.*”” The bond lengths observed at the equa-
torial axes (N1-Cul, N2-Cul, N3-Cul, O1-Cul) which range
between 1.900 A to 2.060 A, and the bond length at the axial axis
(Cu -03) are comparable to the bond length of Cu-N, Cu-O
experienced in an ideal square pyramidal geometry ranging
1.900 A to 2.100 A, and 2.100 A to 2.300 A.** The values of
adjacent angles at the basal plane of the distorted square
pyramidal geometry N3-Cu1-O1 and N2-Cu-N1 are 99.98° and
79.76° respectively; N3-Cul-N2, and N1-Cu1-O1 are 99.08° and
100.03°. This discrepancy experienced in the values of adjacent
angles at the basal plane of the distorted square pyramidal
compared to the equal adjacent angles at the basal plane of
perfect square pyramidal confirmed further the distortion of the
square pyramidal geometry.** The stability and the polymeric
chain of compound 1, [Cu(btc)(N;sttb)],-(DMF), is depicted
through the intramolecular and intermolecular hydrogen
bonding Fig. 4(a) and (b) respectively. The two non-coordinated
dimethylformamide molecules further established the poly-
meric form of the compound through the intermolecular
hydrogen bonding.*” The intramolecular hydrogen bonding ‘D-
H---A’ (where ‘D’ and ‘A’ stand for donor and acceptor atoms
respectively) of the compound is observed through Cs3-Hszp' -

© 2025 The Author(s). Published by the Royal Society of Chemistry
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O, where the distance between the donor atom (Cj3) and
acceptor (0;) is observed to be 3.270 A, and the distance
between the hydrogen (Hssg) and the acceptor (O,) is observed
to be 2.526 A. This intramolecular hydrogen bonding stabilized
the molecular conformation by locking the molecule in
a specific shape, pre-organized the molecular geometry by ori-
enting the molecule for favorable packing in the crystal lattice,
and influence the crystal density.*® Various intermolecular
hydrogen bonding are also observed in the polymeric chain of
the compound through C;o-Hjzo'--Os where the distance
between the donor atom (Cso) and acceptor (Os) is observed to
be 3.189 A, and the distance between the hydrogen (H;o) and the
acceptor (Os) is observed to be 2.404 A; through Czg-Hjs -0,
where the distance between the donor atom (Csg) and acceptor
(04) is observed to be 2.732 A, and the distance between the
hydrogen (H;) and the acceptor (O,) is observed to be 1.715 A;
through C;;,-H;74---O, where the distance between the donor
atom (C,) and acceptor (O,) is observed to be 3.566 A, and the
distance between the hydrogen (H;,,) and the acceptor (O,) is
observed to be 2.663 A; through C,-H,---O, where the distance
between the donor atom (C,) and acceptor (O,) is observed to be
3.066 A, and the distance between the hydrogen (H,) and the
acceptor (O,) is observed to be 2.435 A; through C,-H, O,
where the distance between the donor atom (C5) and acceptor
(0,) is observed to be 3.366 A, and the distance between the
hydrogen (H,) and the acceptor (O,) is observed to be 2.574 A.

mean: 102 atoms

mean’ 92 atoms

Fig. 6 Diagram of [Cu(btc)(Nsttb)],-(DMF), showing the two planes
between the trimesic molecule with mean of 102 atoms and through
the ring of Nsttb with a mean of 92 atoms.
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These intermolecular hydrogen bonding influenced the
morphology of the compound, enhanced the melting and
boiling point, facilitated network formation, and promoted the
arrangement of molecules in the crystal lattice through a rigid
structure.” The two planes which illustrated the inversion
symmetry of the compound is depicted in Fig. 6, between btc
molecules with mean of 102 atoms and through the ring of
N;ttb with a mean of 92 atoms.*® The crystal compound was
fictitiously packed at positions “a” and “c” to visualize the
inclusion of solvent or small molecules inside the crystal lattice.
Small molecules or solvent could be clearly trapped in the
crystal pore (Fig. 7). The void space through contact surface
(Fig. 7(a)) of the crystal was explored at a radius of 0.5 A and an
approximate grid spacing of 0.3 A. Its volume, 326.45 A’
represents 16.3% of the unit cell volume. Additionally, the void
space through solvent-accessible surface (Fig. 7(b)), which was
probed at 0.5 A with 0.3 A grid spacing, had a volume of 69.40
A®, or signifies 3.4% of the unit cell volume. Fig. 8(a) and (b)
further confirmed the polymeric chain of the compound
through the ‘g-axis’ and ‘b-axis’.

3.3. Infrared spectra studies of 1 and 2

Infrared spectra of compounds 1 and 2 were compared with
those of the ligands (Fig. S1 and S2). Relevant IR bands in the
Cu-MOFs are identified as »(O-H), »(C-H), »(C=0), »(C=C),
¥(C-0), v(C-N), »(M-O) and »(M-N). The Cu-MOFs spectra
showed a significant shift in the »(C-N) stretching frequency
compared to the Njttb. The sharp strong absorption band of
»(C-N) observed at 1371 cm™* in Njttb has shifted to 1386 cm™*
and 1379 cm ™" in 1 and 2 respectively. This shift indicates that
pyridyl N-atoms are involved in the complexation. This binding
approach aligns well with previous study.>” The strong »(C=0)
and »(C-O) absorption bands observed at 1720 cm™ ' and
1276 cm™' in the Hsbtc have shifted to 1654 cm™' and
1345 cm ™ in 1, which is an indication that the carboxyl groups
(COO™) are involved in the complexation.”® In addition,
compound 1 spectrum showed a significant shift in the »(O-H)
stretching frequency compared to the Hzbtc. The broad
absorption band of »(O-H) observed at 3084 cm™" in H,btc has
shifted to 3447 cm ™" in 1. The increase in the absorption band

1

Fig. 7 Void space through contact surface (a) and through solvent accessible surface (b) of [Cu(btc)(Nsttb)l,- (DMF),.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Polymeric Chain representation of [Cu(btc)(Nsttb)l, - (DMF), along a-axis (a), and along b-axis (b).

