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a b s t r a c t

Metal organic framework (MOF) assembled with coordination bonds has the disadvantage of poor sta-

bility that limits its application in the field of stationary phase, while covalent organic framework (COF)

assembled through covalent bonds exhibits excellent structural stability. It has been shown that the sta-

tionary phases prepared by combining MOF and COF can make up for the poor stability of MOF@SiO2,

and the MOF/COF composites have superior chromatographic separation performance. However, the tra-

ditional methods for preparing COF/MOF based stationary phases are generally solvent thermal synthesis.

In this study, a green and low-cost synthesis method was proposed for the preparation of MOF/COF@SiO2

stationary phase. Firstly, COF@SiO2 was prepared in a choline chloride/ethylene glycol based deep eutectic

solvent (DES). Secondly, another acid-base tunable DES prepared by mixing p-toluenesulfonic acid (PTSA)

and 2-methylimidazole in different proportions was introduced as the reaction solvent and reactant for

rapid synthesis of MOF/COF@SiO2. Compared with the toxic transition metal-based MOFs selected in most

previous studies, a lightweight and non-toxic S-zone metal (calcium) based MOF was employed in this

study. PTSA and calcium will form the calcium/oxygen-containing organic acid framework in acidic DES,

which assembles with terephthalic acid dissolved in basic DES to form MOF. The strong hydrogen bonding

effect of DES can facilitate rapid assembly of Ca-MOF. The obtained Ca-MOF/COF@SiO2 can be used for

multi-mode chromatography to efficiently separate multiple isomeric/hydrophilic/hydrophobic analytes.

The synthesis method of Ca-MOF/COF@SiO2 is green and mild, especially the use of acid-base tunable

DES promotes the rapid synthesis of non-toxic Ca-MOF/COF@silica composites, which offers an innova-

tive approach of greenly synthesizing novel MOF/COF stationary phases and extends their applications in

the field of chromatography.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal organic frameworks (MOFs) assembled through coordina-

tion bonds between metal cations and ligands are a type of porous

materials with excellent porosity and high specific surface area [1–

3]. The rich selection of metal cations and ligands endows MOFs

with functional designability and diversity. Resulting from their

special functionality, MOFs have been applied in extraction, gas

storage, catalysis and sensing [4–8]. In recent years, the potential

of MOFs in chromatographic stationary phases has also been grad-

ually explored [9–12]. The MOF@SiO2 stationary phase prepared
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by combining MOF with silica gel can overcome the drawbacks of

high column pressure and low column efficiency caused by pure

MOF based stationary phase. However, the issue that remains to be

addressed is the poor stability of MOF@SiO2 due to the assembly

of coordination bonds between metal cations and ligands, which

greatly limits its applications in stationary phase. Therefore, it is

particularly important to improve the stability of MOFs@SiO2 for

chromatographic separation.

Covalent organic frameworks (COFs) are multifunctional porous

polymers constructed by covalent bonds, which have the virtues

of large specific surface area, structural stability as well as des-

ignability [13,14]. COFs have also been widely used in the prepa-

ration of stationary phases due to their excellent chromatographic
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Fig. 1. A synthetic scheme for the preparation of Ca-MOF/COF@SiO2.

separation ability [15–25]. It has been shown that the stationary

phases prepared by combining MOF and COF can make up for

the poor stability of MOF@SiO2 [26,27]. Moreover, MOF contains

abundant polar groups, and the structure of COF contains rich aro-

matic rings, thus, the combination of MOF and COF endows the

stationary phase material with hydrophilic-hydrophobic balance.

However, the traditional methods for preparing COF and MOF sta-

tionary phases are generally solvent thermal synthesis, especially

the preparation conditions are harsh and the reaction time is long,

which have the shortcomings of being harmful to human health

and environment, as well as being costly. Thus, finding a green and

low-cost synthesis method for the preparation of MOF/COF@SiO2

stationary phase seems necessary.

