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a b s t r a c t

A hydrophobic carbon dots (Glc-OCDs) derived from octadecylamine and glucose were successfully syn-

thesized for the first time and then grafted onto the porous silica surface by the “Nano-on-Micro” strat-

egy, which was served as a new stationary phase (Sil-Glc-OCDs) for reversed-phase liquid chromatogra-

phy. The structure of this stationary phase was carefully verified by laser scanning confocal microscope,

Fourier transform infrared spectrometry, elemental analysis, contact angle measurement, etc. Several an-

alytes including seven polycyclic aromatic hydrocarbons, eight alkylbenzenes, eight phenols and seven

sulfonamides can be well separated on this stationary phase. Better separation performance for certain

analytes over commercial C18 column was obtained. Interestingly, this stationary phase exhibited excel-

lent chromatographic selectivity in the separation of the isomers of tert–butylbenzene, sec–butylbenzene,

isobutylbenzene and n-butylbenzene. In addition, this new Sil-Glc-OCDs column was also applied for

detection of calycosin-7-glucoside, ononin, calycosin, formononetin, genistein and isorhamnetin in the

extract of Radix Astragali, which were found that the concentration was 0.15 g/L, 0.088 g/L, 0.14 g/L,

0.086 g/L, 0.18 g/L and 0.29 g/L, respectively. We believe that this CDs-grafted silica materials are promis-

ing for chromatographic separation.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High performance liquid chromatography (HPLC) is one of the

most broadly used separation tools, and has picked up extensive

attention in various fields such as food, medicine, chemical en-

gineering, as well as environment science [1-4]. The separation

medium filled in the chromatographic column, as a key part of

HPLC system, cannot only determine the separation mode of liquid

chromatography, but also influence the elution behavior of the an-

alyte [4]. Therefore, the design, synthesis, application of new type

chromatographic medium and the separation mechanism is still

important for HPLC.
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With the rapid development of nanoscience and technology,

many advanced nanomaterials, such as fullerene [5-7], carbon

nanotube (CNT) [5-7], graphene (G) [5,7-9], graphene oxide (GO)

[5,7-9], nanodiamond [6,10,11], metal-organic frameworks (MOFs)

[12-14], covalent organic frameworks (COFs) [15-19], have been

demonstrated to be promising nanomaterials for chromatographic

separation due to their outstanding physical and chemical charac-

teristics [5-8]. For example, their large specific surface area can en-

hance the retention capacity or sorption performance of the an-

alyte. Some unique surface chemical properties, including coordi-

nation, hydrogen-bonding, hydrophilic/hydrophobic and π-π in-

teractions etc., can provide distinct selectivity towards the sepa-

ration of various analytes. Although these nanomaterials possess

the above-mentioned advantages and achieve significant progress,

there are still some inherent problems that cannot be avoided,

such as a tedious and time-consuming preparation procedure. The

over strong adsorption capacity of nanomaterials hinders rapid
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Fig. 1. Schematic illustration diagram for the fabrication of the Sil-Glc-OCDs sta-

tionary phase.

elution of analytes from the stationary phase, which may lead to

the chromatographic peak asymmetry. In addition, the irregular

morphology and easy agglomeration of nanomaterial usually affect

the homogeneity of the packings and result in low column effi-

ciency [5]. It is still a challenge to look for a new kind of material

with high separation efficiency and excellent selectivity as chro-

matographic separation medium.

Carbon dots (CDs), as a new class of “zero-dimensional” quasi-

spherical carbon-based nanomaterials, have many outstanding

characteristics including small size, excellent chemical stability and

water solubility, moderate adsorption performance, high surface-

to-volume ratio, and facile functionalization, making them promis-

ing alternatives in a variety of applications [20-24]. Our research

group first proposed the idea of using carbon dots (CDs)-modified

silica stationary phases for hydrophilic interaction chromatography

(HILIC), which not only maintain spherical morphology, but also

have a variety of hydrophilic types [25-31]. In addition, compared

with traditional carbon-based nanomaterials, the biggest advan-

tage of CDs is that it can avoid the terrible aggregation that other

carbon-based nanomaterials usually encounter.