600 cm ™" in the two synthesized Cu-MOFs provides information
about the vibrational bands associated with »(M-O) and »(M-N)
bonding.*”*

of uncoordinated -OH in Hjbtc can be attributed to hydrogen
bonding within the crystal lattice of the compound. This
hydrogen bonding can alter the vibrational energy levels of the -
OH group, leading to changes in the absorption band. The
appearance of sharp absorption bands between 3115 cm ' to  3.4. Mass spectra studies of 1 and 2

—1 . .
2§5(1)1 o I:iands mt,the o M(zFSt ;‘?“ld 1?; att,t“b“fdﬂio [Cu(btc)(Nstth)]- (DMF), (1) and [Cu(Nstth)(H,0),] (2) dissolved
aliphatic and ‘aromatic »(C-H) stretching vibrations. ¢ in dimethylsulfoxide without structural damage as seen on the

appearance of absorption bands between the 750 cm ™' and .

PP P mass spectra. The mass spectra of 1 and 2 were obtained and
—s M/Zg 819.326(8_) — I ~ Mz=sssan _ M/Z=747.4647 P WZ=7194337  _
Cu"zn O%/NI\ [0} o) OQ,I\II\ 0 o O N o 0

0 OH HO HO
L O NS HQ OH 10 N{ o OH

7\
(=N/ N _on
}\] \Cu -S;gHﬁ* <CsHu / \N—Cui <Cdl”
& / =( / TOH
NH R
M/Z =179.0165 M/Z =272.1093 M/Z = 432.7401 M/Z = 499.1711 M/Z =523.2211
BASE PEAK

Fig. 9 Fragmentation mechanism of 1.
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Fig. 10 Fragmentation mechanism of 2.

compared with those of the ligands (4,4',4"-tri-tert-butyl-
2,2':6',2"-terpyridine and 1,3,5-benzenetricarboxylic acid). The
two Cu-MOFs mass spectra as depicted in Fig. S3 and S4, reveal
that the molecular ion peaks are 825.54 m/z (calculated at
820.33 g mol ') and 501.19 m/z (calculated at 501.19 g mol )
for 1 and 2 respectively, which perfectly match with the
empirical formula and the molecular weight determined from
CHN analysis. Moreover, the fragmentation pattern depicted in
Fig. 9 aligns with the peaks observed in the mass spectra and is
confirmed with single crystal X-ray crystallography.

The mass spectra of 1 and 2 show similar fragmentation
patterns and the same base peak due to their coordination with
4,4’ 4"-tri-tert-butyl-2,2':6' ,2"-terpyridine (Nsttb). After ioniza-
tion, the molecular/parent ions [C4,Hs,CuNsOg]™* and [C,,-
H3o,CuN;0,]"* were formed by 1 and 2 respectively, as shown in
Fig. 9 and 10. Following ionization of 1, the DMF molecules

BASE PEAK - -

solvent of crystallization were the first to be lost from the parent
ions to produce [C36H,,CuN;0¢]". The appearance of the most
intense peak (base peak) at 499.17 m/z in the spectra of the two
Cu-MOFs is due to the formation of [C,,H;,CuN;0,]". The base
peaks of these MOFs are similar to the base peak of the Cu-
MOFs reported by Tella et al., 2024.>” After several fragmenta-
tions from the base peak ion, the smallest ion 179.02 m/z was
formed due to the formation of [CsH,;,CuN;]", which confirms
the coordination of copper(un) ion with 4,4',4"-tri-tert-butyl-
2,2":6/,2"-terpyridine through the three meridional nitrogen
atoms. This binding approach aligns well with the research
reported in the literature.””***

3.5. Hirshfeld surface analysis

Hirshfeld Surface Analysis (HSA)**** is a powerful technique for
investigating intermolecular interactions within a crystal

Fig. 11 3-D Hirshfeld surfaces mapped with (@) dnorm. (b) d; and (c) de of 1.

Fig. 12 3-D Hirshfeld surfaces mapped with (a) curvedness, (b) fragment patch and (c) shape index of 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 2D fingerprint plots for 1 of different intermolecular interactions.

structure. This technique stands out for its capability to calcu-
late and visually represent these interactions, resulting in
distinct outcomes for each crystal structure. The analysis is

49534 | RSC Adv, 2025, 15, 49525-49544

performed by inputting the crystallographic information file
(CIF) of the molecule under study into the Crystal Explorer 21.5
software.* Hirshfeld surfaces for compound 1 were generated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and mapped with d., d;, and d,orm, shape index, curvedness,
and two-dimensional fingerprint plots as shown in Fig. 11-13.
The d,.m function is the ratio between the distance from the
surface to the nearest nucleus internal to the surface (d;) and the
distance from the surface to the nearest nucleus external to the
surface (d.).>”** Fig. 11 depicts the Hirshfeld surface maps for
dhorm, di and d. of compound 1. The dhorm, d; and d. were
mapped over the ranges —0.8069 to 1.7898 A, 0.6056 to 2.5995 A
& 0.6054 to 2.7884 A respectively. The dorm surface was drawn
with blue, red, and white colours, where the blue colour region
represents the distance of intermolecular interactions greater
than van der Waals distance (dporm = +ve), the red colour region
represents the distance of intermolecular interactions lower
than van der Waals distance (dnorm = —ve) while the white
colour region represent the distance of intermolecular interac-
tions equal to van der Waals distance (dnorm = 0).>”** The bright
red spots on the crystal surface in the d,om mapping indicate
close contacts between neighbouring molecules. Specifically,
there is close contact between the oxygen atom on 1,3,5-
benzenetricarboxylic acid and the neighbouring central cop-
per(u) ion. The d. and d; surfaces indicate that the internal
intermolecular interactions are stronger toward the tertiary -
CH; group on 4,4’ ,4"-tri-tert-butyl-2,2":6',2"-terpyridine while
the external intermolecular interactions are more around the
Cu and O atoms.”