Deep eutectic solvents (DESs) are complexes formed by hy-

drogen bond donors/acceptors [28,29]. DESs have the character-

istics of biodegradability, low toxicity and low melting point. In

the last few years, the use of DES to prepare MOF based station-

ary phase has been seldom reported. A strategy for green and

rapid preparation of MOF in an acid-base tunable DES composed

of 2-methylimidazole (MIm) and p-toluenesulfonic acid (PTSA) was

reported [30]. Acid-base tunable DES serves as both the green

reaction solvent and the reactant. Metal ion will first form the

metal/oxygen-containing acid framework with PTSA in acidic DES,

which then rapidly assembles with the ligand dissolved in basic

DES. Especially, the hydrogen bonding effect of this acid-base tun-

able DES can facilitate the assembly of MOF. Moreover, the research

on metals used for preparing MOFs mainly focuses on transition

metals, and there is relatively little research on S-region metal-

based MOFs [31]. The S-region metals have the characteristics of

being non-toxic and lightweight [32], which are more advanta-

geous in the preparation of stationary phase.

In this work, an acid-base tunable DES was applied for the

green synthesis of Ca-MOF/COF@SiO2. Firstly, COF@SiO2 was pre-

pared in a choline chloride (ChCl)/ethylene glycol (EG) based DES.

Secondly, acidic and basic DESs were synthesized using PTSA and

MIm in mole ratios of 2/1 and 1/3, respectively. Finally, calcium

metal was added to acidic DES to form a metal/oxygen-containing

organic acid framework, which was rapidly assembled with tereph-

thalic acid (TPA) dissolved in basic DES to form Ca-MOF/COF@SiO2

(Fig. 1). The Ca-MOF/COF@SiO2 combines the excellent chromato-

graphic separation ability of COF and MOF as well as has excellent

stability. Meanwhile, the combination of COF and MOF balances

the hydrophilicity and hydrophobicity of Ca-MOF/COF@SiO2, which

can be used to identify and separate multiple types of analytes.

Various retention mechanisms were explored and thermodynamic

study was conducted.

The X-ray diffraction (XRD) patterns of Ca-MOF and COF show

multiple strong diffraction peaks (Fig. S1 in Supporting informa-

tion), indicating that the synthesis strategy is feasible. It can be

clearly seen that small COF particles grow on the surface of silica

microsphere (Figs. S2a and b in Supporting information). Besides,

in comparison with COF@SiO2, the scanning electron microscope

(SEM) images of Ca-MOF/COF@SiO2 show a denser modification of

silica microsphere by more functional materials (Figs. S2c and d in

Supporting information), which indicates the successful growth of

Ca-MOF. The transmission electron microscope (TEM) characteriza-

tion reveals that a layer of composite material with a thickness of

about 110 nm is covered on the silica surface (Fig. S3 in Support-

ing information). The infrared spectroscopy analysis of the mate-

rials was performed (Fig. S4a in Supporting information). The ab-

sorption peaks of the C=N bond formed through the Schiff base

reaction [18,19,23,24] as well as the benzene ring skeleton appear

around 1510 cm−1, indicating the successful bonding of COF. The

absorption peaks of the C=O bond in the TPA and the Ca-O bond

appear successively at 1720 cm−1 and 576 cm−1 in the infrared

spectrum of Ca-MOF/COF@SiO2, proving the successful immobiliza-

tion of Ca-MOF. Since SiO2-NH2, COF@SiO2 and Ca-MOF/COF@SiO2

were all prepared by adding corresponding organic ligands on the

basis of the former, the results of thermogravimetric analysis (TGA)

may be used to further validate the synthesis of materials. The TGA

curves reveal that the weight loss of the three materials at 800 °C
increases sequentially (Fig. S4b in Supporting information), imply-

