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g 4,40-biphenol mixed-mode
stationary phase for the separation of polyaromatic
compounds, benzene derivatives and nucleotides

Hira,a Faiz Ali, *a Muhammad Waqar,a Won Jo Cheong,b Munazzahc

and Zeid A. AlOthman d

A new mixed-mode hybrid stationary phase is synthesized, followed by its characterization using BET

analysis, SEM, FTIR spectroscopy and EDX analysis. 4, 40-Biphenol was esterified using ethyl

chloroacetate in the presence of potassium carbonate, followed by carboxylation using ethanol/water

(9 : 1 v/v%) in the presence of NaOH. The product was treated with nickel nitrate hexahydrate, resulting

in the formation of nickel-containing 4,40-biphenol. The newly synthesized stationary phase was

completely characterized through 1H-NMR, 13C-NMR, FTIR, EDX, FE-SEM, BET, particle size distribution,

and XRD resulting in characteristics in line with proposed material and best fitting of the material to be

used as the new separation media in liquid chromatography. The resultant material was packed in

a stainless-steel column (200 mm long × 0.2 mm internal diameter) using a slurry packing machine and

tested as a separation media in liquid chromatography. The newly developed column resulted in the

separation of different analytes belonging to different classes, such as polyaromatic compounds (PACs),

benzene derivatives, and a set of nucleotides, with average plate counts of 272 100, 243 000, and 244

800 plates m−1, respectively, under the optimized mobile phase of acetonitrile/methanol/15 mM

ammonium formate in the ratio of 60/30/10 v/v% at pH 6.5 and a flow rate of 25 mL min−1.
Introduction

High performance liquid chromatography (HPLC) is one of the
techniques usually used for analyzing and separating multi
component mixtures.1 HPLC separation modes are categorized
according to the types of interactions between the analytes and
stationary phases.2 Single separation modes, such as reversed-
phase liquid chromatography (RPLC), ion-exchange chroma-
tography (IEC), and hydrophilic interaction liquid chromatog-
raphy (HILIC), have been extensively reported, but such modes
can only be used in limited applications. Multiple retention
mechanisms in HPLC operating on a single column have
recently been developed and encouraged for better separation
with enhanced chromatographic performance.3–6 Various types
of mixed-mode chromatography (MMC), including RPLC/
HILIC, RPLC/IEC, IEC/HILIC, and RPLC/IEC/HILIC, have been
reported.7–12

Fast and efficient separation through HPLC depends on the
selection of thematerials used as the separationmedia, with the
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stationary phase acting as the heart of HPLC.13 A variety of
stationary phases, such as chiral, chemically bonded cyclodex-
trin, molecularly imprinted polymer (MIP) monolith, and
polysaccharide chiral stationary phases, have been documented
for the enantioseparation of a wide range of analytes. Polymeric
C18 and C8 stationary phases are used for the separation of
PACs. Organic and polymeric monolith-, uorocarbon-, and
metal organic framework (MOF)-modied silica-based
stationary phases have been used for analyzing biological
samples such as nucleotide, proteins and peptides.14–19

Microporous materials consisting of metal ions linked
through organic ligands known as MOFs are one of the recently
developed materials serving as separation media in liquid chro-
matography due to their salient features, such as large surface
area, higher throughput capacity, uniform structural cavities,
better separation efficiency, and outstanding thermal and
chemical stabilities.20–23 Microporous organic networks (MONs)
are another class of advancedmicroporousmaterials synthesized
from aromatic alkynes and halide monomers via the Sonoga-
shira–Hagihara coupling reaction.24,25 The larger surface area and
designable topology make them quite promising in various
elds, such as catalysis,26,27 contaminant removal,28,29 sensing,30

and gas storage processes.31 Microporous organic polymers,
including hyper crosslinked porous polymers32 with intrinsic
micro porosity and porous aromatic frameworks,33 have attracted
much attention in the recent past and at present.34 The striking
© 2026 The Author(s). Published by the Royal Society of Chemistry
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features of MONs render them a good option for use in chro-
matographic separation and sample pretreatment.35 The perfor-
mance of any chromatographic method is determined by the
physiochemical properties of the stationary phase.36,37 It is
important to explore new strategies for preparing new MON-
based stationary phases exhibiting better interaction sites with
multiple separation modes to improve the separation ability and
selectivity of MONs in MMC.38–41

The current project aims to address and bridge this gap in
the literature through the rational design, synthesis, and char-
acterization of new MON-based stationary phases for mixed-
mode HPLC applications. By developing multifunctional
stationary phases, this study seeks to improve the selectivity,
resolution, and efficiency of chromatographic separations for
chemically diverse analytes to be analyzed and studied simul-
taneously. In addition to its technical contribution in terms of
operational ease, it offers a strategic addition to the analytical
science community, leading to better separation approaches for
complex matrices in pharmaceutical, environmental, and
biochemical studies. This study addresses potential limitations
in material design and shows how MONs can improve separa-
tion performance in chromatography.
Materials and methods
Chemicals and reagents