Fig. 12 depicts the Hirshfeld surface maps for curvedness,
fragment patch and shape of the molecule compound 1. The
curvedness surface analysis was mapped over the range —4.0000
to 0.4000 A for 1. This surface is a measure of curvature in the
total Hirshfeld map. As shown in Fig. 12a, the surface of
compound 1 features numerous large green flat areas separated
by blue edges, indicating high values of curvedness. These areas
provide insights into interactions between neighbouring
molecules (-7 stacking interactions).>”**%

Fragment patch surfaces were mapped over the range from
0.0000 to 23.0000 A for 1 as shown in Fig. 12(b). This mapping
colour patch enables us to identify the closest neighbour coor-
dination environment of molecule 1.%” Shape index was mapped
over the range —1.0000 (concave) to 1.0000 (convex) A for 1 as
shown in Fig. 12(c). This surface demonstrates that the shape of
the electron density surface encompasses the interactions
between molecules. The shape index was drawn with blue, red,
and green colours, where the blue-coloured region represents
the concave areas, which indicates that the atoms of the -
stacked molecule above them while the red-coloured region
represents convex areas, that indicates the ring atoms of the
molecule within the surfaces.””*

The 2D fingerprint plots for 1 as shown in Fig. 13 reveal there
are twelve (12) intermolecular atomic interactions in the crystal
structure. The intermolecular interactions through H---H,
O---H and C---H were found to be dominant with 50.1%, 21.5%
and 18.0% of all interactions respectively. The percentage of
other intermolecular interactions are 1.9%, 1.8%, 1.6%, 1.6%,
1.4%, 0.9%, 0.5%, 0.3% and 0.2% for C-+-N, C---O, N---H, N---O,
Cu---O C---C, Cu---C, O---O and N---N respectively.

Additionally, the form index surface shows that the
arrangement of adjacent blue and red triangles around

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compound 1 unit provides evidence for -7 stacking interac-
tions between aromatic cycles, as illustrated in Fig. 11 and 12.
The observed percentages of interactions contributing to 1 are
depicted in Fig. 13. Notably, this quantitative analysis high-
lights that H---H interactions play a dominant role in the crystal
structure. The findings from the Hirshfeld surface analysis
align with those observed in the X-ray diffraction analysis.”” The
volume enclosed by the Hirshfeld surface is calculated to be
783.78 A®, with an area of 670.56 A2,

3.6. Thiol functionalization of 2

The thiol-functionalization of 2 through the coordination of 1,2-
ethanedithiol (TH) to the unsaturated copper(u) center of the
dehydrated 1 framework was carried out as described in Section
2.4. After activation and modification, the Cu-MOF changes
from blue to brown. 3 was air-stable and insoluble in water,
methanol, isopropanol, ethyl acetate, ethanol, dimethyl sulf-
oxide, dichloromethane, chloroform, acetonitrile, and acetone.
Apart from the colour change, the thiol-functionalization was
confirmed by SEM, CHNS and FT-IR. The FT-IR, PXRD spectra
as shown in Fig. S5 and S6 confirmed the addition of the thiol
functional group into the MOFs framework network.>*® The
PXRD of the as-synthesized and functionalized MOFs are the
same which indicates that thiol-functionalization did not
change the crystal lattice of compound 1.7-*° Fig. S5 shows the
FTIR spectra of the 1,2-ethanedithiol, pristine, dehydrated and
modified Cu-MOFs. After activation of 2, there was no difference
in the spectrum obtained. After the thiol functionalization of
the Cu-MOFs through the coordination of 1,2-ethanedithiol
(ET) to the unsaturated Cu(u) ion, new band was observed at
2866 cm ™" for 3 which is a characteristic band of »(S-H) vibra-
tions. Although the peaks at 2866 cm ™' and 2907 cm™* corre-
sponding to »(S-H) have shifted to larger values as observed
when the molecule is coordinated to a Lewis acid center.** In
addition to »(S-H) vibrations, band was observed at 667 cm™ " in
3 which is a characteristic band of »(C-S) vibrations. The find-
ings unambiguously establish that 1,2-ethanedithiol molecules
were effectively coordinated to the unsaturated central cop-
per(n) ion within the framework, rather than being adsorbed
onto the external surface of the MOFs. This emphasizes the
specific location of the coordination and distinguishes it from
mere surface adsorption.* To investigate the chemical compo-
sition and surface morphology of the pristine and modified
MOFs, the samples were characterized with SEM-EDX as shown
in Fig. 14 and 15. Before the thiol-functionalization, 2 samples
were cylindrical with large particles (Fig. 14) but after the thiol-
functionalization, the sample was still cylindrical but with
smaller particles (Fig. 9).>

Elemental analysis of 2 and 3 samples show that the
compounds are made up of carbon, nitrogen, oxygen, sulphur
and copper as depicted. Comparison of the CHNS result of the
pristine and modified MOFs clearly shows the formation of
[Cu(N;ttb)(H,0),]-ET 3. After the functionalization of 2, the
percentage composition of sulphur (S) in 2 increased from
0.00% to 15.25% in 3. This confirms the introduction of sulphur
from 1,2-ethanedithiol (TH) into 2.