ing that both COF and Ca-MOF have been successfully immobilized

on the SiO2-NH2. Meanwhile, a similar trend of weight loss for

SiO2-NH2 and Ca-MOF-COF@SiO2 before 300 °C suggests that the

functional materials covered on silica gel have not yet undergone

significant thermal decomposition, while a greater weight loss of

COF@SiO2 implies that the combination of Ca-MOF increases the

thermal stability of the composite material. The carbon, nitrogen

and hydrogen contents of Ca-MOF/COF@SiO2 increase significantly

compared with COF@SiO2 and SiO2-NH2 (Table S1 in Supporting

information), which further indicates the successful preparation of

Ca-MOF/COF@SiO2. The adsorption performance of the three ma-

terials was finally studied (Figs. S4c and d in Supporting informa-

tion). The Ca-MOF and COF materials may be modified in the pore

of silica gel, leading to a reduction of specific surface area and pore

size (Table S2 in Supporting information).

Ca-MOF/COF@SiO2 was applied to separate positional isomers

under normal phase liquid chromatography (NPLC) mode. The re-

sult shows that the isomers of chloroanilines and bromoanilines

can be favorably separated on the Ca-MOF/COF@SiO2 and the Ca-

MOF@SiO2 (Figs. 2a and b), but not on the COF@SiO2, indicating

that the introduction of Ca-MOF enhances the shape selectivity of

the composite material as well as improves the separation effi-

ciency. The maximum resolution and highest column efficiency for

chloroanilines are 6.80 and 64860 plates/m, respectively (Table S3

in Supporting information). Although none of the three stationary

phases can completely separate the toluidines (Fig. 2c), the isomers

can be well distinguished on the Ca-MOF/COF@SiO2 and the high-

est column efficiency for m-toluidine is 111653 plates/m (Table S3

in Supporting information). The above results show that combining

Ca-MOF with good selectivity for positional isomers and COF with

sufficient interaction sites can improve the separation ability and

enhance the resolution.

Chloranilines were selected to explore the relationship between

the analyte retention and the n-hexane content. It can be ob-

served that the retention is strengthened as the n-hexane con-

tent increases (Fig. 2d), showing typical NPLC retention character-

istic. The elution order of positional isomers is closely related to

their length-width ratio (L/W) [33]. For chloroanilines, bromoani-

lines and toluidines, the order of L/W is o- < m- < p- (Fig. S5 and

Table S4 in Supporting information), which is consistent with the

elution order of the three isomers on Ca-MOF/COF@SiO2 column.

Four polycyclic aromatic hydrocarbons (PAHs) and three phtha-

late esters (PEs) can be separated on the Ca-MOF/COF@SiO2 within
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Fig. 2. (a-c) Chromatographic separation of positional isomers on different

columns. Eluent: n-hexane/isopropanol=90/10. (d) Chromatographic separation of

chloroanilines on the Ca-MOF/COF@SiO2 column at different eluents.

Fig. 3. Chromatographic separation of PAHs (a) and PEs (b) on different columns.

(c) Plots of k vs. ACN content for PAHs. (d) Plots of ln k vs. the volume fraction of

organic phase (CB) for PAHs.

8 min (Figs. 3a and b). The highest column efficiency for both

naphthalene and diethyl phthalate is greater than 40,000 plates/m

(Table S5 in Supporting information). The π-π interaction between

the Ca-MOF/COF@SiO2 and the PAHs strengthens as the π electron

number increases, leading to stronger retention. Although naph-

thalene and acenaphthene have the same number of π electron,

the Log P value of acenaphthene is greater than that of naphtha-

lene (Table S6 in Supporting information), so the retention time

of acenaphthene is longer than that of naphthalene. The reten-

tion of PEs enhances as their hydrophobicity increases (Table S7 in

Supporting information). This indicates that the retention of aro-

Fig. 4. Chromatographic separation of NBs (a) and SAs (b) on different columns. (c)

Plots of k vs. ACN content for NBs. (d) Plots of ln k vs. the volume fraction of water

(ϕwater) for NBs.