4,40-Biphenol (99%), potassium hydroxide (99.99%), sodium
hydroxide (99%), nickel nitrate hexahydrate (99.99%) and
potassium carbonate (99%) were purchased from Sigma-Aldrich
(St. Loius, MO, USA). Ethyl chloroacetate (99%) and dimethyl
formamide (DMF) (99.9%) were purchased from Heowns
Biochemical Technology Co., Ltd. (Tianjin, China). HPLC-grade
ethanol (99–100%) was obtained from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Beaker, separating
funnel, lter paper, spatula, dropper, Teon vial, conical ask,
digital balance (Shimadzu ATY 224), and pipette were used in
the experimental work. A magnetic stirrer (Irmico, Germany)
was used for stirring purposes. PAC, naphthalene (99%), uo-
rene (99%), anthracene (99%), triphenylene (98%), and benzene
derivatives (such as phenol (99.9%), acetophenone (99%), nitro
aniline (98.5%), 4-methyl-2-nitroaniline (98%), and xylene
(99.5%)) were purchased from Sigma-Aldrich. The nucleotide
adenosine monophosphate (AMP), uridine monophosphate
(UMP), guanosine monophosphate (GMP), cytidine mono-
phosphate (CMP), and uridine diphosphate (UDP) were ob-
tained from Aladdin Biochemical Technology Co., Ltd.
Preparation of Ni-containing 4,40-biphenol-based stationary
phases

Synthesis of dimethyl 2,20-[1,4-phenylenebis(oxy)]diacetate.
4,40-Biphenol-based stationary phase was synthesized using the
sophisticated renovated three-step procedure reported in the
literature.42,43 Dimethyl 2,20-[1,4-phenylenebis(oxy)]diacetate (2)
was synthesized in accordance with the procedure reported by
our fellow research group.44 Esterication of 4,40-biphenol was
carried out using 1.0 mmol of 4,40-biphenol (1) dissolved in
© 2026 The Author(s). Published by the Royal Society of Chemistry
anhydrous DMF (10 mL), followed by the addition of potassium
carbonate (2.0 mmol). Ethyl chloroacetate (2.2 mmol) was
added dropwise under stirring conditions. The reaction mixture
was treated at 80 °C for 12 h, cooled to room temperature and
poured into ice-cold water. The resulting precipitate was
ltered, washed with water, and dried at room temperature
under a vacuum. The% yield of compound (2) is 81%.

Synthesis of the dicarboxylic acid ligand. Dimethyl 2,20-[1,4-
phenylenebis(oxy)]diacetate (2) (the esteried 4,40-biphenol)
was suspended in 20 mL of a solvent mixture containing 9 : 1 (v/
v%) ethanol/water. Sodium hydroxide (2.5 mmol) was added to
the reaction mixture and reuxed at 70 °C for 2 h, yielding the
sodium salt of dicarboxylic acid (3) and ethyl alcohol as the side
product. The sodium salt of dicarboxylic acid was subjected to
protonation in an acidic environment to produce the dicar-
boxylic acid ligand. The solution was cooled and acidied with
diluted HCl (at pH ∼ 2), and the resultant precipitated ligand
2,2'-([1,10-biphenyl]-4,40-diylbis(oxy)) diacetic acid (4) was
collected by ltration, washed with water, and dried. The %
yield of compound (4) is 78%.

Synthesis of 4,40-biphenol-based microporous organic
network. The carboxylated acid ligand (4) was dispersed in DMF
(10 mL) under stirring conditions. 1.0 mmol of nickel(II) nitrate
hexahydrate [Ni(NO3)2$6H2O] was added to the solution and
treated at 60 °C for 24 h. The resulting green precipitate was
collected by ltration, washed with ethanol to remove the
unreacted species, and dried at 120 °C under vacuum for 12 h,
resulting in the formation of Ni containing 4,40-biphenol-based
microporous organic network (5). The entire synthesis scheme
involving all the intermediates is illustrated in Fig. 1. The %
yield of compound (5) is 76%.

The microscopic images of the particles of the nal product
showed a very large size. Therefore, the nal product was
manually ground using a mortar and pestle for 20 minutes or
till the appearance of a ne powder-like nature. A microscope
was used to take the images aer grinding intervals of 5 min.
Aer 20 minutes, there was no further effect of grinding on
particle size, suggesting that the nal size of the crustal was
achieved. A slurry was prepared by dispersing 250 mg of the
grounded phases in methanol.
Instrumentation

Setup of HPLC. Pressure pump, manual injector, solvent
degasser, detector, and a homemade 200 mm glass-lined
column with a 0.2 mm internal diameter were connected to
construct an HPLC system. UV-2075 capillary window detector
(Jasco, Japan), Shimadzu LC-10AD pump (Japan), C14W.05
injector with a 50 nL injection loop from Valco (Houston, TX,
USA), and Shimadzu DGU-14A membrane degasser were con-
nected. The nal chromatographic results were evaluated using
Origin Pro8 (Northampton, MA, USA). Lab solution (Shimadzu,
Japan) soware was installed to process the chromatographic
data. The resultant chromatographic data were analyzed using
Origin Pro 8.1.