RSC Adv, 2025, 15, 49525-49544 | 49535
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Fig. 15 SEM images of 3 at different magnifications.

3.7. Adsorption studies

The adsorption capabilities of MOFs have been extensively
studied by numerous researchers. Various factors influence the
adsorbability of dissolved substances, including the chemical
form of the substance, initial concentration, contact time,
temperature, solution pH, and adsorbent dosage. Compounds
1, 2 and 3 were employed separately for the removal of 2,4-di-
chlorophenoxyacetic acid through adsorption. The adsorbed
quantities of 2,4-dichlorophenoxyacetic acid over compounds 1,
2 and 3 were monitored by UV-vis at 283 nm (A,ax) Which was
later confirmed by FTIR. The ability of 1, 2 and 3 to adsorb 2,4-
dichlorophenoxyacetic acid from aqueous solutions under
different optimized conditions of concentration, time, pH, and
temperature were investigated.

3.7.1. Effect of initial concentration. To evaluate the
adsorptive performances of compounds 1, 2, and 3, the effects
of initial concentrations were examined at a temperature of 30
=+ 2 °C over a period of 3 h, using 0.005 g of MOFs. As shown in
Fig. S7, the adsorption of 2,4-dichlorophenoxyacetic acid on
compounds 1, 2, and 3 increased with increase in concentra-
tions up to 150 mg L™ ", after which it began to decrease. The
impact of the initial concentration is influenced by the direct

49536 | RSC Adv, 2025, 15, 49525-49544

relationship between the herbicide concentration and the
available binding sites on the adsorbent surface.*® The optimal
adsorption concentrations were determined to be 486.13 mg
g ',286.74mg g ', and 712.05 mg g~ * for compounds 1, 2, and
3, respectively, at a contact time of 3 h. This indicates that at
lower herbicide solution concentrations, unoccupied adsorp-
tion sites were present, which became occupied as the
concentration increased.**** At a concentration of 150 mg L™,
once all adsorption sites were saturated with herbicide mole-
cules, desorption of the herbicide molecules began.** This
explains the reduction in the amount of herbicide molecules
adsorbed at 200 mg L ™" for compounds 1, 2, and 3. The increase
in adsorption capacity with rising concentrations of 2,4-di-
chlorophenoxyacetic acid may be attributed to the higher like-
lihood of collisions between the adsorbate molecules and the
adsorbent surface.*** The high adsorption capacity of 2,4-di-
chlorophenoxyacetic acid on compound 2 is attributed to its
large surface area of 4500 m* g~ . In contrast, the significant
adsorption on compound 3 is due to electrostatic interactions
between the thiol groups of 1,2-ethanedithiol and the carboxylic
acid group of 2,4-dichlorophenoxyacetic acid.

After removal for 3 h, the colour of the Cu-MOFs framework
remained unchanged. To confirm the removal of 2,4-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dichlorophenoxyacetic acid over compounds 1, 2 and 3, the FT-
IR analysis was carried out. The FT-IR spectra of the herbicide
adsorbed over of the Cu-MOFs are presented in Fig. S11(a) and
(b). The changes observed in the spectra indicated the possible
involvement of 2,4-dichlorophenoxyacetic acid functional
groups on the surface of the Cu-MOFs after adsorption. It
reflects the nature of Cu-MOF and shows significant shift in the
bands and intensity changes due to 2,4-dichlorophenoxyacetic
acid adsorption.

3.7.2. Effect of contact time. To evaluate the adsorptive
performances of compounds 1, 2, and 3 including kinetics, the
effects of contact time were examined at a temperature of 30 +
2 °C with the various absorption time (2 min to 180 min), using
initial herbicide concentration of 150 mg L™" and 0.005 g of the
MOFs. As shown in Fig. S8, the adsorption of 2,4-di-
chlorophenoxyacetic acid on compounds 1, 2, and 3 was rapid
at the initial stages of the contact period (2-60 min), and no
further increase was observed thereafter. Most of the herbicide
removal occurred within the first 60 minutes, with 488.02 mg
g7, 286.74 mg g~ " and 720.12 mg g~ of herbicides removed by
compounds 1, 2 and 3. This may be attributed to the enormous
number of available vacant surface sites for adsorption during
the initial stages. Over time, the number of vacant sites
decreases, due to saturation of the adsorption sites.***%
Therefore, the time required to reach equilibrium in this study
was determined to be 60 minutes.

3.7.3. Effect of pH. The adsorption of herbicide is highly
dependent on the pH of the solution. To evaluate the adsorptive
performances of compounds 1, 2, and 3, the effects of the
solution pH were examined at a temperature of 30 & 2 °C over
a period of 1 h, using 0.005 g of MOFs and 150 mg L™ " of the
herbicide solution. As shown in Fig. S9, the adsorption of 2,4-
dichlorophenoxyacetic acid on compounds 1, 2, and 3 increased
with increased in pH up to a pH of 4, after which it began to
decrease. Similar patterns were observed in the adsorption of
2,4-dichlorophenoxyacetic acid on MIL-53. The reduced
adsorption capacity at high pH levels can be attributed to the
repulsive electrostatic interactions between the MOFs and the
2,4-D anions, because the pK, value of 2,4-di-
chlorophenoxyacetic acid is approximately 2.7-2.8.* The
optimal adsorption of 472.77 mg g %, 290.19 mg g ', and
721.80 mg g’1 were obtained for compounds 1, 2, and 3,
respectively, at a pH of 4.