matic compounds such as PAHs and PEs on the Ca-MOF/COF@SiO2

is mainly based on hydrophobic and π-π interactions. The baseline

separation of PAHs and PEs cannot be achieved on the COF@SiO2

in a short period of time (Figs. 3a and b), and the Ca-MOF@SiO2

lacks sufficient separation ability for these analytes because of

its weak hydrophobicity and strong hydrophilicity. Comparing the

hydrophobicity of COF@SiO2 and Ca-MOF/COF@SiO2 through con-

tact angle measurements, it can be seen that the contact angle

of COF@SiO2 is obviously greater than that of Ca-MOF/COF@SiO2

(Fig. S6 in Supporting information), showing the hydrophobicity

of COF@SiO2 is stronger than that of Ca-MOF/COF@SiO2. There-

fore, the introduction of Ca-MOF containing polar ligand balances

the hydrophilicity and hydrophobicity of the Ca-MOF/COF@SiO2,

thereby improving the hydrophobic separation efficiency. The C18

column fails to achieve a baseline separation of the four PAHs un-

der the optimized conditions, and the separation time is relatively

long (Fig. 3a). Although three PEs can be effectively separated on

the C18 column under optimal conditions (Fig. 3b), longer separa-

tion time and more organic phase are required when compared to

Ca-MOF/COF@SiO2 column.

The influence of acetonitrile (ACN) content on the separation

was investigated using PAHs as the representatives of hydrophobic

analytes. Fig. 3c shows that the retention of four PAHs weakens

as the ACN content increases, exhibiting the typical reverse phase

liquid chromatography (RPLC) retention pattern. The relationship

between ln k and the proportion of ACN in the eluent (CB) is de-

scribed by Eq. 1 [34,35].

ln k = c0 + c1CB + c2C
2
B (1)

The fitting results for PAHs are exhibited in Fig. 3d and Table S8

(Supporting information).

The baseline separation of four nucleosides/bases (NBs)

and three sulfonamides (SAs) can be achieved on the Ca-

MOF/COF@SiO2 (Figs. 4a and b). Four NBs were separated for nine

times in a row on the Ca-MOF/COF@SiO2 column, and the RSDs

for the retention time of four NBs range from 0.5 % to 1.0 % (Fig.

S7 in Supporting information), which displays an awesome sepa-

ration reproducibility. There has been a significant improvement

in separation ability of Ca-MOF/COF@SiO2 compared to COF@SiO2
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and Ca-MOF@SiO2, illustrating the advantages of the composite

material. The combined action of Ca-MOF and COF facilitates a

more efficient hydrophilic separation of polar analytes on the Ca-

MOF/COF@SiO2. The highest column efficiency and maximum res-

olution for NBs are 54307 plates/m and 12.38, respectively (Ta-

ble S9 in Supporting information). Chromatographic separations of

NBs and SAs were also performed using the commercialized XAm-

ide column. The Ca-MOF/COF@SiO2 is observed to be more capable

of separating the four NBs than the XAmide column (Figs. 4a and

b). In addition, unlike the Ca-MOF/COF@SiO2, the XAmide column

needs to use more ACN in the eluent to achieve a comparable sep-

aration of the three SAs.

Four NBs were used as probes to study the relationship be-

tween the retention of analytes and the ACN content. As the

ACN content increases, the retention of four NBs on the Ca-

MOF/COF@SiO2 column also enhances (Fig. 4c), exhibiting hy-

drophilic interaction liquid chromatography (HILIC) retention pat-

tern. Eq. 2 is used to describe the HILIC retention [36,37].

ln k = a + blnϕwater + cϕwater (2)

The satisfactory fitting results manifest that the separation of

NBs is distribution and adsorption based mechanisms (Fig. 4d and

Table S10 in Supporting information).