Column packing. A stainless-steel column was packed by
applying a pressure tapering strategy using a slurry packing
RSC Adv., 2026, 16, 5956–5969 | 5957
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Fig. 1 Synthesis scheme for nickel-containing biphenol-based MONs through various intermediates.
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machine. The reservoir of the slurry packing machine was fed
with a stationary phase slurry. A home-assembled column with
an outlet union with a 1 micrometer pore size screen frit was
connected to the slurry packer (Altech, Deereld, 1L, USA). The
slurry was prepared by suspending nickel-containing the bis-
phenol-based stationary phase in methanol. The packing
quality was improved by the simultaneous vibration of the
reservoir and column during packing. The packer was operated
using nitrogen gas at a pressure of 20 000 Psi for 5 min and then
at 15 000 Psi for 15 min. Subsequently, the column was le in
position until the pressure decreased to zero. The column was
detached from the packer and connected to the HPLC injector
on one side and to the UV detector on the other side. A set of
nucleotides, PAC, and benzene derivatives was chosen to eval-
uate the separation performance of the newly developed
column. The stock sample solution was stored below 4 °C.
Theoretical plate numbers were calculated using the following
equation:

N = 5.54[tR/W(1/2)]
2 (1)

where W1/2 is the bandwidth at half height and tR is the reten-
tion time.
Characterization

An Avance Bruker AM 300-MHz spectrophotometer with
deuterated dimethyl sulfoxide (DMSO-d6) was used for the
structural conrmation of the synthesized ligands. Scanning
electron microscopy (SEM), JSM 5910, JEOL Japan) was used to
investigate the surface morphology, and Fourier-transform
infrared FT-IR (PerkinElmer, spectrum version 10.5.1) was
used to investigate the surface functionalities. A particle size
5958 | RSC Adv., 2026, 16, 5956–5969
analyzer (Mastersizer 3000, USA), energy-dispersive X-ray (EDX)
(JSM-6390LV), and Thermo Electron (Waltham, MA, USA) Flash
EA1112 elemental analyzer were used to determine particle size
distribution and elemental composition. Brunauer–Emmett–
Teller and Barrett–Joyner–Halenda (BJH/BJH) nitrogen
adsorption/desorption analysis were carried out using BEL-
Japan (Osaka, Japan) BELSORP-MAX. An enduring pressure of
less than 10−3 torr was obtained by degassing.
Results and discussion
1H-NMR analysis

The 1H-NMR spectrum (Fig. 2) of compound 2,20-([1,10-
biphenyl]-4,40-diylbis(oxy))diacetic acid (4) veries the structure.
The two aromatic doublets at d 7.52 ppm (J = 8.7 Hz, 4H, ArCH-
2,6,9,11) and d 6.95 ppm (J= 8.7 Hz, 4H, ArCH-3,5,8,12) indicate
a structure with symmetric para-disubstituted biphenyl. The
singlet signal of four protons at d 4.68 ppm corresponds to the
two equivalent methylene groups (2CH2-100,1000) linking the
aromatic core to the diacetic acid moieties. The carboxylic acid
(COOH) protons were not observed in the spectrum due to
deuterium exchange in DMSO-d6.
13C-NMR analysis

The 13C-NMR spectrum (Fig. 3) of 2,20-([1,10-biphenyl]-4,40-di-
ylbis(oxy))diacetic acid (4) in DMSO-d6 further conrms the
proposed structure. A resonance at d 170.81 ppm can be
attributed to the two equivalent carboxylic acid carbonyl
carbons at position 200,2000. Signals at d 157.40 ppm correspond
to the two aromatic quaternary carbons bonded to the ether
oxygen atoms (2ArC-1,10), while the resonance at d 133.13 ppm
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 1H NMR spectrum of 2,20-([1,10-biphenyl]-4,40-diylbis(oxy))diacetic acid.
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is due to the remaining quaternary aromatic carbons of the
biphenyl core (2ArC-4,7). Aromatic methine carbons appear at
d 127.71 ppm (4ArCH-3,5,8,12) and d 115.27 ppm (4ArCH-
2,6,9,11), which are consistent with a symmetric para-disubsti-
tuted biphenyl system. A signal appearing at d 65.07 ppm can be
assigned to the two equivalent methylene carbons (2CH2-100,1000)
of the diacetic acid linker. The number and chemical shis of
the observed resonances are consistent with the molecular
© 2026 The Author(s). Published by the Royal Society of Chemistry
structure, conrming the successful synthetic preparation of
the target compound.