3.7.4. Effect of temperature. The adsorption of herbicide
also depends on the temperature of the solution. To evaluate
the adsorptive performances of compounds 1, 2, and 3, the
effects of the solution temperature were examined at a pH of 4
over a period of 1 h, using 0.005 g of MOFs and 150 mg L ™" of
the herbicide solution. As shown in Fig. S10, the adsorption of
2,4-dichlorophenoxyacetic acid on compounds 1, 2, and 3
increased with rising temperature up to 30 °C, after which it
begins to decrease. Similar patterns were observed in the
adsorption of 2,4-dichlorophenoxyacetic acid on MIL-53.%* The
optimal adsorption of 484.17 mg g %, 291.90 mg g, and
738.48 mg g ' were observed for compounds 1, 2, and 3,
respectively, at 30 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.8. Adsorption isotherms

Adsorption isotherms illustrate the relationship between the
quantity of herbicide adsorbed and its concentration at
constant temperature. To understand the MOF-2,4-D interac-
tion batch study data were fitted to Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich isotherm. These isotherms
were obtained after a sufficient adsorption time of 3 h, and the
results are compared in Fig. 16 and Table 3.*%-%

For this study, the sorption data have been analyzed using
the four isotherm models.****® The calculated adsorption
capacities (gm,) obtained from the Langmuir fitting experi-
mental data gave a better agreement with those of the experi-
mental values. Also, the correlation coefficients (R*) of
Langmuir model are higher than those of the other isotherm
models, therefore Langmuir isotherm is best fit for the three Cu-
MOFs. The use of the Langmuir isotherm suggests that surface
process plays a significant role in the adsorption of 2,4-di-
chlorophenoxyacetic acid over 1, 2 and 3 i.e. adsorption occurs
at specific homogeneous sites within the Cu-MOFs and that
once 2,4-D occupies a site, no further adsorption can take place
at that site.®® The amount of adsorbed herbicide increases in the
order of 2 <1 < 3 under the experimental conditions, which
indicates that a certain quantity of 3 would remove a larger
quantity of 2,4-dichlorophenoxyacetic acid compared to 1 and 2.

3.9. Adsorption kinetic models

To understand the adsorption kinetics of the three Cu(u) MOFs,
2,4-dichlorophenoxyacetic acid was adsorbed at various inter-
vals up to 180 minutes, and the quantity of adsorbed 2,4-
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Fig. 16 Adsorption isotherm plot of the 2,4-dichlorophenoxyacetic

acid over 1, 2, and 3 (a) Langmuir (b) Freundlich (c) Temkin (d) Dubinin—

Radushkevich isotherm.
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Table 3 Isotherms and rate kinetics parameters and goodness of fit
Cu-MOF

Isotherms/kinetics Parameter 1 2 3

ge, exp. (mg g™ ) 588.235 333.333 833.333
Langmuir isotherm gm (mg g™ 476.190 416.667 714.286

Ky (L mg™) 0.183 0.011 2.000

R? 0.989 0.989 0.999
Freundlich isotherm Ke (mg g7t (L mg™H)*") 1.036 1.017 4.214

N 0.735 0.821 0.813

R 0.949 0.993 0.759
Temkin isotherm bt 9.275 14.459 6.921

kp (L mg™) 0.056 0.042 0.091

R? 0.975 0.991 0.782
D-R isotherm gs (mgg™) 1.504 x 10" 1.514 x 10 2.645 x 10™

E(] mol_l) 353.553 353.553 408.248

R 0.978 0.996 0.895
Pseudo 1st order kinetics K; (min™") 0.00525 0.00569 0.00595

ge (mg g™ 609.818 349.301 845.084

R? 0.979 0.963 0.983
Pseudo 2nd order kinetics K, (g (mg min) ™) 5.768 x 107> 11.627 x 107° 6.000 x 107°

ge (mg g™ 588.235 333.333 833.333

R 0.980 0.991 0.991

dichlorophenoxyacetic acid is displayed in Fig. S8, with an
initial concentration of 150 mg L™". As illustrated in Fig. S8, the
adsorbed quantity of 2,4-dichlorophenoxyacetic acid follows the
order of 2 < 1 < 3 throughout the entire adsorption period. The
adsorption process for 2,4-dichlorophenoxyacetic acid on 1, 2,
and 3 is nearly complete within 60 minutes, which suggest rapid
adsorption on 1. Pseudo-first order and pseudo-second order
models were used to study the kinetics of the adsorption of 2,4-
dichlorophenoxyacetic acid on 1, 2, and 3.%%

The plots of the pseudo-first-order kinetics for herbicide
adsorption on the three Cu(u)-MOFs at an initial concentration
of 150 mg L' are shown in Fig. 17(a). The adsorption time
ranges from 0 to 60 minutes gives good linearity, and the kinetic
constants are presented in Table 3. The adsorption kinetic
constants for 2,4-dichlorophenoxyacetic acid follow the order 1
<2 < 3, indicating that 3 is the most effective adsorbent for 2,4-
dichlorophenoxyacetic acid.