However, as far as we know, the reversed-phase liquid chro-

matography (RPLC) stationary phase based on CDs-bonded silica

has not been reported so far. Thus, in this work, glucose and

octadecylamine were selected as carbon sources to produce hy-

drophobic carbon dots (Glc-OCDs) by solvothermal method. Sub-

sequently, Glc-OCDs were supported on the spherical porous silica

surface by the “Nano-on-Micro” strategy to obtain a silica-bonded

Glc-OCDs (Sil-Glc-OCDs) stationary phase (Fig. 1). The detail of the

synthesis can be found in the Supporting information.

A series of characterizations were applied to verify the success-

ful preparation of Glc-OCDs and Sil-Glc-OCDs. Transmission elec-

tron microscopy (TEM) was used to obtain the morphology and

size of material. As displayed in Fig. 2a, the Glc-OCDs with quasi-

spherical structure, and the average diameter is around 5.4 nm

(Fig. S1 in Supporting information). In addition, the fluorescence

properties of Glc-OCDs permit the coverage of Glc-OCDs on sil-

ica to be characterized by means of laser scanning confocal micro-

scope (LSCM). From the dark-field images of Sil-Glc-OCDs (Fig. 2b),

it can be seen that each silica sphere is covered with uniform blue

fluorescence, which indicates that the bonding reaction between

Glc-OCDs and silica is successful.

FT-IR spectroscopy was performed to further confirm the bond-

ing of Glc-OCDs on the spherical silica surface, as shown in Fig. 2c.

The typical absorption peak located at ~1650 cm−1 in Glc-OCDs

are ascribed to the stretching vibration of carbonyl and the bend-

ing vibration of N–H. The absorption peaks at ~1580 cm−1, ~1450

cm−1 and ~1070 cm−1 are attributed to the bending vibration

peaks of primary amine and methylene, and C–O stretching vi-

brations of ether, respectively. In addition, the large broad peak at

Fig. 2. Characterizations of Glc-OCDs and Sil-Glc-OCDs. TEM image of Glc-OCDs (a);

LSCM image of Sil-Glc-OCDs (b); FT-IR spectra (c) of Glc-OCDs (blue) and Sil-Glc-

OCDs (red). Contact angle analysis results of Glc-OCDs (d), Sil-GPTMS (e), and Sil-

Glc-OCDs (f).

~3400 cm−1 of the secondary N–H/O–H stretching vibration peaks

brought by Glc-OCDs can also be observed in the Sil-Glc-OCDs

spectrum, peaks at ~2929 cm−1 as well as 2850 cm−1 of C–H in-

dicate the presence of abundant aliphatic hydrocarbon (methylene)

in Glc-OCDs and Sil-Glc-OCDs. 1095 cm−1 is indexed to the stretch-

ing vibration peak of Si-O on the silane reagent or silica. The above

results clearly confirmed the Glc-OCDs were successfully stabilized

on the spherical silica surface.

Elemental analysis (EA) results were listed in Table S1 (Sup-

porting information). Compared with the C and N percentages of

Sil-GTPMS (5.62% and 0%), the C and N content of Sil-Glc-OCDs

are 9.01% and 0.78%, respectively. The significant increase of the

C and N content confirmed the successful synthesis of the station-

ary phase. The bonding density of the Glc-OCDs was approximately

1.82 μmol/m2. The calculation formula of the bonding density of

the Glc-OCDs is described as: μmol/m2 = (N% × 106)/(MN × S).

Where MN represents the molar mass of nitrogen, and S denotes

the surface area of silica (306 m2/g), N% stands for the percentage

of the increased nitrogen content [32,33]. The characterizations of

Sil-Glc-OCDs including TG, XPS and BET are shown in Figs. S2-S4

(Supporting information).

In addition, the wettability of the prepared materials to water

was measured by contact angle (CA) test. The support was immo-

bilized on a flat substrate, upon which 10 μL water droplet was dis-

pensed. According to the general definition, solid surface that has

CA θ > 90° is deemed to be hydrophobic, and those that has CA

beyond 150° is superhydrophobic [34]. The test results (Figs. 2d-f)

showed that CAs for Glc-OCDs, Sil-GTPMS and Sil-Glc-OCDs were

135.2°, 77.1°, 131.3°, indicating the hydrophobic property Sil-Glc-

OCDs, which would be intuitively verified in the subsequent chro-

matographic evaluation.