The intermediate compound labelled “product 2” has
already been reported by one of our fellow research groups,
along with its complete spectral characterization. Instead of
reproducing the same data, we cite the published work (ref. 44)
for the 1H NMR, 13C NMR, and mass spectrometric data on
compound (2). The nal Ni-containing biphenol MOF product
is a kind of coordination complex. Due to the paramagnetic
RSC Adv., 2026, 16, 5956–5969 | 5959
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Fig. 3 13C NMR spectrum of 2,2'-([1,10-biphenyl]-4,40-diylbis(oxy))diacetic acid.
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nature of the Ni(II) center, conventional 1H and 13C NMR spec-
troscopy are not suitable for the reliable structural analysis of
this compound. Hence, NMR data on this complex could not be
meaningfully obtained.

FT-IR analysis

The surface functionalities of the dicarboxylic acid ligand and
the nickel-containing 4,40-biphenol stationary phase were
5960 | RSC Adv., 2026, 16, 5956–5969
analyzed via FT-IR scanning in the range of 4000–500 cm−1

(Fig. 4). In the FT-IR spectrum of the dicarboxylic acid ligand
(Fig. 4A), the broad peak appearing in the range of 2500–
3300 cm−1 is the characteristic pattern for the O–H stretching
vibrations of the carboxylic group. This broad peak is absent in
the spectrum of the nickel-containing 4,40-biphenol compound
(Fig. 4B), indicating the involvement of the carboxyl-associated
hydroxyl group in bonding with nickel ions, thereby conrming
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of dicarboxylic acid ligand (A) and nickel-containing 4,40-biphenol-based stationary phase (B).
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the formation of the nickel-containing 4,40-biphenol
compound. The band appearing at 3400 cm−1 in the spectrum
(Fig. 4B) is attributed to the O–H stretching vibrations of
hydroxyl groups originating from nickel nitrate hexahydrate.

Nickel coordination with the carboxylate group is further
evidenced by the appearance of characteristic carboxylate
stretching bands in the FT-IR spectrum of nickel-containing 4,40-
biphenol. A weak band at 1336 cm−1 corresponds to the
symmetric stretching vibration of the carboxylate (–COO–) group,
while a strong and intense band in the range of 1510–1650 cm−1

is assigned to the asymmetric stretching vibration of the
carboxylate group. Further conrmation of product formation is
obtained by comparing spectra A and B, where the characteristic
carbonyl (C]O) stretching band of the carboxylic acid group
observed at 1703 cm−1 in spectrum A disappears in spectrum B.
This change arises from the deprotonation of carboxylic acid and
the subsequent bonding with nickel ions.

Several absorption bands are common to both spectra. The
band at 1606 cm−1 is attributed to the C]C stretching vibration
of the aromatic rings present in 4,40-biphenol. The peaks
observed at 3037 and 3041 cm−1 correspond to aromatic C–H
stretching vibrations, while the bands at 2907 and 2919 cm−1 are
assigned to saturated C–H stretching vibrations. Overall, the FT-
IR results provide strong evidence for the successful formation of
the nickel-containing 4,40-biphenol-based stationary phase.
Elemental analysis of the stationary phase

The EDX plots of the routine puried and extra puried 4,40-
biphenol-based stationary phase are illustrated in Fig. 5. The
routine puried plot demonstrates C ∼ 44.07%, O ∼ 39.08%,
and Ni∼ 2.96%, while the extra-puried plot shows C∼ 46.09%,
O ∼ 37.04%, and Ni ∼ 4.95%. The presence of Cl and Na
impurities suggests that the usual washing procedure is not
© 2026 The Author(s). Published by the Royal Society of Chemistry
good enough to wash the products at steps 1 and 2 during the
synthesis process, which comes from chloroethyl acetate and
NaOH, respectively. Therefore, the nal product was subjected
to an additional and extra purication process by washing it
thrice using a solvent mixture containing 2-propanol/water/
0.1 M HCL (8 : 1:1 v/v%). The extra-purication washing strategy
helped eliminate sodium and chloride ions. The EDX spectrum
of the extra-puried material is depicted in Fig. 5B, where
a diminished peak for sodium and chloride ions can be
observed. Furthermore, the elemental composition using the
Thermo Electron (Waltham, MA, USA) Flash EA1112 elemental
analyzer conrmed the successful washing of the nal product.
Thermo electron elemental analysis of the stationary phase

The carbon load of the nickel bound 4,40-biphenol stationary
phase particles of the current study (46.09%) is much higher
than expected if it is compared to those of the previous studies
reported in the literature.14,15,19,20 The carbon load of the previ-
ously reported stationary phases is less than 20%, resulting in
lower hydrophobic interaction.14,15,19,20 A lower percentage of
nickel in the stationary phase of the current study does not
present a prominent effect on its chromatographic behavior but
rather plays an effective role in the mixed-mode nature of the
stationary phase. The percent composition of the resultant
stationary phase consists of C∼ 45.01%, H∼ 13.07%, O∼ 36%,
and Ni ∼ 5%, which seems to have a well-balanced load of
carbon, hydrogen, oxygen, and nickel.
Morphological appearance of nickel-containing 4,40-biphenol

The morphology of nickel-containing 4,40-biphenol particles is
visualized in the form of SEM images before grinding (A) and aer
grinding (B) in Fig. 6. The SEM image before grinding suggests the
crystalline nature of the particles, while aer grinding, the
RSC Adv., 2026, 16, 5956–5969 | 5961
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Fig. 5 EDX plots of nickel-bound 4,40-biphenol: routine purified (A) and extra-purified (B).