10203 (a)

N

y=-0.0131x + 2.5432
R’ = 0.9631

0 10 20 30 40 50 60
Time (minute)

Also, for the adsorption of 2,4-dichlorophenoxyacetic acid on
1, 2, and 3, the changes in the adsorbed amount with time are
treated with the versatile pseudo-second-order kinetic model, as
it effectively handles the entire dataset.***** The calculated
kinetic constants (k,) and correlation coefficients (R*) are pre-
sented in Table 3. Like the first-order kinetic constants, the rate
constant generally increases in the order of 1 < 2 < 3, which
confirmed more rapid adsorption over 3 compared to the
adsorption over 1 and 2. The rapid adsorption over 3 suggests
not only an effect of the pore size but also some specific inter-
actions between the thiol functionality on 3 and the 2,4-di-
chlorophenoxyacetic acid. However, the linearity of the second
order kinetics is relatively better (higher correlation coefficients
R?). For the present study, judging by the R* values of the plots
in Fig. 17, pseudo-second order kinetic effectively represents the
experimental kinetic data for the entire adsorption period with
higher R* value.

o]l e203

(b)

y =0.003x + 0.0774
R?=0.9909

.0017x+0.0 0

0 50 100

Time (minute)

150

Fig. 17 Plots of the adsorption kinetics of the 2,4-dichlorophenoxyacetic acid adsorption on 1, 2, and 3 at 150 mg L. (a) Pseudo-first-order

kinetics, (b) pseudo-second-order kinetics.
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3.10. Characterization of the MOFs after the removal of 2,4-
dichlorophenoxyacetic

The FT-IR spectra of the Cu-MOFs (1, 2 & 3), both before and
after the removal of 2,4-dichlorophenoxyacetic acid, were
compared in the far IR region (4000-600 cm ) as illustrated in
Fig. S11(a) and (b). The adsorption process is confirmed by the
emergence of new vibration bands or the enhancement of
existing ones, which are characteristic of the 2,4-di-
chlorophenoxyacetic acid.®® The band observed at 693 cm ™'
after adsorption is associated with asymmetric stretches of C-Cl
bond in the 2,4-dichlorophenoxyacetic acid molecule.®>”® The
band at 1580 cm ™' and 1476 cm™ ' show the presence of -C=C
the ring the 2,4-di-
chlorophenoxyacetic acid molecule. Other characteristics band
of 2,4-dichlorophenoxyacetic acid molecule such as -C-O bands
at 1230 cm ™' was observed.®*”> The spectra show that some
peaks were shifted or disappeared and that new peaks were also
detected. These changes observed in the spectra indicated the
possible involvement of those functional groups on the surface
of the Cu-MOFs during the adsorption process.”

After the adsorption of 2,4-dichlorophenoxyacetic on 1, 2 and
3, all the diffraction peaks were indexed as shown in Fig. S12(a)
and (b). The PXRD patterns of 1, 2 and 3 (before and after), show
similar characteristic peaks confirmed that their crystalline
property didn't change after the adsorption of 2,4-di-
chlorophenoxyacetic onto the Cu-MOFs surface.

To investigate the surface area and pore volume of 1, 2 and 3
before & after the removal of 2,4-dichlorophenoxyacetic, the
samples were characterized with Brunauer-Emmett-Teller
(BET) analysis as shown in Table 4 and Fig. S13-S18. The
isotherms for nitrogen adsorption and desorption at 77 K show
a steep slope in their patterns, this indicated that as pressure
increases, adsorption increased, and nitrogen tended to occupy
the free spaces. As shown in Table 4, the BET surface area of 1, 2
and 3, both before and after the removal of 2,4-di-
chlorophenoxyacetic acid, were compared. After the adsorption
of 2,4-dichlorophenoxyacetic acid, it can be observed that the

vibrations of aromatic from

Table 4 BET surface area & pore volume comparison of 1, 2 and 3
before & after the removal of 2,4-dichlorophenoxyacetic

Cu-MOF
Parameter 1 2 3
Before ~ Surface area (m> g ") 271.406  236.517  154.752
Pore volume (cm® g ™) 0.655 0.989 0.983
After Surface area (m* g~ ) 62.105 69.401 75.208
Pore volume (cm® g ™) 0.998 0.997 0.996

Table 5 Energies, hydrogen bonding and m-interactions of MOF1-3

View Article Online
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surface areas decreased, because the herbicide molecules were
adsorbed on the surface of the Cu-MOFs.”” The adsorption
isotherm experimental data for compounds 1, 2 & 3 are shown
in Tables T1-T3. True concentration changes of 2,4-di-
chlorophenoxyacetic in the solution after adsorption has been
verified by HPLC to exclude the influence of degradation or
volatilization. = The removed quantities of  2,4-di-
chlorophenoxyacetic over 1, 2 and 3 were monitored by HPLC
coupled with a diode array detector (DAD) at 283 nm (Amax)
which was later confirmed by FTIR, SEM and BET. From the
results obtained from the HPLC analysis, the amount of 2,4-
dichlorophenoxyacetic removed was 70%, 50% and 92% over 1,
2 and 3 respectively.

3.11. Molecular docking

The binding affinity of the selected guest molecule, 2,4-di-
chlorophenoxyacetic acid (a known herbicide), with the host
frameworks (MOF1-3) was investigated using molecular dock-
ing. In this study, Induced Fit Docking (IFD) was employed to
analyze these interactions.””* The calculated binding energies
were negative in all cases, which indicates thermodynamically
favourable binding interactions (Table 5).

The adsorptive interactions between the herbicide 2,4-di-
chlorophenoxyacetic acid (2,4-D) and three metal-organic
frameworks (MOF1-3) were investigated via Induced Fit Dock-
ing (IFD) to evaluate binding affinities and key intermolecular
interactions. All three MOFs exhibited negative binding ener-
gies, confirming thermodynamically favourable adsorption of
2,4-D.

MOF?2 displayed the strongest binding affinity, with a Glide
score (G-score) of —4.955 kcal mol ' and Glide E-model energy
of —16.505 kcal mol !, suggesting superior adsorption capa-
bility compared to MOF1 (G-score: —4.134 kcal mol ') and
MOF3 (G-score: —4.323 kcal mol™!). Furthermore, MOF2 was
the only framework to exhibit a conventional hydrogen bond
(H:--0, 1.92 A), which likely contributes to its enhanced binding
affinity. All three MOFs showed non-covalent OH:--Cu interac-
tions (distances: 3.63-4.85 A), indicating weak coordinative
binding between 2,4-D's hydroxyl group and the MOFs' copper
sites. On the other hand, MOF3 had the shortest Cu interaction
(3.63 A), implying slightly stronger metal-herbicide contact
despite its moderate G-score. The weak OH---Cu distances in all
three MOFs suggest physisorption rather than chemisorption,
which may influence recyclability (Fig. 18).