The performance of Sil-Glc-OCDs stationary phase was first

evaluated by the Tanaka standard test mixture, which is a test

commonly applied to investigate the hydrophobic selectivity, shape

selectivity, and hydrogen bonding capacity [35-37]. Firstly, the hy-

drophobic selectivity was evaluated by the retention factor ratio

(αCH2
> 1) of pentylbenzene and butylbenzene. As given in Ta-

ble S2 (Supporting information), αCH2
is 1.64 (αCH2

> 1), com-

pared with C18 column (αCH2
= 1.44), our stationary phase has bet-

ter hydrophobic selectivity. The hydrogen-bonding interaction was

studied by the ratio of retention factor (αC/P) of caffeine to phe-

nol. As listed in Table S2, αC/P is 0.63, which demonstrated that

there may exist weak hydrogen-bonding interaction similar to that
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Fig. 3. (a) Chromatogram for the separation of alkylbenzenes on Sil-Glc-OCDs

stationary phase. Analytes: (1) ethylbenzene, (2) isopropylbenzene, (3) propyl-

benzene, (4) tert–butylbenzene, (5) sec–butylbenzene, (6) isobutylbenzene, (7) n-

butylbenzene, (8) n-pentylbenzene. Conditions: flow rate = 1.0 mL/min, UV detec-

tion: 254 nm, T = 30 °C; mobile phase: methanol/H2O (55%/45%, v/v); (b) Plot of

log k values versus the numbers of methylene groups of alkylbenzenes at different

mobile phase compositions.

of C18 column (αC/P = 0.62), and only a few silanol groups residues

on the stationary phase surface. As an indicator of molecular-

shape selectivity of the stationary phase, the retention factor ra-

tio between triphenylene (planar) and o-terphenyl (highly twisted)

(αT/O = KT/KO) was calculated to explain the capability of the sta-

tionary phase to differentially separate nonplanar and planar an-

alytes with similar molecular sizes and weights. Value of αT/O <

2 that represents phase has a low molecular-recognition charac-

teristic, whereas value of αT/O > 3 suggests phase with increased

shape selectivity. As illustrated in Table S2, αT/O is 3.28, indicating

our prepared stationary phase displays better shape selectivity to

differentiate compounds based on similar spatial configurations.

To investigate the hydrophobic selectivity of Sil-Glc-OCDs sta-

tionary phase, alkylbenzenes were selected as the analytes. As

shown in Fig. 3a, eight alkylbenzene was efficiently separated

using methanol/water as the mobile phase. It is worth men-

tioning that this stationary phase can also separate the isomers

of tert–butylbenzene, sec–butylbenzene, isobutylbenzene and n-

butylbenzene, which may be due to the strong hydrophobic inter-

action.

In RPLC mode, it has often been observed that retention factor

values (k) for the members of a homologous series increase expo-

nentially with the number of homologous units [38,39]. Plots of

the number of methylene groups of alkylbenzenes versus the log k

are shown in Fig. 3b. The linear relationships between the num-

bers of methylene groups versus the log k values were still good

under different proportion of mobile phase, and the correlation co-

efficients were calculated within 0.990–0.997. The results further

show that the Sil-Glc-OCDs stationary phase has good hydrophobic

selectivity, which is ascribed to the C18 chain on the surface of the

Glc-OCDs.

In typical RPLC system, with the increasing of the proportion of

organic solvent in the mobile phase, the k values of non-polar sam-

ples are usually found to decreases exponentially. The log k versus

the weight fraction or volume of organic solvent satisfies the equa-

tion:

log k = log kw − SΦ (1)

[40], where kw represents the extrapolated k value in pure water,

S is the slope of log k versus Φ when fitted to a linear regression

model, Φ stands for the volume fraction of organic solvent. Fig. S5

(Supporting information) displayed the relationship between log k

and methanol volume fraction, which fitted well with Eq. 1 at a

range of 55%−75% methanol content, and the correlation coeffi-

cients are 0.990–0.996. Meanwhile, with the increase of the vol-

ume fraction of methanol in the mobile phase, the retention of all

model analytes decreased, indicating that the Sil-Glc-OCDs column

has typical RPLC characteristics.

Fig. 4. (a) The standard curves of calycosin-7-glucoside, ononin, calycosin, for-

mononetin, genistein and isorhamnetin; (b) Chromatograms of the separation of

calycosin-7-glucoside, ononin, calycosin, formononetin, genistein and isorhamnetin

standards and actual samples. Conditions: mobile phase: methanol-0.3% formic acid

solution (0–30 min, 10%→60% methanol, 90%→40% 0.3% formic acid solution); flow

rate = 1.0 mL/min, UV detection wavelength: 254 nm, T = 30 °C.