Fig. 6 SEM images before (A) and after (B) grinding, andmicroscopic images of nickel-containing 4,40-biphenol particles (C). While (D) is the SEM
image of the column section packed with the stationary phase after the chromatography application.
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particles are reduced in particle size distribution down to sub 3
mm range with a good particle dispersity index shown in the
microscopic images (Fig. 6C), and such characteristics render the
resultant particles good enough for use as the stationary phase in
liquid chromatography. Packing of the resultant stationary phase
was quite challenging in a stainless-steel column, but the
sophisticatedly renovated packing protocol was helpful in packing
the particles. The SEM image of the column aer chromato-
graphic separation is depicted in Fig. 6D.
5962 | RSC Adv., 2026, 16, 5956–5969
BET analysis

The pore size distribution data obtained from nitrogen
adsorption and desorption isotherms suggest the porous nature
of nickel-containing 4,40-biphenol stationary phase. The BET
pore size distribution plot of the resultant material is shown in
Fig. 7A. The average pore size of the nickel-containing 4,40-bi-
phenol is 346 Å (34.6 nm) with an average pore volume of 0.899
cm3 g−1, suggesting the microporous nature of the newly
synthesized material. Thus, the material synthesized in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 BJH desorption (dA/dD) pore area (A) and particle size distribution (B) of the nickel-containing 4,40-biphenol stationary phase.

Fig. 8 XRD patterns from nickel-containing biphenol MOF stationary
phase.
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current study can be regarded as microporous organic networks
(MONs). The specic surface area of nickel-containing 4,40-bi-
phenol is 211 m2 g−1. Porous nature, pore size range (25–370 Å),
pore volume (0.5–1 cm3 g−1), and surface area (100–400 m2

G−1)45–49 of the synthesized material agree with those of the
previously reported values of the stationary phases or even the
surface area is rather much better than those of the previous
studies,45 resulting in better chromatographic resolution of
analytes belonging to different classes of compounds.

Particle size distribution

The volume % particle size of the nal stationary phase is sub-3
mm as shown in Fig. 7B. Since particles of the resultant
stationary phase are crystalline in nature, the crystal size,
dimensions, and number of crystals present in the cluster
determine the size of the particle, which in turn also depends
on the synthesis procedure. The sizes of the nally obtained
particles are well suited for use as the packing material in LC
columns, demonstrating good chromatographic performance
under HPLC conditions. The particle size distribution differ-
entiated value at d (0.1) is 1.23, at d (0.5) is 2.42 mm, and at
d (0.9) is 3.54 mm, suggesting the overall sub-3 mm particle size,
as shown in the gure.

X-ray diffraction (XRD) of the stationary phase

The crystalline nature and structural integrity of the stationary
phase were explored through XRD analysis. The XRD analysis
suggests the crystalline nature of nickel-containing MOF
stationary phase since all the peaks in the XRD spectrum
illustrated in Fig. 8 are very narrow. Moreover, the peak pattern
and distribution of peaks over the 2q range are strongly in line
with those of the reported spectrum of Ni containing MOF
materials.50–52 The spectrum shows peak diffractions at 2q of
18.95°, 21.04°, 22.89°, 28.25°, 29.39°, 33.25°, 38.95°, and 42.4°.

Chromatographic evaluation of the stationary phase

The nickel-containing 4,40-biphenol particles were evaluated as
a new separation media aer packing in a stainless-steel
© 2026 The Author(s). Published by the Royal Society of Chemistry
column. The column developed in the current project was
evaluated for the separation of a mixture of test analytes
comprising PAC, benzene derivatives, and nucleotides. The set
of selected PAC analytes contains benzene, naphthalene, uo-
rene, anthracene, and triphenylene. The set of selected benzene
derivatives contains phenol, acetophenone, nitroaniline, 4-
methyl-2-nitroaniline, and xylene, while the set of selected
nucleotides contains AMP, CMP, GMP, UMP, and UDP. The
elution conditions were optimized to achieve the best possible
chromatographic performance of the column developed in the
current study by applying different mobile phase compositions,
where the optimized elution conditions were found to be
acetonitrile/methanol 15 mM ammonium formate (60/30/10 v/
v%) at pH 6.5, with a ow rate of 25 mL min−1 and a detection
wavelength of 214 nm. The three sets of test analytes were
separated under optimized elution conditions. The elution
order of the test analytes was determined using the spiking
procedure. The chromatograms illustrated in Fig. 9 demon-
strated that good separation of the three sets of test analytes was
RSC Adv., 2026, 16, 5956–5969 | 5963
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Fig. 9 Chromatograms of (A) PAC, (B) benzene derivatives, and (C) nucleotides using acetonitrile/methanol/15 mM ammonium formate (60/30/
10 v/v%) at pH 6.5, flow rate of 25 mL min−1, detection wavelength of 214 nm, column back pressure: 72 bar, column dimensions: 20 cm long ×