3.12. DFT calculations

Density functional theory (DFT) calculations were performed on
all studied molecules using the Jaguar module in Schrodinger

Hydrogen bonds T—cation

Entry G-Score Glide E-model keal mol interactions (A) interactions (A)
1 —4.134 ~16.200 — OH---Cu (4.36)
2 ~4.955 ~16.505 H---0 (1.92) OH---Cu (4.85)
3 —4.323 —16.401 — OH---Cu (3.63)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Docked structure of the Cu-MOFs and 2,4-D (a) MOF1 (b) MOF2 and (c) MOF3.

2023-2. Geometry optimizations were carried out at the B3LYP-
D3 level of theory, incorporating Becke's three-parameter hybrid
exchange functional and the Lee-Yang-Parr (LYP) correlation
functional, along with Grimme's D3 dispersion correction. The
LANL2DZ basis set was employed for all calculations, with an
effective core potential (ECP) for heavy atoms.”"”

To simulate physiological conditions, solvation effects were
accounted for using the polarizable continuum model (PCM)
with water as the solvent.”® Quantum chemical descriptors,
including molecular electrostatic potential (MESP), highest
occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO), and aqueous solvation energy, were
computed. Additionally, thermodynamic properties such as
zero-point energy (ZPE), enthalpy, Gibbs free energy, and
entropy were derived from the DFT calculations.”

The combined DFT-derived thermodynamic parameters
(ZPE, entropy, enthalpy, free energy) and electronic properties
(HOMO, LUMO, Eg,, chemical potential, hardness,

electrophilicity) provide a comprehensive understanding of the
adsorption behaviour of 2,4-D on MOF1-3 (Fig. 19) (Tables 6
and 7).

The HOMO of 2,4-D is primarily localized on the chlorido
substituent at the para position, an indication of its role as an
electron-donating group, while the LUMO is concentrated on
the benzene ring, which indicates an electrophilic character.
This distribution implies that 2,4-D can participate in charge-
transfer interactions. In MOF1, the «-HOMO is localized on
a DMF solvent molecule, while the a-LUMO resides on the ter-
pyridine moiety. The f-HOMO also lies on DMF, whereas the -
LUMO is distributed across the central copper(u) ion that is
coordinated to the nitrogen, and a hydroxyl group of the
benzenetricarboxylate (btc) linker. This orbital arrangement
suggests that DMF may compete with 2,4-D for binding at the
copper site, potentially hindering herbicide adsorption. The
presence of solvent-occupied HOMOs implies that activation
(DMF removal) could enhance 2,4-D uptake by freeing up metal

Fig. 19 The optimized geometrical structure of 2,4-dichlorophenoxyacetic acid adsorbed onto the three Cu-MOFs (a) MOF1 (b) MOF2 and (c)

MOF3.
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Table 6 Global reactivity indicators of studied molecules
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Entry HOMO LUMO Egap " X H s w
2,4D —6.82 —0.98 5.84 —3.90 3.90 2.92 0.17 2.60
MOF1 —5.87 -3.14 2,73 —4.51 4.51 1.37 0.37 7.44
MOF2 —7.59 —6.38 1.22 —6.99 6.99 0.61 0.82 40.07
MOF3 —7.12 —6.50 0.62 —6.81 6.81 0.31 1.61 74.56
MOF1®@bherbicide —6.14 —3.18 2.96 —4.66 4.66 1.48 0.34 7.33
MOF2@bherbicide —8.34 —5.01 3.32 —6.68 6.68 1.66 0.30 13.42
MOF3@herbicide —6.92 —5.42 1.50 —6.17 6.17 0.75 0.67 25.43
Table 7 Thermodynamic properties relay. This mechanism aligns with MOF3's superior adsorption
capacity (833.33 mg g~ '), as the soft thiol groups form covalent-
Entry ZPE Entropy Enthalpy Free €NCIZY  Jike interactions with the herbicide, that surpasses the weaker
Herbicide and free MOFs electrostatic/coordination binding in MOF1 and MOF2
2,4-D 81.012 97.072 6.349 —22.593 (Fig. S28-S30 and S39-S41).
MOF1 566.599 217.854 24.394 —40.559 Frontier orbital and thermodynamic analyses reveal that
MOF2 372.969 171.138 17.588 —33.437 MOF3's unmatched 2,4-D adsorption (833.33 mg g™ ') arises from
MOE3 421.033 175.812 18.045 —34.373 thiol-mediated charge transfer (AE = 0.62 eV), where electron
MOF/herbicide complex delocalization from 1,2-ethanedithiol (HOMO = —7.12 eV) to the
MOF1@2,4-D 648.574 253.333 30.003 —45.529 herbicide's LUMO (—0.98 eV) creates a covalent-like interaction (w
MOF2@2,4-D 68.900 95.364 4.143 —24.290 = 74.56 €V). This soft-soft binding is entropically stabilized (AS =
MOF3@2,4-D 491.141 212.039 23.720 —39.500

ion sites for interaction with the herbicide's electron-donating
chlorido group (Fig. $22-524 and S31-S33).