Moreover, the influence of eluent with different buffer concen-

tration and pH on the retention of analytes was investigated. The

retention time of four NBs on the Ca-MOF/COF@SiO2 column de-

creases with the increase of buffer concentration (Figs. S8a and b

in Supporting information). This is because that more and more

buffer will gather around the surface of Ca-MOF/COF@SiO2 as the

buffer concentration increases, shielding the electrostatic attrac-

tion between the Ca-MOF/COF@SiO2 and the positively charged

analytes. And the reason why the retention time of analytes in-

creases with increasing pH (Figs. S8c and d in Supporting infor-

mation) is that the protonation degree of analytes is weakened as

the acidity weakens, resulting in a stronger hydrogen bonding with

the Ca-MOF/COF@SiO2. Moreover, the carboxyl groups of Ca-MOF

carry more negative charges under near neutral condition, which

increases the electrostatic repulsion between the analytes and the

stationary phase, leading to a decrease in retention at pH 7. As can

be seen from Fig. S8, NBs can be well separated over a wide range

of salt concentrations and pH.

The thermodynamic properties of Ca-MOF/COF@SiO2 were stud-

ied with four NBs and four PAHs. As the temperature increases,

the analyte retention shows a decreasing trend (Figs. S9a and b

in Supporting information). This may be because the eluent vis-

cosity decreases with increasing temperature, thereby accelerating

the elution of analytes. In addition, an elevated column temper-

ature will weaken hydrogen bonding interaction between the Ca-

MOF/COF@SiO2 and the analytes. The van’t Hoff equation can ex-

plain the relationship between temperature and retention (Eq. 3)

[38,39].

ln k = −�H

RT
+ �S

R
+ lnΦ (3)

There has a good linear relationship between ln k and 1/T for

NBs and PAHs (Figs. S9c and d in Supporting information). The

positive slope and negative �H indicate that the separation of NBs

and PAHs on the Ca-MOF/COF@SiO2 is an exothermic process (Ta-

ble S11 in Supporting information), as well as low temperature is

beneficial for the retention of analytes.

Finally, the long-term stability and practicability of the Ca-

MOF/COF@SiO2 column were investigated. After approximately 600

consecutive injections, chromatographic separation of four PAHs on

the Ca-MOF/COF@SiO2 column was again performed. Fig. S10 (Sup-

porting information) shows that there is basically no change in the

separation performance of the column, revealing a satisfactory sta-

bility. Based on this superiority, the Ca-MOF/COF@SiO2 column was

further used to detect PAHs in the actual lake water sample. It can

be observed that the Ca-MOF/COF@SiO2 column provides excellent

separation and detection of PAHs in lake water without significant

interference from the sample matrix (Fig. S11 in Supporting infor-

mation).

In this work, a novel Ca-MOF/COF@SiO2 stationary phase was

prepared by using an acid-base tunable DES as the reaction

medium under mild conditions instead of the traditional solvother-

mal method with high temperature and high pressure. Acid-base

tunable DES not only serves as the green reaction solvent, but also

participates in the construction of Ca-MOF through the strong hy-

drogen bonding effect. At the moment of mixing acidic DES and

basic DES, the two monomers of acid-base tunable DES will reform

hydrogen bonding, thereby accelerating the rapid construction of

Ca-MOF/COF@SiO2. The results of this study show that the pure

COF has poor separation selectivity for positional isomers, while

the Ca-MOF lacks favorable hydrophobic separation ability. The

combination of Ca-MOF and COF not only ensures superior stabil-

ity of the stationary phase, but also endows the Ca-MOF/COF@SiO2

with hydrophobic-hydrophilic balance and abundant interaction

sites, making this novel Ca-MOF/COF@SiO2 stationary phase suit-

able for mixed-mode NPLC/HILIC/RPLC to separate positional iso-

mers and hydrophilic/hydrophobic analytes in a relatively short pe-

riod of time. This study offers a mild and environmental method

for synthesizing MOF/COF@SiO2 stationary phase, and meanwhile,

expands the application of Ca-MOF/COF composites in chromato-

graphic separation. In future research, the development of low-

cost and multi-purpose liquid chromatographic stationary phases

will be continuously explored. There is a need to explore suitable

MOF/COF combinations to obtain composites with excellent sepa-

ration properties. In addition, it is necessary to find a simple and

fast strategy to reduce the synthesis time overall.
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