0.2 mm ID.
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obtained under the optimized elution conditions of the mobile
phase with enhanced separation efficiency of 272 100 plates
m−1, 243 000 plates m−1, and 244 800 plates m−1 for the PAC,
benzene derivatives, and nucleotides, respectively. The plate
count and resolution data obtained with the column in the
current study are summarized in Tables 1 and 2, respectively.
The resolution between the adjacent pairs of test analytes was
checked for three runs taken on the same day and a single run
taken for three consecutive days under the same elution
conditions, where the average resolution values for the set of
PAC, benzene derivatives, and nucleotides are 7.2, 3.6, and 2.7,
respectively (Table 2). Since the resolution between two adjacent
peaks is associated with chemistry of the stationary phase and
the stationary phase is the same so selectivity will remain intact
with no change in resolution. The earlier eluting peaks are
sharper, as can be observed from the chromatogram, than the
Table 1 Separation efficiency of the column in the current study in term

Analyte N-Value Analyte

Benzene 290 500 Phenol
Naphthalene 288 500 Acetophenone
Fluorene 269 000 Nitroaniline
Anthracene 262 000 4-Methyl 2-nitroanilin
Triphenylene 250 500 Xylene

5964 | RSC Adv., 2026, 16, 5956–5969
latter eluting peaks under the isocratic elution mode. In addi-
tion to small particles and good packing protocol, the chemistry
of the stationary phase is also very critical for improved sepa-
ration since ne-tuned interaction of analytes with mobile and
stationary phases is the key determinant parameter for
obtaining high separation efficiency and resolution and hence
the overall chromatographic performance.
Comparative study

The newly synthesized stationary phase and the resultant
column of the current study were compared to those of the
other stationary phases reported in the literature in view of the
following points.

Separation efficiency. The efficient and rapid HPLC separa-
tion was obtained using core shell particles, monolith
s of average N-value meter−1 for three sets of analytes

N-Value Analyte N-value

252 500 AMP 219 500
252 000 CMP 219 500
248 500 GMP 213 000

e 236 000 UMP 321 500
226 000 UDP 250 500

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Resolution (R) between the adjacent pairs of analytes for PAC, benzene derivatives, and nucleotides computed using the column in the
current study

Analyte R Analyte R Analyte R

Benzene-naphthalene 8.3 Phenol-acetophenone 6.5 AMP-CMP 4.5
Naphthalene-uorene 6.5 Acetophenone-nitroaniline 1.8 CMP-GMP 1.5
Fluorene-anthracene 9.1 Nitroaniline-4-methyl 2-nitroaniline 3.2 GMP-UMP 2.3
Anthracene-triphenylene 4.8 4-Methyl 2-nitroaniline-xylene 3.1 UMP-UDP 2.4
Average 7.2 3.6 2.7
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stationary phases, tiny porous particles, and C-18 bound silica
monolith particles.46–48 A detailed comparative study of mass
transfer kinetics for the stationary phases comprising tiny
porous particles, monoliths, and core shell types has been re-
ported. In the current study, a nickel-containing 4,40-biphenol
microporous organic network was synthesized and evaluated as
the separation media under the optimized elution conditions of
acetonitrile/methanol/15 mM ammonium formate (60/30/10 v/
v%) with a ow rate of 25 mL min−1, and the column back-
pressure was 72 bar. The irregular shape and nature of the
particles, as shown in Fig. 6, are important for creating
monolith-like architecture in the packed bed with ow through
channels,49 while the well-spread stationary phase particles, as
can be observed in the microscopic image (Fig. 6C), are critical
for good quality packing in contrast to the agglomerated parti-
cles. The agglomerated nature of stationary phase particles is
one of the main issues responsible for poor packing beds,
leading to degraded mass transfer kinetics.52 In the current
study, there was no issue of particle aggregation, and improved
packing was achieved quite easily. Enhanced separation effi-
ciency of the stationary phase of the current study, as illustrated
in Table 1, in terms of theoretical plates corresponding to the
chromatogram depicted in Fig. 9, was achieved due to the ne-
tuned chemistry responsible for better interaction with selected
sets of analytes and good quality packings.52 Sub-3 mm particle
size, though slightly higher than those of the reported
stationary phases, exhibited improved chromatographic
performance, suggesting that particle size is not the only
determinant of chromatographic outcome. The results of the
current study revealed that, in addition to particle size, other
parameters must also be kept in the loop while striving for
enhanced separation with an improved set of analytical gures
of merit, such as separation efficiency, resolution, capacity
factor, selectivity, and permeability. The average number of
theoretical plates meter−1 obtained on the newly developed
column of the current study is 272 100 m−1 for PAC, 243 000
m−1 for benzene derivatives, and 244 800 m−1 for nucleotides.
The plate count for nucleotides obtained with the newly devel-
oped column is far better than that of ref. 53. The numerical
values for the separation efficiencies of nucleotides are not
presented in ref. 53, but the N-value meter−1 for various
nucleotides can easily be estimated from the peak width in
chromatograms. Similarly, the average N-value meter−1 ob-
tained using the column of the current study for small mole-
cules, like benzene derivatives, is higher (243 000m−1) than that
(226 100 m−1) of the previous study.49
© 2026 The Author(s). Published by the Royal Society of Chemistry
Resolution. The average resolution between the four adja-
cent pairs was computed and compared with that of commer-
cially available columns.54 The minimum resolution between
each set of two adjacent pairs for each of the three classes of
analytes is computed, and their numerical values are illustrated
in Table 2. The average resolution obtained for PAC analytes,
benzene derivatives, and nucleotides is 7.2, 3.6, and 2.7,
respectively (Table 2). The average resolution of all the three sets
of test analytes is comparable with those of previous studies
reported for other stationary phases under closely related
elution conditions. Similarly, the average resolution among the
adjacent pairs of analytes is comparable to that of the
commercially available stationary phases.54 The reproducibility
in resolution was found to be excellent with %RSD values less
than 0.5% for the day-to-day and column-to-column evaluations
of the current study, which is because the chemistry of the
stationary phase remains the same.