Fig. S6 (Supporting information) showed the chromatograms of

separating polycyclic aromatic hydrocarbons (PAHs), phenols, and

sulfonamides by commercial C18 column and Sil-Glc-OCDs column.

From the contrasting chromatograms we noticed that eight phe-

nols could be separated in a shorter time on C18 column. The o-

terphenyl and benzanthracene of seven PAHs could not be well

separated on C18 column. Even at a flow rate of 0.8 mL/min, seven

sulfonamides were unable to achieve baseline separation on C18

column. By contrast, PAHs and corresponding sulfonamides were

better separated on Sil-Glc-OCDs column. The results are attributed

to the fact that Sil-Glc-OCDs chromatographic column contains

more functional groups than commercial C18 column.

The longevity of the stationary phase is also a key factor wor-

thy of attention. To investigate the stability of our prepared sta-

tionary phase, the retention of Tanaka standard test mixture in-

cluding caffeine, uracil, n-butylbenzene, phenol, n-pentylbenzene,

triphenylene and o-terphenyl were investigated for 24 h of contin-

uous elution. As depicted in Fig. S7 (Supporting information), the

RSD values (n = 12) of the retention times were between 0.59%

and 0.99%. The results show that the stationary phase has good

stability.

Radix Astragali is one of the famous traditional Chinese

medicines. Its main active ingredient, flavonoids, has extensive

pharmacological effects such as anti-oxidation, anti-inflammatory,

anti-aging, anti-tumor, protecting myocardium, and immune reg-

ulation. Therefore, the detection and separation of flavonoids in

Radix Astragali is of great significance. The Sil-Glc-OCDs station-

ary phase was employed to separate and quantify flavonoids

from Radix Astragali extract sample. Fig. 4a displayed the

standard curves of calycosin-7-glucoside, ononin, calycosin, for-

mononetin, genistein and isorhamnetin. The linear equations are

y = 13,283.14x + 42.2089, y = 16,274.91x + 15.8701, y = 18,832.53x

- 83.7157, y = 19,579.63x - 50.58, y = 28,461.17x + 67.95,

y = 14,930.71x - 216.22, respectively. And the correlation coeffi-

cients (R2) are 0.9996, 0.9985, 0.9998, 0.9996, 0.9993 and 0.9991.

Fig. 4b showed chromatograms for the Radix Astragali extract sam-

ple and the six flavonoids standards. It can be seen from this

figure that the sample matrix has no obvious interference ef-

fect on the detection of calycosin-7-glucoside, ononin, calycosin,

formononetin, genistein and isorhamnetin. The concentration of

calycosin-7-glucoside, ononin, calycosin, formononetin, genistein

and isorhamnetin in Radix Astragali extract were calculated to be

0.15 g/L, 0.088 g/L, 0.14 g/L, 0.086 g/L, 0.18 g/L and 0.29 g/L, respec-

tively. The above results further indicate the promising potential of

the Sil-Glc-OCDs column for pharmaceutical separation.

In summary, a new kind of Sil-Glc-OCDs reversed-phase chro-

matographic stationary phase was synthesized and characterized

carefully. By calculating the ratio of the retention factor on the
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stationary phase of the Tanaka test mixture, it was found that the

stationary phase had good hydrophobicity, shape selectivity and

week hydrogen-bonding interaction. Several types of analytes in-

cluding PAHs, alkylbenzene, phenols and sulfonamides were used

to evaluate the separation performance of this stationary phase

under RPLC mode. The stationary phase exhibited satisfactory sep-

aration performance for all the tested analytes. Better separation

performance for some analytes over commercial C18 column was

obtained. By investigating the relationship between log k and the

number of methylene groups or the proportion of methanol in

the mobile phase, it was found that the stationary phase exhib-

ited typical hydrophobic chromatographic characteristics. More-

over, this work provides a new approach to separate the isomers

of tert–butyl benzene, sec–butyl benzene, isobutylbenzene and n-

butylbenzene. Therefore, it is reasonable to believe that the de-

velopment of CDs-based stationary phase with better separation

performance will be helpful to further understand the chromato-

graphic behavior of CDs. For another, more types of CDs can be

coated on different substrates lead to a wide range of applications

in sample preparation, biosensor, and so on.
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