The a-HOMO for MOF?2 is located on a methyl group of the
terpyridine ligand, while the o-LUMO is distributed over the
terpyridine nitrogen, copper(n) centre, and bound hydroxyl
groups. The B-HOMO mirrors the o-HOMO, whereas the B-
LUMO is centred on the copper(n) ions and its immediate
coordination sphere (including water ligands). Upon 2,4-D
adsorption, the a-HOMO of the MOF2@2,4-D complex shifts to
the copper(u) centre, hydroxyl groups, and the carbonyl/oxygen
groups of 2,4-D, while the o-LUMO remains on the copper-
terpyridine-hydroxyl network. The f-HOMO extends to the 2,4-
D benzene ring and chlorido substituents, and the B-LUMO
localizes on the herbicide, indicating significant back-donation
from the MOF to 2,4-D. These interactions suggest a cooperative
binding mechanism, where Cu(u) acts as a Lewis acid site, while
the terpyridine and hydroxyl groups stabilize the herbicide via
m-stacking and hydrogen bonding. However, the rigid terpyr-
idine framework may limit pore accessibility, responsible for
MOF2's lower experimental adsorption capacity compared to
MOF3 (Fig. S25-527 and S36-538).

In MOF3, the functionalization with 1,2-ethanedithiol (TH)
drastically alters the electronic structure. Both «- and -HOMOs
are localized on the thiol groups, while the a-LUMO remains on
the thiol and the B-LUMO on the copper-nitrogen core. This
suggests that the thiol groups serve as strong electron donors,
and enhances the interactions with 2,4-D's LUMO (benzene
ring). In the MOF3@2,4-D complex, the ¢-HOMO shifts to the
para-chlorido group of 2,4-D, while the a-LUMO moves to the
Cu-N/O core, indicating thiol-to-herbicide charge transfer. The
B-HOMO remains on the chlorido group, and the -LUMO on
the copper(u) centre, that reinforces a Cu-thiol-2,4-D electron

© 2025 The Author(s). Published by the Royal Society of Chemistry

212.039 cal mol™* K™') and overcome the endothermic penalty
(AH = 23.720 keal mol™"). In contrast, MOF2's rigid terpyridine
framework (n = 1.66 eV) restricts reorganization, that leads to
a less favourable AG (—24.290 kcal mol ) despite strong initial H-
bonding (IFD). MOF1's anomalous AG (—45.529 kcal mol )
reflects DMF solvation effects, that emphasizes the need for
solvent-free activation.

3.13. Reusability of 1, 2 and 3

To evaluate the recyclability of compounds 1, 2 and 3, we per-
formed six adsorption loop experiments to assess their reusability.
Following the herbicide removal process, the residual powder was
soaked in 10 mL of ethanol for 48 h, with the ethanol being
replaced three times. After the adsorption process, the residue
powder was immersed in 20 mL of water for 72 h, and exchanged
the water five times. After that, the sample was dried under
vacuum at 100 °C for 24 h. Furthermore, the FT-IR of compounds
1, 2 and 3, both before and after removal of 2,4-di-
chlorophenoxyacetic acid exhibited no substantial alterations in
structural stability (as shown in Fig. S11 and S19). Similarly to the
FT-IR, the PXRD of compounds 1, 2 and 3, before and after
adsorption of 2,4-dichlorophenoxyacetic acid have similar
diffraction patterns and this confirms the framework stability of
the Cu-MOFs after recycling (as shown in Fig. S12 and S46).
Nevertheless, the adsorption capacity of compounds 1, 2, and 3
showed a slight decrease with each cycle, potentially due to
physicochemical adsorption or the loss of adsorbent during the
cycling process. These findings are consistent with previous
studies.®*®

3.14. Conclusions

Copper(u) metal organic frameworks of 4,4’,4"-tri-tert-butyl-
2,2":6',2"-terpyridine was synthesized and characterized by
elemental FT-IR and mass

analyses, spectroscopy
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spectrometry. The molecular structure of compound 1 reveals
the Cu(u) ion is in a five-coordinate geometry. Compound 1,
[Cu(btc)(N3ttb)], - (DMF),, contained two coordinated benzene
1,3,5-tricarboxylic acid (BTA), and the two coordinated ter-
pyridine molecules (TPD) to the copper(u) ions. The
compound crystallized with two molecules of di-
methylformamide (DMF) acting as solvent of crystallization.
Compound 2 was functionalized with a thiol group to form
compound 3 and characterized by elemental analyses, FTIR,
PXRD and SEM. The data obtained from the adsorption
process indicate that the functionalized MOFs 3 have a higher
adsorption capacity than 1 & 2 which could be ascribed to
electrostatic interactions between the thiol groups of 1,2-
ethanedithiol and the carboxylic acid group of 2,4-di-
chlorophenoxyacetic acid. The kinetics study results showed
that the adsorption of 2,4-dichlorophenoxyacetic acid over
[Cu(btc)(Nsttb)]-(DMF), 1, [Cu(Nsttb)(H,0),] 2 and [Cu(N,-
ttb)(H,0),]-TH 3 followed the pseudo-second-order rate law
and the Langmuir isotherm was found to be the most suitable
to describe the adsorption process. Global reactivity indices
elucidate why MOF3 outperforms MOF1 and MOF2 in herbi-
cide adsorption. MOF3's ultra-soft character (n = 0.31 eV, S =
1.61 eV ') and high electrophilicity (w = 74.56 eV) enable
charge-transfer-driven binding, yielding both favourable AG
(—39.500 kcal mol ") and high experimental -capacity
(833.33 mg g~ ). In contrast, MOF2's hardness (7 = 0.61 eV)
and rigidity lead to entropic penalties (AS = 95.364 cal mol "
K1), despite its strong initial docking (IFD). MOF1's inter-
mediate properties reflect solvent-mediated effects, under-
scoring the need to activate pores for practical applications.
Thus, it is proposed that MOFs hold great potential as adsor-
bents for the removal of 2,4-dichlorophenoxyacetic acid from
wastewater.
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