The optimum value for h (reduced particle size) as small as
1.2 can be observed for a good system composed of a column
packed with ideal core shell particles.55 The maximum value of
N is 48 000 per column if a column of 4.6 mm internal diameter
and 15 cm length packed with 2.6 mm core–shell particles is
considered. A maximum N value per column of 37 500 was ob-
tained for 1-chloro-4-nitrobenzene packed with 2.2 mm Halo
core shell particles.56 The maximum length of a commercial
column packed with sub-3 mm particles is 15 cm. Besides,
smaller particle size and good packing quality chemistry of the
stationary phase are also very critical for obtaining good chro-
matographic parameters since ne-tuned interaction of analy-
tes withmobile and stationary phases is the key determinant for
obtaining high separation efficiency and resolution and hence
the overall chromatographic performance. The column
dimensions of the current study are 0.2 mm internal diameter
and 20 cm length. The achievement of enhanced chromato-
graphic variables with the column of the current study despite
the relatively larger particle size might be due to the favorable
chemistry and interactions of analytes with the stationary
phase. Thus, the relatively larger particle-based stationary phase
with ne-tuned chemistry results in higher permeability, on one
hand, and improved separation efficiency and resolution, on
the other hand, by critically altering the capacity factor of the
stationary phase.

Reproducibility. To explore the application potentials of the
column packed with nickel containing microporous organic
network stationary phase in real samples, the reproducible
nature of the column in terms of separation efficiency, retention
RSC Adv., 2026, 16, 5956–5969 | 5965
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time, and column back pressure is very important with
permissible %RSD values from an analytical chemistry view-
point. The reproducibility of the column of the current study
was evaluated following the standard procedure for all the three
sets of test analytes under study. Three batches of the same
stationary phase were synthesized and packed in three columns
of similar dimensions using the same protocol for batch-to-
batch reproducibility, while for inter-day reproducibility, one
of the three columns was evaluated on three days. For column-
to-column reproducibility, three columns were packed with
a single batch of the resultant material and checked on the
same day. The average %RSD in plate count for the column-to-
column study is less than 5%, for inter-day is less than 2%, and
Table 3 Column-to-column, inter-day, and batch-to-batch reproducibi
for three batches of stationary phase synthesized using the same protoc

Analytes

Column-to-column

N-Value/meter
Retention
time (min)

Avg %RSD Avg

Phenol 252 500 4.1% 10.11
Acetophenone 252 000 3.2% 11.71
Nitroaniline 248 500 3.9% 12.01
4-Methyl-2-nitroaniline 236 000 4.8% 13.41
Xylene 226 000 4.9% 14.80

PAC
Benzene 290 500 4.2% 6.71
Naphthalene 288 500 3.9% 8.83
Flourene 269 000 3.7% 11.01
Anthracene 262 000 4.3% 13.05
Triphenylene 250 500 4.5% 14.72

Nucleotides
AMP 219 500 4.2% 6.81
CMP 219 500 3.8% 7.40
GMP 213 000 3.9% 7.52
UMP 321 500 4.4% 8.61
UDP 250 500 4.7% 9.53

a For column-to-column reproducibility data, three columns of the same
and the averageN-values and retention times were calculated, while for day
of the current study was evaluated on 3 consecutive days. Similarly, for
stationary phase of the current study were synthesized by the same proto
separation of benzene derivatives, PACs, and nucleotides.

Table 4 Average column back pressure data for inter-day, intra-day, co

Intra-day Inter-d

Avg %RSD Avg

Column back pressure (bar) 71 0.2% 73

a For the inter-day and intra-day data, the average was computed for a col
three times within one day and on 3 consecutive days. For column-column
the stationary phase of the current study, and the average back pressure
pressure data, different batches of the stationary phase of the current st
same dimensions and evaluated.

5966 | RSC Adv., 2026, 16, 5956–5969
for batch-to-batch is less than 6.5%, while the average %RSD in
retention time for column-to-column is less than 3% (Table 3),
which is within the permissible limit of analytical chemistry.
Column-to-column reproducibility in terms of column back
pressure was checked using three columns of the same
dimensions packed with a single batch of the stationary phase
being synthesized in the current study, where the %RSD is
1.9%. Similarly, %RSD values for the inter-day, intraday, and
batch-to-batch reproducibility on the column back pressure are
0.8%, 0.2%, and 2.1%, respectively (Table 4).

Permeability of the column. The lower column back pressure
achieved in the current study is also one of the advantageous
features of the current project, which might be due to the
lity of the column in terms of %RSD on plate counts and retention time
ola

Day-to-day Batch-to-batch

N-Value/meter N-value/meter

%RSD Avg %RSD Avg %RSD

2.6% 252 400 1.8% 252 600 5.3%
1.9% 252 100 1.7% 252 200 5.7%
2.1% 248 300 1.6% 248 400 4.5%
2.2% 236 100 2.1% 236 200 6.5%
2.8% 226 200 1.8% 226 100 5.1%

2.5% 290 400 2.1% 290 600 5.2%
2.1% 288 300 1.8% 288 400 5.3%
2.3% 269 100 1.5% 269 200 4.9%
2.4% 262 200 1.6% 262 300 5.1%
2.7% 250 400 2.2% 250 600 6.1%

1.8% 219 400 1.6% 219 600 6.3%
2.0% 219 300 1.7% 219 200 6.2%
2.1% 213 100 1.8% 213 200 5.9%
1.9% 321 600 2.0% 321 400 5.8%
2.7% 250 400 1.9% 250 600 6.4%

dimensions were packed with the stationary phase of the current study,
-to-day reproducibility, only the column packed with the stationary phase
assessing the batch-to-batch reproducibility, different batches of the
col, packed in a column of the same dimensions and evaluated for the

lumn-to-column, and batch-to-batch in terms of %RSDa

ay Column to column Batch to batch

%RSD Avg %RSD Avg %RSD

0.8% 72 1.9% 73 2.1%

umn packed with the stationary phase of the current study evaluated at
pressure data, three columns of the same dimensions were packed with
of the three columns was calculated. Similarly, for the batch-to-batch

udy were synthesized by the same protocol, packed in a column of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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relatively larger particle size in comparison to those of the
previous studies since the larger particle size offers low column
back pressure at the expense of diminished plate counts. The
permeability of the stationary phase of the newly developed
column was computed using the following equation:

K ¼ mhL

DP
; (2)

where h, Dp, L, and m are the viscosity of the mobile phase, the
backpressure of the column, the length of the column, and the
mobile phase linear velocity, respectively. The permeability of
the column (1.003 × 10−14 m2) was computed using an
acetonitrile/methanol 15 mM ammonium formate (60/30/10 v/
v%). The permeability of the column in the current study is
comparable to those of the monolith stationary phases reported
in the literature.52

The %RSD in column back pressure was calculated to assess
the column stability, and the numerical values are given in
Table 4, suggesting that the column stability is good enough for
the intra-day, inter-day, column-to-column and batch-to-batch
analyses. The column back pressure under the optimized
elution conditions is 72 bar.
Conclusion

A nickel containing 4,40-biphenol-based stationary phase was
synthesized. 4,40-biphenol was reacted with ethyl chloroacetate
to form dimethyl 2,20-[1,4-phenylenebis(oxy)]diacetate, which
was further treated with sodium hydroxide in a solvent mixture
of ethanol and water (9 : 1), resulting in the formation of 2,20-
([1,10-biphenyl]-4,40-diylbis(oxy)) diacetic acid. Finally, the
dicarboxylic acid ligand was treated with Ni(II) nitrate in DMF,
resulting in the formation of a nickel-containing 4,40-biphenol
metal organic framework. The resultant material was exten-
sively characterized through 1H-NMR, 13C-NMR, FTIR, EDX, FE-
SEM, BET, particle size distribution, and XRD, with promising
results and packed in a stainless column using an Alltech slurry
packer. The newly developed column resulted in the separation
of PACs, benzene derivatives, and nucleotides with improved
chromatographic performance in terms of separation efficiency
and resolution in HPLC. A higher number of theoretical plates
(PACs = 272 100 m−1, benzene derivatives = 243 000 m−1 and
nucleotides = 244 800 m−1) was obtained using the optimized
mobile phase containing acetonitrile/methanol/15 mM ammo-
nium formate (60/30/10 v/v%) at pH 6.5 and a ow rate of 25
mL min−1.
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